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ELECTRONIC PROPERTIES OF GRAIN BOUNDARIES IN GaAs: A STUDY

OF ORIENTED BICRYSTALS PREPARED BY EPITAXIAL LATERAL OVERGROWTH

\\\\\ ABSTRACT

v ~\

The electronic properties of grain boundaries in GaAs have been
investigated. The optoelectronic properties of melt-grown polycrystalline
GaAs were studied by cathodoluminescence. This analysis showed that grain
boundary properties are influenced by both the boundary structure and the
compogsition of the matrix. For a systematic investigation of the
relationship between grain boundary structure and electronic behavior, a
technique has been developed for the growth of oriented GaAs bicrystal
layers by vapor—phase epitaxy using lateral overgrowth. Using this
technique, a series of n—type bicrystal layers containing [llO]/(Til)
tilt boundaries with selected misorientation angles ranging from O to 30
degrees were grown. S

[

—————

The properties of majority—carrier transport across these grain
boundaries have been evaluated. The results are consistent with a double-
depletion—region model and show a systematic variation with misorientation
angle. The density of grain boundary bandgap states was found to be 3 x
1011 em~2 for 10 degrse bogndaries and increases to a maximum of
approximately 2 x 1012 cn™2 for misorientation angles in the range of 24
to 30 degrees. The effect of carrier concentration on grain boundary
transport properties was investigated on bicrystal layers with identical
boundary_structures but with carrier concentrations ranging from 1015 ¢
1018 em 3, Deep level transient spectroscopy was used to investigate the
energies and densities of the grain boundary states. Discrete bands of
graln boundary states are located at approximately 0.65 and 0.9 eV below
the conduction band edge. The observed majority-carrier transport

« properties are consistent with Fermi level pinning by these states.

The presence of discrete bands of states indicates that a
characteristic defect structure is associated with the grain boundaries. A
plausible explanation for the origin of these states is the formation of 5
and 7 member rings containing Ga-Ga and As-As like-atom bonds. This
bonding configuration is attributed to bond reconstruction at the grain
boundary interface.
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1: Introduction

Polycrystalline semiconductors are increasingly utilized in
electronic device technology. These materials have been used for both
active devices, such as solar cells and varistors, and passive
interconnect and isolation components for integrated circuits. Grain
boundaries (GBs) have a critical effect on the properties of
polycrystalline semiconductors and the performance of electronic devices
fabricated therein. This thesis is directed toward understanding the
electronic behavior of grain boundaries in GaAs and their influence on the
performance of polycrystalline solar cells. The research presented
investigates the nature of the degradation of GaAs solar cell performance
by grain boundaries, the {nfluence of composition and structure on grain
boundary properties, and the bonding arrangements that result in interface
states in GaAs and related compounds.

The motivation for this work is based on efforts to develop solar
cells for terrestrial application carried out at Lincoln Laboratory. One
of the material systems under consideration is polycrystalline GaAs. As
will be discussed in the following chapter, while its properties make GaAs
the preferred material for single junction solar cells, the cost of
conventional single crystal GaAs wafers precludes its utilization for
terrestrial applications. The material cost can, in principle, be
significantly reduced by the use of thin GaAs films on foreign substrates.
Such films, produced by a variety of techniques, are polycrystalline with
grain boundaries that severely limit solar cell performance by reducing
the open circuit voltage and f111 factor.

However, not all grain boundaries adversely affect these devices.

This research represents a step in an effort to determine why grain

E——
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2
boundaries in GaAs in particular, and semiconductors in general,
display a variety of properties and how their properties can be modified
to optimize polycrystalline solar cell performance. The main emphasis of
this work concerns the relationship between the physical structure and
properties of grain boundaries in GaAs. This was investigated by the
growth and characterization of bicrystal epitaxial layers with preselected
grain boundary structures. The goal of these experiments was to determine
the influence of the intrinsic grain boundary structure on the associated
electronic properties. Such an approach, based on the study of controlled
grain boundary structures, was suggested by the thesis committee.

This thesis is structured into nine chapters. Chapter 2 serves to
present a background for the }esearch. It presents a discussion of the
basic operation of photovoltaic devices and an explanation of the
mechanisme by which grain boundaries degrade the device performance.
Chapter 3 provides a review of the relevant literature. It consists of
sections onbthe electronic properties of grain boundaries in Ge, Si, and
GaAs and related compounds, the modification ;E these properties by
chemical means, and the physical properties of grain boundaries. The last
section discusses geometrical formalisms for describing general grain
boundary structures, the influence of structure on solute segregation, and
the details of the proposed atomic arrangements at grain boundaries in
seml conductors.

The approach to the research work is preéented in the fourth chapter.
The reasoning behind the types of experiments that were performed are
discussed. An investigation of the properties of grain boundaries in bulk
GaAs and their direct effect on photovoltaic devices i3 presented in

chapter five. It focuses on cathodoluminescence analysis of the

-
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3
optoelectronic properties of polycrystalline GaAs. A technique developed
for the growth of bicrystal GaAs epitaxial layers having preselected grain
boundary structures is described in chapter six. The technique was used
to prepare a series of [110] tilt boundaries whose structures vary in a
systematic fashion. The results of an investigation of the electronic
properties of these boundaries are given in the seventh chapter along with
a discussion of their implications on both the electronic and structural
models for the grain boundaries. The eighth chapter presents a summary
and suggestions for future research. Chapter 9 contains relevant

appendices.
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2: Background
2.1 Introduction

The primary motivation behind the research presented in this thesis
is the potential application of polycrystalline semiconductors for cost
effective terrestrial solar cells. With this in mind, this chapter
discusses the general effects of grain boundaries on photovoltaic devices.
The basic principles of photovoltaic devices will be presented and related
to materials parameters. This is followed by a discussion of the effects

of grain boundaries on the performance of these devices.

2,2 Principles of Photovoltaic Device Operation

For the purposes of this review a photovoltaic device is considered
to be a semiconductor device that converts sunlight directly into
electriciy. The first such device to operate efficienctly was developed
in 1954 using a diffused Si p-n junction.(l)

A typical photovoltaic device structure is diagramed in figure 2-1.
The device consists of a p-n junction formed near the illuminated surface,
an ohmic contact bar and fingers on this surface, and an ohmic contact
covering the entire back surface. The basic operating concept is that
photogenerated carriers are separated by the junction and collected at the
fingers. The device can be modeled by considering it as an ideal p-n
junction in parallel with a constant current source resulting from excess
carrier generation by solar radiation. Following Hovel,(z) the dark
current for such an ideal device is given by

Igark = Iolexp(eVyi/AgkT) - 1] , (1I1-1)

where I, i8 a proportionality constant describing the junction leakage

current, e is the electronic charge, Vi is the built-in junction voltage,
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7

and A, 1s the diode ideality factor.(3) The relationship between current

e pbusnease

output I and voltage output V for an illuminated ideal device 1is then

given by

I=1Ip- I,{exp(eV/AkT) - 1] , (11-2)
where Iph is the photocurrent generated under the illumination conditions.
The I-V characteristics of an illuminated photovoltaic device are shown
schematically in figure 2-2. The short circuit current I;. is defined as
the current flowing when V = 0 and, from equation (II-2), is given by

Ige = Ipn (11-3)
The open circuit voltage V,. is defined as the device voltage when I = 0
and, from equations (II-2) and (II-3), is given by

Voc = Ao(kT/e) tn (I5./1, +1) . (11-4)
The power output by the device 1is given by

P =1V = VI, - VI ,[exp(eV/AkT) - 1] . (11-5)
Maximum power is obtained when 3P/3V = 0, corresponding to the condition
[1 + (eVpp/AokT)]exp(eVy,/AoKT) = (Ig./15) + 1 . (11-6)

The current output at maximum power is given by

eV /AokT
o ] * (I1-7)

Ipp = (Ige + 1) [1 + (eVmp/AokT)

The voltage Vmp and the current Imp define the maximum power output Prax

given by
Pnax = Imp'mp ° (11-8)
The fill factor FF of the device is a measure of the "squareness” of the
illuminated I-V characteristic and is given by
FF = Immep/Ichoc (11-9)
and, thus,

Poax = FFlgeVoe o (11-10)
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The device efficiency n is the ratio of maximum output power to total
input power and is given by
n = Poax/Pin = FFI Voo /Pyy (11-11)

Equation (II-11) indicates that the device parameters that determine
the efficiency are FF, Ig., and V.. These parameters are themselves
determined by the device structure, the particular semiconductor in which
the device is fabricated, and the material quality. The value of I, is
determined by the optical absorption properties of the semiconductor and
also the material quality. The presence of carrier traps and
recombination centers in the material will result in a lower value of I_..
The fill factor 1s reduced by recombination and leakage currents which
contribute to an increased dark current. The value of V,. is determined
by the built-in junction barrier height and the magnitude of the leakage
current. This barrier height is determined by the device structure and
the particular semiconductor used. The leakage and recombination currents
are determined by the material quality. Defects present in the material
that act as carrier traps and recombination centers increase the leakage
and recombination currents and result in lower values of FF and V..
Thus, the material quality affects all the device parameters that
determine the photovoltaic efficiency. It has been observed that grain
boundaries present in GaAs solar cells result in a lowering of both FF and
Voe but have a negligible effect on I;.. This is consistent with the
generation of leakage and recombination currents by the grain boundaries.
One of the goals of this thesis {s to determine the origin of these
effects.

GaAs 18 of particular interest for photovoltaic device applications

because of its unique properties. According to Fan,(a) GaAs homo junction
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devices have the highest potential photovoltaic conversion efficiency, as
shown in figure 2-3, because the GaAs bandgap (~ l.4 eV) is well matched
to the solar spectrum and also produces a p~n junction with a large
built-in potential. The former consideration results in a relatively
high number of photogenerated electromhole pairs per number of photons
incident, while the large built-in junction potential yields a higher V,.
than smaller bandgap materials. - Being a direct bandgap material, GaAs
photovoltaics require thinner active layers than comparable devices
fabricated from {ndirect gap materials, such as Si, which have a lower
optical absorption coefficient.

In addition to the homojunction structure discussed above, other
photovoltaic device structures have been fabricated (such as Schottky
barrier, metal-insulator-semiconductor, and heterojunction devices).
These devices will not be treated here but have been discussed 1n4depth by
Hovel.(2) Dpata compiled by Fan(4) indicate that, in general,
semiconductors with a bandgap of about 1.4 eV should show the best single
junction device performance.

The basic principles of photovoltaic device operation have been
presented. It was shown that both the material and device structure
determine the performance of photovoltaic devices. The mechanisms of
device degradation by crystal defects can be described in terms of their

effects on the device operation parameters.

2.3 Effects of Grain Boundaries on Photovoltaic Devices
In order to discuss how grain boundaries influence the properties of
semiconductor materials it 18 necessary to consider the electronic band

structure in the vicinity of a grain boundary. This band structure model
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12
can then be used to determine the effect of grain boundaries on electronic
devices. Although grain boundary structure and kinetics are discussed in
this section, these topics will be more fully developed in Chapter 3.

“Intrinsic” grain boundary effects are defined as corresponding
directly to disruptions in lattice bonding. As will be gseen in Chapter 3,
all grain boundaries exhibit lattice relaxation to accommodate lattice
mnisfit, For the purpose of this discussion, these lattice relaxations
result in the generation of dislocation arrays at the boundary plane as
proposed by Read and Shockley.(s) Dislocations in a predominantly
covalent diamond lattice are accompanied by dilated, contracted, and, in
some cases, dangling (or broken) bonds.(6) These bonding variations can
result in electronic states in the semiconductor bandgap. Thus electronic
bandgap states associated with a grain boundary can occur as the result of
two intrinsic bonding effects: bond distortion (dilation or
contraction)(7-15) and dangling bonds. (11,14-16) Moreover, the
one-dimensional periodicity along the dislocation core can lead to banding
of these states.(11,13-15) 1t {g important to note that electronic states
that are of intrinsic origin occur simply because of the existence of the
grain boundary.

Electronic states at grain boundaries can also have extrinsic origins
due to the interaction of the boundary with other lattice defects (point,
line, and other planar defects)(7,13) These effects are distinguished
from those of intrinsic origin in that they do not occur solely because of
grain boundary structure, although grain boundary structure can influence
the extent to which such interactions take place. Grain boundary
segregation and diffusion can result in variations of the composition of

the grain boundary region relative to the bulk grain. This can be
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considered a second, distinct type of extrinsic effect in that it has a
direct influence on the chemical potential (Fermi level) associated with
the boundary region. Thus extrinsic grain boundary effects might result
in localized electronic states in the bandgap and also alter the transport
properties in the vicinity of the grain boundary due to non-uniform dopant
impurity distribution.

According to the above, there are four basic effects that give rise
to the electronic behavior associated with grain boundaries in a diamond
lattice: distorted bonds, dangling bonds, extrinsic defect interactions,
and compositional variations. By considering how these effects influence
the electronic band structure of a semiconductor, the possible mechanisms
for the degradation of photovoltaic performance in polycrystalline devices
can be discussed. A proposed effect of bond distortion is to draw states
from the conduction and valence bands into the bandgap and thus reduce the
bandgap in the vicinity of the grain boundary.(17) The resulting
effective bandgap in the vicinity of the boundary is then

EgCB = E. - Ey - ECB - ECB (11-12)
where E, and E, are, respectively, the conduction and valence band edges
in the bulk and E.GB and E,GB are the respective band edges at the grain
boundary. Both intrinsic and extrinsic defects could result in the
formation of electronic states in the bandgap. These states could act as
charge carrier traps and recombination centers and result in band bending,
reduced carrier lifetime, and leakage currents associated with the grain
boundary. Compositional variations also act to modify the band structure.
For the purpose of this discussion it is assumed the band structure

assoclated with a grain boundary is described by equation (I1I-12).
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Essentially all effects on device characteristics can be described by
considering the two cases of current flow parallel and perpendicular to
the boundary. For photovoltaic applications it is assumed the grain
structure is columnar with the grain boundary plane normal to the junction
and, thus the case of current flow parallel to the boundaries is of
interest. It has been shown(18) that under these conditions the value of
Igc remains high relative to single crystal devices while V,. decreases
significantly. The open curcuit voltage for a homojunction device is
given by equation (II-4) as

Voc = 45(kT/e) 2n (Ige/Ip +1) o
The leakage current I, can be considered as having two components(17»19)
I, = Igg + Iy (11-13)
where the leakage current associated with the grain boundaries Igg is
Igp = Agp(end/rgplexp(~EgCB/2kT) (1I-14)
and the leakage current Ig associated with the bulk grains is
Ig = Ag(end/rglexp(-(E. - Ey)/2kT] , (II-15)
where ESGB is given by equation (II-12). In these equations Agg is the
boundary area, Ag is the bulk area, d is the diode depletion width, n is
the carrier concentration, and the bulk and grain boundary minority
carrier lifetimes are, respectively, Tg and Tgp such that tg>>tgg. Thus
the polycrystalline photovoltaic device 18 modeled as both bulk and grain
boundary p-n junction diodes in parallel where the characteristics are
controlled by generationrecombination mechanisms.(19) The bulk and grain
boundary regions are treated as having different bandgaps and carrier
lifetimes, with a resulting higher leakage current at the grain boundary
relative to the bulk. In this model it is seen that the grain boundaries

act as high conduction paths to lower the open circuit voltage and fill
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factor of the device. This is consistent with the observed performance of

polycrystalline GaAs solar cells.

The second case to consider is current flow perpendicular to the
grain boundary. Band bending at the boundary results in a potential
barrier and, therefore, majority carrier transport perpendicular to the
boundary encounters high resistance. This effect is of consequence in
photovoltaic device applications because it can increase series resistance
and, therefore, reduce I;. and FF. This aspect of current transport will
not be discussed here. It will, however, be discussed in detail in
Chapter 3 as it pertains to the analysis of the electronic properties of
semiconductor grain boundaries. In addition, the properties of majority
carrier transport across grain boundaries will be used later in this
thesis to study the relationship between grain boundary structure and
electronic behavior., This transport mechanism is dominant in
polycrystalline materials that display varistor behavior.

Based on this discussion of the possible origins of the electronic
behavior of grain boundaries, various schemes for the passivation of grain
boundaries in photovoltaic devices can be presented. In order to
eliminate trap states that could result from dangling bands, it may be
possible to introduce impurities that would bond at these sites. Such an
effect has been demonstrated by the improvement in performance of
polycrystalline Si photovoltaic devices after annealing in atomic
hydrogen.(zo’ZI) Such a passivation mechanism has not been observed in
polycrystalline GaAs. The effects of distorted bonds at the grain
boundary might be eliminated by substitution of atoms that form stronger
or weaker bonds with the host lattice atoms at the boundary plane. The

high leakage current associated with grain boundaries might be reduced by
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increasing the resistivity along the boundary. It has been shown that V,.
can be increased in GaAs photovoltaics by insulating high leakage
boundaries with an anodic oxide cap.(22) Intrinsic and extrinsic effects
might be reduced, respectively, by introducing preferential grain
orientations having boundaries with structures and kinetic properties that

have minimal effect on device performance.

2.4 Summary

This chapter describes the effects of grain boundaries on
photovoltaic device performance by presenting the basic principles of
operation of a photovoltaic device, the electronic energy band structure
associated with grain boundaries, and the effect of this band structure on
device operating parameters. An understanding of the parameters
describing photovoltaic device performance will be necessary for

discussing some of the experimental results that are presented later,
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3: Literature Review
3.1 Electronic Properties of Grain Boundaries in Semiconductors

The electronic behavior of grain boundaries in semiconductors has
been studied since about 1950. The early work covered in the first twenty
years dealt primarily with grain boundaries in Ge. In the early 1970's
the emphasis shifted to the study of grain boundaries in Si, the primary
motivation arising from the application of polycrystalline Si for solar
cells and conducting layers for integrated circuits. This section is a
review of the available, pertinent literature on the electronic properties
of semiconductor grain boundaries. The order of discussion is such that
the properties of grain boundaries in Ge will be presented first followed
by Si and GaAs. A few other material systems will be briefly mentioned.
Although partitioned by subject, this will essentially be a chronological

presentation.

3.1.1 Grain Boundaries in Germanium

The first published observations of the electrical properties of
semiconductor grain boundaries were presented by Pearson. (23) He observed
that carrier transport across a grain boundary in n-type Ge was consistent
with a back—-to-back Schottky diode behavior. He showed that this behavior
is congistent with acceptor states located at the grain boundary plane
which can be represented as & n-p-n semiconductor structure. Pearson
attributed the occurrence of these grain boundary states to misfit between
the lattices of the two joining crystals. It was also shown that the
potential barrier assoclated with the grain boundary and giving rise to
the transport characteristics could be eliminated by converting the

material to p~type by heat treatment. The work of Taylor, Odell, and
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Fan(24) in 1952 was the first detailed publication of the carrier

transport across Ge grain boundaries. It presented a quantitative L

analysis of electrical transport properties to determine the electronic

nature of grain boundaries in Ge bicrystals. Their analysis was based on
current-voltage (I-V) and capacitance-voltage (C-V) measurements. They
also observed the back-to-back diode characteristic for n-type Ge and
found no barrier in p-type Ge. The I-V characteristics of the n-type : T*uj
material showed an asymmetry with respect to the bias polarity of the

grains. The C~V measurements confirmed that this was due to different

carrier concentrations in each grain of their bicrystal samples. The C-V T
data also provided a measure of the extent of band bending associated with
the Ge grain boundaries. The room temperature barrier height for highly
rectifying grain boundaries was determined to be about 0.4 eV for carrier
concentrations in the mid 1014 cm~3 range.

The breakdown voltage associated with the back-to-back diode formed
by the grain boundary was attributed to the complete filling of the
electronic states in the grain boundary. From this assumption the maximum
number of grain boundary states was calculated to be on the order of 1012
em™2 of grain boundary area. The authors attribute the possible origin of
the electronic states to lattice misfit and/or segregation of acceptor
impurities at the grain boundary.

It was apparent that the bonding structure at the boundary interface
and impurity effects may both influence the electronic behavior of grain
boundaries in semiconductors. The research conducted in this area until
the early 1960's was directed toward an understanding of these effects.

In 1953 Shockley(16) proposed that the acceptor states localized at

Ge grain boundaries were intrinsic in origin., He proposed that
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"edge-states” analogous to surface states(25) exist at the grain boundary
and are associated with partially filled (dangling) bonding orbitals.
Assuming the grain boundary consists of a dislocation array,(S) Shockley
proposed that these edge~states are assoclated with the edge components of
the dislocations forming the boundary structure. Besides generating a
large barrier to transport across the boundary, this electronic structure
would result in an abnormally high conductivity in the grain boundary
plane itself. This effect was indeed shown to exist by Tweet.(26,27)

The work by Tweet(26,27) 15 the first reported study on the electronic
properties of grain boundaries in Ge bicrystals with controlled
orientations. These bicrystals were grown from the melt and had a
predetermined angle of tilt about the {110] or [100], although the boundary
plane itself was not controlled. In this work Tweet investigated carrier
transport properties in the grain boundary plane. Although he did vary the
tilt angle between 5 and 15°, the most significant results were obtained
from experiments on both n- and p-type bicrystals with a misorientation
angle of 10°., His results shed 1ight on both the nature of the grain
boundary states and the influence of boundary structure on the properties
of the grain boundary.

Although it was clear from previous investigations that grain boundary
potential barriers existed in n-type but not in p-type Ge, Tweet's Hall
effect data show that acceptor states are indeed present in grain
boundaries of both material types. He also showed that the resistivity of
the grain boundary was strongly affected by the plane orientation even
though the misorientation angle was held constant. From these measurements
he deduced that these different boundary structures contained different

densities of trapped charge.
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Tweet's transport measurements as a function of temperature indicated
that the conductivity of grain boundaries was constant while that of the
bulk reglons behaved in accordance with the accepted semiconductor
statistics. At low temperatures (< 100°K) the conductivity of the
boundaries became the dominant component of conductance measurements made
parallel to the boundary plane. This agreed well with the model proposed
by Shockley.(16) In additon, Tweet observed that twin boundaries did not
show enhanced conductivity. This finding was consistent with the Shockley
model in that there are no dangling bonds associated with the twin
boundary structure and, therefore, no edge-states.

These results established that acceptor states are localized at grain
boundaries in both n~ and p~type Ge. The capture of free electrons by
these states results in band bending at boundaries in n-type material and
in a potential barrier. However, it was still uncertain whether these
acceptor states are due to the intrinsic defect structure or due to
impurity segregation (extrinsic effect).

In the short period from 1959 to 1961 several publications indicate
that iantrinsic defect states dominate the electronic properties of grain
boundaries in low-doped (< 10l6 cm‘3) Ge. Reed, Weineich, and Matare(zs)
studied melt grown bicrystals with symmetric tilt boundaries and
misorientation angles ranging from 10 to 30° about the [010] direction.
Although they did not report effects of varying grain boundary structure,
their results confirm those of Tweet.(27) They observed the same
temperature independent conductivity in the boundary plane which was found
to exist throughout the temperature range of 2 to 300°K. Since the
acceptor states assoclated with the grain boundary were found to exist at

temperatures below which carrier freeze-out generally occurs, it is fairly
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certain that the grain boundary states arise from intrinsic bonding
effects. The authors discuss their data in terms of a dislocation array
model for the boundary structure.

Mueller(29) studied carrier transport both across and along symmetric
<100> tilt boundaries in melt-grown Ge bicrystals with misorientation
angles of 4, 6, and 25°. The transport properties were consistent with
those observed by the other workers. However, Mueller did investigate the
effect of boundary structure on electronic properties. He reports the
value of an experimentally determined parameter which is referred to as
electron “capture rate™ for the three boundary structures. His findings
are that the capture rate increases non-linearly with the misorientation
angle. The electron capture is attributed by him to dislocation states at
the boundary. This appears to have been the first investigation of the
influence of defect structure on the electronic properties of
semiconductor grain boundaries using predetermined boundary structures.

Matare(30) studied transport across tilt boundaries in n-type Ge
assuming a dislocation model for the boundary structure. He contends that
electrons are trapped by dangling bonds at the edge dislocation cores to
produce a one~dimensional conducting "pipe”, as previously proposed by
Shockley.(l6) Tﬁis model is proposed to explain the temperature
independent conductivity in the boundary plane discussed previously.(zs)
It is also stated that the dangling bond wavefunctions overlap only for
misorientation angles greater than 1°. This indicates that there should
be an asymmetry in the transport characteristics for conduction in the
plane of a sufficiently low angle grain boundary. Indeed, this effect was
reported by Matukura and Tanaka(31) using melt-grown Ge bicrystals with

synmetric (010} tilt boundaries. They measured carrier mobility in the
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boundary plane both parallel and perpendicular to the [010] tilt axis for
samples with 2.5 and 20° misorientation angles. It was found that for a
2.5° misorientation the mobility measured parallel to the tilt axis was
significantly higher than the value perpendicular to the axis. However,
this asymmetry was not observed in the 20° tilt boundary. These results
suggest that a tilt boundary with a sufficiently low misorientation angle
has an anisotropic defect structure, as would be consistent with the
dislocation array model.

Mueller has presented a theoretical(32) and experimental(33) analysis
of transport across tilt boundaries in n~type Ge. His analysis is also
based on the assunption of electron trapping by dangling bonds at edge
dislocation cores. The experimental studies were performed on melt-grown
n-type bicrystals with symmetric [100] tilt boundaries with
misorientations of 4, 6, and 25°, as in his previous work(29), However,
in this case a [100] twist boundary with a 6° misorientation was also
studied. The tilt boundary data indicate that the grain boundary
potential barrier increases with increasing misorientation angle, as would
be expected from his previous results, (29) However, it was found that
both the 6° tilt and twist boundaries exhibited the same electrical
properties. This is significant since the dislocation model for a tilt
boundary consists of pure screw dislocations and, thus, this boundary
structure should have no dangling bonds. Thus it appears that, although a
2,5° [100] tilt boundary may have a dislocation structure, this model may
no longer be valid for misorientation angles of less than 6°. It appears
that as the misorientation angle is increased there is a gradual
transition from a dislocation array structure to a bonding arrangement

more characteristic of clean surfaces.(3%)
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i Recent work(35) on the electronic properties of tilt boundaries

focused on a [110] tilt boundary with a 3.5° misorientation angle and a

: (111) boundary plane in Ge. The sample studied was n-type with a carrier

i concentration of 2 x 1013 ¢cm=3, Using deep level transient spectroscopy
(DLTS), a technique described in Appendix 1, a single electron trap level
located in the bandgap at 0.42 eV below the conduction band edge was found

i . to be associated with the grain boundary. The trap pinned the Fermi level
and resulted in a grain boundary barrier with a height of 0.2 eV. This
suggests an explanation for the observation that barriers exist only in

n-type material; the trap state observed i{s an electron trap and

T W

therefore can only result in a barrier to majority carrier transport in
n-type material.

In summary, the earlieat work on the electronic behavior of
semiconductor grain boundaries was limited to the study of Ge. It was
established that the grain boundary interface behaves as if it contains
acceptor-like electronic states in the bandgap which give rise to band
bending in such a fashion as to create a barrier to majority-carrier
transport across a grain boundary in n-type Ge. These states also create
a hole-like conductivity in the boundary plane that is independent of

temperature. These results suggest that the acceptor nature i{s due, at

least in part, to intrinsic bonding defects at the grain boudary

interface. The structure of the boundary was shown to influence the grain
boundary properties. There i{s some evidence that the bonding structure of 3
the grain boundaries is itself determined by the extent of crystallite

misorientation.
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3.1.2 Grain Boundaties in Silicon

In contrast to the extensive work on oriented Ge bicrystals discussed
in the preceeding section, there is only one published investigation of
the properties of Si grain boundaries with known structures.(36) 1In this
1961 publication, Matukura investigated the electronic properties of [010]
symmetric tilt boundaries with misorientation angles of 20 and 47° in
p-type Si. The experiments are analogous to those performed by this same
group in n-type Ge.(31) In contrast to the observations in Ge, the grain
boundaries in Si were found to contain donor-like states and, thus, to
have an n~type character. Therefore, the Si grain boundary also has a
back-to-back diode characteristic but is represented as a p-n-p
structure.

No further pertinent studies on the electronic properties of
semiconductor grain boundaries are reported in the open literature until
the 1970s. In&estigating ma jority carrier tramsport in thimfilm
polycrystalline n—-type Si, Kamins(37) ghowed that there are acceptor—-like
grain boundary states in S{ which result in bending of the electronic
energy bands and in an n~p-n structure analogous to that for Ge. The
observation that potential barriers in Si exist in both n- and p~-type
material while in Ge only in n-type material is extremely important; it
suggests that both electron and hole traps are localized at grain
boundaries in Si whereas only electron traps exist at Ge boundaries.

Assuning a constant density of acceptor states in the bandgap, Card
and Yang(38) modeled the electrical properties of grain boundaries in
n-type S{ and showed how these defects affect the characteristics of
electronic devices fabricated in polycrystalline Si. Although they were

able to show that enhanced carrier recombination at the boundary states
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' could lead to a reduction in both V4, and Ig. for solar cells, they
emphasized the necessity of knowing the dependence of the bandgap state
density on the grain boundary structure as an aid in developing

i polycrystalline semiconductors for device applications.

| The most detailed examination of the electronic structure and
transport properties associated with Si grain boundaries has been

I . presented in several papers by the Sandia group.(39'44) The material

| studied by this group was polycrystalline Si prepared by chemical vapor
deposition (CVD) and doped n-type with phosphorous by neutron

transmutation. This doping procedure was employed so that uniform carrier

P

concentration could be obtained without the need for high temperature
processing that could result in a preferential redistribution of the
i dopant at or along the grain boundaries. The £1rst(39) in this series of
papers showed results indicating that the heights of the potential
barriers associated with the grain boundaries in randomly oriented
. polycrystalline Si ranged from about O to 0.5 eV, Because the effects of
impurity redistribution on grain boundary properties are minimal in the
material studied, this investigation provides evidence that the electronic
ii properties of grain boundaries in Si are strongly influenced by the
boundary structure. Analysing the I-V characteristics for transport
across isolated, highly rectifying boundaries, it was shown that the grain

boundary states are located at the middle of the bandgap. Assuming that

these states can act as either donors or acceptors provides an explanation

for the approximately equal maximum barrier heights observed in both p-and

P

n=-type Si.
Studying the thermal emission of charge from the grain boundary

states,(“o) it was shown that the maximum density of electron traps
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' associated with highly rectifying Si grain boundaries 1s about 1012 ¢m~2,
From detailed studies of the I-V and C-V characteristics of the grain

! boundaries,(41,42) it was concluded that transport across the potential

i barrier proceeds by thermionic emission for carrier concentrations up to
approximately 1017 cm~3, Their data suggest further that a single band of
traps centered around the middle of the bandgap and having an
exponentially decreasing density with energy is assoclated with grain -
boundaries in n-type Si. For rectifying grain boundaries these states are .
only partially filled at equilibrium. When a bias voltage is applied such
that essentially all the states are filled the barrier collapses and the
thermionic current increases exponentially. This breakdown of the barrier
is responsible for the back-to-back diode characteristic of the grain
boundary. This particular breakdown is slower and occurs at voltages 5 to
10 times less than the avalanche breakdown of a conventional Si

diode, (42)

The applicability of this model to grain boundaries in p~type Si has
been experimentally verified by Martinez, Criado, and Piqueras(45) who
observed barrier heights and trap densities that are essentially equal to
those reported for n-type Si by the Sandia group. Their work furthermore
indicates that the electronic properties of a grain boundary can vary
significantly along 1its length and that the bandgap state density at the

point of intersection of several boundaries appears extremely large. From

their experiments it is difficult to determine if this effect 18 intrinsic
(structure) or extrinsic.

A qualitative relationship between boundary structure and electronic R
properties has been demonstrated in several investigations.(46‘51) These

studies show that grain boundaries in the same sample of polycrystalline 1
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Si can display properties that are quite different from one boundary to
another. Studies of the performance of solar cells fabricated from
polycrystalline $1(46,48) have shown that not all grain boundaries are
“active” in the sense of degrading the performance of photovoltaic
devices. Specifically, it was shown that coherent twin boundaries are
electrically inactive. (46,48)

Helmreich and Seiter(47) compared the performance of photovoltaic
devices fabricated from polycrystalline Si prepared by various techniques.
These materials differed from one another with respect to both
microstructure and degree of purity. Their results indicate that both
boundary structure and composition influence the electronic properties of
the grain boundaries. Cheng and Shyu(49) showed that both the potential
barrier and bandgap states associated with a multifaceted grain boundary
in p-type Si vary not only from facet to facet but also along the length
of a single facet. This also suggests an influence of both structure and
composition on grain boundary properties. Wu and Yang(so) have attempted
to model the effect of these property variations on the thermionic current
flow across semiconductor grain boundaries.

Redfield(51) recently observed a direct relationship between oxygen
redistribution and the electrical activity of grain boundaries in both
n- and p-type cast polycrystalline Si. The grain boundaries in this
material were observed to be inactive when there was a uniform
distribution of oxygen measured in the grains. Upon heat treatment the
oxygen was redistributed to yield oxide precipitates in the grains and
regions denuded of oxygen adjacent to grain boundaries. Measurement of
the electronic properties after the heat treatment showed that the grain

boundaries were electrically active. Measurements by Kazmerski(52) in
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p~type Si show that segregation of oxygen in grain boundaries during heat
treatment results in an increased grain boundary potential barrier and in
a decreased minority carrier lifetime in the vicinity of a boundary.
Grain boundary segregation of Al and Ti during solidification is also
shown to result in an increased barrier height and a decrease in minority
carrier lifetime.

It is clear from these investigations that oxygen, and other
impurities, influence the electronic properties of grain boundaries in Si,
although the nature of this effect is uncertain. For instance, oxygen may
be the direct cause of the grain boundary activity after heat treatment.
On the other hand, before heat treatment the oxygen may be present at the
grain boundary in such a way as to eliminate the grain boundary states.
Heat treatment could then cause this bonding configuration to be disrupted
with the oxygen going to precipitate or compound formation.

Leamy et al.(53) investigated the effect of grain boundaries on the
performance of transistors fabricated in polycrystalline Si. They also
observed variations in the heights of potential barriers assoclated with
different grain boundaries. Twin boundaries showed no effect on device
performance. Impurity diffusion, employed for device fabrication, was
clearly enhanced along many of the grain boundaries. The diffusion
coefficient for As along grain boundaries in Si was calculated to be on
the order of 107!l cm?/sec. The diffusion coefficient for As in bulk Si
is about 10715 cm?/sec at 1000°C.(3)

Grain boundary potential barriers exist in both n- and p-type Si, in
contrast to the case of Ge. This may be due to pinning of the Fermi level
by the grain boundary states at different positions or the ability of

these states to act as both electron and hole traps for these materials.
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It is of interest to note that, unlike the studies of grain boundaries in
Ge, there were few studies of the properties of Si grain boundaries having
known structures. This is suprising because of the observed influence of
structure on grain boundary properties. Detailed transport studies have
shown how grain boundary states give rise to the back-to-back diode
characteristic for thermionic current flow across a grain boundary. Not
all grain boundaries in Si are electrically active, This is influenced by
both the intrinsic grain boundary structure and extrinsic, probably
compositional, effects. Enhanced impurity diffusion along grain

boundaries was also observed.

3.1.3 Grain Boundaries in Gallium Arsenide

The study of the electronic behavior of grain boundaries in GaAs and
related I1I-V compounds has not been addressed to nearly the same extent
as the studies in Ge and Si. This subject has only been treated in the
literature since the late 1970s., However, there are some general trends
that can be observed from these investigations and these will be presented
in this section.

In contrast to the studies with Ge and S1 bicrystals, most of the
early investigations of the electronic properties of GaAs were based on
indirect electrical measurements using Schottky diodes on polycrystalline
samples.(54v57) In a study of n~type polycrystalline GaAs prepared by CVD,
Hwang, Card, and Yang(54) found that the charge at the grain boundary core
was positive indicating that the associated bandgap states are
acceptor-like. Yang et al.(53) studied both n- and p-type CVD
polycrystalline GaAs. Their results are consistent with the

double~depletion-region model and indicate a significantly higher
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potential barrier for grain boundaries in n-type than in p-type GaAs.
They found that the number of filled grain boundary states at equilibrium
is a function of donor density. This effect was attributed by them to a
continuous distribution of bandgap states. The model proposed to explain
their results calls for a distribution of bandgap states having a minimum
at 0.75eV below the conduction band edge and increasing towards the band
edges. States above the minimum are acceptor-like and those below are
donor-l1ike. An alternative model was proposed by Fan et al.(58,59) based
on studies of laser beam annealing of GaAs and InP. This model is based
on Fermi level pinning at all types of crystal defects in a fashion
similar to that for surfaces. Thelr measurements on both n- and p-type
GaAs and InP are consistent with this model.

Cohen et al,(56,60) stydfed the properties of grain boundaries in
n—-type GaAs epitaxial layers grown on polycrystalline GaAs substrates.
They measured both the resistance of individual grain boundaries and the
properties of Schottky diodes on the material. They reported, consistent
with the double-depletion-region model, that individual grain boundaries
could be highly rectifying, with measured barrier heights of l.leV for a
carrier concentration of 2 x 1015 cm™3. Their Schottky diode
characteristics indicate that the grain boundaries act as high leakage
paths and that the leakage increases with carrier concentration. This was
attributed to electron tunneling through the grain boundary barrier to the
bandgap states. Charge carriers in the bandgap states have an enhanced
mobility in the boundary plane and are responsible for the observed
leakage current. This concept i8s supported by the recent experimental
observation of electron tunneling through grain boundary potential

barriers {n highly doped GaAs.(61) Kazmerski and Ireland(57) found that
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this leakage current is reduced by the éegregation of oxygen to the grain
boundaries during epitaxial growth. The oxygen is believed to be present
in the form of Ga303. In this case impurity segregation to the grain
boundaries was found to improve device performance.

Spencer et al.(62,63) gtudied the electronic states associated with a
grain boundary in an epitaxial n-type GaAs layer on a polycrystalline
substrate using DLTS. This technique enables direct measurement of the
nature of the bandgap states. In contrast to the electronic state model
proposed by Yang et al.(55), it was found that the dominant grain boundary
states are discrete levels. Two majority carrier traps were found at 0.62
and 0.74 eV below the conduction band edge. In addition, several other
levels were detected that were attributed to either trap states in the
grains or to impurities. The source of the impurities was suspected to be
the substrate. There was no attempt to relate these results to the grain
boundary structure.

McPherson et al.(64) developed a theoretical model for the electronic
properties of symmetric tilt boundaries in GaAs assuming a simple
dislocation structure for the boundaries. They predict a decrease in
barrier height with increasing misorientation angle for values greater
than 1°. This is due to a decrease in the predicted probability of
occupancy of the grain boundary states, which are attributed to dangling
bonds at the dislocation cores, as the misorientation angle is increased.
This effect can be viewed as arising due to "electron screening” by
localized charge at closely spaced dangling bonds. Their theory also
predicts a decrease in the potential barrier with increasing donor
density.

In a subsequent study,(65) this group measured the characteristics for
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ma jority carrier transport across randomly oriented grain boundaries in
melt-grown, n-type GaAs. They found that grain boundaries with a widely
spaced dislocation structure, as determined by etch pit measurements,
showed no substantial associated potential barrier. Other boundaries, for
which a distinct dislocation structure could not be resolved, showed
varying degrees of rectification indicating a range of potential barriers.
The maximm room temperature barrier heights measured by them were about
1.0 eV, The barrier height was found to decrease rapidly as the carrier
concentration is increased. The observed transport properties were found
to give a reasonable fit to a model using the defect levels identified by
DLTS.(62) This model indicated acceptor-like state densities of 5.2 x
1011 cm=2 ac E¢ = 0.41 eV and 9.0 x 101! cm2 at Eqc - 0.9 eV. It must be
pointed out that other bulk states had to be included to get a reasonable
fit. It is also noteworthy that the maximum measured density of grain
boundary states of approximately 1012 cm~2 for the highly rectifying
samples is lower than that indicated by their theoretical analysis(éa)
assuning a simple dislocation array boundary structure.

A study of grain boundaries in the related III-V compound
semiconductor GaP(66) ghowed results that are qualitatively similar to
those obtained for GaAs. It was found that the height of the grain
boundary potential barrier in n-type GaP is approximately twice that in
p-type material. This is reportedly the same situation that occurs for
Schottky barriers on GaP with high interface state densities. The same
study suggests that twin boundaries show no associated potential barrier.
However, no further attempt was made to relate the grain boundary
structure and properties.

Grain boundary potential barriers have been shown to exist in both

T
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n-type and p-type GaAs. The barrier in p-type GaAs, however; is
significantly lower than in n-type material. There have been two
models(55,63) proposed for the structure of electronic bandgap states
assoclated with the grain boundaries. These are schematically presented
in figure 3-1. Also included in this figure is the bandgap state model
that will be presented on the basis of this thesis work and 18 consistent
with Fan's model.(58,59) This model consists of two bands of states
located at 0.65 eV and 0.9 eV below the conduction band edge. The study
of grain boundaries in GaP indicates a comnection between grain boundary
states and other types of interface states. The model proposed in this
thesis for the grain boundary states in GaAs will be shown to be
consistent with a unified model for GaAs interface states.

The influence of impurities on GaAs grain boundary properties has
been demonstrated. A model for the electronic properties of GaAs tilt
boundaries as a function of misorientation angle based on a simple
dislocation array model for the boundary structure has been reviewed.
(The influence of both impurities and structure on the electronic
properties of GaAs grain boundaries will be discussed in depth in the

following chapters.)

3.2 Chemical Modification of Grain Boundary Properties

The influence of chemical impurities on the properties of
semiconductor grain boundaries has been indicated in the previous sections
of this chapter. This section will summarize some of these effects and,
in addition, discuss the intentional modification of grain boundary
properties by the introduction of preselected chemical species into the
boundary region.

The effect of oxygen on the electronic properties of grain boundaries

P
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in 51(51,52) and GaAs(57) has been discussed previously. The oxygen was
present in the as-grown material and its distribution was found to be a

function of the processing treatment.(51) It 1s not clear from the work

reported 1if the bonding configuration of the oxygen at the grain
boundaries is important in determining its effect on properties or if the
mere presence of oxygen in any configuration is responsible. These are key

- issues for which available data is insufficient. It was also found that
other impurities that preferentially segregate to Si grain boundaries
during growth have a significant effect on the observed electronic
properties of the defects.(52) These results indicate that the properties
of grain boundaries in polycrystalline semiconductors are influenced by
composition. Since the distrubution of the impurities in the material is
a function of the thermal history of the material, it is important to
realize that the observed grain boundary properties may be influenced by
the sample preparation technique.

In addition to the compositional effects in the as-grown materials,
the intentional selective chemical modification of the grain boundaries
has been demonstrated to affect the grain boundary properties. The
studies cited in this section discuss the spatially selective introduction
of impurities into the grain boundaries in an effort to eliminate the
deleterious effects of the boundaries on device performance by eliminating
the bandgap states. This is refered to as grain boundary passivation.

The most convincing evidence that the electronic states associated

with grain boundaries can be eliminated by chemical modification is found
in work on the introduction of atomic hydrogen into both n~ and p-type Si
grain boundaries.(20,21,48,67-70) This process is assumed to involve the T

preferential grain boundary diffusion of ionized hydrogen. Lan(71) has
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shown that similar effects can be achieved by exposing polycrystalline Si
to molecular hydrogen. The results indicate that the hydrogen acts to
reduce the density of grain boundary states in the bandgap with a
corresponding reduction in the height of the associated potential barrier.
This passivation has been demonstrated by examining both the properties of
individual grain boundaries and the performance of polycrystalline solar
cells.

The role of hydrogen has been clearly demonstrated by its removal
from the passivated Sf through annealing in a hydrogen-free ambient and
the subsequent return to the original grain boundary properties. This
effect has been demonstrated to occur over several of these cycles. The
nmechanism of hydrogen passivation of Si grain boundary states is not
clear. The hydrogen may attach itself to dangling bonds at the grain
boundary cores or act to reduce Si-0 bonds at the grain boundary that are
responsible for the bandgap states.

Hydrogen has not been shown to be effective for the passivation of
grain boundary states in GaAs or other III-V compounds. There is good
evidence that preferential diffusion of Sn into grain boundaries in n-type
GaAs acts to compensate the acceptor-like grain boundary states.(72) This
Sn passivation process appears to improve the performance of
polycrystalline GaAs p-n junction solar cells.(73) 1In a similar approach
to passivation of GaAs grain boundaries by compensation, potassium was
diffused into a bicrystal sample(55) and the height of the associated
potential barrier was found to be lowered. Nitrogen diffused along grain
boundaries in polycrystalline InP has been shown to improve the
performance of solar cells fabricated from this material.(74) These

studies clearly show that the electronic properties of grain boundaries in
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I1I-V semiconductors can be improved by chemical modification. However,
it 18 not clear that this improvement results directly from the
elimination of intrinsic grain boundary states.

In summary, the electronic properties of grain boundaries in
semiconductors can be altered by chemical modification. In the case of
Si, hydrogen treatment can lead to grain boundary passivation by the
direct elimination of bandgap states. The mechanism for this effect 1is
not clears Various treatments have been demonstrated to influence the
properties of grain boundaries in III-V semiconductors, however there is
no direct evidence for the elimination of the grain boundary states in

these materials.

3.3 Physical Properties of Grain Boundaries

The following sections discuss the physical nature of grain
boundaries. First, an introduction to grain boundary structure and the
influence of the structure on impurity segregation will be presented based
on a few general references. This will provide the concepts and
terminology needed for later discussions. Following this is a discussion
of the structure of grain boundaries specific to covalently bonded
semiconductors. This {s based on recent experimental studies of grain
boundaries in Ge and Si. It will be shown that the structure of grain
boundaries in these materials is significantly more complex than that
suggested by the simplified models. It will be obvious, however, that
there is a periodic structure that is associated with grain boundaries in
gsemiconductors. This is an important concept in that it can be
interpreted as the result of reconstructed bonding at the grain boundary

interface.
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3.3.1 Grain Boundary Structure and Segregation

Presented here 18 a general discussion of the structure of grain
boundaries and the relation between grain boundary structure and
segregation. A grain boundary is the planar interface between two
crystallites (grains) of the same material whose lattices are misoriented
with respect to each other. There are nine parameters that define the
structure of a grain boundary.(75) The misorientation of the two lattices
is defined by the angles of rotation about any three unique rotation axes.
In addition to these six parameters, the grain boundary plane is defined
by three coordinates. These parameters are usually referenced to the
coordinate system that defines the unit cell of one of the lattices. On
one side of the grain boundary plane atoms occupy sites of only one of the
lattices while on the other side of this plane only sites of the other
lattice are occupied.

There are two special cases that arise when the grain boundary
structure i{s given by a rotation of the lattices about a single axis.
These structures are defined by the single rotation axis, a single
rotation angle, denoted as ©, and the three coordinates defining the
boundary plane. If the rotation axis is parallel to the boundary plane
the structure is called a tilt boundary. The second special case is the
twist boundary, for which the boundary plane is perpendicular to the
rotation axis. If the boundary plane bisects the tilt angle, the
structure i{s termed a symmetric tilt boundary. For the purposes of the
discussions of this thesis, boundary structures that can be vievwed as
rotations about a single axis will be denoted by the rotation angle, the
rotation axis, and the boundary plane given in the coordinate frame

of one of the lattices. For example, a tilt boundary lying in the (111
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plane and having a misorientation angle O = 10° about the [110] direction
18 denoted as 10°[110]/(T1l). This notation convention provides no
indication of whether or not a structure is symmetric.

The basic models for grain boundary structure propose that the misfit
that results from the misorientation of the two lattices is accomodated by
the generation of dislocation arrays in the boundary plane.(75'78) Since a
general grain boundary is characterized by rotations about three axes,
such a boundary has three associated dislocation arrays having different
and non-coplanar Burgers vectors. The dislocations which occur at these
general boundaries can have both screw and édge components. However, tilt
and twist boundaries contain only pure edge and pure screw dislocations,
respectively.

The spacing between the grain boundary dislocations, for a symmetric

boundary, is given by(75)

- [b] (I11-1)
2sin(06/2) °

Y
where b i{s the Burgers vector of the appropriate lattice dislocation. The

spacing between dislocations decreases as the misorientation angle is
increased. Above some critical misorientation angle, 6., the spacing
between dislocations is sufficiently small that the grain boundary
structure can no longer be considered to be composed of individual lattice
dislocations. Grain boundaries with misorientations significantly below
this critical angle are termed "low angle,"” those with misorientations in

the range of O, are termed "medium angle,” and those with misorientation
angles significantly greater than G, are termed "high angle.” The
critical misorientation angle is generally considered to be in the

vicinity of 15°,
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The microstructure of low angle gr;in boundaries can be adequately
described by arrays of dislocations, termed grain boundary dislocations
(GBDs), formed in the crystallographic lattice appropriate for the
particular material composing the grains. However, the validity of this
model becomes questionable as the misorientation angle approaches the
value of .. In this limit the structure can no longer be assumed to be
based on discrete GBDs and it becomes necessary to adopt other formalisms
to describe the unique "crystallography” associated with a grain
boundary.(79) In contrast to the limited applicability of the GBD model,
this grain boundary crystallography can be used to describe all grain
boundary structures. The key point of this description is that all grain
boundary structures are periodic to an extent related to the misfit
between the two crystallites. These formalisms and the relation of the
resulting boundary structures to grain boundary segregation will now be
presenteds The discussion is derived from a few general
references, (79-81)

When the lattice of one grain is rotated with respect to the lattice
of the other grain there are certain sites of both lattices which remain
in registry. These sites themselves form a lattice, termed the
Coincidence Site Lattice (CSL), that describes the basic periodicity of
the grain boundary structure. Such a rotation gives rise to sets of
points, whose loci are sets of parallel lines, where the fractional
coordinates of the two real lattices are identical. These lines form a
lattice, termed the O-Lattice, which specifies the origin of the
transformation between the lattices of the two grains. The GBDs whose
spacing 18 given by equation (III~1) are defined by this O-Lattice. There

are three unique displacement vectors that leave the three dimensional
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structure formed by the rotation of the lattices of the two grains
unchanged. These three vectors define the DSC-Lattice (Displacement Shift
Complete). The magnitudes of these DSC-Lattice basis vectors increase
with increagsing degree of coincidence. These three new lattice geometries
provide the mathematical formalism for the description of the periodic
atomic arrangements that form the structure of a grain boundary. Any
further discussion of this theory 1is beyond the scope of this thesis.
There is another type of grain boundary dislocation that can be
defined in terms of the DSC-Lattice. Because of the nature of the
DSC-Lattice, these secondary grain Boandary dislocations (SGBDs) can have
discrete spacings that are smaller than the atomic spacings associated
with the lattices of the individual graine. Thus SGBDe can be part of any
grain boundary structure regardless of the magnitude of the misorientation
angle., There are, however, "special™ high coincidence boundary
orientations for which the SGBD spacing approaches infinity. The SGBD

spacing is given by
> +»>
. Ibgl . Ibgl

d : 8
8  Zsin(46/2) )

’ (III-Z)

>

where A0 is the deviation in © from the high coincidence angle and bg is
the appropriate Burgers vector defined in the DSC-Lattice. In general, a
larger spacing between grain boundary dislocations is associated with a
higher degree of periodicity and a lower grain boundary energy. This is
schematically illustrated as a function of misorientation angle in figure
3-2., The spacing between both primary and secondary GBDs is shown as well
as the energy cusps which occur at special high angle grain boundaries.

It is reasonable to expect that most grain boundary properties will

exhibit a functionality with © similar to that of the grain boundary
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energy.

From the above discussion it is clear that grain boundaries are
crystal defects with highly complex structures and, correspondingly, a
variety of atomic sites that will influence their properties. The
implications of this in terms of electronic behavior will be discussed
later, However, the influence of this structure on grain boundary
composition will now be discussed in relation to grain boundary
segregation.

The variety of atomic sites at a grain boundary available to solute
atoms permits a wide range of segregation behavior. It is expected that
segregating species could behave in a simple fashion and adapt to the
basic grain boundary structure or, at the other extreme, segregation could
result in altered atomic arrangements at the grain boundary. Although
impurity distribution at distances much greater than the grain boundary
width can be affected by solute segregation, it has been observed(82) that
segregated atoms are localized to a narrow region of approximately 10 A
centered about the grain boundary plane. The lateral distribution of
solute atoms along a single grain boundary plane appears to be random.

Several investigations(sz‘BA) indicate that the extent of grain
boundary segregation is related to the boundary structure. It appears
that segregation to special boundaries occurs to a lesser extent than
segregation to boundaries that have a low degree of coincidence. This is
intuitively logical in that the better lattice matching that occurs at
high coincidence boundaries should result in less “"void space” in the
boundary region. The degree of segregation to grain boundaries is
considerably less than that to free surfaces. This is expected since

nearly normal lattice density and bonding configurations are preserved at
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a grain boundary, in coatrast to the severe structural perturbations
present at a free surface. No systematic studies of the relation between
boundary structure and segregation have as yet been performed. It is
important to point out that the influeunce of structure on interactions
between grain boundaries and other types of crystal defects is probably
similar to the effects observed for solute segregation.

This section has presented a discussion of the structure of grain
boundaries and the implications of this structure on physical properties.
The formalisms developed to describe the boundary structure are based on a
grain boundary crystallography with an inherent periodic nature of the
atomic arrangements at the boundary. These formalisms result in boundary
structures with a variety of local atomic arrangements that can be
described in terms of primary and secondary grain boundary dislocations.
These bonding variations allow a wide range of grain boundary properties,

solute segregation behavior, and other defect interactions.

3.3.2 Grain Boundaries in Semiconductors

This section will discuss the structure of grain boundaries that are
specific to covalently bonded semiconductors having a diamond cubic
structure. Detailed investigations of the structures of such grain
boundaries have been confined to the elemental Ge(85-91) anq 51(92-98)
systems. The observed structures are similar for the two systems and the
results should be generally applicable to III-V materials. However,
additional restraints on the bonding arrangements in III~V systems will be
shown to complicate the grain boundary structure. The structure of grain
boundaries in semiconductors will be shown to be more complex than those

suggested by the formalisms presented in the previous section. This
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effect can be interpreted in terms of réconstruction of the local bonding
arrangements. Regardless of the mechanism of its formation, it will be
shown that the structure of grain boundaries in semiconductors is itself
periodic in nature.

Low angle grain boundaries in Ge(86,88) and s1(93-94) have been shown
to be composed of discrete dislocations. This description is valid for
[110) tilt boundaries with misorientation angles of less than 5°.(86) For
twist boundaries this model fails for misorientation angles in the range
of 3 to 8°.(93) It has been shown that such low angle boundaries can
contain several types of dislocations, the arrangement of which depends on
the misorientation of the two grains.(86‘94) These dislocations can
dissociate into stacking faults bounded by partial dislocations. It has
been proposed that this low angle grain boundary structure, consisting of
different types of dislocations, is a result of interactions between
lattice dislocations.(99) The resulting structure {s incompatible with
the simple dislocation arrangement given by equation (III-1).

Since the grain boundary structure can be considered to result from
the interaction of lattice dislocations described by equation (III-1), it
can be attributed to a reconstruction of the bonding arrangement at the
interface of the two grains, Due to the directional bonding required in
the diamond cubic lattice, the nature of dislocations in semiconductors is
such that reconstruction could result in a grain boundary structure that
does not contain dangling bonds.(6) This bonding reconstruction results
in a periodic arrangement of atoms at low angle grain boundaries that has
been experimental observed by electron diffraction. (93)

A change 1in grain boundary structure that occurs with transition from

the low angle regime to larger misorientations is indicated by the
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electronic properties of Ge grain boundaries. For example, the
anisotropic nature of transport in the grain boundary plane, indicative of
the presence of discrete dislocations, disappeared as the misorientation
angle increased. (31) In another study,(33) tilt and twist boundaries,
both having a misorientation angle of 6°, displayed the same properties
although their dislocaton structures should be different. This is
consistent with the transition from the low angle regime observed to occur
at approximately 5°,(86,93) The nature of these high angle structures
will now be discussed.

It has been shown that, consistent with the formalisms developed in
the previous section, grain boundaries in covalent semiconductors form
structures to achieve a high degree of coincidence(89,92,97) and can be
described in terms of primary and secondary grain boundary
dislocations.(89) However, the atomistic structure of the grain boundary
interface is not uniquely specified by the macroscopic structure given by
the rotational misorientation and grain boundary plane.(95s98) It has
been observed that high angle grain boundaries in Ge(91) and 51(95,97,98)
form microfacets, with dimensions on the order of 10 A, leading to grain
boundary plane orientations that contain a high planar density of CSL
sites. This arrangement is achieved by the effective relative translation
of one grain with respect to the other.(95,97,98) Grain boundaries that
facet microscopically and thus achieve a high coincidence site density
have been shown to have such an assoclated displacement.(95‘98) There 1is
no translation associated with coherent twin boundaries(?8) that have, by
their nature, an exact coincidence structure. The occurance of such
translations can be physically interpreted as the reconstruction of the

bonding arrangements at the grain boundary interface.(98) This bond
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reconstruction results in the formation.of five, six, and seven member
rings at the grain boundary. Some of the bonds contained in these rings
are dilated compared to the bonds in the six member ring structure that
forms a perfect diamond cubic lattice. This bonding counfiguration has
been observed at grain boundaries in Ge(85,%21) and 51,(92,95,98) A key
feature that results from this reconstructed bonding is that no dangling
bonds occur at the grain boundaries. If bonding reconstruction did not
occur, high angle grain boundaries in diamond cubic semiconductors would
contain a high density of dangling bonds. (96)

Thus there is good experimental evidence that reconstructed bonding
occurs at grain boundaries in diamond cubic semiconductors and results in
a structure that contains five, six, and seven member rings with dilated
bonds. These ring structures are arranged in a periodic fashion along the
grain boundary to give rise to the experimentally observed periodic nature
of the boundary structure. The density of these rings in the grain
boundary is directly related to the grain boundary misorientation
parameters.

The only effect of this ring structure in elemental semiconductors is
the dilation of some bonds, with correspondingly induced variations in
bond angle. However, in the III~-V system this structure requires the
existance of III-III and V-V bonds. For the case of GaAs, this gives rise
to Ga=Ga and As~As bonds., These bonding defects are analogous to missing
As and Ga atoms, respectively. This type of defect, with only one bond to
a like atom, differs significantly from an antisite defect in a single
crystal, which requires all bonds to be with like atoms. The bandgap
states that result from this type of grain boundary defect must,

therefore, be expected to be different from those that arise in a single
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il crystil. Depending on the stability of such defects, a completely

different bonding arrangement could arise. Thus, the formation of such a

ring structure in III-V semiconductor grain boundaries results in dilated

bonds, variations in bond angle, and both Ga~Ga and As~As like-atom bonds
(or related defects). Figure 3-3 shows such a structure as proposed for a
microfacet formed along a high order twin plane in $1.(98) yhen applied
to the I1I-V system, as 18 shown in the figure, like-atom bonds result.
These like-atom bonds are circled in figure 3-3.

There 18 good experimental evidence that grain boundaries in
covalently bonded semiconductors have a periodic structure. The atomistic
interface structure {s not specified by the macroscopic (geometric)
structure paramseters defined by the rotational misorientation and the
grain boundary plane. For smasll misorientations the structure consists of
discrete dislocations and evolves into a periodic arrangement of five,

six, and seven member rings as the misorientation increases. It is a key

feature of these structural models that grain boundaries need not contain 9
dangling bonds. The nature of III-V bonding results in grain boundary

defects that do not occur in the elemental systems.

-t

3.4 Summary L
This chapter has presented a review of the available literature ;

pertinent to the electronic, chemical, and physical properties of grain

boundaries in covalent semiconductors. The electronic properties of the ——q

grain boundaries are determined by the nature of the bandgap states. 24

These states arise due to both the bonding configurations at the grain

boundary interface and compositional effects. The bonding arrangements at

the grain boundary are periodic along the interface and are determined by
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Fig. 3-3. Possible bonding configuration at a GaAs
grain boundary showing the formation of five and
seven member rings.
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the misorientation relationship between the two grains. Geometrical

formalisms can be used to model the influence of misorientation on the
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boundary structure but they do not specify the atomic structure at the
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interface. Direct determination of this atomic arrangement indicates the

occurance of a characteristic structure of bonding defects with a planar

dengity determined by the misorientation relationship. The bandgap states

intrinsic to the grain boundary can most likely be attributed to these

bonding defects.
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4: Experimental Approach

The experimental investigations presented in the following chapters
can be considered to be in two parts. The first deals with the study of
grain boundaries characteristic of polycrystalline, melt-grown GaAs. The
second part is based on a study of bicrystals with preselected grain
boundary structures. It is the purpose of this chapter to discuss the
reasoning that carried this research along this particular path.

The early approach to the problem of studying grain boundary effects
on solar cells involved fabricating many small epitaxial nt/p/p* mesa
diode cells on a large area melt-grown, polycrystalline GaAs substrate.
Each of the diodes contained a small number of grain boundaries (typically
1 to 3) or no boundaries at all. The photovoltaic characteristics of
these individual cells were determined and compared with the gsurface
microstructure and the electroluminescence (EL) response obtained from the
diode. These experiments showed that individual grain boundaries had
differing effects on device performance, but no conclusive information
could be obtained on the structure of the individual boundaries or their
effect on impurity distribution.

The need for information on the relationships between grain boundary
electronic properties, structure, and composition led to the application
of cathodoluminescence (CL) for the analysis of melt-grown polycrystalline
GaAs used as the substrates for the mesa diode cells. This technique
permited qualitative imaging of variations in the optoelectronic
properties of the material as well as determination of the local carrier
concentration and minority carrier diffusion length. Because there was no

device structure needed to characterize the material by CL, the
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measurements could be complemented by tfanmsission electron microscopy
(TEM) of the boundaries observed in the CL images.

The results of the luminescence analyses suggested the need for a
systematic study of the influence of intrinsic grain boundary structure on
the associated electronic properties. This type of investigation requires
grain boundaries with preselected, well specified structures and minimal
interaction between the boundaries and solute atoms in the material. In -
addition, the boundaries must have a geometry suitable for electronic
characterization. A technique 1s presented that was used to prepare such
boundary structures.

A gseries of n—type GaAs bicrystal layers containing [110] tilt
boundaires with preselected misorientation angles and fixed grain boundary
plane were prepared. The macrostructure parameters of these grain
boundaries are, therefore, completely specified. The electronic
properties of these grain boundaries were experimentally evaluated as a
function of misorientation angle for fixed carrier concentration and as a
function of carrier concentration for fixed boundary structure. These
data are interpreted in terms of models for both the electronic and

physical structures of grain boundaries in GaAs.
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S: Characterization of Grain Boundaries in Bulk GaAs

5.1 Introduction

This chapter describes studies of grain boundaries found in
melt-grown polycrystalline GaAs. In the experiments discussed, the
optoelectronic properties of grain boundaries were examined by two
luminescence techniques. Electroluminescence (EL) analysis was used for
qualitative imaging of nt/p/p* solar cell diodes prepared by vapor-phase
epitaxy (VPE) on melt-grown polycrystalline GaAs substrates. The
electroluminescence image could be related to the performance of the solar
cells. Cathodoluminescence (CL) analysis was used to study melt-grown
material similar to that used as substrates for the devices indicated
above. This method allows both qualitative analysis of grain boundary
optoelectronic properties and yuantitative measurements of material
properties with excellent spatial resolution. Using CL in conjunction
with transmission electron microscopy (TEM), it was possible to establish
some general correlations between grain boundary structures and

optoelectronic properties.

5.2 Electroluminescence and Complementary Electrical Analysis

Electroluminescence is the generation of light by the recombination
of charge carriers under the application of an electric field. For the
results described here, we are concerned with injection
electroluminescence; light obtained by the recombination of minority
carriers injected across a p~n junction under foward bias. This effect
can be regarded as reciprocal to the photovoltaic effect,(loo) as

1llustrated in figure 5-1, Therefore, the efficiency of
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Fig. 5-1. Schematic illustration of
the photovoltaic and electrolumines-
cence effects,
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electroluminescence from a p-n junction solar cell under foward bias
should correlate with solar cell performﬁnce. Such a correlation has been
demonstrated for single-crystal GaAlAs/GaAs heteroface solar cells(101)
and nt/p/pt GaAs shallow-homojunction cells prepared by VPE on

polycrystalline GaAs substrates.(102)

5.2.1 Experimental

Shallow-homo junction nt/p/p* GaAs solar cell structures were
prepared by chemical vapor deposition (CVD) using the GaAs-AsCl3-Hj
process and fabricated using procedures described elsewhere.(73) The CVD
GaAs layers were grown on Zn—-doped (p~ 5 x 1018 cm=3) polycrystalline
GaAs substrates. The p-type epilayers were also Zn-doped while S was used
as the n~type dopant. An array of small mesa~diode solar cells was then
fabricated on the wafer as shown in the optical micrograph in figure 5-2.
Random placement of the devices on the substrate resulted in some diodes
being on single grains while others straddled one or more grain
boundaries. 'The diode structure is shown schematically in figure 5-3.
The mesa diameter is 560 um while the nt-epilayer (top) electrical contact
is a disk with a diameter of 300 yme Thus the 130 um wide anular ring
surrounding the top contact allows light to enter (photovoltaic effect) or
leave (electroluminescence) the diode. An anodic oxide was used as an
antireflection coating on the anular ring.

The dark and 1lluminated current-voltage (I-V) characteristics of
selected diodes were measured and recorded using a curve tracer.
Electroluminescence from these diodes was excited by supplying a
forward-bias current in the range of 20 to 25 mA using a curve tracer in

the doc. mode. The electroluminescence was either observed with an
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Mesa solar cell array fabricated in polycrystalline GaAs.

Fig. 5-2.
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infrared (IR) microscope (sensitive to wavelengths between 0.8 and 1.2 um)

to form an image or was spectrally analysed using a grating spectrometer,

5.2.2 Results

Figures 5-4 through 5-6 show the I-V characteristics and reflected IR
and electroluminescence images of three such diodes. 1In addition, figures
5~4 and 5-6 show transmitted IR images of diodes with transparent back
contacts. The dark feature in the reflected IR and EL images is the top
contact probe.

The diode shown in figure 5-4 has good I-V characteristics (Vo =
0.82 V, Ig. = 6.5 UA) and a correspondingly uniform and bright EL image.
The two grain boundaries running through this diode appear to have little
effect on its performance. The surface morphologies of these boundaries
are not alike but their optoelectronic behavior is similar. The diode
shown in figure 5-5 is bisected by a grain boundary with a surface
morphology similar to that of the more prominent of the two grain
boundaries in figure 5-4, However, the I-V characteristics and the EL
response indicate that this grain boundary is far more detrimental to
device performance. Note that while V,. has dropped significantly, to
0.34 vV, the value of Ig. is not significantly affected.

Finally, figure 5-6 shows a diode located over many grains. The I-V
characteristics indicate the performance of this device is between that of
the previous two diodes. Note that although there are only two grain
boundaries running through the diode in figure 5-5, its performance and EL
response are inferior to this diode's. The EL images of grain boundaries
show significant variations. In figure 5-6 the prominent grain boundary

bisecting the diode has associated with it an enhanced EL response
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Fig. 5-4. Infrared micrographs and I-V characteristics of a good polycrystal-
line mesa solar cell.
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Fig. 5-5. Infrared micrographs and I-V characteristics of a poor polycrystal-
line mesa solar cell.
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(appears bright in the EL image) whereas other grain boundaries appear as
dark lines or show essentially no contrast.

The room temperature EL spectra of mesa diodes located on single
grains and in polycrystalline areas showed no significant difference in
enmission peak wavelength. The emission was sub-bandgap with a spectral
peak at 0.8750 um,

EL is shown to be an effective way to correlate the electrical (I-V
characteristics) and optoelectronic behavior of solar cells in direct gap
materials. It appears that the surface morphology of grain boundaries
does not correlate with the performance of n*/p/pt GaAs solar cells on
polycrystalline substrates. Examples have been shown where grain
boundaries with similar surface morphologies show either differing or
quite similar behavior. Grain boundaries appear in the EL images as
eichef bright relative to the background, dark relative to the background,
or show no contrast. In order to utilize the EL technique, however, the
sample must be in the form of a junction diode. This turns out to be
quite a stringent experimental condition since this excludes from study

as—-grown bulk polycrystalline material.

5.3 Cathodoluminescence Analysis

The use of cathodoluminescence (CL) analysis eliminates the
requirement of a junction diode to obtain luminescence. By imaging the
cathodoluminescence generated by the electron beam of a scanning electron
microscope, an image of spatial variations in radiative recombination is
obtained by scanning cathodoluminescence microscopy (SCM). In additionm,
CL spectral analysis permits local carrier concentration and minority

carrier diffusion length measurements with a spatial resolution on the
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. order of 1 um. The technique is non-destructive and does not require

either a charge-separating junction or ohmic contacts to the sample. This
; technique 18 well suited for the evaluation of direct-gap materials having
_ potential application for photovoltaic devices. Only direct gap materials

ﬂ luminescence with sufficient efficiencies for this method to be employed.

5.3.1 Experimental

CL is produced by the radiative recombination of excess carriers
generated by incident electrons. By using the electron beam of an SEM
as the electron source and rastering this beam over the sample surface, an
SCM {mage of CL intensity variations is formed on the synchronized imaging
CRT. In addition, a focused electron beam can be freely positioned at any
point on the sample surface.

The results presented here are based on the analysis of heavily
Zn-doped (p ~ 1019 cm™3), Bridgman-grown polycrystalline GaAs. This
material is similar to that used as substrates for the epitéxially grown
diodes 1ﬂvescigated by EL. Polycrystalline GaAs slices were lapped with 2
um alumina, polished with Clorox to a thickness of 225 um, and sawed
into squares 2.5 mm on a side. Samples containing grain boundaries with
various surface morphologies, as observed by optical Nomarski microscopy,
were selected for SCM analysis. Some of these samples were jet—-etched to
form thin sections suitable for transmission electron microscopy (TEM)
using the technique described in Appendix 2.

All experiments were performed with the sample at ambient temperature
in an SEM capable of supplying accelerating potentials ranging from 0-50
kV. The experimental arrangement is illustrated schematically in figure

5~7. The CL collection i8s accomplished with an optical microscope whose
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Fig. 5-7. Schematic 1llustration of cathodoluminescence experiment.
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objective lens is coaxial with the incident electron beams SCM imaging is
accomplished by replacing the microscope eyepiece with a photomltiplier
assembly, while spectral analysis is performed by directing the light onto
a grating monochrometer with a resolution of 1 nm. A photomultiplier tube
with a type S-1 photocathode 18 used for both imaging and spectral
analysis. Image resolution in the SCM mode varies greatly with both
carrier diffusion length and incident electron excitation volume. In this
system SCM can typically be performed over a magnification range from 75
to 1000X. Spatial resolution for CL analysis is on the order of | pm.

All SCM and SEM images presented here were taken with a 30 or 35 keV
electron beam at normal incidence, ylelding a penetration depth of
approximately 3.5 um, and a beam current on the order of 10 nA.

Carrier concentration was determined by comparing spot-mode spectral
full-width~at-half-maximum measurements at 30 kV with data published by
Cusano. (103) This technique has been shown to be in agreement with
measurements made by infrared free-carrier absorption.(loa) The CL
spectral peak for the material studied is located at approximately 890 nm.
Di ffusion lengths are determined by measuring the CL intensity at 930 om
as a function of accelerating potential from 15 to 50 kV and curve fitting
this data to a theoretical model recently developed by Vaughan.(loa) This
theory is similar to that presented by Wittry and Kyser(los) but does not
require the assumption of a near-surface "dead layer.” The sub-bandgap
wavelength is selected for diffusion length determination in order to
prevent intensity measurement errors due to self-absorption of CL by the
sample. A detailed treatment of CL theory and its application for the

measurement of electronic properties has been presented by Vaughan.(loa)
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5¢.3.2 SCM Imaging

Qualitative material evaluation was obtained by examination of CL
intensity variations in SCM images. Applying this technique to
polycrystalline GaAs provided information on grain size, location of
non-radiative centers, and variations in optoelectronic properties. The
CL images of grain boundaries are similar to the images obtained by EL
analysis. Figure 5-8 compares composites of SEM and SCM micrographs of
the same sample area and demonstrates the capability of SCM to reveal
defects not visible by surface microscopy of polished surfaces. The only
prominent features in the SEM micrograph are two parallel straight grain
boundaries running diagonally across the field of view and three closely
spaced linear features at the upper left. In contrast, the SCM micrograph
reveals a more complex grain structure. Note that the two straight
boundaries are not clearly defined in the SCM micrograph buc contain
discrete features (for example, those indicated by A) along their length.
Also note the presence of striated features. Variations in the
optoelectronic properties of the material are the source of contrast in
the SCM mode whereas the SEM contrast is due to variations in surface
morphology.

It was found that grain boundaries can show four different types of
SCM contrast. These are illustrated in the SCM micrograph of figure 5-9,
where boundary A exhibits dark-line contrast, boundary B is slightly
brighter than the surrounding matrix, and the two boundaries designated C
show essentially no contrast, except for irregularly spaced dark spots
that may be precipitates. Note the bright regions running along both
sides of boundary A. Most, but not all, of the boundaries appearing as

dark lines showed this feature. The prominent dark boundary to the upper




“J
e

Dl E T T A, AL Jal aSE wid uaure 4-_:-v.-._!~'l-._-l."l. l.'..l_ I.. .'Il Al .l._.l . . B T TR TR - NSRS AN RS

v e e TallmT e T T e

67

SEM SCM

C83-~5398

Fig. 5-8. Composite SCM and SEM micrographs of the same area of a polished
polycrystalline GaAs sample.
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Fig. 5-9. SCM and SEM micrographs of the same sample area showing four
types of grain boundary cathodoluminescene contrast.
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left of C does not appear in the SEM image. The network structure at the
upper left of the SCM micrograph is probably a dislocation network.
Several additional features have been observed by SCM of
polycrystalline GaAs. First, grain boundaries with similar surface
morphologies can have quite different CL properties. This is i1illustrated
in figure 5-10 where boundary A shows dark-line CL contrast while boundary
B shows little or no contrast, although their SEM images are similar.
Note also that the contrast associated with boundary B varies along its
length. Second, different regions of a grain boundary with constant
misorientation angle but changing boundary plane have different CL
properties. This is illustrated in figure 5-11 where the CL contrast of
the bright border changes between sections A and B of the same curved
grain boundary. Since the misorientation of these two grains is constant,
this observation indicates that the boundary plane must be considered in
correlating grain boundary structure and properties. Finally, anomalous
bright features appear in many SCM images, such as those labeled C in
figure 5-12. In this figure they are associated with grain boundaries
that exhibit no CL contrast. The results presented in the following
sections suggest that these features are associated with variations in

impurity coancentration.

5¢3.3 Carrier Concentration and Diffusion Length Measurements

An advantage of CL analysis of polycrystalline GaAs is that it not
only permits qualitative imaging of individual grain boundaries, but it
can also be used to measure carrier concentration and diffusion length on
a microscale. This is extremely useful for analysis of the features

observed by CL imaging. There is no other technique that can provide this
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Fig. 5-10. SCM and SEM micrographs of the same sample area showing
different CL contrast from grain boundaries with similar surface
morphologies.
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Fig. 5-11. SCM and SEM micrographs showing variation in cathodolum-
inescence contrast with change in grain boundary plane.
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information with such high spatial resolution and without the use of a
charge separation mechanism. It is noteworthy that the carrier
concentrations of the samples measured by this technique correspond to
impurity atom concentrations of approximately 1 part in 104, There is no
available technique for the direct measurement of such low impurity

& concentrations with the required spatial resolution.

% = Carrier concentration and minority carrier diffusion length
measurements were made in order to identify the mechanisms associated with
the various types of grain boundary contrast observed by SCM imaging.

i Figure 5-12 shows composite SEM and SCM micrographs of the same sample

area. The SEM shows several straight grain boundaries and a long, curved

grain boundary. The SCM contrast displayed by the curved boundary is the
dark line with bright borders type. In this case these borders are so
bright that the dark line is barely visible in this micrograph. The long,
straight boundaries show no CL contrast but there are many bright features
assoclated with them, as indicated by C in the figure.

Carrier concentration and diffusion length were measured at the
points indicated by A and B in figure 5~12 using the methods described
previously. While both locations are in the same grain, point A is in the
bright border adjacent to the grain boundary while point B is located
about 50 um further into the grain. The net acceptor concentration in the

bright border (location A) 1s 9 x 10!8 cw~3 while the corresponding value

in the grain (location B) is 2 x 1019 cn~3. Thus the carrier
concentration well within the grain is about twice that in the region
immediately adjacent to the grain boundary. The curve fits of CL
intensity versus accelerating potential giving the minority carrier

diffusion length at locations A and B are shown in figure 5-13. The
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diffusion lehgths at A and B are measured as 1.2 ym and 0.6 um,

PO

respectively. These results are summarized in table 5-1. Thus it appears
that in the bright region adjacent to the grain boundary the carrier
concentration is lower and the minority carrier diffusion length is higher
than at a location further into the grain.

These results suggest that many variations in CL intensity appearing
in the SCM micrographs are associated with variations in carrier

concentration. It appears that regions adjacent to some of the dark

DANOAS  LONTORCOWS.  Kathe e

boundaries are depleted of dopant. From these results it is inferred that
the dopant 1s segregated to these grain boundaries and, hence, there may
be a compositional influence on grain boundary behavior.

Similar measurements were made on a grain boundary of the contrast
type that appears bright in the SCM image. The grain boundary chosen for
the measurements showed the greatest increase in CL above that of the
adjacent grains, but this variation was much smaller than that associated
with the dark grain boundary used for the previous measurement. In this
case the measured carrier concentration was 4 x 1019 cm=3 (peak half-width
of 525 A) regardless of whether the beam spot was directly on the grain
boundary or located on the adjacent grain. This result {s believed to be
due to an averaging effect arising because the grain boundary volume is
only a small fraction of the total e*citation volume for this case where

the measurement is made with the beam spot positioned on the boundary. In

addition, the measurement is inherently difficult since the relatively
small variation in CL intensity indicates that the carrier conceantration

at this boundary is only slightly different than that of the adjacent

grains.
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TABLE 5-1

CATHODOLUMINESCENCE ANALYSIS DATA FOR SPECTRA OBTAINED
AT LOCATIONS A AND B INDICATED IN FIGURE 5-12

Carrier Diffusion

Location Half Width (A) Concentration (cm=3) Length (m)
A 411 9 x 1018 1.2
B 465 2 x 1019 0.6
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5.3.4 Grain Boundary Structure, Composition, and Properties

The results presented in the previous section suggest that many of the
features observed by SCM of polycrystalline GaAs may be attributed to
variations in material composition. The next question to address is the
influence of grain boundary structure on observed properties. As was
previously discussed, and shown in figure 5-11, the change in boundary
plane associated with a curved grain boundary can affect its
optoelectronic properties. However, the basic question of what fhe
difference 1is between grain boundaries that exhibit essentially no SCM
contrast and those that appear as dark lines has not been addressed.
Samples prepared as thin sections suitable for TEM were examined using
SCM. Some of these samples were found to contain grain boundaries that
show no SCM contrast. Analysis by TEM indicated that these are twin
boundaries that show no observable dislocation structure. Figure 5-14
shows a TEM micrograph of a no—contr;st boundary positioned such that the
boundary plane is nearly parallel to the incident electron beam. Also
shown are selected area electron diffraction patterns from the two grains
which identify this to be a twin boundary. The grains are rotated with
respect to each other about a <110> axis by an angle of approximately
70.5° and the boundary lies in a {111} plane. Thus it is concluded that
twin boundaries show no significant contrast in SCM imaging and,
therefore, do not have associated nonradiative recombination centers.

The results of CL analysis of polycrystalline GaAs indicate that both
defect structure and composition effects may influence the optoelectronic
properties of grain boundaries. Based on the experiments discussed, the
following possible explanations for the observed varifations in grain

boundary contrast are proposed. Boundaries showing no contrast in SCM

Ladad
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Fig. 5-14. Transmission electron micrograph of a non-contrast grain
boundary in GaAs. The crystallographic orientations determined from
diffraction patterns for each grain identify this as a twi. boundary.
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imaging are coherent twin boundaries with no associated localized misfit

defects. Bright boundaries are proposed to also be twin boundaries but

o L3
[ )

- having associated dopant segregation effects. The grain boundaries
appearing as dark lines in SCM images have localized misfit defects
associated with their structures that give rise to non-radiative

recombination of charge carriers. Boundaries that appear as dark lines

with bright borders are proposed to have a similar structure, but dopant
segregation to these grain boundaries has resulted in a reduction in the
carrier concentration in the regions immediately adjacent to these
boundaries. These possible contrast mechanisms are summarized in table
5-2. The observed geometric bright features that appear adjacent to the
no-contrast twin boundaries (for example those designated by C in figure
5-12) may also be caused by segregation effects. Their morphologies are
similar to those characteristic of dendritic growth. Such structures may
be assoclated with cellular growth arising due to interface instabilities
during growth from the melt. There i8 no direct measurement technique
available for investigating the influence of impurity segregation on the
optoelectronic properties of polycrystalline GaAs. Thus, while these
conclusions appear reasonable, the supporting experimental evidence is

limited.

5¢3.5 Implications of CL Analysis on Photovoltaic Devices : ’1
No attempt was made to correlate the type of SCM contrast displayed
by grain boundaries with solar cell performance. However, it is
appropriate to propose a number of possible performance degradation
mechanisms that could be associated with the different types of grain

boundaries observed. It seems likely that boundaries showing no CL S
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TABLE 5-2

PROPOSED CONTRAST MECHANISMS FOR THE FOUR TYPES OF CL
CONTRAST ASSOCIATED WITH GRAIN BOUNDARIES IN GaAs

Boundary SCM Image

Proposed Contrast Mechanism

Boundary Structure

Impurity Effects

No contrast

Bright

Dark

Dark with bright
border

Twin
(absence of localized
defects)

Twin

High density of
localized misfit
defects

High density of
localized misfit
defects

No

Yes

Yes
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contrast are electrically inactive and will not have a significant effect
on device characteristics. Boundaries that appear dark have associated

nonr-radiative recombination centers that can be expected to reduce

short circuit current and increase series resistance. Such boundaries
that croes a device junction can cause a reduction in open circuit voltage
and fi11 factor. In addition, impurities concentrated along grain
boundaries could diffuse into epitaxial layers grown on heavily doped
substrates, affecting device performance by altering bandgap states at the
grain boundary or by changing the doping of the device structure. These
effects are consistent with the low open circuit voltages commonly

observed for polycrystalline GaAs solar cells.

5.4 Summary

This chapter has described luminescence analysis of grain boundary
structures characteristic of polycrystalline GaAs grown from the melt.
The optoelectronic properties of the grain boundaries were examined using
electroluminescence and cathodoluminescence techniques. The performance
of epitaxial p~n junction solar cells was compared with their EL behavior,
and CL analysis was performed on p—-type polycrystalline GaAs similar to
that used as the substrates for these devices.

These investigations showed that the grain boundaries in this
material can be categorized into several types and that both boundary
structure and compositior influence the optoelectronic properties of

grain boundaries. In addition, the polycrystalline material was found to

contain significant carrier concentration nonuniformities as well as
defects not revealed by surface morphology. No obvious correlation was oo

observed between boundary surface morphology and optoelectronic
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properties. Possible implications of these finding on the performance of

polycrystalline solar cells were presented.
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contrast are electrically inactive and will not have a significant effect
on device characteristics. Boundaries that appear dark have associated
non-radiative recombination centers that can be expected to reduce

short circult current and increase gseries resistance. Such boundaries
that cross a device junction can cause a reduction in open circuit voltage
and fill factor. In addition, impurities concentrated along grain
boundaries could diffuse into epitaxial layers grown on heavily doped
substrates, affecting device performance by altering bandgap states at the
grain boundary or by changing the doping of the device structure. These
effects are consistent with the low open circuit voltages commonly

observed for polycrystalline GaAs solar cells.

5.4 Summary

This chapter has described luminescence analysis of grain boundary
structures characteristic of polycrystalline GaAs grown from the melt.
The optoelectronic properties of the grain boundaries were examined using
electroluminescence and cathodoluminescence techniques. The performance
of epitaxial p-n junction solar cells was compared with their EL behavior,
and CL analysis was performed on p-type polycrystalline GaAs similar to
that used as the substrates for these devices.

These investigations showed that the grain boundaries in this
material can be categorized into several types and that both boundary
structure and composition influence the optoelectronic properties of
grain boundaries. In addition, the polycrystalline material was found to
contain significant carrier concentration nonuniformities as well as
defects not revealed by surface morphology. MNo obvious correlation was

observed between boundary surface morphology and optoelectronic
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properties. Possible implications of these finding on the performence of
polycrystalline solar cells were presented.
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6: Growth and Characterization of Oriented GaAs Bicrystal Layers

6.1 Introduction

The results of the previous chapter indicate that both the structure
and the composition of semiconductor grain boundaries influence their
electronic properties. It is also apparent that the complex grain
structure of melt-grown GaAs makes it inherently difficult to isolate
individual grain boundaries for detailed studies of their electronic
properties. The influence of intrinsic boundary structure on the
electronic properties can only be investigated by studying grain
boundaries with structures that vary in a systematic fashion and have a
degree of interaction with solute atoms that has a negligible effect on
their properties. In addition, the grain boundaries must have geometries
that are suitable for electronic characterization. This chapter presents
a technique developed to grow bicrystals that contain grain boundaries
which satisfy these requirements. This technique permits all nine
parameters that describe the grain boundary macrostructure to be
experimentally preselected.

The technique is applied to the growth of n-type GaAs bicrystal
layers containing tilt boundaries with a rotational misorientation about
the [110] direction ranging from O to 30° and a (111) boundary plane with
respect to one grain. Using the convention defined in Chapter 3, this
structure is denoted as ©[110]/(T11). These bicrystal layers constitute a
set of [110] tilt boundaries with structures that are systematically
varied by holding constant all the macroscopic parameters that define the
grain boundary structure except the angle of rotation about a single axis.

In terms of the model for a grain boundary based on two interpenetrating
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lattices, as described in Chapter 3, this requires rotation of one grain
with respect to the other about only one of three possible axes and the

orientation of the grain boundary along a fixed crystallographic plane

defined in one of the lattices. There are no inherent constraints on the
geometry of the bicrystal layers obtained with this technique or the

dimensions and location of the grain boundary plane in the bicrystal

B
-
e

layer.

This chapter describes the bicrystal growth technique, reports the

electrical properties of the obtained grain boundaries, and discusses some

inherent limitations of the growth process. Included is an investigation .

of crystallographic orientation on facet formation, growth rate, and ‘;?i

dopant incorporation for GaAs vapor-phase epitaxy (VPE). afEY

6.2 Preparation Technique -
There are two basic steps involved in the preparation of the oriented

GaAs bicrystal layers. The first st~p 18 the fabrication of a substrate -

composed of two single crystal GaAs pieces. These pieces are related by
the desired tilt misorientation. The second step is the growth of the
bicrystal layer on this substrate by VPE, The growth is accomplished by
the AsCly-GaAs-Hj method(106) and makes use of the phenomena of epitaxial

lateral overgrowth(1°7‘112) to form a continuous layer of GaAs containing

two grains with the same orientations as the pieces composing the
substrate.

The GaAs bicrystals are grown on composite substrates prepared by
bonding two appropriately oriented GaAs crystals that are cut from a
single~crystal boule. As shown schematically in figure 6-1, the crystals

have (110) faces and cross sections for bonding are cut perpendicular to

i i . P a PR o P




TR-669

85
(1o
. 9 (110)
M2)
(M12)

M

Fig. 6-1. Geometry of a single crystal cut to form the
component crystals of a substrate for epitaxial growth
of a bicrystal layer containing a [110] tilt boundary.
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these faces. For the reference crystal, which we also designate as
crystal 1, the cross section is a (T11) plane; for crystal 2, the cross
section is an off-(T11) plane that is rotated about the [110] direction by
the desired misorientation angle. The cross sections are then polished
and the crystals are encapsulated with a pyrolytically deposited layer of
phosphosilicate glass approximately 0.3 um thick. One of the cross
sections is coated with photoresist containing particles of a glass
composed of 61.8 Pb0O, 31.2 Si0j, and 7.0 Al203 percent by weight. The
cross sections are placed in contact, and the crystals are pressed
together and heated in air to above 810°C, the melting point of the glass.
During this process the photoresist is volatilized, and the crystals are
bonded together by a continuous glass film about 5 um thick. After
cooling, the composite formed is cut into wafers approximately 20 mils
thick with (110) surfaces. One such wafer is shown schematically in the
upper diagram of figure 6-2. The (110) upper surface is lapped, polished,
and coated by chemical vapor deposition with an S107 layer 0.2 um thick.
To complete preparation of the substrate, an S107 stripe 35 um wide that
runs along the length of the bonded interface is defined
photolithographically. As shown in the upper diagram of figure 6-2, this
stripe masks the bonding glass film and extends 15 um over each of the
GaAs crystals.

Except for the use of composite substrates, the procedure for
obtaining GaAs bicrystals is essentially the same as that employed
previously for preparing single-crystal GaAs layers over insulating films
by means of lateral overgrowth using the AsCl3-GaAs-Hj method of
vapor-phase epitaxy.(los'lll) The properties of such overgrown layers are

comparable to those of conventional GaAs epilayers grown by this method.
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Fig. 6-2. Schematic diagrams of a composite substrate (top) and the
cross section of the substrate and bicrystal layer grown by vapor-
phase epitaxy (bottom).
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Deposition of GaAs is carried out under conditions selected so that
nucleation of GaAs growth occurs on the exposed (110) surface of crystals
1 and 2 but not on the 5i07 masking stripe. When the thickness of the
GaAs epilayers on the crystals exceeds that of the Si0j, these layers seed
lateral growth over the stripe. This overgrowth coatinues simultaneously
with vertical growth until the two layers merge to form a continuous film,
after which growth proceeds normally. The lateral growth seeded by
crystal 1 is bounded by a slow=-growing (T11) facet and is therefore much
slower than that seeded by crystal 2. Since the grain boundary in the
bicrystal is located where the two lateral growths merge, this boundary
occurs close to the edge of the 510, stripe over crystal 1, as shown in
the lower diagram of figure 6-2. As a result of the formation of the
facet, the plane of the boundary is a (T11) plane regardless of the
misorientation angle of crystal 2.

The choice of the orientations was determined by investigating the
nature of GaAs epitaxial overgrowth on the S10) coated (110) surface. The
(T11) orientation of the reference crystal was required in order to obtain
a single grain boundary plane perpendicular to the (110) surface. This is
a result of the nature of the overgrowth process, as is explained in the

following section.

6.3 Epitaxial Lateral Overgrowth

Epitaxial lateral overgrowth is a surface reaction limited, faceted
growth process by which an overgrowth mask that covers a portion of the
seed surface can be covered by a crystalline layer having the identical
structure and orientation as that of the substrate. The overgrowth mask

is fnert in the epitaxial system to the extent that no nucleation occurs
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on its surface. The growth parameters are adjusted to achieve the
near-equilibrium surface reaction limited condition for which the
differences in growth rate of the crystallographic planes are maximized.
This results in the formation of macroscopic facets and large differences
in the growth rate of low index planes. The growth rate of high index
planes, however, is relatively high because of the formation of atomic
steps and ledges associated with microfacets at these growth fronts.(112)
The quality of the overgrown epitaxial layers is comparable to
conventional epitaxial films except for significant lateral variations in
carrier concentration.(111) These carrier concentration nonuniformities
are the result of differences in dopant incorporation by the facets that

form during the overgrowth process.

6.3.1 Orientation Dependence and Facet Formation

The orientation of the overgrowth mask on the substrate surface
determines the nature of the faceting along the lateral growth front. A
special overgrowth mask was used to study this selective nature of the
lateral overgrowth process. The pattern of this mask is a circular array
of pairs of radial slit openings that are indexed at 1° intervals over the
full 360°. This spoke pattern allows the observation of the formation of
the continuous epitaxial layer by the merger of lateral overgrowth fronts
that eminate from the parallel seed openings. In addition, the nature of
the lateral overgrowth facets can be studied as a function of the
orientation of the slit openings on the single crystal substrate.

Figure 6-3 shows the result of lateral overgrowth from such a spoke
pattern with 2 um wide slit openings on a (110) GaAs substrate. The

growth conditions are the same as those used for the bicrystal layer
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Fig. 6-3. Selective GaAs epitaxial overgrowth from a spoke pattern of radial

stripe openings at 1° intervals on an 5102 coated (110) surface.

Bright

regions are GaAs and dark regions are S102. The 30° orientation range used

for bicrystal growth is indicated.
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growth, to be discussed later. The polished (110) GaAs substrate was
coated with 1000 A of chemical vapor deposited Si07 and the spoke pattern
was formed in the Si07 by photolithography and chemical etching to expose
the GaAs surface at the slit openings. In this figure the bright areas
are epitaxial GaAs and the dark areas, including the center, are exposed
$109. It is apparent that nucleation and growth did not occur on the
central Si0y disk. There are twelve orientations for which essentially no
overgrowth occured, leaving the 5107 regions of the spoke pattern still
exposed. These orientations are indexed as to which planes would be
exposed if the lateral growth facets were perpendicular to the substrate.
In general, however, these are not the indices of the facet planes that
form the lateral growth fronts.

The range of misorientation angles employed for the bicrystal layer
growth is indicated in figure 6=3. The (111) facet forms vertical to the
(110) and, being the As or "B" face, essentially forms a stationary, or
“bounding™ facet. This is one of the overgrowth fronts that meet to form
the grain boundary. This orientation is used as the reference crystal of
figure 6-2 and defines the macroscopic grain boundary plane. The lateral
growth front that meets this (111) facet to form the grain boundary in the
bicrystal layer will have the same facet structure as the front facing the
(Ill) facet in figure 6-3 but eminating from the seed slit that is rotated
from the (111) facet by an angle equal to the misorientation angle of the
grain boundary.

The facet structures of these growth fronts were examined by scanning
electron microscopy (SEM) of the overgrowth spoke pattern. Micrographs of
the (T11) facet and the growth fronts at 2, 10, 15, 24, and 30° off the

(T11) plane are shown in figures 6-4 through 6-9., Note that the lengths
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Fig. 6-4. SEM micrograph of a laterial overgrowth front
seeded in a stripe opening parallel to (111).

Fig. 6-5. SEM micrograph of a laterial overgrowth front
seeded in a stripe opening oriented at 2° off (111).
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¥
Fig. 6-7. SEM micrograph of a laterial overgrowth front
seeded in a stripe opening oriented at 15° off (111).
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Fig. 6-6. SEM micrograph of a laterial overgrowth front
seeded in a stripe opening oriented at 10° off (111).
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Fig. 6-8. SEM micrograph of a laterial overgrowth front
seeded in a stripe opening oriented at 24° off (111).

Fig. 6-9. SEM micrograph of a laterial overgrowth front
seeded in a stripe opening oriented at 30° off (111).

117370-R

117369-R

Al

'®



.......

: 4

A
1
L
1
L
4
‘
"
4
1
4
o
1

—
S S

'

: &

i‘ of the fronts are much greater than indicated by the micron marker because
; of the near-90° tilt of the specimen required to obtain the SEM

'E micrographs. Figure 6-4 shows that the (T11) overgrowth front consists of
'i a single facet perpendicular to the (110) surface. The front at 2° off

(T11), that would join the (111) facet to form a 2°[110]/(T11) grain
boundary 1if grown on a composite substrate, is shown in figure 6-5 to be
nearly a single facet. This is in contrast to the multifaceted front,
shown in figure 6-6, that forms when the slit opening is oriented at 10°

off (1T1). For an orientation of 15° off (11I) the overgrowth facet is

beveled along its length and has a fine facet structure perpendicular to
the bevel. The faceting along the lateral overgrowth fronts at 24 and 30°
off (1T1), shown in figures 6-8 and 6-9, respectively, is extremely coarse
and appears somewhat randoms The key point, however, is that the faceting
along a lateral overgrowth front varies significantly with orientation.

Also note that the (110) epilayer surface contains arrays of facets.
This faceting takes place because the substrate orientation deviates slightly
from (110). Such faceting is also found on the surfaces of bicrystal layers
grown on composite substrates with slight, unintentional deviation from the

(110) surface orientation.

6.3.2 Orientation Dependence of Growth Rate and Carrier Concentration

The occurance of facets along the lateral overgrowth fronts has been

established. In addition, it was found that the nature of faceting is
dependent on the orientation of the overgrowth mask on the substrate surface.
Previous 1nvesc1gations(111) have revealed that the different facets
incorporate dopant atoms at differing rates with the result of nonuniform

carrier concentration in the overgrown epitaxial layers. The quantitative
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determination of the carrier concentration in overgrown regions is difficult
because of the small geometries involveds In order to investigate the dopant
incorporation behavior of the relevant growth fronts, single crystal
substfates were prepared with surface orientations of interest for the
bicrystal growth.

Single crystal substrates with (110) and (T11) orientations and 10, 24,
and 30° off (111) were prepared from a single-crystal high-resistivity p-type
boule. Two epitaxial growth runs were made with substrates of all five
orientations present in the reactor for each of the runs. Growth was done by
the AsCl3-GaAs-H9 method in a reactor described elsewhere.(106) The growth
conditions were identical to those used for the bicrystal layers. The
substrate temperature during growth was 720°C and the GaAs source temperature
was 830°C. One growth run was unintentionally doped n—~type (presumably by Si)
while the second run was doped n-type with S using Hy9S. The growth rate was
determined from the optically measured thickness of the epitaxial layer after
staining with 10 K3Fe(CN)g : 10 KOH : 100 H20 by weight. The carrier
concentration was measured using conventional capacitance-voltage
techniques(113) with a Hg Schottky contact probe,

The growth rates and carrier concentrations of the ten epitaxial layers
grown for this study are plotted as a function of substrate orientation in
figure 6-10. It can be seen that the influence of substrate orientation is
very pronounced. The growth rate is found to be nearly independent of the
dopant type but is seen to vary by up to a factor of 40 with substrate
orientation. The data are qualitatively consistent with the relative growth
rates of the lateral overgrowth fronts shown in figure 6-3. The slowest
growing orientation is (T11). However, the influence of substrate orientation

on carrier concentration is found to be dependent on the dopant specie. This
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Fig. 6-10., Carrier concentration and growth rate for GaAs
vapor-phase epitaxy as a function of single crystal sub-
strate surface orientation.
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effect is most apparent when comparing the carrier concentration on (111)
to that on a substrate 10° off (111). For the undoped run the carrier
concentration is lower for growth on (T11) than for growth 10° off (I11D),
whereas this relationship is reversed for the S-doped run. There i{s no
apparent relationship between carrier concentration and the growth rate.
These results suggest that the chemical potential of a particular dopant
specie 1s dependent on the surface orientation and, in addition, that the
nature of this dependence is unique to the particular impurity element.
The epitaxial structures for which these data were obtained are
obviously different from those obtained by lateral overgrowth. However,
the general trends of the dependence of carrier concentration on
orientation are expected to apply. The implication of these results on
the bicrystals prepared by this technique is that it is possible to have a
large difference in carrier concentration from one side of the grain
boundary to the other. For instance, a 24° [110]/(111) boundary formed by
laterally growing fronts in an undoped layer could have a carrier
concentration on the (111) reference crystal side twenty times that of the
other grain. It will be shown that, although such a carrier concentration
gradient does not dominate the grain boundary properties, its effect 1is
apparent. The carrier concentration nonuniformities in the vicinity of
the grain boundary are, in general, considerably more complex than
presented here because of the many facets that occur along a single
lateral overgrowth front, Although these nonuniformities are only of a
secondary effect on the grain boundary properties, they will be shown to
considerably complicate the analysis of the electronic structure

associated with the grain boundaries.
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6.4 Growth of Bicrystal Layers

The effects of intrinsic boundary structure and donor concentration ,-'?
on the electronic properties of grain boundaries in GaAs were studied on
twelve bicrystal layers. These were grown in four separate deposition
runs, as suammarized in table 6-1. All VPE was done using the same process
and growth conditions as described in the previous section for growth on
the crystal substrates. The substrate temperature during growth was 720°C
and the temperature of the GaAs source was 830°C. All layers were about
30 um thick. For one deposition run, nominally undoped bicrystal layers
were prepared with the previously described geometric structure and
misorientation angles of 10, 24, and 30°. The layers grown in a second
run were also nominally undoped but the grain boundary misorientation
angles were 2.5, 5, and 10°, These substrates were prepared at 2° off the -
(110). The third and fourth depositions produced S-doped bicrystal layers V
containing 10° tilt boundaries. A control sample, designated as a "0°
bicrystal,” was included in all growth runs to serve as a baseline for .
electrical characterization. This layer was also grown on a composite
substrate which 1s formed, however, from two crystals having bonding
cross sections cut 10° from the (111) plane. Thus the grain boundaries
formed in these epitaxial layers have different structural geometry than
those grown on the other substrates, It would have been desirable to
prepare the 0° bicrystals with a (111) boundary plane, as was done with
the other orientations. However, this would require the use of a
substrate formed from two crystals with (Tll) and (ITT3 cross sections,
necessitating an unrealistic growth time because of the slow lateral
growth rate in these directions. The substrate dimensions parallel and

perpendicular to the long direction of the S107 masking stripe were 1.2
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TABLE 6-1

Misorientation Substrate Surface
Run n(110) Cem3) Dopant Angles Orientation
1 1.0 x 1013 Undoped 0°, 10°, 24°, 30° (110)
2 2,5 x 1013 Undoped 0°, 2.5°, 5°, 10° 2° off (110)
3 9.0 x 1015 S 0°, 10° (110)
4 1.0 x 1018 s 0°, 10° (110)




101

and 0.5 cm, respectively. The crystals used to form the composite
substrates were all cut from nominally undoped high-resistivity p-type
single-crystal GaAs boules. A conventional epitaxial layer was also grown
in all deposition runs on a single-crystal (110) substrate. The quoted
carrier concentrations were measured on this epilayer.

The effect of intrinsic structure on grain boundary properties could
be evaluated by studying the undoped layers over a range of misorientation
angles from 0° to 30°. The effect of donor density on grain boundary
properties could be evaluated by studying the four grain boundaries with
the same 10°[110])/(T11) geometric structure but with carrier
concentrations ranging from 1 x 1015 to 1 x 1018 cm=3. ALl the bicrystal
layers, except the 0° controls, are formed with one grain having the (111)
reference orientation. Thus the lateral overgrowth fronts seeded on these
crystals should grow with the same carrier concentration for a given
deposition run. This permits the comparison of the properties of grain
boundaries in bicrystal layers grown in the same deposition run even
though the carrier concentration in the epilayers seeded on the
misoriented crystal varies between samples with different misorientation
angles.

Figure 6-11 shows Nomarski interference contrast micrographs of
as-grown surfaces of the 0° and 24° bicrystal layers grown in deposition
run one. The observed structure is typical of all layers grown on
substrates having no intentional misorientation from the (110) surface,
e.g. deposition runs one, three, and four. In each case the trace of the
grain boundary is quite straight, indicating that the rate of lateral
growth for each component crystal was uniform along the length of the S109

stripe. Notice that the two overgrowth fronts that form the 0° grain
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Fig. 6-11. Nomarski contrast micrographs of 0 and 24° GaAs bicrystal
layers grown on substrates with (110) surface orientations.
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boundary join together so well that the boundary trace is not well
resolved. As was observed in the SEM micrographs of figures 6-4 through
6-9, facets form on the surface due to its unintentional slight
misorientation from (110). These facets appear in the Nomarski contrast
as parallel straight lines on each grain that continue across the grain
boundary at an angle that corresponds to the misorientation angle O.

It is general practice in VPE to improve surface morphology by the
use of substrates intentionally misoriented from a low index plane. This
technique was employed by misorienting the composite substrates for
deposition run two by 2° from the (110). The effect on surface morphology
is evident from the Nomarski contrast micrograph of the as-grown surface
of the 10° bicrystal layer shown in figure 6-12. Note that different
surface morphologies are observed for the areas of conventional epitaxy
and the region of rapid lateral overgrowth seeded on the off (111) grain.
It is apparent that little overgrowth occurs from the (T11) reference
crystal, as is expected. All bicrystal layers grown on substrates
intentionally misoriented from the (110) showed this improved morphology.

Figure 6-13 shows Laue back-reflection x-ray diffraction patterns
taken for the four bicrystal layers of deposition run one. In each case
the x-ray beam, which was about 1 mm in diameter, was approximately
centered on the grain boundary and aligned parallel to the [110] axis of
the reference crystal. (For the 0° bicrystal the designation of a
reference crystal is arbitrary since neither crystal has a (T11) cross
section.) Therefore each photograph shows two (110) patterns rotated with
respect to each other by the angle ® about the [110] tilt axis. In each
case the [110] poles are slightly displaced from each other, indicating a

deviation from the pure tilt orientation. The deviations, which have been
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Fig. 6-12. Nomarski contrast micrographs of 10° GaAs bicrystal layer grown
on a substrate surface oriented 2° off (110).
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Fig. 6-13. Back-reflection Laue
oriented GaAs bicrystal layers.
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' measured from both the Laue patterns and x-ray diffractometer scans,

& correspond to rotations of less than 1° about the [T11] and [112]
directions, the axes orthogonal to [110]. Similar results were obtained
for bicrystal layers with the 2.5° and 5° misorientation angles. Thus the
unintentional misorientation of the nom0° bicrystals is small compared to
©. The values of O measured from the Laue patterns are 10.1°, 24.0°, and
30.5°, with an estimated uncertainty of 0.5°, compared with intended
values of 10°, 25°, and 30°, Values of © of 2.5° and 5° for the two other
grain boundary structures were verified to within the uncertainty of the

measurement technique.

6.5 Electrical Characteristics

In order to measure the electrical characteristics of grain

boundaries in the oriented bicrystal layers, specimens 1.5 mm wide and 5

mm long were prepared by making a series of saw cuts perpendicular to the

i grain boundary and extending through the bicrystal layer and substrate.
. An hour glass shaped mesa about 0.5 mm wide at the grain boundary was

defined in the epitaxial layer of each specimen, as shown schematically in

figure 6-14, by masking the as-grown surface and etching down to the

-
substrate with 5 Hp504: 1 Hy09: 1 H9oO., Any epitaxial growth on the back T
o
of the substrate was also removed. Four ohmic contacts, two on each
grain, were made by alloying 250 um diameter Sn spheres to the mesa at 4
[}
-—e

300°C for 2 minutes in an HCl-H; ambient. With this test structure,
electrical conduction between contacts on opposite sides of the grain
boundary is restricted to the bicrystal epilayer since the two crystals
in the substrate are {solated by the bonding glass layer. In all cases,

current voltage (I-V) measurements between the two contacts on the same
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Fig. 6~14. Mesa structure for electrical characterization of a
grain boundry in a bicrystal epitaxial layer.
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grain gave linear characteristics, showing that the contacts were ohmic.
The grain boundary area was determined, to an accuracy of about 20%, by
optical microscopy. For all samples the grain boundary area was on the
order of 10~%4 cm2,

Figures 6-15 and 6-16 show, respectively, the room temperature I-V
characteristics obtained by measurements across the grain boundaries
prepared in deposition runs one and two, To facilitate comparison, the
curves are plotted (except for the 0° specimens) so that the portion in
the first quadrant shows the behavior obtained when a positive reverse
bias 1s applied to the (T11) reference crystal. The characteristic for
the 30° grain boundary is not shown in figure 6-15 but is similar to that
for the 24° gpecimen.

It is observed that both 0° specimens show linear I-V
characteristics, indicating that no potential barrier is present. As the
misorientation angle © is increased to 10°, the characteristics become
increasingly non-linear indicating a potential barrier is developing.
Strong rectification is exhibited by the 10° boundary with n(110) = 2.5 x
1015 cm‘3, consistent with the back-to-back diode characteristic
associated with the formation of a double~depletion region due to
Fermi level pinning by grain boundary states. The band structure
suggested by these characteristics is schematically shown in figure 6-17.
Note the asymmetry of the I-V characteristics of the 10° and 24° grain
boundaries dictated by a lower carrier concentration in the off (111)
grain of the bicrystal layer. The rectification is seen to be larger for
the 10° boundary in the n(j10) = 1 x 1015 em=3 layer than for the
equivalent structure in the n(¢jjg) = 2.5 x 1013 c¢m™3 1ayer and largest for

the 24° grain boundary. The rectification associated with a 30° boundary
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Fig. 6-17. Grain boundary band structure model for an
n-type semiconductor showing the double-depletion
region for the zero-bias equilibrium and biased config-
urations and the equivalent circuit.
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is similar. These results indicate that the grain boundary transport
properties are determined by both the boundary structure and the donor

density in the grains. The observed increase of the reverse bias

breakdown voltage with increasing © corresponds to an increase in the
density of grain boundary bandgap states. The lowering of the height of
the grain boundary potential barrier, ¢g, with increasing donor density 1s
ll consistent with the Fermi-level pinning/double-depletion-region
model, (24)

Referring to the discussion in Chapter 5, CL images of the
ii 10°[110]/(T11) structure with ne110) = 1 x 1018 cm™3 shows this boundary
. to exhibit dark line contrast. The features associated with carrier

concentration variations and impurity segregation in the melt-grown GaAs

were not observed in the VPE bicrystal layer., The CL analysis could not
be performed on bicrystal layers from other deposition runs because of

their lower carrier concentrations.

6.6 Summary

A technique has been presented for the growth of oriented GaAs
bicrystal layers containing {110] tilt boundaries with a preselected
misorientation angle and a (111) boundary plane. It should be possible to
apply the technique to other grain boundary structures and other materials
that exhibit epitaxial lateral overgrowth. The technique has been used to
prepare n—-type GaAs bicrystal layers with © up to 30° which were suitable
for investigating the electronic properties of grain boundaries in GaAs as
a function of boundary structure and donor concentration in the grains,

The structures of the grown bicrystal layers were demonstrated to be
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consistent with those expected from the study of the epitaxial lateral
overgrowth process.

Grain boundary specimens suitable for electrical characterization
were fabricated. The I-V characteristics measured across the grain
boundaries are found to be consistent with a double-depletion-region model
for the grain boundary band structure. The characteristics of 0°
bicrystal control specimens indicate potential barrier formation is not
inherent to the overgrowth process. The height of the grain boundary
potential barrier is determined by both the donor concentration in the
grains and the density of grain boundary states. The density of the grain
boundary states appears to increase with © until saturation occurs in the
24° to 30° range. The I-V characteristics of the strongly rectifying
grain boundaries were found to be asymmetric. This effect is consistent
with the orientation dependence of dopant incorporation associated with
the epitaxial lateral overgrowth process. The following chapter will
present a quantitative investigation of the influence of the intrinsic
boundary structure and donor density on the electronic structure of grain

boundaries in GaAs.
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l 7: Electronic Characterization of Oriented Bicrystal Layers

7.1 Introduction

The results of the preceding chapter indicate a relationship between
the geometric structure and the electronic properties of grain boundaries
in GaAs. The observed properties arise due to the electronic band
structure associated with the grain boundaries. This band structure is
characterized by a potential barrier to majority carrier transport
resulting from the trapping of majority carriers at bandgap states. This
chapter discusses how the potential barrier height and the density of the
bandgap states varies with the misorientation angle characterizing the
structure of the grain boundaries in the epitaxial bicrystal layers.

The electronic properties of the prepared grain boundaries were =

'
determined from their current density-voltage (J-V) and .A'jj

capacitance-voltage (C-V) characteristics. These data provide information

ﬁ on the variation of potential barrier height and the equilibrium density

AT

of carriers trapped by grain boundary states as a function of the

misorientation angle. In addition, deep level transient spectroscopy

LIRS A "

(DLTS) was employed to obtain the positions and relative densities of the
boundary states in the bandgap. First, the experimental techniques will

be discussed followed by the results and their implications for the

physical structure of the grain boundaries.

7.2 Experimental
The current-voltage characteristics displayed by the prepared grain
boundaries have been shown to be consistent with the

double-depletion-region model for the electronic band structure. The
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asymmetry of the observed characteristics, however, indicates that the
carrier concentration differs from one grain to the other. In additiom, a
previous investigation(lll) of the lateral overgrowth process suggests
that complex carrier concentration nonuniformities can exist in the
regions adjacent to the grain boundaries. The electronic band structure
of such a grain boundary in an n-type semlconductor is schematically given
in figure 7-1. In this figure, the donor densities in grains 1 and 2 are
characterized by the effective values N; and N7, respectively; the
respective zero-bilas barrier heights are ¢) and ¢2 and the positions of
the Ferml level below the conduction band in the grains are given by §;
and §3. The upper diagram of figure 7-1 shows the zero-bias band
structure for Ny > Ny and, hence, ¢ > ¢2 and §] < §2. The respective
depletion regions in each grain have widths of d) and d9. The lower
diagram of figure 7-1 shows the band structure when a bias voltage, V,, is
applied across the grain boundary such that grain 1 is reverse biased.

The J-V, C=V, and DLTS analysis techniques will be discussed in terms of

this model.

7.2.1 Current-Voltage Analysis

When a reverse-bias voltage is applied across a grain boundary, as
shown in figure 7-1, electrons flow from grain 2 to grain 1 in response to
the decrease in the Fermi level in grain 1 by an amount eV,. It can be
assumed that the drop in applied voltage occurs entirely across the
reverse-biased side and that the flow of current occurs due to thermionic
emission over the barrier.(24,41,65) (For GaAs it appears that electron
tunneling through the grain barrier contributes to current flow only for

carrier concentrations exceeding 1017 cn=3.(61)) Under these conditions
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Fig. 7-1. Band structure model for a grain boundary in
an n-type semiconductor with different carrier concen-
trations in each grain such that N; > Ny at zero-bias
(top) and for a reverse bias voltage V45 applied to grain
1 (bottom).
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the barrier height of the forward-biased grain remains constant at the
zero~bias equilibrium value while that of the reverse-bias side changes in
response to Va.(24’41) The current flowing from grain 2 to grain 1 1is

given by
Jo1 = A*exp[~(87 + ¢2)/xT , (VII-1)
while the current flowing from grain 1 to grain 2 is given by
Jy2 = A%exp[—(6; + ¢ + eVg) kT] , (VII-2)

where A* is a modified Richardson constant taking into account the
probability of electron capture by the grain boundary states. The net
current flow across the grain boundary is the difference of equations
(VII~1) and (VII~-2) and is given by

(VII-3)

J = A*exp[=(§3 + ¢2)/kT] - A%exp[-(§) + ¢ + eVa)/kT] .

Rearranging terms

(VII-4)

J = A*{exp[—(82 + ¢9)/kT - exp[-(8] + ¢1)/kT] exp(-eVy/kT]} .
The equilibrium Fermi level of the grain boundary itself is
Sgp 2 ¢1 +686] =2 +67 . (VII-5)
Thus equation (VII-4) can be rewritten as
J = A*exp(-Sgp/kT)[1 ~ exp(-eVg/kT)] . (VII-6)

It is seen from equation (VII-6) that the current flowing at a given
applied voltage is determined by the value of §gg. In turn, the value of

S 1s primarily determined by the potential barrier height since 6§ and

———d
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§5 are small compared to ¢ and ¢ for highly rectifying grain ! _.
boundaries.

The electrounic charge density trapped by the grain boundary states at
zero bias 18 equal in magnitude to the positive space charge density in g .

the depletion regions and is given by(l14)
Qolcoul/cn?] = (26 N9 1)L/2 + (2e e, Nodp)1/2 (VII-7)

The excess trapped charge density occuring due to a reverse-bias voltage

Vo applied to grain 1 15(24)

Ly

Qe = (uoereulva)llz (VII=-8) S

..1

At a sufficiently high applied reverse-bias voltage (breakdown or ":
]

saturation voltage) the available excess grain boundary states become S
[ S |

filled and the potential barrier collapses. The collapse of the barrier
is accompanied by a rapid increase in current with applied voltage. From ]
equation (VII-8), the breakdown voltage is given by - J
5

2
Vaax = ZEreN1Quax » (VII-9)

where Quax 1s the maximum charge density that can be contained in the
grain boundary.
Note that Vpax 18 determined by both the density of grain boundary

states and the carrier concentration of the reverse biased side. Thus in

— e
comparing the J-V characteristics for transport across the grain
boundaries in the bicrystal layers it {s only appropriate to consider the 1
characteristics for reverse bias of the common (111) reference crystal.

| -

This is because only this orientation forms the same overgrowth front and,
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' therefore, has the same carrier concentration for every bicrystal layer
grown in the same deposition run.

ﬁ; The J-V characteristics for reverse bias of the (111) side of the

i bicrystal layers described in table 6~-1 were obtained from two-point
measurements of current for an applied voltage. The voltage source was a
Systron—-Donner MIO6A d.c. voltage source and the current was measured

l using a Keithley 445 digital picoammeter. All measurements were made in
the dark at room temperature. The specimens were prepared as described in

_ Chapter 6. The ohmic contacts on the samples were connected to 7 mil

i diameter Au-wire probes.
7.2.2 Capacitance-Voltage Analysis

i As discussed in Chapter 6, the grain boundary can be treated as two
back~to-back diodes. Thus the grain boundary capacitance is given by the
series sum of the capacitances of the two Schottky diodes represented by

i the space charge region in each grain.(24’63) The grain boundary
capacitance, C, is given by

1l a1 41 , (VII-10)
- ¢ ¢ C2
R

where C; and C; are the capacitances due to the space charge regions in
grains 1 and 2, respectively. For the bias conditions shown in figure
7-1, where a reverse-bias voltage V, is applied to grain 1, C) and C; are

given by(lla)

Cl o ezeoeer 1/2
A 2(¢) + eV, - kT)

(vii-11)

[PPSR Y SR " P " i P Py — P Sl b
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and
2 1/2
C2 . e €o€Np , (VII-12)
A 2(¢p = kT

where A is the grain boundary area and it is assumed the applied voltage
drop occurs entirely across grain 1. Assuming kT/e is negligible, the
total grain boundary capacitance is given by

(Vii-13)
1/2

1/2
o) [ese@ ]

This is the capacitance equation for the general grain boundary structure

shown in Fig. 7-1. The corresponding depletion widths are (114)
1/2 1/2
+
a, = (2ecex ) (.‘.’Lﬂ ) (V1I-14)
2 Ny
and
1/2 1/2
a, = (zeoer ) (ﬁ ) . (VII-15)
e2 Ny
The total charge in the grain boundary states is
Q = eA(Njd; + Nodp) . (VII-16)

For the case of zero-bias equilibrium, V, = O and equation (VII-13)

becomes
1/2 1/2 1/2
1 a2 (ﬂ ) + (ﬂ ) , (VII-17)
Co eZAzeoer N N2

where C, is the capacitance at zero bias. It also follows that

1/2 1/2
) = 25081:' ¢1 N -
d (_ez__ ) ( W ) (VI1-18)

L L
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1/2 1/2
2e ¢ D) -
d, ( eo r ) (ﬁz— ) ) (VII-19)
and
Qo = AQ2eep)l/2 [(n8)1/2 + (Np0)1/2] | (VII~20)

For the special case of N} = N; and, therefore, ¢; = ¢

1/2 1/2

1 a2 (2 (12_ ) (VII-21)
C ( e2a2e ¢ ) N2
or

Comparing this to equation (VII-12) it is seen that, even when a reverse
bias is applied to grain 1,

C2 = 2Co (VII-22)
if N} = Np. When these restricted conditions apply it is easy to
determine the values of N; = Ny and ¢; = ¢ using conventional C-V

analysis since

(1:_1 - % - 2—‘1—'5 ’ (VII-23)
where Cy is the measured zero-bias capacitance and C is the measured
capacitance at a bias voltage Va.(63) Unfortunately, this type of
analysis is not applicable to the bicrystal specimens prepared by lateral
overgrowth since N} # Np. However, Appendix 3 presents a procedure for
the self-consistent analysis of the C-V characteristics for the general
grain boundary structure of figure 7-1, Using this procedure, effective
values of Ny, No, ¢, ¢2, 81, 63 can be obtained and used to calculate the
actual charge in the grain boundary states at zero—-bias equilibrium.

Two measurement systems were used for the C-V measurements. One made
use of a Systron-Donner M106A d.c. voltage source and a Boonton

Electronics 76A 1 MHz capacitance bridge; the second made use of a

DU S NPY
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Princeton Applied Research 410 C-V plotter. All measurements were made by
applying a d.c. bias voltage with a superimposed 20 mV a.c. signal at a
frequency of 1 Miz., The charge trapped at GaAs grain boundaries does not
follow the 1 MHz signal.(63) All measurements were made in the dark at
room temperature. The C-V data was analyzed using the procedure described
in Appendix 3. Only low donor density specimens with 6 > 10° could be
analyzed by C-V analysis since this measurement requires a low

conductance.

7.2.3 Capacitance Transient Analysis

The nature of the grain boundary states was investigated by using a
modification of the DLTS technique presented in Appendix l. For this
analysis a pulsed d.c. bias was applied across the grain boundary to €ill
additional bandgap states. Upon termination of a 1 volt bias pulse of
0.4 msec duration the capacitance associated with the grain boundary space
charge region was monitored at 1 MHz using a Boonton Electronics 72B
capacitance meter. The capacitance transient accompanying the return to
the zero-bias equilibrium band configuration was analyzed using either a
Princeton Applied Research 162 dual gated boxcar averager or a Princeton
Applied Research HR-8 lock-in amplifier. The lock—in amplifier resulted
in a signal with a better signal-to-noise ratio while the boxcar averager
was useful for obtaining preliminary DLTS spectra that provided the
general peak locations.

The capacitance transient was analyzed as a function of temperature
as described in Appendix l. Unlike in conventional DLTS analysis, the
traps in the grain boundary space charge region cannot be emptied to a

level below the zero-bias Fermi level position, §gz+ This is because any
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applied voltage configuration results in one grain being reverse biased
and the other being forward biased and, thus, the filling of additional
grain boundary states. Thus only grain boundary bandgap states with
energies above the zero-bias Fermi level can be analyzed using this
capacitance transient technique. This analysis enables the determination
of the energles and relative densities of bandgap states in the space
charge regions using the procedure described in Appendix l.

Since the DLTS analysis detects electronic states in the entire space
charge region, not only those at the grain boundary plane, both grain
boundary states and bulk states in the grains appear in the spectra. In
order to distinguish the bulk traps from the grain boundary states, a
Au-Schottky contact was placed on a 0° fabricated grain boundary and
analyzed using conventional DLTS. This technique is not applicable for
the analysis of the grain boundary states themselves because the space
charge region of such a contact geometry includes only a negligible
density of grain boundary states.

The voltage pulse filling of grain boundary states is only useful for
the quantitative analysis of electron traps. Optical excitation was
employed to investigate the presence of hole traps. This analysis showed
the same bandgap states observed using voltage pulse filling. Thus only
electron traps were detected in the bandgap at energies above the
zero-bias Fermi level. For this reason only the results of voltage pulse

DLTS will be discussed further.

7.3 Results and Discussion
Figure 7-2 shows the room temperature J-V characteristics for current

transport across grain boundaries in unintentionally doped bicrystal
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layers with © ranging from 0° through 30°. These characteristics were
obtained with a reverse bias voltage applied to the common (111) oriented
grain, except for the 0° specimens. The samples were prepared in two
deposition runs. Grain boundaries with tilt angles of 0, 2.5, 5, and 10°
were grown in desposition run 2 yielding ne110) = 2.5 x 1015 cm=3 while
grain boundaries with tilt angles of 10, 24, and 30° were grown in
desposition run ! with n(110) = 1.0 x 1015 cw=3, The J-V charactersitics
were measured for either 2 or 3 specimens cut from each bicrystal layer.
The plotted curves are those for the specimens exhibiting the smallest
low-blas current density, interpreted as having the lowest leakage
currents, but are typical of the observed characteristics. These
characteristics allow the analysis of the influence of the grain boundary
geometric structure on the grain boundary electronic properties.

The rectification associated with the tilt boundaries increases with
the misorientation angle for all these samples. From the analysis
presented in section 7.2.,1, however, the characteristics of the 10, 24,
and 30° grain boundaries indicate that the potential barrier height is
constant and, thus, independent of misorientation angle. The slight
rectification displayed by the 2.5 and 5° grain boundaries indicates that
the donor density of these layers is sufficiently high to essentially fill
the grain boundary trap states.

The reverse-bias voltage at which J begins to increase rapidly with
applied voltage (the breakdown or saturation voltage) is observed to be a
strong function of €. These data indicate that the density of grain
boundary states increases with misorientation angle until saturation
occurs for © in the range of 24 to 30°, suggesting that the density of

grain boundary states is directly related to the grain boundary structure,

[ Y

[o‘.
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The J-V characteristics indicate that the electronic band structure
associated with a grain boundary is influenced by the intrinsic structure
of the grain boundary. Moreover, assuming the density of grain boundary
states 13 determined by the bonding configuration at the interface, the
atomic arrangement associated with the grain boundary is found to be
related to the geometric structure of the grain boundary.

The J-V characteristics of the 10° tilt boundaries with donor
densities of 1.0 and 2.5 x 1013 cm™3 indicate that ¢ decreases as the
carrier concentration in the grains increases. This effect 18 consistent
with the double~depletion-region model based on Fermi level pinning by
grain boundary states. To investigate this further, the J~V
characteristics of four 10° [110]/(111) tilt boundaries in bicrystal
layers grown in separate desposition runs with n¢110) ranging from 1.0 x
1013 to 1.0 x 1018 cm™3 were determined with the reverse-bias voltage
applied to the common (T11) oriented grain. These characteristics are
shown in figure 7-3. The data show a decrease in grain boundary
rectification with increasing carrier concentration. This is attributed
to both a decrease in grain boundary barrier height, due to an upward
movement of the Fermi level, and the increased probability of electron
tunneling through the barrier as the carrier concentration of the grains
is increased.

Al though the J-V characteristics show the trends in the grain
boundary barrier height and bandgap state density as a function of tilt
angle and carrier concentration, the lateral carrier concentration
nonuniformities in the bicrystal layers precludes the use of routine
semiconductor characterization techniques for the quantitative

determination of the parameters that describe the band structure
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associated with the grain boundary. The use of conventional C-V analysis
is only possible 1f the carrier concentration is the same on both sides of
the grain boundary. The C-V characteristics measured across three grain
boundaries are plotted as A2/C2 versus applied voltage in figures 7-4
through 7-6. The characteristics are for specimens with 10, 24, and 30°
tilt boundaries grown in desposition run 1 with n(j)g) = 1.0 x 1015 cm3,
The characteristics for reverse bias of each grain are shown. The
displacement of the minimum from zero bias and the asymmetry with respect
to voltage polarity are taken as indicative of significantly different
carrier concentrations on each side of the grain boundary. The changes in
slope for reverse bias of the off (T11) grain, particularly evident for
the 10 and 24° specimens, suggest lateral variations in the carrier
concentration on the off (Tll) gide. The drop in capacitance with
increasing applied voltage corresponds to an increase in the amount of
charge trapped in the grain boundary states. These C-V characteristics
are typical of most of the specimens analyzed.

The C~V characteristics precluded the application of conveantional C-V
analysis. However, the procedure discussed in Appendix 3 was applied for
the self-consistent analysis of the undoped layers containing grain
boundaries with tilt angles of 10, 24, and 30°, which were the only ones
found to display sufficient rectification to make this analysis
applicable. The calculated electronic band structure parameters of the
grain boundaries found to be amenable to the self-consistent C-V analysis
are given in table 7-1. The technique is self-consistent in the sense
that the values for Ny, No, ¢}, 67 are assigned to fit the C~V data.

These values are then used to obtain §gg and the number of filled grain

boundary states per unit area at zero-bias equilibrium, Ny. The values
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‘of §gp for samples 1 and 2 relative to the other samples suggest that

there are two different bandgap states at which the Fermi level can be
pinned. The samples with 10° boundaries have approximately 2.5 x 10t!
em™2 £11led grain boundary states while the 24 and 30° boundaries have
approximately 1.5 x 1012 cn~2 ¢411ed states. Thus the mumber of filled
grain boundary states at zero-bias equilibrium is approximately six times
as great for tilt boundaries with © in the range of 24 to 30° than those
with © = 10°. The values of ¢ and Ny obtained from this analysis are
consistent with data previously reported for grain boundaries in

GaAs. (56,60,65)

The grain boundary capacitance 1is directly proportional to the charge
in the grain boundary states and, hence, the number of filled grain
boundary states. The collapse of the grain boundary potential barrier
occurs when a sufficient bias voltage 1s applied to fill all the grain

boundary states. Thus the total mumber of grain boundary traps per unit

area, Nt should be given by .
Np = Np(Cy/cy ), (VII-24)
max max
where Cy is the capacitance measured just before the potential barrier
max

collapse. The measured values of C,/Cy and the calculated values of

NTmax are given as a function of @ in table 7-2. The maximum density of
grain boundary states is approximately 2.6 x 101! cm~2 for the 10° tilt
boundaries and 2.3 x 1012 cn~2 for tilt boundaries with O in the range of
24 to 30°, Thus the density of grain boundary states associated with the

boundaries that exhibit the greatest rectification is approximately nine

times the density of states for the 10° tilt boundary.
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TABLE 7-2

AVERAGE VALUE OF THE RATIO OF ZERO-BIAS CAPACITANCE
. TO THE CAPACITANCE MEASURED AT BREAKDOWN AND CALCU-
8 LATED TOTAL TRAP DENSITY FOR 10, 24, AND 30° GaAs

. . TILT BOUNDARIES
0° CO/CV Ny (cm-z)
max max
; 10 1.12 + 0.05 2.6 x 1011
24 1.54 + 0,09 2.0 x 1012
30 1.59 + 0.08 2.5 x 1012
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DLTS has been used to investigate the nature of the grain boundary
states with energies above the zero bias Fermi level, §gg. This analysis
was performed on four samples; a 10° specimen with n¢jjg) = 2.5 x 1015
cw~3 and 10°, 24°, and 30° specimens with n(110) = 1.0 x 1013 cm=3, 1In
addition, the bulk traps were studied by DLTS of a 0° specimen with n(}]q)
= 2.5 x 1015 ¢cn™3 using a Au~Schottky contact extending over both
overgrown and conventional epitaxial regions. The DLTS spectra, plotted
as AC versus T, for the 0° and 24° specimens are shown in Figure 7-7. The
24° spectrum contains three peaks whereas the 0° spectra shows only two.
The activation energies of the traps are indicated in the figure. The
data used to obtain the activation energles of these peaks are shown in
figures 7-8 through 7-12, The representation of the peaks as minima
indicate that these bandgap states act as electron taps. Thus, by
convention, the energies of the trap states are their positions below the
conduction band edge. All data were obtained wi 1t 0.4 ms reverse bias
pulse applied to the common (111) grain. The duration of the blas voltage
filling pulse determines the fraction of available states that become
filled.

The results of the DLTS analysis for these five samples are given in
table 7-3, Bandgap states with energies of approximatley 0.1, 0.3, and
0.65 eV have been found for the two 10° and the 24° samples while states
with energies of 0.63 and 0.87 eV were found for the 30° sample (the rate
windows used for the analysis of the 30° sample precluded the observation
of the 0.1 and 0.3 eV states). The normalized peak height, given as AC/C,
is proportional to the density of the trap states. Only the height of the
0.65 eV peak 1is observed to change significantly with @. The analysis of

the 0° specimen indicates that the 0.1 and 0.3 eV traps are located in the
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TABLE 7-3

ACTIVATION ENERGIES AND NORMALIZED PEAK HEIGHTS
FOR DLTS SPECTRA OF GaAs TILT BOUNDARY SAMPLES

S

o° n(110) (cm-3) Ec - Ep (eV) Normalized Peak Height (AC/C)
10 2.5 x 1015 0.10 1.2 x 1074
0.33 4,0 x 1074
0.71 9.5 x 10~4
10 1.0 x 1013 0.10 1.1 x 10=3
0.30 2.2 x 1073
0.65 3.3 x 1073
24 1.0 x 1013 0.10 2.8 x 1073
0.30 1.0 x 1073
0.67 1.1 x 10°2
30 1.0 x 1013 0.63 2.5 x 10~2
0.87 1.9 x 10~2
o* 2.5 x 1013 0.17 N.A.
0.29 N.A.

*Schottky Contact

i
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bulk of the grains and, thus, are not associated with the grain boundaries.
The energies of the traps in the 0° specimen are also counsistent with
previously reported energies of bulk GaAs trap states.(l115) There is no
conclusive evidence to identify the 0.87 eV trap observed in the 30° sample
with the grain boundary. However, its presence is consistent with the C-V
results and its high density relative to the other observed bulk states
suggests that it is a grain boundary state. It may be that this trap is
not observed in the other samples because their Fermi levels are pinned by
the grain boundary states at positions such that the peak associated with
this trap cannot be resolved in the DLTS spectra.

The DLTS results suggest that there are two discrete bands of states
associated with the grain boundary, located at about 0.65 and 0.9 eV below
the conduction band edge, and the density of these states at the grain
boundary depends on the grain boundary structure. Fermi level pinning by
these bandgap states determines the electronic properties of GaAs grain
boundaries. This supports the GaAs defect state model proposed by Fan
et al.(58,59) These observations indicate that these grain boundary states
are intrinsic to the grain boundary structure. The fact that there are,
indeed, discrete bands of grain boundary states indicates that there is a
characteristic bonding defect structure associated with the grain boundary.

The 0.65 eV trap has not been observed in bulk GaAs. However, it has
been reported for many types of GaAs interfaces such as surfaces,(llﬁ)
heterojunctions,(117) and GaAs-insulator interfaces.(118), Fermi level
pinning due to this level determines the electrical properties of such
interfaces.(116,119,120) Grain boundary states with energies of Ec - Er =

0.62 and 0.74 eV in GaAs have recently been reported.(63) These proposed
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models are summarized graphically in figure 3-1. It is interesting to

note that the two grain boundary states reported here may be due to the
same bonding defects as the 0.65 and 0.90 eV bandgap states reportedly

associated with GaAs surfaces.(116)

The results presented in this section strongly suggest that the
intrinsic grain boundary structure influences the electronic properties,
that there is a characteristic bonding arrangement associated with the
grain boundary structure, and that the electronic states resulting from
these bonding defects are similar to those found at other types of GaAs
interfaces. However, it must be pointed out that there is some
uncertainty associated with these interpretations due to several

experimental limitations. First, the exact parameters describing the

electronic band structure associated with the grain boundaries could not
be determined because of the lateral carrier concentration nonuniformities
in the bicrystal layers. These variations in donor density, inherent in

the overgrowth process, made the data interpretation difficult. Second,

-

it was not possible to analyze for the presence of extrinsic grain
boundary states, such as effects due to impurity segregation in the grain
boundaries. However, the behavior of the 0° baseline samples gave no e

indication of the presence of such effects; moreover, the Si0y overgrowth

oacd.

stripe serves to keep substrate impurities out of the grain boundary by

acting as a diffusion barrier. However, defect states present at the

GaAs-$107 interface may influence the grain boundary properties. Again,

the behavior of the 0° boundaries indicates such an effect is negligible.
There is only minimal annealing of the grain boundary structure since the
epitaxial growth temperature is only 720°C and post-growth heat treatment

is confined to the alloying of the ohmic contacts. Whether these results

—— a et s s, e e e e i ol




)

B SRR ) B

146

are representative of the behavior of grain boundaries in GaAs prepared by

other techniques is not known.

7.4 Implications for Grain Boundary Structure

The results of the J-V and C-V analysis show that the grain boundary
potential barrier height remains constant with increasing misorientation
angle for the [110]/(T11) tilt boundaries. McPherson, et al.(64) reported
a theoretical analysis of the relationship between misorientation angle
and barrier height for symmetric tilt boundaries in GaAs. This model
assumed the boundary to be composed of a dislocation array with the
dislocations having a Burgers vector of ; = a,/2{110]. Their analysis,
based on trap states associated with dangling bonds along the length of
the dislocations, predicted a decrease in ¢ with increasing © for © > 1°,
This is contrary to the present experimental results. The geometric grain
boundary structure to which their theoretical analysis applies differs
from that of the prepared tilt boundaries only with respect to the
orientation of the grain boundary plane. Thus, the complete disagreement
of theory and the present experiments suggests that the dislocation
array/dangling bond model for grain boundary microstructure is not
appropriate for GaAs.

The DLTS analysis of GaAs grain boundaries reported in this thesis
and by other workers(63) has shown that discrete electronic states are
associated with the intrinsic grain boundary structure. This indicates
that a characteristic defect structure is associated with the grain
boundary. Such a defect structure results from a particular atomic
arrangement at the grain boundary interface. This {s interpreted as the

result of reconstructed bonding leading to the formation of the stable

~1

N




e ol M s aadhe gy T T Caaars SR TETUT Ty L oe s Tt
_y - T ———— " ” : ' . A . AR L . oo S e e . -

-
T
3
3
-

147

grain boundary microstructure. Such an interpretation is consistent with
the contemporary models of grain boundary microstructure discussed in
Chapter 3.

The actual microstructures of the tilt boundaries in the oriented
bicrystal layers were not determined in this research. However, drawing
on recent studies of grain boundaries in Ge and Si, a possible
microstructure for grain boundaires in GaAs is that illustrated in figure
3-3. In this proposed model, the grain boundary is composed of

microfacets along twinrelated orientations and the bonding structure

consists of a periodic arrangement of 5, 6, and 7 member rings. This "o
results in bond length dilation and variations in bond angle. For GaAs, ;igq
this structure gives rise to like-atom bonds (Ga-Ga and As-As bonds) but ;;if
there are no associated dangling bonds. It is significant to note that T‘—T
Ga=-Ga and As-As bonds are analogous to missing As and Ga atoms,
respectively. Bandgap states associated with GaAs surfaces with energles N
of Egc =ET = 0.65 and 0.90 eV have been attributed, respectively, to ;7;1
missing As and Ga atoms.(116) This result supports the concept that the . :
GaAs grain boundary states are related to a type of antisite defect ]
associated with like-atom bonds. Assuming the observed grain boundary .
states are due to these bonding configurations, the results of the C-V
analysis indicate that the number of As-As bonds is twice that of Ga-Ga
bonds.

-

This proposed bonding arrangement would result from the formation of
the 5 and 7 member ring structures that have been found to exist at grain
boundaries in Ge and Si. Therefore, there is sufficient evidence to make
this a plausible model for the microstrcture of grain boundaries in GaAs

and other covalent semiconductors. This i{s not to say that dangling bonds
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do not exist at GaAs grain boundaries but that there is an alternative,
plausible atomic arrangement that is consistent with the experimental

results.

7.5 Summary

The experimental analysis of the electronic properties of a series of
tilt boundaries having preselected structures in GaAs bicrystal layers has
been presented. The data indicate that the grain boundary potential
barrier height remains constant with changing misorientation angle. This

is consistent with Fermi level pinning by grain boundary states. The

-
=
[N

density of grain boundary states, as determined from C~V analysis,
increases with © to a maximum value of approximately 2 x 1012 cm~2 for ©
in the range of 24 to 30°., The rectification associated with majority
carrier transport also saturates in this range. DLTS analyses of highly

rectifying grain boundaries indicates that there are two discrete bands of

bandgap states associated with tilt boundaries in GaAs. These bands are "
located at approximately Ec = ET = 0.65 and 0.9 eV and are responsible for
the observed grain boundary properties.

The data are consistent with a model for the grain boundary ek
microstructure based on reconstructed bonding at the grain boundary
interface. A plausible bonding arrangement has been proposed. According

to this model the grain boundary states in GaAs may result from the _—

periodic arrangement of like-atom bonds along the interface, as well as

dilated bond lengths and variations in bond angle. .

!ufrgi].hf —
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8: Conclusion

8.1 Summary

This thesis presents the results of an investigation of the

electronic properties of grain boundaries in GaAs. The original objective
of this research was to investigate why grain boundaries in GaAs displayed
' . a range of electronic properties. In this context, it was demonstrated
that the grain boundary properties are determined by both the intrinsic

boundary structure and extrinsic compositional effects. However, this

work was taken much further by the development of a technique for the
preparation of grain boundaries having preselected structures. Through
the analysis of the properties of these grain boundaries, a relationship
between grain boundary properties and structure was demonstrated.

It is shown that the electronic band configuration associated with
grain boundaries is influenced by the grain boundary structure, reflecting
a direct relationship between the density of grain boundary states and the
misorientation parameters. The nature of the intrinsic grain boundary
bandgap states indicates that a characteristic defect structure is
associated with the bonding arrangement at the grain boundary interface.

A plausible model of the resulting atomic arrangement is presented.

The effect of grain boundaries on GaAs photovoltaic devices was

investigated and compared with electroluminescent properties. A variety

of grain boundary effects were observed. Cathodoluminescence analysis and
transmission electron microscopy were employed to investigate the origins

of these effects. Within the limits of applicable experimental

techniques, it is demonstrated that both structure and composition )
influence the optoelectronic properties of grain boundaries in GaAs. Twin ' _i
o

s
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boundaries were determined to have a minimal effect on GaAs optoelectronic
properties and devices.

A technique was developed for the growth of GaAs bicrystal epitaxial
layers containing grain boundaries having preselected structures. This
procedure was demonstrated by the preparation of a series of [110] tilt
boundaries with a (111) boundary plane and misorientation angles ranging
from 0 to 30°. The electronic properties of these grain boundaries were
investigated as a function of misorientation angle and carrier

concentration. The majority-carrier transport properties were found to be

consistent with a double~depletion-region model for the grain boundary o
band structure. There is strong evidence that discrete bands of grain
boundary bandgap states are located at approximately 0.65 and 0.9 eV below
the conduction band edge. These states, also observed at other types of ~
GaAs interfaces, may be associated with Ga-Ga and As-As like-atom bonds.
The electrical transport properties of the GaAs tilt boundaries are
found to be inconsistent with a dislocation array/dangling bond model for ; 4
grain boundary structure. The presence of discrete bands of grain
boundary states indicates that a characteristic bonding defect structure
is associated with the grain boundary. This is interpreted as the result e
of bond reconstruction at the grain boundary interface. A plausibdle

bonding configuration is proposed based on the formation of five, six, and o

seven member rings along the grain boundary. This configuration results
in the like-atom bonds (or a related defect structure) in the III-V

system.
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h 8.2 Suggestions for Future Work

The types of grain boundary structures that can be obtained using the
overgrowth technique should be useful for a variety of materials science L
!. investigations. These include fundamental investigations of grain
8 boundary structure, properties, and kinetics. There are, however, several
areas into which this thesis work could be directly extended. For
.l : instance, grain boundaries with identical structures could be prepared in '
both p~and n—-type layers and characterized to unambiguously determine the
influence of material type on grain boundary potential barrier height.
i; The range of misorientation angles could be extended and the properties of
high coincidence boundaries could be investigated. The effects of
individual well-characterized grain boundaries on solar cell performance
could be studied with the intention of developing techniques for grain
boundary passivation. High resolution transmission electron microscopy of
these tilt boundaries could be employed for fundamental studies of grain
boundary structures. In addition, such a study might be used to determine
the nature of the crystal defect structure associated with the bandgap
states that appear at many different types of GaAs interfaces. The
oriented bicrystal growth technique should be applicable to other grain

boundary orientations and other materials that exhibit lateral epitaxial

overgrowth.
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9: Appendices

9.1 Appendix l: Deep Level Transient Spectroscopy
Deep level transient spectroscopy (DLTS)(121-124) 4o , technique for
the investigation of semiconductor bandgap states by the analysis of a

diode capacitance transient. It has been applied to the measurement of

T ET e
.

- trap concentration, activation energy, and capture cross section. The
[ usual configuration for DLTS makes use of either a p-n junction or
;j Schottky barrier diode. As discussed earlier, it has also been applied to
the study of semiconductor grain boundary states by making use of the
inherent diode properties of these defects. The basic DLTS technique is
described in this section.

Application of the DLTS technique to bulk semiconductors involves
measurement of fhe high frequency capacitance of either a junction diode

or a Schottky barrier diode after a transient bias pulse. The technique

will be explained by considering an asymmetric p+n junction (p doping is
much greater than n doping) with an applied reverse bias at a quiescent
equilibrium. Associated with the junction is a space charge region of

width

1/2
= 25 € IX-I)
d e§+r [(vbi + Va) ] : (

where €,€, is the dielectric constant of the semiconductor, Vi; is the

built-in voltage of the junction, e is electronic charge, V, is an applied

=~

reverse bias voltage, and Ny is the concentration of positive charge in
the space charge region. The capacitance of the junction having area A is ;':.*

C = eoetA (Ix-z)
d

Thus C varies directly with charge concentration and inversely with

revergse bias voltage. The important features are that d can be adjusted
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' by varying the bias voltage and that a large electric field gradient
exists in the space charge layer even at zero bias. The large field
gradient causes carriers that are thermally emitted from taps in the space
. charge layer to be swept out of the layer in a very short time. This
| means that retrapping of the emitted carriers can be neglected, greatly S
simplifying the analysis of thermal emission transients as compared to the
. bulk material region.
; Consider the application of an external stimulation to fill all space
charge region traps with carriers. For the case of electron traps present
in the n-type region, this will decrease the measured capacitance of the
space charge region. These traps may then be thermally stimulated to

emission, the carriers swept out of the region, and the resulting increase

in capacitance recorded. This {8 the basic principle of the DLTS method

aA SR SR ERARS  + RoRORIL ORI PR RN
L]
o &

for the analysis of carrier traps in the ptn junction space charge region. o
From these data trap concentration, activation energy, and capture cross 'g ]
section can be determined via a kinetic analysis. e

The method of obtaining a DLTS signal will now be described.

Capacitance transients can be induced by two types of bias pulses. These

are called majority-and minority-carrier pulses. Figure 9-1 illustrates a -—_1
ma jority-carrier pulse in a p*n junction. Under steady-state conditions |

the electron traps above the Fermi level (majority-carrier traps for

n-type) are thermally empty. If the reverse bias is momentarily reduced L_;%
(but not driven into forward bias) the width of the space charge region is
reduced and material that was in that region is now neutral with traps
below the Fermi level. Thus during this period of reduced bias the trap
states may capture majority-carriers and tend to become filled.

Immediately after the reduced bias pulse, the space charge layer returns

PO N LT 4 e At e B b minsn dnandin
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ELECTRON TRAP

_— [ XXX .

-NLLE L Jasss

pt\i N 2 QUIESCENT REVERSE BUS
N

00O

REDUCED BIAS PULSE

NGH
TRANSENT /~ TEMPERATURE

| e

t

OBSERVE TRAPS
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Fig. 9-1. Schematic illustration of a majority carrier filling
pulse for a p+n junction. Configuration before, during, and
after pulse from top to bottom. Insert shows the capacitance
transient at different temperatures [Lang (121)].
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to its original width and the trap states are again within this layer.
However, the capacitance will have changed due to the presence of the
captured carriers and as these carriers are emitted, corresponding to a
l return to quiescent equilibrium, a capacitance transient will be produced.
E‘ In other words, majority-carrier capture dominates when the pulse is on,
whereas majority-carrier emission dominates when the pulse is off.

If the applied pulse drives the junction into forward bias a
minority-carrier (or injection) pulse results. The situation is analogous
to that for majority-carrier pulses. Injection pulses can also be
generated optically or with high energy electrons. These ;lternatives are
useful for quantitative measurements of minority-carrier .trap
concentration. Figures 9-2 and 9-3 show the measured capacitance and

space charge region configuration during bias pulsing for the majority-

and minority-carrier cases, respectively. Note that the capacitance

transient is always negaiive for majority-carrier emission and positive

! for minority-carrier emission, independent of material type. .
The actual DLTS experiment proceeds as follows., Consider the

§ measurement of the capacitance at two times, t] and t), during the ]

capacitance transients for each of a series of bias pulses at different =1

temperatures. If we plot the difference

AC = C(ty) - C(t2) (1X-3)

l——-—w
1
as a function of temperature we will get a curve as illustrated in figure ;
9-4. This 1s the DLTS signal. The result of this procedure is to process ;
the capacitance signal in such a way that the output for a series of F—ff

pulses 1s zero unless the time constant of the transient decay is near
some characteristic value. This value is equal to the inverse of what is R
v
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Fig. 9-2. Schematic illustration of capacitance transient for iso—
. thermal emission from a majority carrier trap. Inserts show the p n

junction configuration at various times during the transient [Lang ~
(121)]. —
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Fig. 9-3. Schematic illustration of capacitance transient for iso-
thermal emission from a minority carrier trap. Inserts show the

p+n junction configuration at various times during the transient
[Lang (121)].
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Fig. 9-4. Generation of the DLTS signal by
sampling the capacitance transient at two
times, t} and t2. Corresponds to the dual
gated boxcar method [Lang (121)].
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called the "rate window” and is determined by the values of t; and tj.
This is the basic concept behind the DLTS technique. The plot of the
values of AC obtained in this way as a function of temperature and using a
set rate window is called the DLTS spectrum.

For this sampling condition, the trap concentration in the n-type
region is given by

Np = 2(Ac/C) (ND - NA) ’ (1X=4)

where AC is as defined in equation (IX-3), C is the equilibrium
configuration capacitance, and Np and N, are the donor and acceptor
concentrations, respectively, in the n—type region. Thus the trap density
is proportional to AC/C. It is assumed that the capacitance transient
decays exponentially with time and i{s characterized by a relaxation time T
such that

c(e) « (-t/0) | (IX-5)

For an electron trap in the n—type region

T [7‘7‘0.1.83 Nc] exp (AE/KT) « # exp (AE/kT) , (IX-6)
where gr is the degeneracy of the trap level, op is the trap cross
section, <v> is the mean electron thermal velocity, N. is the density of
states in the conduction band, and AE is the energy difference between the
conduction band edge and the trap level. A similar expression holds for
minority carrier traps.

It is evident from equation (IX~6) that AE can be obtained from the
slope of a plot of 2n(T21) versus reciprocal temperature. The sampling
conditions described above can be obtained by processing the measured

capacitance transient with a dual gated boxcar averager. The output of
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this instrument is exactly the signal AC given by equation (IX-3). For

this condition the value of T used to obtain a particular spectrum is

t} - t2

T = . (IX"7)
lnztlltz)

- The capacitance transient can also be processed using a lock-in amplifier.

For this method the obtained signal is the correlation of the exponential

? . transient with the reference waveform of the lock-in amplifier. For a
; sine wave reference signal of frequency f, the value of T is given by
: T o= 0.424/F (1X-8)
i The basic DLTS technique has been described based on the measurement

- of ptn diode capacitance. For analysis of grain boundary states the

technique 15 modified in that there is no bias applied at the equilibrium

configuration. In addition, it 1is not possible to empty states below the
equilibrium Fermi level since a bias pulse across the grain boundary
always results in a filling reverse bias condition. Thus DLTS analysis of
the grain boundary states by using the grain boundary potential barrier as
the charge separation mechanism only allows the study of traps present
above the Fermi level. However, the use of this configuration is required
because it confines the depletion region to the vicinity of the spatially

. localized grain boundary states.

9.2 Appendix 2: Transmission Electron Microscopy Sample Preparation
Most GaAs TEM samples used in this thesis research were prepared by
standard chemical jet etching(lzs) using a etching solution of 40 HCl:

4 Hp02: 1 H20. In the course of this work, an anodic dissolution

technique has been developed for the thinning of relatively large,

selected areas of single crystal or polycrystalline GaAs to prepare
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I self-supporting uniformly thin foils for TEM examination.(126) This
technique 1is described in this section.
To use the anodic dissolution technique, a GaAs wafer is first lapped

- with 2 um grit, mechanochemically polished in Clorox to a thickness of

- 80~100 ¥m, and diamond sawed into square samples 2.5 mm on a side. The
wafers used in this investigation were doped with Zn at concentrations of

!I p~ 1018 co=3, A sample selected for thinning is electroplated on one

.- face (except for the region to be examined) with a layer of Au about 5 um

thick, then heated to 300°C for 1 sec to form an ohmic contact(127), A Pt

wire is attached to the Au contact with conductive adhesive, and the N
sample is mounted contact-side-down on a glass slide with transparent wax. t:
The area to be thinned is defined by covering the exposed surface with wax :;4
except for a circle, typically about 0.5 mm in diameter, opposite the :;f
- region not plated with Au. The sample configuration is shown 7
schematically in figure 9-5. Dissolution proceeds from the exposed .i;

surface toward the contact surface. T

The sample forms the anode of an electrochemical cell with a large

oy e

A, PP
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area Pt-mesh cathode. The electrolyte is the disodium salt of 0.IM

4~5~dihydroxy-m-benzene~disulfonic acid, which is very similar in —
composition to the Tiron solution used by Faktor and Stevenson(128) for

characterization of GaAs by anodic dissolution but is preferred because of - éif
its lower cost and better availability. Measured polarization curves for -
the two solutions are virtually identical. Dissolution is performed at a

constant current density of 15 mA/cn? with an etch rate of approximately

0.3 um/min, so that 4 to 5 hr is usually required to achieve the desired —_—

sample thickness. It was observed that lower currents delineate crystal
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Fig. 9-5. Schematic diagram showing a GaAs sample mounted for
anodic dissolution.
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defects while higher currents tend to result in nonuniform etching
unrelated to such defects.

The transmission of a low power (2 mW) He-Ne (63281) laser through
the foil is monitored to determine when the dissolution process should be
terminated. To reduce background noise the laser beam is chopped
mechanically at 400 Hz, and the transmitted radiation is detected by using
a lock-in amplifier to measure the output of an Si photodiode across a 1§
load resistor. the circuit of the electrochemical cell is interrupted as
soon as transmission is detected, which occurs when the foil is about
2000 A thick. The measurements are made intermittently, and the laser is
shuttered between measurements, since the dissolution rate is increased by

light so that continuous laser exposure would therefore result in

nonuniform thinning.

During the dissolution process the GaAs surface becomes coated with a t;é
brown-black film, which has been shown by Auger analysis to be composed of ]
.l As and O without detectable Ga. Unlike films formed by anodic oxidation ~
: of GaAs, this coating is not soluble in HCl. To remove the coating, after '
dissolution is complete the GaAs surface is anodically oxidized in a )
iE tartaric acid/propylene glycol solution{127,129) and the oxide formed is . ;*ﬂ
.j dissolved in dilute HCL. The sample is then removed from the glass slide 4 ;

by dissolving the wax and cleaned in successive acetone and methanol

baths. -

Self-supporting thin foils of both single crystal and polycrystalline

GaAs have been prepared by the procedure described. The single crystal

!
1
1
samples usually can be thinned uniformly without perforation. Figure 9-6 —
is a transmission optical micrograph of such an unperforated sample with a i

!

thin region approximately 0.2 mm in area and 2000 A thick. Although the
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0.2mm

Fig. 9-6. Transmission optical micrograph of a single crystal

GaAs foil.
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transmitted intensity varies strongly within this region, TEM examination
shows that the foil is essentially uniform in thickness, and Nomarski
contrast microscopy of the etched surface reveals the same features as the
optical transmission micrograph. Therefore, we attribute the observed
variation in transmitted light intensity to scattering resulting from the

roughness of the foil surface.

9.3 Appendix 3: Capacitance-Voltage Analysis Technique

This section describes a technique for the self-consistent analysis
of the grain boundary C-V characteristics to obtain the band structure
associated with a general grain boundary, as illustrated in figure 7-1.
The technique is described through the presentation of the analysis of the
C-V characteristic of a 30° grain boundary prepared by lateral epitaxial
overgrowth. The technique does not provide exact values for the
parameters describing the band structure but gives values that fit the C-V
data and can therefore be used to obtain the actual density of grain
boundary states filled at zero-bias.

As described in Chapter 7, the grain boundary capacitance, C, for an

applied voltage V, is given by
(1X-9)

1/2 1/2 1/2
s () (=) )]

or

where A is the grain boundary area, e is the magnitude of electronic
charge, €, is the permitivity of free space, and €, is the relative
dielectric constant. All other parameters are defined in figure 7-1. Let

Vi = ¢1/e and V) = ¢5/e. Then the above equation can be written
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as
(1x-10)

1/2 1/2 1/2
ge (2 ) (o) ()"

For the case when V,<<V) we can use the approximation that

(5 )
Ny

Equation (IX-10) then becomes

1/2

<

1/2 v
-(_1) [1+ a). (1X~11)
1

(1x-12)
1/2 1/2 1/2 1/2
A g [ 2 ("_1) +(X§) +1(Y3)(v_.)
¢ e€ofy N N2 AR SRR
1/2 1/2
= A <_1__ ) (1_. Va (1X-13)
CO 2ee°sr lel
where C, is the zero—bilas capacitance.
For e = 1.602 x 10719 coul,
€, = 8.854 x 10714 F/em,
and €, = 12,54,
this equation can be written as
A s A +{1.68x 105 |v, (1X-14)
C " G |wpnpl7?

where A is in cmz, C and C, are in farads, V; and V, are in volts, and Nj

is in em™3, This equation shows that the product (ViNj) can be obtained

from a plot of A/C versus reverse bias voltage.
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Now consider the case when V, > V; and V. For this condition

equation (IX-10) can be approximated as

/2 | 1/2 1/2
be(ae) 1) )] oo

This can be reqritten as
(1x~-16)

(#) o) () ) R )

or

(1X-17)
2 1/2
A) - 6.71 x 1013 (A)(Yl ) + 1.12 x 1031 (_"_2 - (1.31 x 1o3l)va.
c C Nj Ny ————_Nl

This is a complicated expression but, since the variation of A/C with V,
1s negligible compared to that of (A/C)2, equation (IX~17) indicates that
N can be obtalned from the slope of a plot (A/C)? versus V,. Thus N can
be obtained from capacitance measurements for large V, and the product
(ViN;) can be obtained from data taken at small applied voltages.

A self-consistent solution for the band structure associated with the
grain boundary can be obtained using this analysis of the C~V
characteristics for reverse bias of the grain that shows the most rapid
decrease in capacitance. Figure 9-7 shows A/C and (A/C)? plotted as a
function of applied voltage for a 30° tilt boundary with n¢jjg) = 1.0 x
1015 em™3. The slope of A/C versus V, is obtained from the data where V,

< 0.2 volts. The slope of (A/C)Z versus V, is obtained for data where 0.7

. am e e ——
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<V, < 1.0 V. The slope of (A/C)2 versus V, was observed to be fairly
constant up to about 2.0 V where it changes rapidly due to carrier

concentration nonuniformities. From the measured slopes

va = 1.68 x 1015 = 1,24 x 1016 ch’3
1.51 X 10:

and

N, = 1o12 x 1031 0 1016 -3
9.80 x 101%

Thus, V] = 1.09 V and ¢; = 1.09 eV. Refering to figure 7-1, the position

of the Fermi level below the conduction band edge is given by

§ zE

c ~ E

* kT fn [_BS.__ , (1X-18)
Np = Nj

F
where N, = 4.7 x 1017 cn™3 g the density of states in the conduction band

of GaAs. Thus
(IX-19)

8] = kT zn[“_C] = 0.025 2n [M_IE_IZKJ = 0.093 eV .
Ny 1.14 x 10!

The zero-bias grain boundary capacitance is given by

.é_o = 3.35 x 1013 [(;_i) + (Xg )1/2] . (1X~20)

- e

For this sample A/C, = 4.87 x 107 cm?F~! and, thus,

2 b g

1/2 1/2 '
) -(409___ ) - 9.78 x 1079 . ~
1.14 x 1016 ~

p—
2=
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Substituting these values into equation (IX-20) we obtain R

1/2 "]
4.87 x 107 = 3,35 x 1015 [9.78 x 1079 + (;_&)] 2
> :

or

vy = 2.26 x 10717 §, (1x-21)

The position of the fermi level at the grain boundary 1s given by
Sgp=Sité=8+e (1X-22) }:55

Substituting into this relation and using equation (IX-18) yields

1.09 + 9.3 x 1072 = 2,26 x 10717 N, + 0,025 1n [ 4.7 x 1017 ]
2

or

(1x-23)

b 1.11 x 1015 gn [&1_;_‘_1.‘&7.]+ N, = 5.23 x 1016 w0
2

Numerical solution of equation (IX~23) gives the value of Ny as

.
-

Using equation (IX-21)

. 2 = (2.26 x 10717)(4.98 x 1016) = 1,13 &v .

From equation (IX-22)

’;l i_ﬁf?;ﬁf}

.
b ik,

§, = 1.09 + 0,093 - 1,13 =~ 0,053 eV -l

and

ittt

:
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Thus the self-consistent solution gives the parameters describing the band

structure of this 30° grain boundary as

N; = 1.14 x 1016 g3 Ny = 4.98 x 1016 cp3
¢1 = 1.09 eV ¢2 - 1.13 eV
§1 = 0.093 eV 82 = 0.053 ev

with the grain boundary Fermi level pinned at 1.18 eV below the conduction
band edge.

These values are not expected to be exact but are a self-consistent
solution from the measured C-V characteristics. They can therefore be
used to determine the actual number of charge carrier traps per unit grain
boundary area that are filled at zero bias. The corresponding depletion

region widths are obtained from

4 = [2‘°°' (v, = kT/e) ]1/2 (1x-24)
eNy

1/2
- 3.75 x 103 [ 1.09 - o.ozs]
4,98 x 1016

= 3,62 x 107° cm ]

and ) " 4:
1/2 e

d, = 3.75 x 103 |1.13 - 0.025 ] -1.77 x 103 em - R

4,98 x 1016 S

The density of filled grain boundary states at zero-bias is given by

NT - Nldl + dez . (1X-25)

Substituting the appropriate values into equation (IX-25), the density of
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filled trap states for this 30° grain boundary at zero-bias is

Npr = 1,29 x 10012 eg=2

‘‘‘‘‘‘ - «TaT - S e - . Wt
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