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ABSTRACT

Strain relaxation of Ill-V materials is a complex process that can be heavily influenced by
material microstructure. In this thesis, | investigate the effects of CuPt atomic ordering on
dislocation formation and glide in 11lI-V materials. CuPt atomic ordering has been observed in
many ternary and quaternary Ill-V materials, and consists of alternating {111} planes of one or
both of the mixed-group constituents. Most importantly, the ordered structure is induced by the
surface reconstruction during epitaxy and is metastable in the bulk of the film. Glide through
ordered planes disrupts the order pattern and reduces this metastability, and so is erergeticall
favorable. This presents a unique situation where dislocations receive an additional driving force
for glide. The additional glide force reduces the critical thickness of pseudomorphic material, but
should also beneficially increase the glide length of metamorphic material. In addition, the
distribution of dislocations is heavily skewed towards those that disrupt the order pattern. New
dislocations can form upon order-disorder transitions in a metamorphic buffer as glide becomes
more energetically favorable on different glide planes, necessitating redesign of the buffer
structure. Further implications are discussed, as well as strategies to imprditg efabi
pseudomorphic material and reduce the dislocation density of metamorphic material.
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CHAPTER 1
INTRODUCTION

Strained-layer epitaxy is the growth of strained or strain-relaxed material on single crystal
substrates. This type of heteroepitaxy has been an ongoing field of research for over 40 years due
to the potential for a wide range of novel electronic and optoelectronic devices grown on low-
cost substrates. Both the composition and strain state of the epitaxial alloy can be imtgpende
controlled, allowing control over the bandgap, band offsets, mobility, valence band splitting, and
many other material properties. The main challenge of strained-layer epitaxy, alddatade-
mismatched growth, is controlling ptasrelaxation via the formation of strain-relieving
dislocations. Dislocations are structural nonumfidies that typically degrade device
performance. However, proper control of the epitaxy and knowledge of dislocation-material
interactions can be used to minimize the dislocation density or avoid dislocation formation
altogetherallowing high performance devices.

Devices that utilize strained-layer epitaxy can be divided into two general categories
according to the strain state of the device: 1) strained without relaxation, termed pseudomorphic,
and 2) lattice-mismatched with strain relieved through dislocation formation and glided terme
metamorphic. Pseudomorphic devices utilize strained material while avoiding docati
formation while metamorphic devices intentionally relieve strain through the formation of
dislocations, but typically minimize the residual dislocation density. These two tiygegices,
illustrated in Figure 1.1, are used in electronic and optoelectronic devices, such as,HEMTs
LEDs, lasers, multijunction solar cells and others, and in some cases are alreadyctaliyme
available. Both types of device require careful control over epitaxial strain and the resulting
behavior of dislocations during growth. Controlling the formation and behavior of dislocations in
strained material requires understanding the driving forces for dislocation nucleation and motion,
including both standard dislocation dynamics as well as the influence of material maitost

This dissertation primarily investigates the influence of atomic ordering on dislocation
formation and glide 11l-V semiconductors. The goal is to improve understanding of
microstructural influences on dislocations and strain-relief in order to create higher quality

latticeemismatched devices. The work is specifically motivated by high efficiency muligunct



solar cells, which utilize lattice-mismatched material in order to achieve anabgtitvcell
bandgap combination. Lattice-mismatchedl@&aAs with bandgaps spanning a large portion of
the solar spectrum can be accessed using compositionally graded buffers madie, QPG@ee
Figure 1.1) which can be doped and optically transparent, and display strong atomic ordering
when grown by metal-organic vapor phase epitaxy.

Pseudomorphic Metamorphic

Ex: Strained QWs Ex: Compositionally
graded buffers

T

Growth
direction

€— Lattice constant=—>

Figure 1.1: Examples of strained or strain-relaxed layers. Pseudomorphic materials such as
strained-balanced superlattices or quantum wells (QWSs) use strained layers without the
formation of dislocations, and metamorphic materials such as compositionally graded buffers
relax strain through the formation of minimal dislocations (green lines). Here, blue layers are not
strained, and red layers are strained or strain-relaxed.

1.1 Thesis Organization

This thesis is organized into five chapters, where the middle three chapters are published
papers on the thesis topic. The progression of the papers is from fundamental materialsoscience
device application, although this is not the chronological order. The work was performed
collaboratively at the National Renewable Energy Laboratory (NREL), involving the work of
many coauthors. Here, we describe the chapters of the thesis and recognize the work performed
by the coauthors, with some additional thanks in the acknowledgements.

The remainder of chapter 1 motivates the work and introduces the necessary background
information about dislocation glide, pseudomorphic and metamorphic materials, and glide in
atomically ordered IlI-V materials. The fundamental phenomenon at the heart of this thesis is the

energy released by glide through ordered planes in IlI-V materials, Ealgdvhich is



described in more detail later. Although the phenomenon was gradually understood throughout
the course of the work at NREL, here | describe the concept in the introduction as the
fundamental groundwork behind the thesis. McMahon et al. calclaggdor various 111V

materials in Ref. 1, which is described in the introduction and later referenced.

Chapter 2 is a paper titled OCritical thickness of atomically ordered I1-V alloys,O
published in Applied Physics Letterseproduced with permission from R.M. France, W.E.
McMahon, and H.L. GuthreAppl. Phys. Lett1l07, 151903 (2015), Copyright 2015, AIP
Publishing LLC. Here, | utiliz&aps to modify a basic model describing dislocation behavior: the
critical thickness model. This model is mainly used to determine the stabiityaofed
pseudomorphic layers, but also predicts the residual strain in metamorphic layers. | include the
effects of atomic ordering, which acts to lower the critical thickness, and perform esypiaiim
validation of the modeled behavior. Bill McMahon was a scientific mentor, and Harvey Guthrey
performed cathodoluminescence measurements.

Chapter 3 is a paper titled OControl of misfit dislocation glide plane distribution during
strain relaxation of CuPt-ordered GalnP and GalnAs,O published in the Journal of Applied
Physics® reproduced with permission from R.M. France, W.E. McMahon, A.G. Norman, J.F.
Geisz, and M.J. Romerd. Appl. Phys112,023520 (2012), Copyright 2012, AIP Publishing
LLC. I investigate the effects of atomic ordering on compositionally graded buffers, which are
used in metamorphic devices. | experimentally show how atomic ordering influences thesBurger
vector distribution of dislocations that are formed, and that ordering can be used to cintrol th
distribution. In addition, | show how changing the influence of atomic ordering on dislocation
energetics can result in the formation of new dislocations. Bill McMahon and John Geisz were
scientific mentors, Andrew Norman performed TEM and TED, and Manuel Romero measured
threading dislocation density using cathodoluminescence.

Chapter 4 is a paper titled OLattice-mismatched 0.7-eV GalnAs solar cells grown on
GaAs using GalnP compositionally graded big@published in the Journal of Photovoltafcs,
reproduced with permission from R.M. France, |. Garcia, W.E. McMahon, A.G. Norman, J.
Simon, J. Geisz, D.J. Friedman, and M.J. Romérdhotovolt4, 190 (2014), Copyright 2013,
IEEE. | describe the characterization of orderedizaP graded buffers, and their use for
latticeemismatched Gdn;.,As solar cells. | use knowledge of the influence of atomic ordering to
alter the structure of the buffer in order to minimize the residual threading dislocation density.

3



Efficient highly-mismatche&an; xAs solar cells are created on gradeqiGaP buffers and
compared with devices directly grown lattice-matched on InP substrates. Bill McMahon, John
Geisz, and Daniel Friedman were scientific mentors, Andrew Norman performed TEM and TED,
Bobby To performed AFM, Manuel Romero performed cathodoluminescence imaging, and John
Simon and lvan Garcia provided measurements support and scientifically valuable discussions.

In Chapter 5, | discuss some implications and observations that were not published
elsewhere. Implications of the additional glide force on metamorphic buffers, the interaction
between glide-induced anti-phase boundaries, dislocation nucleation, and growth on alternate
substrates are all discussed, and future work is proposed. Joongoo Kang performed the DFT
calculations and Andrew Norman performed the TEM.

Finally, in chapter 6, | discuss theain conclusions of this work. Each chapter is

summarized and implications are discussed.

1.2 Motivation

The influence of atomic ordering on dislocation behavior in 11l-V epitaxial materials has
not been previously investigated, but is known to have an impact on dislocations in metals. The
main motivation for studying dislocations in IlI-V epitaxial alloys is for lattice-mishned
material, including both pseudomorphic and metamorphic devices, discussed in this section.

1.2.1 Lattice-mismatched alloys
Modern single-crystal epitaxial substrates can be created with very low dislocation
densities, sometimes below* i@ Materials with the same lattice constant as the substrate,
called lattice-matched materials, can be epitaxially grown while maintainow dislocation
density. Many electronic and optoelectronic devices are sensitive to the dislocation densit
latticematched materials are thus a route to high performance devices, and are conseunly u
However, the availability of high quality single crystal substrates is limited, arelitze
demand for alloys that have different lattice constants than these substratddattaée
mismatched material. For example, the emission and absorption spectra of optoelectrogsc devic
is related to the bandgap of the alloy, which is strongly related to the alloy composition and thus
lattice constant. atticemismatched alloys can be (and are) used in light-emitting devices
(LEDSs) or solar cells that emit or absorb at a wide variety of wavelengths. In another example,

4



multijunction solar cells operate most efficiently when the bandgaps of the different agsorbi
materials are tuned to the incoming solar spectrum, and the optimal bandgaps arenOt achievable
using standarthtticeematched materials without the use of multiple substrates. Figure 1.2 shows
the bandgaps and lattice constants of standard semiconducting materials for which high quality
substrates are available, and overlays the optimal bandgap combination for 2- 3- and 4-junction
solar cells for the direct terrestrial spectrum (AM1.5D), using modeling described. i5.R

The main detriment of lattice-mismatched material is the formation of straening)
dislocations, which affect epitaxy and degrade device performance. Minority carrier devites suc
as solar cells are particularly sensitive to the dislocation density becausatths®act as
recombination centers for photogenerated electron-hole pairs when present in the activé region o
the solar cell. Yamaguchi and Amano modeled the performance of dislocated solarghs usi
minority carrier diffusion model with the minority carrier density at a dislocation equaldg,ze
shown in Figure 1.3. The impact of dislocations on device performance can be seen at
dislocation densities as low as’hdn?, and the modedstimats that dislocation densities below
10° cm® are necessary in order to maintain high efficiency.

»all aAP T o |

_ = N
N oy O

Bandgap (eV)

© o o
o M

5.4 5.6 5.8 6.0 6.2
Lattice Constant (A)

Figure 1.2: The lattice constants and bandgaps of available high quality single crystalesubstrat
potentially usable in multijunction solar cells. The horizontal lines indicate the ¢b@mdgap

of 2-, 3-, and 4-junction solar cells under the direct terrestrial spectrum, to illustrate that the
optimal bandgap combination cannot be achieved with lattice-matched material withgtea si
epitaxial growth. The black tie-lines show some possible lattice-mismatched baraties
ternaries that could enable optimal multijunction solar cells.
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Thus, demand for lattice-mismatched alloys exist, but the materials need to be created
with very low dislocation densities in order to be useful. Although metamorphic multijunction
solar cells can be created with optimal bandgaps, in practice the losses assaitidsttice-
mismatched material are significant, and standard multijunction solar cellstiaee ta@tched.
Figure 1.4 shows the efficiency of a 2-junction device as a function of its bandgaps, using
modeling described in Ref. 5. While not the optimal bandgap combination, GalnP/GaAs dual
junction solar cells are currently the highest efficiency 2-junction dé\ieesuse the junctions
are lattice-matched to a GaAs substrate and are very high quality. Likewise, the current
multijunction cell used by the space industry is an all lattice-matched monolithic 8junct
device grown on a germanium substrate, where germanium is also an active fithgon.
latticeemismatched material must be high enough quality so that the efficiency gains due to the

optimal bandgap combination outweigh the losses associated with the dislocations, which is a
significant challenge.

1.0 R T T A T —— FF
 — - TS —— . —
i ‘.“":-:‘*-\ T ——
o -~
? \-..,_'
g ™ e Voe
- ~
] ~ b,
a \\ Se,
- ~.
T 05— p=5x10"%cm"? 7 \ )
_: n=1x10"¢m"? N, e
= N\
g xi-O.Spm \
5 AN
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: ~
o ~
2
| / | ! |
104 108 108 107 10° 10"

Dislocation density Ny fcm™?)

Figure 1.3: The performance of solar cells is very sensitive to dislocations. Yamaguchi and
Amano, in Ref. 6, modeled the impact of dislocations on device performance, predidting tha
dislocation densities of ~1@m? are required for minimal loss.

1.2.2 Lattice-mismatchedGaxln1«P for metamorphic solar cells

This work was specifically motivated by metamorphic multijunction solar cells that
utilize compositionally graded buffers in order to access materials with optimal bandgaps, as
described above and shown in Figures 1.2 and 1.4. The buffer is typically placed between two

active subcells, and so needs to be conductive and transparent to the light that it receives.
6



Compositionally graded Gla,.«P buffers allow access to many useful lattice constants for solar
cellswhile maintaining a high degree of transparency, and so are very well suited for this
purpose. GalnP naturally displays strong ordering when grown by MOVPE, and the impact of

atomic ordering on strain relaxation in 111-V materials was not previously investigated.

026" 028" 03 032 0341
20
< 36 A- .42
3 0 04°0
g 18 020 A~ 0.AG » -
2 GalnP/
g 16 GaAs 2J
0
f.g 1.4 —
Q ?36
e 12k 0=/ &
B P
0.38 | | |°' S &
1.0 : 4 o~

04 06 08 10 12 14
Bottom cell bandgap (eV)

Figure 1.4: Bandgap combination of a 2-junction series connected solar cell under the
concentrated (1000x) direct spectrum at 25;C, using the methods described in Ref. 5. The current
record efficiency 2-junction device, GalnP/GaAs, does not use the optimal bandgap combination
but achieves high efficiency due to the very high quality of the lattice-matched material.

The 4-junction inverted metamorphic multijunction (4J-IMM) demands 1.0 eV
Ga.7inp3As and 0.7 eVGa 4dnp s5AS subcells with 2% and 4% mismatch to GaAs substrates,
respectively. These compositions can be accessed using GalnP buffers graded to roughly
Ga 2dno 7P and InP, respectively. In additiddaln;.xP has a relatively high bandgap and so the
graded buffers are naturally transparent to the filtered light they receive in the 4J-IMM design.
While Galn,«P graded buffers were used to access high quality 1.0-eV GalnAs cells and 3-
junction solar cell$;**? initial attempts to use grad&@hIny..P for 0.7-eV cells for 4-junction
devices resulted in low performance for reasons not fully undertood.

Latticemismatched Gdn,.«P has additional uses beyond solar cells. For instance, GaP is
used to nucleate 1ll-V materials on’8t? and so grade@an1..P could also potentially be used
to access a wide variety of materials on Si substrates, enabling a low-cost route to fasenyt dif
types of devices as well as 111-V/Si integrated devices. Pseudomorphic (Al)GalnP on GaAs

7



substrates can also be used for lasers and LEDs. This research also benefits tlessbydevic
improved understanding of the stability of pseudomorphic layers.

1.3 Strained-layer epitaxy background

Many excellent review articles and books describe fundamental science and application
of strained-layer epitax3f( Here, | review basic the basic concepts necessary for this
dissertation and limit the discussion to zincblende, single-crystal IlI-V materials grown on (001)
substrates. | refer to these reviews for more information, as well as many good books providing

detailed background information on dislocations in solids and strain téfiéf.

1.3.1 Epitaxial strain and relaxation
An epitaxial alloylatticeemismatched to the growth substrate has an elastic potential
energy due to the misfit strain. The elastic energy of a mismatched epiaiger (

I A (1.1)

whereM is the biaxial modulus of the fiffi*®andh is the thickness of the epilayer. The misfit
strain () is definedas

S (1.2)

wherea is the in-plane, strained, lattice constant of the epilayeragaisdthe relaxed lattice
constant of the epilayer.

Thin epitaxial layers with low elastic energy initially accommodate the nbc$nsdrain
through a tetragonal distortion while remaining coherent to the growth substrate. The two in-
plane lattice constants of the epilayardnda,) are confined to be equivalent to thdice
constant of the growth substratg,() and have an equivalent biaxial strain, while the out-of-
plane lattice constant distorts with an opposite-sense strain related to tlos Patissof the
material. I.E., when no strain relaxation has occumigd,ay = asun, and the total elastic energy

is related to the total misfit of the epilayéy, { =f, wheref is commonly defined as!



(P U 1)/ . (Note the small inequivalence loandf at large values dfdue to the
denominator). The three values of strain are then , = f for the in-plane dimensionand
ey /i, for the out-of plane dimension, whetds the Poisson ratio.

As epitaxial growth continues and the elastic energy increases, strain relaxation
eventually occurs, and the type of relaxation is dependent on the film strain and material. Many
single-crystal epitaxial growth substrates have very low dislocation densities, and e ohoti
existing dislocations cannot relieve significant strain. Instead, elastic relaxdiough surface
roughening or three-dimensional growth, or plastic relaxation, through the nucleation and glide
of new dislocations, is required to relieve elastic energy during mismatched heteroepitaxy.

Elastic relaxation through the formation of islands can occur when the strain is high,
called island nucleation or three-dimensional growth. As the film grows thicker, the islands
coalesce and create dislocations at the island intersections when the islaradsraperfect
registry with each other. At lower strains, the surface ofilimeelastically relaxes by forming
surface undulations. These undulations can then concentrate the stress and act as dislocation
nucleation source®.Elastic relaxation will not be further covered in this thesis.

Plastic relaxation, via the formation of strain-relieving misfit dislocations,@isurs at
both high and low levels of strain, and is the focus of this thesis. Misfit dislocations are the
boundary around an extra/missing crystal plane. These extra/missing planes alter the strained
epilayer lattice to bring the in-plane lattice constant closer to the relaxed ¢attisent of the
film, thus OrelaxingO the epilayer and reducing strain. During epitaxy, dislocations either nucleate
at a surface source or arise from internal multiplication, where the former source islgeneral
considered dominant in lattice-mismatched epitaxy. On the surface, dislocationy ioitral at
low activation energy sites that concentrate stress such as defects, roughness, inhoasogeneiti
surface steps, or substrate wafer edges; homogeneous nucleation energies are very high. Because
the dislocation is a crystallographic boundary, it is a requirement that dislocations are either
continuous throughout the crystal structure or combine with other dislocations; the termination of
a dislocation inside the crystal is not allowed. The dislocation is thus commonly dessried a
OloopO, illustrated in Figure 1.5. The two vertical portions of the loop between the surface and
mismatched interface are called the threading dislocations, the horizontal portion at the
mismatched interface is called the misfit dislocation, and the surface dleésrasaining

segment of the loop, where there is a surface step defined by the Burgers vector.
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When the strain is high, plastic relaxation can occur by the formation of 90; edge
dislocations, which have a/2<110> Burgers vectors in the plane of the (001) mismatched
interface. Although the in-plane Burgers vector is efficient at strain relief becasigxatatly in
the mismatched plane, the glide plane is (001), where the distance to a free surface prohibits
glide and the dislocation is considered sessile, or immobile. These dislocations presumably only
form in very thin layers or during three-dimensional growth, either when the length from a free
surface is very short or when dislocation climb can occur. 90j dislocations are not further
discussed in this thesis.

60; mixed dislocations, with a/2<101> Burgers vectors and {111} glide planesatorm
both high strains and lower strains, shown in Figure 1.5. The slip planes are inclined to the
surface and so dislocations can glide in response to mismatch stress. After ghlesibidns
form at the surface, the dislocation half-loop can propagatevertically to the mismatched
interface and glide outward horizontally along its glide plane and in the line direction in order to
relax strain through the increase in length of the misfit dislocation. Glide, the motion of
dislocations via bond breaking and shifting, is exploited as method to limit the dislocation

density in metamorphic growth and is discussed heavily throughout this thesis.

(111)

{111} glide planes epilayer

growth surface

dislocation loops _
(111)

Threading portion
of dislocation loop

Misfit portion
of dislocation loop

substrate
__. <101> Burgers vectors
— of glissile 60° dislocations [001]

I/[HO]
L__[110]

Figure 1.5: lllustration of a glissile, 60j, a/2<101>{111} dislocation on an offcut (001) substrate,
adopted from Ref. 3. Two of the {111} glide planes are shown, as well as the glissile Burgers
vectors for these two glide planes. Dislocation loops are shown, which corsastioertical
threading portions and a horizontal misfit portion, where the surface acts to close the loop. The
line directions are [110] and [-110], which are the directions of propagation.

mismatched interface
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The substrate imparts a two-dimensional stress on the epilayer in the two in-plane
dimensions, while the out-of-plane dimension is not stressed by the substrate. On (001)
substrates, the line directions of 60j dislocations are [110] and [-110], which each relieve one
dimension of the two-dimensional epitaxial strdihe direction of strain relief is perpendicular
to the line direction. In 1lI-V semiconductors, dislocations with [110] and [-110] line directions
have different core structures, either compromised of broken group V bonds,' called
dislocations, or broken group Il bonds, calledislocationsin compressive IlI-V material,
dislocations propagating along [-110] &rdislocations and along [110] a#eand vice versa in
tensile material.

Before closing this section, | also note that 60; dislocations in IlI-V materials commonl
split into two partial dislocations, 30j and 90j partials, that are separated by a staakinfhia
structure has a lower energy than the full 60j dislocation. However, the full structure is ignored
in this thesis for simplicity, anale only refer to and perform calculations on 60j dislocations.
Future work could investigate the implications atomic ordering on the full dislocation structure.

1.3.2 The critical thickness and pseudomorphic devices

As a dislocation glides, the addition/subtraction of a crystallographic plane imparts a
long-range relaxation into the material. The amourasticstrain energy relieved as a
dislocation glides is called the misfit energy. However, the dislocation is a tgstdic
imperfection consisting of a series of broken or reconstructed bonds at the dislocation core, and
an associated local strain field within the crystal. As such, it also introduces an ubliavora
energy, termed the line energy, into the material related to the dislocation length. Thetotal w
done f\r) as a dislocation glides is the sum of the line enafgy &nd misfit energyWi,) per

unit dislocation line length,

Le@b b, @r @), (1.3)

where each is a function of the growing epilayer thickn@ss\(dislocation shifts the crystal
structure byits Burgers vectorh, which can be described by its components with respect to the

mismatched interfacé, and!, are the edge components of the Burgers vector parallel and
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perpendicular to the mismatched interface, respectivelypasdhe screw component. The
misfit energy per unit length during dislocation glide is relateuj, tos

NOINERNE (1.4)

and the line energy has been described previtiesy
L, () —”(!”!!!)[!f Ll (] ('I—) (1.5)

wherer, is the inner cutoff radius for the dislocation core, &ns the Poisson ratio of the film.

These two energetic terms have opposite signsaaimdtial barrier to dislocation glide
exists. When the strain of the epilayer is low, dislocations do not initially glide duringyepita
because the total energy of the system would increase; the line energy provides an energetic
barrier to glide and the film remains coherent to the substrate. As the thickness of tfez epila
increases, the amount of misfit energy released upon glide increases linearly and begins to
dominate. This behavior is classically described by solving for the thickness where dislocati
glide becomes energetically favorableWat= 0, called the critical thicknesls):

o LG i:ii:!(!(:!!;!)!)f " (','—) (1.6)

The critical thickness is shown in Figure 1.6 for various substrate/epilayer combinations
using Poisson ratios for common Wland group IV materials fromd® 27 and, = b, while
acknowledging the uncertainty of the most appropriate valug.for

The critical thickness model, commonly called the Matthews-Blakeslee ctitickhess
model, has been highly utilized and modified to take into account other factors like surface
steps’? anisotropy*® dislocation interaction¥ and kinetics each of which can significantly
impact the critical thickness. The model is typically used to determine the coherensyfi
strained epitaxial layers.

It should be noted that the critical thickness model determines the stability to dislocati

glide assuming the availability of glissile dislocations within the material. iéxisting density
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of glissile dislocations is low, such as in initial growth on a high quality substrate, dsocat
nucleation is required. When the activation energy for nucleation is higher than the activation
energy for glide, a metastable region exists where the material is unstable to glide but
dislocations cannot be nucleated. The energy barrier to dislocation half-loop nucleation can be
calculated in a similar way to the critical thickness, using instead the crititas faom the

surface. However, homogeneous nucleation requires very high Strainit,is commonly

assumed that nucleation occurs at a source of stress concentration, such as a surfdeetstep, de
wafer edge, etc. Activation energies for dislocation nucleation then depend on the nucleation
source, and are not easily measured. Therefore, the coherency limit is typically described by
determining the stability of an existing dislocation to glide, the thickness of which caremiso s

as a lower limit for dislocation nucleation in most cases.

I T T IIIIIII T T IIIIIII T |
— —— GalnP/GaAs
E 1000 —— InGaAs/InP | |
» — SiGe/Si
@
c
S 100 |-
<
|_
©
RS
S 10
I 1 IIIIIIII 1 IIIIIIII 1
2 4 68 2 4 68 2
0.01 0.1 1

Strain (%)

Figure 1*: The critical thickness of various epilayer/substrate combinations as a function of
strain. The epilayer film is stable to dislocation glide when the film thickness és tban the
critical thickness.

As is observed in Figure 1., the model shows that strained madestable against glide
up to a certain thickness. Thus, a range o¥Idempounds, and the bandgaps and band-offsets
they possess, can be utilized as a part of a stable device.

Epitaxial growth that utilizes strained material but avoids dislocation formation by
remaining below the critical thicknesscalled Opseudomorphic.O LEDs and lasers benefit from
thin layers due to quantum confinement of carriers, and so naturally take advantage of the critical
thickness in order to employ strained material with a range of compositions and thus emission
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wavelengths, and so are called Opseudomorphic devices.O Furthermore, the strained layer can be
Ostrain-balanced® through the addition of oppositely strained layers, allowing many quantum
wells or dots to be grown while remaining stable. In this case, the whole structure also has a
critical thickness, in addition to the individual layers, but many strained layers can be grown if
properly balanced®®’ Likewise, digital alloys and strained superlattices can also be coherently

grown.

1.3.3 Dislocation glide and metamorphic devices

In contrast to pseudomorphic devices, Ometamorphic devicesO utilize intentionally relaxed
material. Typically, dislocations are detrimental to device performance, so theahmatest be
relaxed while maintaining a low threading dislocation density, which requires control of the
epitaxy. Metamorphic devices often use buffer layers to relieve strain via dislocadien gli
which is described in this section. The buffer layer acts to relieve the strain, and thmbia
device is epitaxially grown on top of the buffer.

Many metamorphic devices target a certain composition and lattice constant in order to
access desirable bandgaps or other material properties. When a certain lattice constant is
required, the difference in the relaxed lattice constants on either side of a metamoihic buf
(for instance between the substrate and the desired lattice constant) are describeddny the st
relief as! ', = ai/a; B 1 wherea; is the relaxed lattice constant below the bufferand the
relaxed lattice constant on top of the buffer, assuming that the strain relief occurs via tjlele
buffer. The amount of strain relief is related to the composition and strain state of the
metamorphic material 44 ,=f - I, for any of the involved layers.

The amount of strain relief is related to the linear misfit dislocation deSsityr(ts of

dislocations/cm) by the parallel edge component of the Burgers viagtas,

| ! 1 - (17)

Here, the misfit dislocation density and strain relief are related within one dimension of
the epitaxial strain. Each misfit dislocation has two threading dislocation arms, anelsded
to the areal threading dislocation dens#ly @nits of dislocations/cfh by the average dislocation
glide length, +,

14



Lo /e e /h(hy, (1.8)

adding an extra factor of two because the threading dislocation density is related to both
dimensions of strain relief. We also show the substitutio®faising Equation 1.7.

It is evident from Equation 1.8 that for a given misfit dislocation density (and equally a
certain target strain relief) longer average glide length decreases the threading dislocation
density. Maximizing the glide minimizes the threading dislocation density for any corapositi
target. When the glide length is increased, the threading segments move outward towards the
wafer edges in order to lengthen the misfit segment and relieve strain. Although unrealistic, the
threading segments would ideally glide all the way to the wafer edges, and strain would be
relieved without any residual threading dislocations in the mismatched epilayer. Only misfit
dislocations would be present, which could be confined within an inactive buffer layer.
Therefore, it is important to understand the influences upon glide, and the techniques to
maximize glide.

Dislocations will glide in strained material until it is no longer energetically faverabl
The critical thickness model, shown in Figure 1.6, predicts a finite residual strain agd¢lasenc
in line energy begins to dominate over the relief of misfit energy during glide. Solving Equation
1.6 for the misfit strain &t = 0 gives:

| !f!!f!(!!!!)!_}l

TR (',—) . (1.9)

This model is fairly simplistic, being a force-balance between the line energy and the
misfit energy during glide. Many other important factors influence glide. Notably, dislocations
interact with each other, so the presence of existing dislocations alters glide. Fareinstaen a
[110] dislocation glides past an existing [-110] dislocation, it interacts with the strain field
surrounding the [-110] dislocation, which acts to lower the total force acting on the dislocation,
resulting in the arrest of the gliding dislocation. This phenomenon has been described for
strained-layer epitaxy by Freund in Ref. 33, and is the same phenomenon involved in work
hardening in metals. Gliding threading dislocations may also interact with each other.
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Compositionally graded buffers are used to carefully introduce a controlled population of
dislocations and maximize glide. The graded buffer consists of a sequence of layers slowly
increasing in lattice-mismatch with respect to the initial substrate, which dsashecaéases the
elastic energy. Dislocations nucleate at some low level of strain, and continuoushyndlide a
nucleate as needed throughout the growth of the buffer. Because glide is continuously occurring,
only low levels of strain are ever present in graded buffers, which limits the formation of
dislocations to glissile 60j dislocations and not sessile 90; dislocations. Iroaddislocations
can be physically separated in the growth direction by altering the grade rate (% misfit / um of
growth), which essentially adds thickness to the buffer and can reduce dislocation interactions.
The slowly increasing strain energy throughout the compositionally graded buffer acts as a
driving force acting upon mobile dislocations, encouraging dislocation glide.

The dynamics of strain relaxation and dislocation glide in strained epilayers was modeled
kinetically by Dodson and Ts&band later by Fitzgerald et ®°to describe the residual
threading dislocation densit$) of a compositionally graded buffer:

. (1.10)

Here,Rgris the grade rat&g is the growth rate, andis the glide velocity, which is
described by
R (1.11)

B andm are material constantd, is the activation energy for glidejs the Boltzmann
constant]T is the temperature, afgk is the Oeffective stressO, which is the stress acting on a
dislocation in excess of any impeding streséde glide velocities of some I11-V materials
have been measuréland are loosely inversely related to the bond length. It can be seen that
high dislocation velocities are required for low dislocation densities, which can be achieved by
using high growth temperature. Low growth rate and grade rate also lower the dislocation
density, but only relatively small variations in these parameters are realistic dueralraate
time constraints. Equations 1.10 and 1.11 are useful for determining the expected relationship

between the residual threading dislocation density from a compositionally graded buffer and the
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buffer material, growth parameters and structure. The equations donOt explicitly describe
nucleation, dislocation interactions or other material-dislocation interactions, and siowaria
from this trend is expected when other effects dominate glide behavior.

Material microstructure can heavily influence dislocation glide, and remove glide
dynamics from the somewhat ideal glide behavior described by Equation 1.10. For instance,
many |lI-V compounds possess a solid-solution miscibility gap that can lead to phase separation
during epitaxy. Interestingly, the substitutional diffusion of IlI-V constituents is typically
considered to be low, and so phase separation is thought to occur at the surface ddring 1l1-
growth. In any case, phase separation leads to a spatially varying composition and thus variable
strain field in the film. Dislocations thus receive a variable stress, and are pinneatiahkc
with low stress, increasing the residual strain. To continue strain relaxation, new diskcat
must be nucleated, which can significantly raise the threading dislocation density.JFigure
shows dislocations pinned at locations of phase separated GalnP on GaAs, imaged with TEM in
Ref. 41.

Ing ,3Ga, 5, As

mmmm S00 nm

Figure 1.7: TEM showing phase separation (PS) in GalnP graded buffers on GaAs substrates,
from Ref. 41. The phase separation leads to a variable strain field, which can pin gliding
dislocations and lead to the nucleation of new dislocations.

Surface crosshatch roughness also typically develops during metamorphic epitaxy, due to
the nonuniform strain fields at the growth front from underlying dislocations. Excessive

crosshatch roughness in SiGe buffers on Si led to decreased glide and increased dislocation
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density, which was proposed to be caused by an increase in interaction between gliding
dislocations and existing misfit dislocations beneath the crosshatch tféugfein, dislocations
can be pinned at the crosshatch troughs and new dislocations formed to continue strain
relaxation. Interestingly, removal of the crosshatch roughness via chemomechanical palishing
an intermediate stage in the buffer freed dislocations, resulting in a lower dislocatity. dens
Material microstructure can be partially controlled using epitaxial growth conditions,
particularly since much of the microstructure in 11l-V materials develops at the growthesurfac
Growth temperature affects phase separation, and high partial pressure may be used to control
the surface roughne&$High quality metamorphic devices have been made by limiting the

development of harmful material microstructure and maximizing dislocation’gftde.

1.4  Atomic Ordering

Atomic ordering is commonly observed in IlI-V alloys, and affects many optoelectronic
properties. CuPt ordering along [111] is predominantly observed in IlI-V materials, although
other types of ordering have also been observed, such as ordering along [110] and [001]. Here, |

specifically describe CuRbrdering in GalnP and the disruption of the order pattern via glide.

1.4.1 CuPtg atomic orderingin Il -V materials

Many ternary and quaternary llI-V semiconductors exhibit @aRimic ordering, which
consists of an ordered arrangement of atoms on glfitBnes of one or both of the mixed-group
sublattices. For instance, perfectly-ordered 4B® sP consists of alternating {11d planes of
GaP and InP. Two {11%}}planes exist, (-111) and (1-11). The OBO designation for the plane
refers to the type of dangling bonds that result at the surface of these planes or step-edges: B-
type steps have group-V dangling bonds, while A-type steps have group-IIl dangling bonds. The
ordering can exist on just one of the planes, called single-variant ordering, or on both planes
simultaneously but in independent domains, called dual-variant ordering, where small domains
contain one of the types. Atomic ordering in Ill-V epitaxial alloys is known to affect
optoelectronic and physical properties such as the bandgap, band splitting, bond lengths,
structure, and many other material propeftfés.

Atomic ordering inGay slng sP has been extensively studied due to its use in
optoelectronic devices such as multijunction solar ¢&fitn GalnP grown by metal-organic
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vapor phase epitaxy (MOVPE), the ordering is a result of the surface reconstruction, which
consists of long rows of phosphorous dimers that slightly strain the underlyingainateei
preferential placement of Ga (In) atoms underneath (adjacent) to the dimer bonds reduces this
variable surface strain, and leads to the ordered structure. Although stable at the surface, the
ordered structure is not the most thermodynamically stable structure in the bulk of the material;
the disordered structuie more stabl&’*® Thermal annealing ordered GalnP has been shown to
disorder the materidf. However, because the diffusion of Ill-V constituent atoms is slow, the
ordered structure canmainstrongly present even after long epitaxial growths.

The extent of the ordering is quantified by the order paramietehich can be measured
using a variety of techniques. TEM and XRD can directly quantify the order parameter by
comparing the diffracted intensity from half planes @bealled superlattice spots), which are
only present when ordering is present, with the intensity from the full planes. For instance,
Forrest et al. compared the skew symmetric (1/2)(113) with the (113) diffraction to obtain the
order parameter of lattice-matched GatfiPhotoluminescencé(), wafer curvature,
reflectance difference spectroscopy (RDS), surface photoabsorpBaé), @nd many other
technigues have also been used to indirectly measure the order parameter. Relative and absolute
order parameters are both commonly used as metrics, where the relative order parameter
compares the magnitude of the ordering with the maximum achievable ordering given the
composition of the material, while the absolute order parameter simply quantifies the total
ordering without regard to composition.

GalnP grown using nt@l-organic vapor phase epitaxy is naturally ordered, with order
parameters of 0.4 B 0.5. Because the ordering is a result of the surface reconstruction, the degree
of ordering and size of the ordered domains are very sensitive to the epitaxial growth
conditions** Sample orientation, growth temperature, growth rate, group V partial pressure,
surfactants and dopants have all been showfféatthe extent of the orderin§b surfactant is
commonly used to disrupt the surface dimerization and control the extent of the ordering,
enabling control of the bandgap in lattice-matched Gaimaddition, the substrate miscut
influences the domain-type; single-variant ordering occurs on (001) substrates miscut towards
{111}, while dual-variant ordering occurs on substrates miscut towards { bt bn-axis (001)
substrates.
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1.4.2 Dislocation glide through ordered planes

Dislocations that glide through ordered planes disrupt the order pattern, illustrated in
Figure 1.8 for perfectly ordered GalnP, modified froef.R3. The order pattern is disrupted
across the entire glide plane, and so creates a two-dimensional anti-phase boundary (APB) in the
ordering. Half of the typical (a/2)<101>{111} dislocations create anti-phase boundaries: those
that have Burgers vectors out of the ordered planes.

The influence of ordering on glideasinvestigated in metals, where the ordered structure
is commonly thermodynamically stable. In this case, the anti-phase boundary created via
dislocation glide through ordered planes is unstable. The anti-phase boundary raises the bulk
energy of the material since the ordered structure is more stable. As a result, disloadgans gl
pairs on the same glide plane; the second dislocation repairs the order pattern to a more
thermodynamically stable state. This pair of dislocations is called a superdisiGeat

In 11I-V materials, glide through ordered planes has been previously observed, and shown
to enable tracking of a dislocation throughout epitdx) APBs in ordering leave a boundary in
dark-field TEM of superlattice spots. If the APB originates from dislocation glide, the castrast
a sharp boundary on the {111} plane, allowing the thickness at which a dislocation glides
through the ordered planes to be determined.

Figure 1.8: An illustration of dislocation glide through perfectly ordered, single-variant,

Ga sIn0sP. Half of 60j dislocations create anti-phase boundaries in the order pattern. The
illustration shows two of the four {111} glide planes. Both Burgers vectors on the (1-11) glide
plane create APBs, while neither Burgers vector on (-111) creates an APB.
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In recent work at NREL, the anti-phase boundary energy created upon glide on {111} in
various Ill-V materials has been calculated using density functional th&egause the
disordered IlI-V alloy is more stable than the ordered alloy, the anti-phase boundary is stable

(negative in sign), and energetically favorable.

Table 1.1: The anti-phase boundary energy for various IlI-V compounds with perfect ordering,
from Ref. 1. The energy is negative, meaning that the boundary is stable and energetically
favorable.

AlgsingsP -10.7
Gao_5lno_5P -9.9
GapsingsAS -7.5

As a dislocation glides through atomically ordered material, it lowers the bulk energy of
the material by an amount proportional to the anti-phase boundary energy. The force acting on a
dislocation is thus modified by the anti-phase boundary enEggy, The implications of the
boundary energy are thus profound, and are the topic of this thesis. All equations describing
dislocation behavior can be modified by the anti-phase boundary energy. Glide through ordered

planes is energetically favorable, and so dislocation glide on these planes is enhanced.
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CHAPTER 2
CRITICAL THICKNESS OF ATOMICALLY ORDERED l1I-V ALLOYS

A paper published in Applied Physics Letters
R.M. France, W.E. McMahon, and H.L. Guthrey

2.1  Abstract

The critical thickness model is modified with a general boundary energy that describes
the change in bulk energy as a dislocation regularly alters the atomic structure of an ordered
material. The model is evaluated for dislocations gliding through CuPt-ordered GalnP and
GalnAs, where the boundary energy is negative and the boundary is stable. With ordering
present, the critical thickness is significantly lowered and remains finite assheatohn strain
approaches zero. The reduction in critical thickness is most significant when the ordergraramet
is greatest and the amount of misfit energy is low. The modified model is experimentally
validated for low-misfit GalnP epilayers with varying order parameters ussigu wafer
curvature anex situcathodoluminescence. With strong ordering, relaxation begins at a lower
thickness and occurs at a greater rate, which is consistent with a lower critical thizkdes
increased glide force. Thus, atomic ordering is an important consideration for the stability of
latticemismatched devices.

2.2 Manuscript

Atomic ordering in IlI-V epitaxial alloys is known to affect physical and optoelectronic
properties such as the interatomic bond lengths, band gap, and band Splitowever, the
influence of ordering on dislocations is less considered. In 11I-V alloys, the ordered structure is
typically metastable, and is a result of the surface reconstruction during €diistgcation
glide through the ordered planes disrupts the order pattern, lowering metastability and releasing
bulk energy. We have previously calculated the energy of the anti-phase boundary (APB) created
in the ordering for standard glissile 60j, (a/2)<101>{111}, dislocations in seveNl IlI-
materials’ Because energy is released through the creation of the APB, dislocations that create

APBs receive an additional driving force, enhancing glide. We have also shown that glide in
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ordered materials results in a skewed distribution of dislocations in metamorphic bufters, wit
dislocation glide through ordered planes highly preferabieaddition, reducing the order
parameter alters glide energetics and can result in a change in the distribution of active
dislocations and formation of new dislocations.

Here, we investigate the implications of atomic ordering on the stability of dislocations i
I11-V pseudomorphic materials. In the first section, we add a general boundary energy term to the
standard critical thickness model to describe the implications of atomic ordering on wislocat
stability using a simple model. In the second section, we experimentally validate that ordering
impacts dislocation stability by studying GalnP with low misfit and various degrees of ordering.

The basic critical thickness model, often called the Matthews-Blakeslealdtickness
model® determines the stability of a dislocation to glide in a strained epitaxial layer by balanci
the increase in elastic energy surrounding a dislocation, termed the line energy, with the decrease
in misfit energy as a dislocation glides. Both the line energy and misfit energy are functions of
the thickness of the growing epilayer, and there is a critical thickness at which the nelisfitof
energy begins to dominate and glide is energetically favorable. The model is useful for
determining the coherency limits of strained epitaxial layers as a function of the strain and
thickness of the epilayer. Several modifications and versions of the modéI"8sint here we
use the derivation from classical elasticity shown in Ref. 10 .

As a dislocation moves in an atomically-ordered material, it can disrupt the ordering by
producing an anti-phase boundary. This change can either raise or lower the bulk energy of the
solid, depending on the sign of the mixing enthalpy. Here, we modify the critical thickness
model with a general boundary energy for the APB formation. The model is simple, but
highlights the implications of the additional boundary energy. Models for more complicated
phenomena, such as surface half-loop formation or other critical thickness models, could
similarly be modified.

The total work doneW) as a dislocation glides is the sum of the line enangy, (nisfit

energy Wm), and the boundary energy), per unit misfit dislocation line length:

L@@, @r @) (2.1)
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where
L, (1) ”éﬁ[!f! (o !!)!;]!"(%) (2.2)

INOINENEE (2.3)

NOINNEEED (2.4)

I, and!, are the edge components of the Burgers vector parallel and perpendicular to the
mismatched interface, respectively, d@s the screw componert.is the thickness of the
strained layer, is the dislocation core cutoff radids, is the misfit strainlV; is the biaxial
modulus of the filmy is the Poisson ratio of the filr&y, is the boundary energy per unit area in
the glide plane, anélis the angle between the glide plane and mismatched interface. The critical
thickness If;) for dislocation stability occurs at the valuenoivhereWr = 0. The resulting

implicit equation for the critical thickness is:

! ' (!! !! ![!!!!)![!!!!!!!!(!!!! !! !!?!!%'!] !]!" (%) (2.5)

In general, the boundary energy can be positive or negative. Figure 2.1(a) shows the
calculated critical thickness for an arbitrary isotropic material with véieaherevi = 0.3,Ms
=0.87 eV/ +%, and for 60j, (a/2) <101>{111} dislocations with a = 5.65 . We uge a#2 =b,
the Burgers vector length. The absolute value &f not well established, and has an impact on
the absolute value ¢k but not the relative trends shown here. The anti-phase boundary energy
created by glide of a 60j dislocation through perfectly CuPt-ordered GalnP is -9.9 Hieldar
the lower limit ofE, in Figure 2.1(a). Figure 2.1(a) shows that the critical thickness is reduced
for ordered alloys with negati\i&,, and increased for alloys with positiZe For negativds, a
critical thickness still remains for very low values of strair(}, ! ')! 'l , /1, 1"l 1 For
positiveEy, the critical thickness approaches infinity with non-zero strain, when
[ A A Y O/ I

This work is motivated by ordered IlI-V alloys, which are typically metastable and have a
negativeks. In this case, isolated misfit dislocations glide to the epilayer/substrate inteffas
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is because the ordered structure is favorable at the epitaxial growth front due to the surface
reconstruction, but metastable in the bulk. The other alternative would be a stable ordered
structure, such as many bulk metal alloys, where dislocations have a gasitiVeenE, is

positive, the anti-phase boundary created by the glide of a dislocation is unstable. A subsequent
dislocation gliding on the same plane then has a nedatiaad is energetically favorable. This

causes a pair of dislocations to glide through the material on the same glide plane, a phenomenon
termed a superdislocation in ordered metal alloys which has been extensively investigated
elsewheré>'?The remainder of the paper will focus on the negdfivease for ordered IN

alloys.

Figure 2.1(b) shows the critical thickness for the specific cases of 60;j dislocations that
create APBs in CuPt-ordered Ba.xP and Gdni.xAs grown on on (001) GaAs and (001) InP
substrates, respectively, and with different relative order parameteré/e have assumed no
substrate offcut for simplicity, and note that only half of the Burgers vectors for typical 60j
glissile dislocations create APBs in these systems (haHdlocations and half gf
dislocations)® In these cases, the absolute order paramaetgris a function of the
compositionx, and thus strain. For$ 0.5 e ! Il forx>05, e P e (01 1),

The boundary energy in perfectly ordered GalnAs and GalnP, térhfed is -7.5 and -9.9
meV/e 2, respectively.Ey is modified by apsfor a given' o using! , ! 1 1}, . Standard
biaxial moduli and Poisson ratios of the ternary alloys were Yised.

The model predicts a significant reduction in the critical thickness of highly orderéd 1l1-
alloys. For GalnP/GaAs and GalnAs/InP, the reduction is most significant at low strain, where
the order parameter is greatest and the misfit energy is low. Thus, the stability of distotzati
glide in CuPt-ordered GalnP/GaAs and GalnAs/InP with low misfit is significantly reduced.
Indeed, a critical thickness exists at very low strains. At larger stk&8/,, decreases, and so
the critical thickness reduction related to the ordering is less significant. In addition, the order
parameter decreases for GalnP(GalnAs) at higher strains, as the composition approaches
InP(InAs), and so the absolute valué/dfalso decreases.

It is worth pointing out that we are using a simple critical thickness model to illustrate the
essential physics of the implications of atomic ordering in 111-V alloys on the strain relaxation.
The model is isotropic, ignores dislocation interactidnkinetics! and doesnOt include a surface

step energy associated with glideach of which can significantly impact the critical thickness.

28



Nonthelessh, for each of these models is reduced by a negative boundary energy. However, the
extent of the reduction depends on its relative importance. Other material properties can also
influence glide: notably phase separation and other microstrdéttifehus, whether atomic

ordering has a real impact on glide behavior and the critical thickness needs to be experimentally
tested.
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Figure 2.1: The critical thickness of an arbitrary material when dislocation glide resalts i
boundary. (b) The critical thickness of GalnP on (001) GaAs, and GalnAs on (001) InP, for
varied relative order parametgg,.
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To experimentally observe the effect of atomic ordering on the critical thickness, we have
grown Ga4dnos4P epilayers with a low strain, 0.3%, on (001) GaAs substrates miscut 4; to
(111)B using atmospheric-pressure metalorganic vapor phase epitaxy (MOVPE). The order
parameter is systematically varied by using Sb surfactant, which is known to disrupt the surface
dimerization that leads to orderint?° The growth temperature, V/IIl ratio, and growth rate,
were held constant for all growths at 675;C, 400, and 3 um/hr, respectively, and are conditions
that naturally lead to strong ordering in MOVPE-grown GalnP. To determine the order
parameter, a set of lattice-matched €& sP with identical growth conditions and surfactants
was analyzed by comparing the intensity of the diffracted (113y#&hti3) skew symmetric
diffraction spots from high resolution XRt Coherent, lattice-matched samples were used to
determine the relative order parameter because dislocation glide in ordered latticeeh@dma
samples may lower the order parameter. The [110] relaxation, corresponthdgghacation
glide, was monitored witn situwafer curvature using a k-Space Associates multibeam optical
sensor and techniques described previotfsly.

Figure 2.2 shows the relaxation throughout growth of threedBas4° epilayers. The
relative order parameters are 0.4, 0.3, and 0.1, leading to boundary energies of -1.4, -0.8, and
-0.1 meV/+?, respectively. The relaxation process is not smooth, but a clear difference in the
relaxation is observed. Epilayers with higher ordering and more negative boundary energies
relax sooner during growth, at a higher rate, and have less residual strain after 3 um of growth.
Significant relaxation occurs after only 200 nm of growth for the sample with the strongest
ordering, while the onset of significant relaxation is delayed over 1 um in the sample with the
lowest order parametdn situwafer curvature is not sensitive enough to directly determine the
critical thickness, but qualitatively confirms the modified critical thickness mettain
relaxation occurs earlier in growth when strong ordering is present.

To more closely analyze the formation and glide of initial dislocations, fosudBgs4P
grown using the same growth conditions as the above experiment were analyzed using room
temperature cathodoluminescence on JEOL JSM-7600F and JSM-5800 microscopes equipped
with parabolic mirrors for collection and liquid nitrogen cooled germanium detectors. Samples
with thicknesses of 300 nm and 750 nm, and boundary energies ofe¥/4 1if" ;= 0.4) and
-0.1 meV/+? (" ¢ = 0.1) were analyzed, where the order parameter was varied using Sb
surfactant. Figure 2.3 shows the cathodoluminescence images. The strong contrast lines are
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misfit dislocations. Some weak contrast was observed across [-110] was observed in Figures
2.3(a) and 2.3(c), which wasnOt investigated, but may be due to composition variations or

morphology.
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Figure 2.2: Relaxation during growth of low-misfit §&adno 542, monitored usin@n situ wafer
curvature. Three samples have varied order parameter, and the onset of relaxation is earliest
when the ordering is strongest. The order paranigte(unitless), is measured using XRD and

is used to calculate the boundary energy(neV/ ).

A high density of misfit dislocations is observed for both samples with strong ordering,
shown in Figs. 2.3(b) and 2.3(d), indicating that the critical thickness of nucleation and glide in
these samples is less than 300 nm despite the low misfit. The majority of dislobatrens
[-110] line direction, termeti-dislocations in these compressive IlI-V materials, and correspond
to the same dislocations responsible for relaxing the [110] direction shown in Figure 2.2. In
compressive IlI-V material$,-dislocations have group Il terminated cores and are commonly
found to nucleate and glide prior#edislocations, which have [110] line direction. With weak
ordering, the 750 nm-thick sample shows a low density of misfit dislocations, and the 300 nm-
thick samples shows no misfit dislocations. No dislocations were observed over Datearfor
the 300 nm-thick sample with Sb surfactant, shown in Figure 2.3(c). Thus, the critical thickness

for the samples with weak ordering is greater than 300 nm and less than 750 nm.
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Figure 2.3: Cathodoluminescence intensity maps of GalnP with varied thickness and order
parameter. A high density of misfit dislocations with [-110] line directions is observed for both
thicknesses when strong ordering is present (no Sb). Reduction of the order parameter using Sb
surfactant increases the critical thickness, and a lower density of misfit dshsdatobserved

for both thicknesses. Contrast across [-110] in (a) and (c) are attributed to material
nonuniformities and not dislocations. All images are 60 pm x 60 pm.

The experimental data fits the relative trends described by the model, but not the absolute
values. The modeled critical thickness for disordereghf® s4° is around 60 nm, whereas
misfit dislocations arenOt observed experimentally until over 300 nm. Indeed, exact correlation is
not expected. Discrepancies between the basic critical thickness model and expledistenta
have been observed previously, and attributed to the experimental resolution in the measurement
of critical thicknes$? assumptions of the mod®? or to kinetic barriers to nucleation and
glide.” For instance, dislocation nucleation may have a dependerfeyasrbe affected by Sb
surfactant. Insertion df, into a critical radius model for nucleation would lead to similar trends
as the critical thickness model, predicting that nucleation requires more energy in disordered

material. Increased activation energy for nucleation in disordered material would also slow
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relaxation due to the lack of sufficient glissile dislocations, leading to a similavibeha
observed in Figure 2.2. Here, we qualitatively verify the critical thickness model by evaluating
both the initial dislocation formation (using CL) and dislocation glide kinetics (using wafer
curvature) in order to show that atomic ordering can have a significant impact on dislocation
stability in real materials.

The implications of the modified critical thickness are largely for pseudomorphic devices
that intend to avoid dislocation formation. The stable thickness of strained IlI-V alloys isdeduce
by the presence of atomic ordering. Conversely, intentionally disordering the alloy using
surfactants or growth conditions extends the critical thickness and allows access twidilloys
greater strain. Interestingly, ordered epitaxial structures such as superlattices or khgsabal
epilayers with periodic phase separation will also have a boundary energy that may affect the
critical thickness. For instance, glide though a superlattice can cause a regular shdtomibe
structure at the superlattice interfaces, and so should be considered. However, we expect that the
boundary energy for perfectly ordered GalnP is large in comparison with these other epitaxial
structures, since every group-Ill neighbor is shifted across the GalnP glide plane in perfectly
ordered material.

In summary, we modified the critical thickness model with a general boundary energy
that can be used to describe the change in bulk energy as a dislocation regularly alters the atomic
structure. We evaluated this model using previously calculated values of the boundary energy in
metastable CuPt-ordered GalnP and GalnAs. The model predicts a significant lowering of the
critical thickness when strong ordering is present, which has implications for pseudomorphic
devices. We experimentally verified the model by studying the relaxation of low-misfit GalnP
with in situwafer curvature anex situcathodoluminescence imaging, where the order parameter
in multiple samples was varied using Sb surfactant. Relaxation indeed occurs earlier in growth in
strongly ordered GalnP, and reducing the order parameter using surfactants can be used to
extend the critical thickness.
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CHAPTER 3
CONTROL OF MISFIT DISLOCATION GLIDE PLANE DISTRIBUTION DURING
STRAIN RELAXATION OF CUPT-ORDERED GAINAS AND GAINP

A paper published in Journal of Applied Physics
R.M. France, W.E. McMahon, A.G. Norman, J.F. Geisz, and M.J. Romero

3.1  Abstract

We show a strong relationship between CuPt atomic ordering and misfit dislocation glide
plane preference during strain relaxation. A miscut substrate creates an asymmetry in the
resolved mismatch stress between {111} glide planes, causing a preference for one glide plane
that results in a systematic tilt of the epilayer relative to the substrate. Howewsll @egree
of ordering leads to nearly 100% of dislocation glide on planes opposite to the expected planes
from the substrate miscut. This result is explained as a consequence of the asymmetry betwe
{111} glide planes of CuPt-ordered material. Lowering the ordering parameter by changing bulk
composition results in a change in glide plane distribution and is accomplished through the
formation of new dislocations. Control of the glide plane distribution is therefore possible by
controlling the ordering parameter on a vicinal substrate. Knowledge and control of this
relaxation mechanism is important for the reduction of threading dislocations in lattice-

mismatched devices.

3.2 Introduction

Latticemismatched growth allows a wide selection of material properties to the
semiconductor device designer, including variable bandgaps, bandgap offsets, and strain.
Mismatched devices are becoming prevalent due to the understanding of fundamental dislocation
properties and dislocation interactions with material imperfections. This knowledgedeads
improved control over dislocation behavior and, ultimately, the material properties.
Semiconductor lattice parameters can be varied by intentionally introducing dislocations into
inactive regions of the device. Dislocation control is necessary to maximize the leriggh of t
horizontal misfit component of the dislocation and minimize the residual threading dahocati
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density in the active region of the device. In this paper, we examine the relationship between
material asymmetries and dislocation behavior. More specifically, we analyzéettts ef
substrate miscut and atomic ordering on the dislocation glide plane.

In low-misfit compressive materials with a zincblende structure, dislocations aralltypic
confined to {111} glide planes. With (001) substrates, the glide planes can be categorized into
two sets, those with either [-1-10] or [1-10] misfit dislocation lines, which relieve strain in the
[1-10] and [-1-10] directions, respectively. In this study, we create and discuss anisotropies in the
population of dislocations with [-1-10] misfit dislocation lines. The two glide planes that have
this line are (-111) and (1-11), shown in Figure 3.1(a). A dislocation half-loop is overlaid on
each plane, illustrating the misfit (lying at the epilayer-substrate interface) and igreadi
(travelling through the epilayer) portions of the dislocation. A substrate miscut towards (-111)
creates an asymmetry between these glide planes: notice that the lengths of tha glanes i
epilayer are not equivalent.

Substrate miscut towards (-111) changes the magnitude of the resolved mismatch stress
on the (-111) and (1-11) glide planes, which affects the distribution of dislocations on these
planes. This effect is described in detail by multiple previous autfi@sg can be understood
by examining the Burgers vector of dislocations on these planes. The Burgers vector of each
misfit dislocation can be resolved into a screw component parallel to the dislocation line
direction and an edge component perpendicular to the dislocation line. The edge component can
be further resolved into a misfit componeitsi;) parallel to the growth surface that relieves the
mismatch strain and a tilt componebii) perpendicular the surface that results in an epilayer
tilt. Figure 3.1(b) illustrates the asymmetry in the magnitude of the misfit and tilt compaient
the Burgers vector when a substrate miscut is present. The misfit component of the Burgers
vector relieves mismatch strain, so the fact baaki(-111) >bmisit(1-11) can introduce an
imbalance between dislocation glide on the (-111) and (1-11) glide planes. BegdtisEl) is
in an opposite direction tm;:(1-11) , any such imbalance will impart a net tilt of the epilayer
which can be observed using x-ray diffraction. Using this method, some experimental work
indicates the epilayer [001] rotates around [110] towards the surface normal, the expected
rotation based on the miscutlowever, other authat§ have experimentally shown that tilt in
compositionally graded buffers does not always follow this rule and can result in tilt away from
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the surface normal. Therefore, there must be other influences on the dislocation glide plane
distribution.

In this regard, CuPt ordering creates a very strong material asymmetry between the
ordered and non-ordered {111} glide planes. Perfectly ordergdriggP along [-111] (known
as CuP ordering) has alternating (-111) planes of GaP and InP. Strong Qualeting occurs
during MOVPE growth of GalnP and is dependent, among other things, on the substraté miscut.
Single-variant CuPt ordering of (-111) planes occurs when the substrate is miscut between 2 and
15 degrees towards (-111), shown in Figure 3.1(c). The illustration shows perfectly ordered
Gay slng sP for demonstrative purposes whereas the ordering is never perfect inggab Fa
growth and depends upon the composition and growth conditisitisough not energetically
favorable in the bulk crystdf:° the material is ordered due to the surface reconstruction during
growth, which consists of long rows of phosphorous differsDisruption of the surface
reconstruction by adding Sb surfactant has been shown to lower the ordering pafameter.
Although not as much is known about the fundamentals of ordering in other materials systems,
CuPt ordering has also been observed in other IIl-V semiconductors including GalnAs,
GaAsSb'® and GaAsBl’ where it is typically also dependent on growth conditions.

Glide through the ordered planes creates an anti-phase boundary (APB) between ordered
domains whereas glide along non-ordered planes does not (Figure 3.1(c)). This effect has been
utilized to track the course of a dislocation using transmission electron micrd&c¢dagd has
been speculated as a cause of an abnormal distribution of dislocations in orderetf Batmp.
paper, we show that atomic ordering strongly influences the glide plane distribution in lattice-
mismatched systems. GalnP and GalnAs compositionally graded buffers are studied, which
allow for high total misfit (>2%) while maintaining relaxation primarily through the glide of 60;j
dislocations on {111} glide planes. The glide plane distribution throughout the structure is
determined by monitoring the tilt using x-ray diffraction, and the ordering is observed using
transmission electron diffraction. We demonstrate control over the glide plane distribution by
varying the atomic ordering on a vicinal substrate.
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Figure 3.1: (a) lllustration of (-111) and (1-11) glide planes during strain relaxation of
compressive material on a (001) substrate miscut towards (-111). Dislocation half-loops and the
allowed Burgers vectors for each glide plane are shown. (b) lllustration of the asymmetry in
stress between the (1-11) and (-111) planes on a (001) substrate miscut towards (-111). The
misfit component of the Burgers vector of dislocations gliding along (-111) is longer than (1-11).
This results in a preference for dislocation nucleation and glide along (-111). (c) Illustration of
single-variant CuRtatomic ordering in GalnP on a (001) substrate miscut towards (-111). The
different colors represent the constituents of the ordered material: GaP and InP. This
demonstrates the relationship between miscut and the ordered planes and the resulting material
asymmetry between (1-11) and (-111) planes. Glide along (1-11) shifts bonds across the ordered
planes, creating an anti-phase domain boundary between ordered domains. Glide along (-111)
does not shift bonds across ordered planes.
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Figure 3.1 (c): continued.

3.3 Experimental Procedures

GalnP and GalnAs compositionally graded buffers (CGBs) were grown on (001) GaAs
substrates miscut 2j toward (-111) using atmospheric pressure metalorganic vapor phase epitaxy
(MOVPE). The structures are based on previous work by Ahrenkief%&armdl consist of many
layers of mismatched material (GalnP or GalnAs), each 0.22-0.25% mismatched to the previous
layer. Each layer was 0.25 pm thick except for the final layer, which was 1 pum thick. Figure
3.2(c) illustrates the general structure used in these experiments. The relaxed lattace obns
the last layer of the buffers (except for the ones described in Figure 3.5) was roughly 5.775
corresponding to a total mismatch of 2.1% from the substrate, a useful mismatch for growth of
leV GalnAs solar cells. All GalnP was grown at 675jC, whereas the growth temperature of the
GalnAs varied and is described in the text. The growth rate was between 4.4-5.6 mm /h for all
samples.

Atomic ordering was investigated using selected area transmission electron diffraction
(TED) performed on [110] and [1-10] cross-section samples in a FEI ST 30 transmission electron
microscope (TEM) operated at 300 kV. TEM cross-section samples were prepared either in a
FEI focused ion beam (FIB) work station, using the lift out technique or by standard mechanical
polishing and dimpling techniques followed by argon ion milling simultaneously from both sides
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at a gun voltage of 3.5 kV, ~ 0.25 mA gun current, and at an angle of ~ 13 degrees using a liquid
nitrogen cooled rotated stage in order to preserve the atomic ordering. No ordering was seen in
[1-10] cross-sections and is not shown. The threading dislocation density in the final layer was
determined using cathodoluminescence (CL) imaging in a JEOL-5800 scanning electron
microscope (SEM) equipped with Ge and GalnAs detectors.

The tilt, misfit, and strain relaxation throughout the CGB were measured by high
resolution x-ray diffraction using a Bede D1 diffractometer. Glancing-exit (GE) and glancing-
incidence (GI) reciprocal space maps (RSMs) of (115) planes were used to determine the strain
and misfit, and are not shown. (004) RSMs were used to measure and visualize the tilt
throughout the structure. The X-ray plane of incidence for all (004) RSMs in the figures was the
(110) plane, which contains the tilt related to the substrate miscut and ordered planes. No
significant tilt was observed in the orthogonal direction. THZ' axis of the RSM corresponds
to the Bragg condition of the (004) planes and is related to the out-of-plane lattice constant. The
relative! axis of the (004) RSM is purely related to the tilt around the [110] axis, allowing the
axes of the RSMs to be plotted as the (004) d-spaciy)g/§Q[110] tilt angle.

The percentage of relaxation occurring through dislocation glide on each glide plane was
determined from the lattice tilt ), total misfit §), and strain staté . Mooney et al. described
the ratio of the number of unbalanced dislocatidhgsbianced, those contributing to the lattice

tilt, to the number of total dislocationN{(a) in Ref. 2:

U ras0es&( I ! rugroe '# ! ’ (3.1)
D Py !

whereb is the Burgers vector an&, the strain relaxation, i$!). In this study, we are
interested in the tilt around [110]. Because there are only two possible glide planes with [110]
line direction, the percentage of relaxation via glide on the (-111) gtang, was found by
altering Equation 3.1 and assigning a directionality to the tilt angle: positive for [001] epilayer
tilts away from the surface normal. We d&t{i/bri) = 142, assumed constant throughout the
graded buffer, to obtain:
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This equation was used to determine the net relaxation via glide on the (-111) planes and
provides no information on the number of threading dislocations. The remainder of the relaxation
occurs via dislocation glide on the (1-11) plane. The Nagai tilt, a result of elastic deformation
around mismatched step-edgéis small in comparison to the tilts observed in this sttidyd
therefore was ignored.

3.4  Results and Discussion
3.4.1 Effect of miscut and ordering on glide plane distribution

Figure 3.2(a) shows the [110] tilt of a GalnAs CGB grown at 720;C, a condition that
results in no atomic orderirfg The direction of the tilt rotates the epilayer [001] towards the
surface normal, and is shown as negative tilt in Figure 3.2(a). From XRD, the total misfit,
residual strain, and final tilt are -2.16%, -0.25%, and -1.01j, respectively. With these inputs,
Equation 3.2 determines that roughly 80% of dislocations glide on the (-111) plane. This glide
plane distribution is expected based on the direction of the miscut, and fits with the expected
distribution based on models in earlier publicatidffs.

The GalnP CGB shown in Figure 3.2(b) uses a miscut substrate and growth conditions
that are known to result in strong single-variant atomic ordé&riree tilt in this case is opposite
to the expected direction based on the miscut: the epilayer [001] rotates away from the surface
normal. This large positive tilt corresponds to a strong preference for glide on the (1-11) plane.
Nearly 100% of glide occurs on this plane even though the natural energetic asymmetry from the
miscut gives a preference to nucleation and glide on the opposite plane.

The CGBs in Figure 3.3 consist of both GalnP and GalnAs. The first 4 layers are GalnP
and the last 5 layers, including the 1 mm-thick final layer, are GalnAs. Two TED patterns are
shown for each growth, one from the GalnP and one from the GalnAs. The TED patterns from
the GalnP growth, Figures 3.3(b) and 3.3(e), show strong (1/2){111} supperlattice spots,
confirming strong single-variant Cyfatomic ordering on (-111)B. The tilt in the GalnP layers
rotates the epilayer [001] away from the surface normal, shown as positive tilt in Figure 3.3. This
tilt direction is opposite to the expected direction based on the miscut and indicatesrthat nea
100% of the dislocation glide in the first 4 GalnP layers occurs on the (1-11) plane during this
region of the growth, similar to the tilt in the CGB of Figure 3.2(b).
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Figure 3.2: Epilayer tilt throughout compositionally graded buffers of (a) GalnAs and (b) GalnP.
(c) lllustration of the structure of the buffers.

The CGB shown in Figure 3.3(a) contains GalnAs grown at 675 jC, a condition that
results in disordered material. TED shows an absence of any (1/2){111} superlattice spots,
confirming the disorder. The tilt of the CGB drastically changes upon the switch in material,
implying a difference in the dislocation glide plane distribution. Nearly 100% of the dislocations
are gliding on the (1-11) plane during the GalnP strain relaxation and 60% are gliding on the
(-111) plane by the end of the growth. Dislocations with these glide planes have different
Burgers vectors; thus the glide on the opposite plane comes from different dislocations. These
dislocations must have been generated after the material switch or been presentyetinnacti
the GalnP layers.

The GalnAs in the CGB shown in Figure 3.3(d) has single-variant {111}B ordering,
which is revealed by the (1/2){111} superlattice spots in the TED images. In this case, the tilt
continues in the same direction after the material switch from GalnP to GalnAs. The afide pl
distribution changes only slightly, to 90% on (1-11) planes in the GalnAs. We note that the
ordering peak of the GalnAs is not as strong as the ordering peak in the GalnP, and that slight
double-variant ordering appears in the final layer of the grade, (not shown) potentially related to
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a large buildup of material crosshatch roughness. The glide plane distribution, and thus tilt, is
likely affected by these behaviors.
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Figure 3.3: Compositionally graded buffers consisting of both GalnP and GalnAs. TED images
correspond to the adjacent part of the buffer. The GalnP in both (a) and (d) has strong single-
variant CuR ordering, shown in the TED of Fig. (b) and (e), respectively. The GalnAs in (a) is
disordered and the GalnAs in (d) has moderate single-variang Greetring, shown in the TED
images of (c) and (f), respectively.
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The glide plane distribution is strongly affected by the atomic ordering. The first GalnAs
layer of the CGBs in Figure 3.3 contains only 18% InAs, giving a maximum ordering parameter
of 0.362 The actual ordering parameter is likely much less because it is rare for a material to
order at its maximum. Nonetheless, this amount of ordering overcomes the normal preference for
dislocations to glide along the (-111) plane due to the substrate miscut, and results in a large
percentage of glide along the opposite plane. Ordered GalnP behaves in the same manner, as
seen in Figure 3.2(b) and the first half of the CGBs in Figure 3.3(a) and 3.3(d).

One explanation of the glide plane distribution is that the ordered material provides an
additional driving force for glide along planes that disrupt the order. GalnP has (-111) ordered
planes when the miscut is towards (-111). In this case, glide on (1-11) creates anti-phas
boundaries (APBs) between ordered domains (Figure 3.1(c)). An example of this is shown in the
(1/2){113} dark-field (DF) TEM image of Figure 3.4. The sharp inclined features on {111}
planes are the antiphase boundaries (APBs) introduced by the glide of misfit dislocations. The
broader, wavy, dark contrast features inclined in the opposite sense are APBs that were either not
introduced by glide of misfit dislocations or that continue to thread up through the layer during
further growth after the generation and glide in of a misfit dislocation has left behind an
antiphase boundary in the ordered layer. These APBs lower the bulk energy by partially relieving
the long-range stress of the ordered plafté&This can be thought of as a partial relaxation
towards the lowest-energy, disordered state of GalnP. Glide along (-111) does not create APBS,
and therefore provides no long-range stress relief. This anisotropy in stress reliefecreates
preference for glide along (1-11) in structures ordered along (-111). The magnitude of the effect
should be a function of the ordering parameter.

3.4.2 Relationship between ordering parameter, glide plane distribution, and dislaton
formation

The ordering parameter of GalnP naturally depends on composition. The maximum
ordering occurs at @Gadno s and decreases linearly towards the binary GaP or InP
compositions. Ordered GalnP CGBs on GaAs substrates have the most ordering at the beginning
of the buffer (GalnP lattice matched to GaAs is nearlysta soP), and then the ordering
parameter decreases as the buffer progresses in composition towards InP or GaP. If the glide
plane distribution is related to the degree of ordering, the glide plane preference should change
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when the ordering parameter lowers to the point where the preference towards the (1-11) plane

due to ordering balances the preference toward the (-111) plane from the miscut.

1/2{113}DF

AR
0011 “. AN
N -

" -

Figure 3.4: (1/2){113} dark field image of GalnP compositionally graded buffer layer. The sharp
inclined features are antiphase boundaries (APBs) introduced into the CuPt ordered GalnP by the
glide of misfit dislocations.

Figure 3.5 shows three step-graded GalnP CGBs, beginning lattice-matched to GaAs and
gaining in In-content as the buffer progresses. Each grade ends at a different composition,
Gay 2dNno.sd shown in (a), Gadno.eiP in (b), and InP in (c). The grade rate and growth
conditions are the same in each of these CGBs, resulting in a different total number of steps,
overall thickness, and growth time. The majority of all three CGBs has nearly 100% of glide
along the (1-11) plane, indicated by the large positive tilt. However, (c) shows that the tilt
changes direction near the end of the grade, at compositions closgltogga Although there
isnOt enough material to estimate the percentage of glide on either plane near the end of growth,
the change in distribution is towards the expected distribution based on the miscut. For the
amount of strain relaxation of the buffer to InP, 100% dislocation glide on (1-11) would result in
a tilt of 2.9j, significantly different than the observed 2.19j. This confirms that the posittive til
and (1-11) glide plane preference is related to the ordering parameter, a bulk propahy..2a

is roughly the composition where the preference for (1-11) glide due to the ordering balances the
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(-111) preference due to the miscut. The maximum ordering parameter of this composition is 0.2,
and the actual ordering parameter is likely much less than its maximum. Ordering drastically
changes dislocation energetics: only a small amount of ordering results in a large change in the
glide plane distribution.
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Figure 3.5: Compositionally graded buffers of GalnP on GaAs, beginning with lattice-matched
Gays1np.4P and ending with (a) Gadno.sd, (b) Ga.odno.oiP, and (c) InP. The grade rate and
growth temperature are constant for all three CGBs. The residual strain, threading dislocation
density, and tilt of the final layer are included in the figure insets.

Similar to the CGB in Figure 3.3(a), the change in tilt in Figure 3.5(c) implies that either
new dislocations on (-111) were formed to accommodate the change in glide plane preference or
that inactive but existing threading dislocations became active. Cathodoluminescence was
performed in order to compare the threading dislocation density and differentiate between these
two possible sources of glide. Ideally, the threading dislocation density should be nearly
equivalent in all of these CGBs because the grade rate, growth temperature, and growth rate are
identical?* However, the CGB to InP has 6 - 11 times as many threading dislocations as the
CGBs to lower In-content final layers, indicative of the formation of new threading dislocations

to accommodate the change in dislocation glide plane preference. Rather than increasing the
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glide of existing dislocations, the change in ordering results in the formation and glide of new
dislocations, which would be detrimental to mismatched devices. This effect alsotsulyges

the relaxation of double-variant ordered material would similarly result in the excess éormati
of dislocations.

3.4.3 Glide plane control

Knowledge of the relationship between ordering and glide plane distribution allows for
the control of that dislocation behavior. Control over ordering in GalnP is possible through the
use of Sb surfactant. Sb acts to disrupt the phosphorous surface dimerization and lower the
ordering*® The average glide plane distribution from three GalnP CGBs with varying Sb
surfactant is shown in Figure 3.6. As Sb is added, the ordering is lol{ariee reduction of
ordering lowers the preference for the (1-11) glide plane, although in this case also lowers the
material quality. With precise control over ordering and material quality, the glide plane
distribution can be selected within a large range. The limit in the percentage of glide along (-111)
is determined by the miscut, temperature, and dislocation déhaitg, the limit of glide along
(1-11) is nearly 100% with strong ordering, as shown in this paper. Glide plane selectivity allows
control over the final tilt, and also may affect other dislocation behaviors.

3.5 Summary

We have shown and discussed a relationship between CuPt atomic ordering and the glide
plane distribution during relaxation of GalnP and GalnAs. The glide plane distribution was
determined from the epilayer tilt, measured using reciprocal space maps of symmetric (004)
planes. Transmission electron diffraction from [110] incidence determined the atomic ordering in
GalnAs and GalnP, which was controlled using growth temperature or Sb surfactant. Atomic
ordering leads to nearly 100% glide along the plane that lowers the order. We explain this effect
as a bulk effect related to the release of strain energy by glide along the planes that reduce order.
New dislocations form to accommodate the change in glide plane preference, which has
implications for latticemismatched device growth. We demonstrate control over the glide plane
distribution by controlling the ordering on vicinal substrates. This allows the possibility for
dislocation studies with a specific glide plane distribution, and is beneficial foelatt
mismatched device growth utilizing ordered material.
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Figure 3.6: The average glide plane distribution for compositionally graded buffers of GalnP on
GaAs growth using varying amounts of Sb surfactant.
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CHAPTER 4
LATTICE-MISMATCHED 0.7 EV GAINAS SOLAR CELLS GROWN ON GAAS
USING GAINP COMPOSITIONALLY GRADED BUFFERS

A paper published in Journal of Photovoltaics
Ryan M. France, Ivin Garc’a, William E. McMahon, Andrew G. Norman, John Simon, John F.

Geisz, Daniel J. Friedman and Manuel J. Romero

41  Abstract

The 3-junction 1.8/1.4/1.0-eV inverted metamorphic multijunction solar cell can be
extended to 4 junctions by adding another lattice-mismatched GalnAs junction with a bandgap of
0.7 eV. However, this requires a significant amount of mismatch to GaAs substrates, 3.8%,
which is difficult to obtain while maintaining high quality material. In this study, we perform an
in-depth investigation of a GalnP compositionally graded buffer varying in composition between
GayslingsP and InP in order to identify limitations to dislocation glide and sources of excess
dislocation formationln situwafer curvature, CL, and XRD are used to analyze dislocation
glide; TEM, AFM, and XRD are used to analyze material structural properties. Composition
nonuniformities and roughness are observed, and a region in the compositionally graded buffer
where a significant number of excess dislocations are formed is identified. The formation of
these dislocations is related to atomic ordering, which has a large influence on dislocation
behavior. Adding thickness to the region in the buffer where dislocations are formed reduces the
threading dislocation density an order of magnitude. Metamorphic 0.74 eV solar cells grown on
this template have internal quantum efficiency > 90% and>\0.3 V with J. set to 13 mA/crf
the expected current in a multijunction device. These results are compared to lattleedmatc
GalnAs/InP solar cells to evaluate the loss associated withttloe-mismatch.

4.2 Introduction

Three-junction solar cells with over 40% efficiency have been demonstrated using a wide
variety of device desigrs® As these three-junction (3J) designs approach their efficiency limit,
four-junction (4J) designs are desired to drive efficiency higher. The 1.8/1.4/1.0-eV 3J inverted
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metamorphic multijunction (IMM) solar cell targets an optimal bandgap combination by utilizing
lattice-mismatched materidllIMM designs with one and two independently lattice-mismatched
junctions have achieved efficiencies over 40%, showing the performance capability of the
latticeemismatched junctions. The 3J-IMM can be extended to a 4J-IMM by adding another
lattice-mismatched Gdna.As junction with a bandgap of 0.7 eV at a composition of x&8.5.
However, this material has a substantial 3.8% misfit to the GaAs substrate, and sb researc
latticeemismatched growth is required.

Compositionally graded buffers (CGBs) allow strain-free growth of lattice-mismatched
material. During the growth of the buffer, strain is relieved by the intentional formation and glide
of dislocations. The portions of the dislocations parallel to the growth interfaces, terrfied mis
dislocations, are largely responsible for the strain relief. The portions of the dislocatioredincl
to the growth interfaces are termed threading dislocations, and are efficient recombination
centers that lower the performance of &gtinismatched solar cells if they propagate into the
active region of the device. Research into CGBs is aimed at generating and confining
dislocations within the CGB. The residual threading dislocation density (TDD) at the end of the
buffer is a key metric of the CGB quality. Maximizing the average misfit dislocation ghdéhle
ensures the most in-plane lattice change per dislocation, which in turn reduces the residual
threading dislocation density. Many factors influence dislocation glide throughout the buffer,
including intrinsic material properties such as the elastic coefficients but alssiexactors
such as surface roughness, composition variations, and other structural'détecently, we
have also shown that atomic ordering in 1lI-V materials also has a strong influence on dislocation
behavior**?and so factors influencing atomic ordering also need to be considered in CGB
design. Researchers have shown that CGBs with very low residual threading dislocation density
are possible by maintaining very high material quality and using appropriate growth conditions
and CGB structure$.*®

4.3 Experimental Details
Both isolated CGB structures as well as lattice-mismatched GalnAs solar oejls us
CGB templates were grown by atmospheric pressure metalorganic vapor phase epitaxy on (001)
GaAs:Si substrates miscut 2j towards (-111)B. These structures are illustriatgarend. 1.
Growth conditions of the CGB previously established for GalnP CGBs with 1.9 %' Tisfie
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extended to 3.8 % misfit in this study. Growth was performed at 675 jC using a fast growth rate
(7" m/hr) and high phosphine partial pressure (10 Torr). Fourteen thahick layers of

undoped GalnP with varying composition were used to transition between nominally lattice
matched Gaslng sP and InP, whose lattice constant equals that of the desired 0.7,eMdsas

active layer. The misfit change per step was 0.25 %, equivalent to a misfit grade rate of 1 %/

of growth. The final layer of the CGB was fn thick. Variations to this structure will be

described in the text. The solar cell structure utilized a similar CGB structure, but included Si
doping throughout the CGB and a GalnNAs contact layer prior to the CGB. The GalnAs cell was
grown directly on the final layer of the CGB, and consists of a thhlemitter and a 4m base.

After the cell growth, a 0.3 InP rear-passivation layer and a Orh-GalnAs contact layer

were grown. A gold back contact was electroplated to the front surface of the growth, which was
then bonded to a Si handle using epoxy. The GaAs substrate and GalnP stop-etch were then
removed, and front contact grids were patterned using photolithography and gold electroplating.
The devices were then mesa-isolated and the exposed top contact layer was removed using
selective etchants.

Solar cell structure
Au

p-GalnAs contact layer
p-InP back surface field

n/p GalnAs junction

Isolated CGB
test structure

n-InP window

n-GalnP step-graded
buffer

n-GalnNAs contact layer
n-GalnP stop-etch

n-GaAs substrate

Figure 4.1: lllustrations of the graded-buffer test structure and the solar cell structure. The CGB
test structure is undoped and does not contain the cell layers.
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High resolution X-ray diffraction (XRD) was performed using a Panalytical X-pert Pro
with a Ge 4-bounce (004) hybrid monochromator and a PlXcel area detector. Tilt and strain of
the InP layer were determined by analyzing reciprocal space maps (RSMs) of the symmetric
(004) reflection with X-rays incident in the (110) plane. Transmission electron microscopy
(TEM) was performed in a FEI ST30 microscope on cross-sectional [110] and [-110] samples
prepared by cleaving, dimpling, and ion milling. The threading dislocation density in the final
layer was determined using cathodoluminescence (CL) imaging at 300 K in a JEOL JSM-7600F
scanning electron microscope (SEM) equipped with Ge and GalnAs detectors&aoot-
squared (RMS) roughness was evaluated from a 02 100' m area using the tapping mode
of a Veeco Dimension 3100 atomic force microscope (ARMS3ituwafer curvature
measurements were performed using a 2D k-Space multi-beam optical stress sensor (MOS) with
the axes of measurement set along [110] and [-110].

Light J-V curves were measured using an XT-10 1-sun continuous solar simulator.
Quantum efficiency and specular reflectance measurements were performed in a custom-buil

instrument. The bandgap of the solar cells was determined from the external quantum efficiency.

4.4 Measurement and Analysis of GalnP Buffer

Composition nonuniformities, roughness, and other defects must be minimized in order
to maximize dislocation glide and lower the residual TDD of C&Hzach material system has
unique structural characteristics and growth issues that affect dislocation behavior. GalnP
displays CuRt atomic orderintf and phase separatibhboth of which can greatly influence
dislocation glide-***Here, we perform an in-depth measurement of a GalnP CGB varying in
composition from Ggslng sP to InP in order to identify any material characteristics which limit
glide or produce excess dislocations. Dislocation properties are studied by measuring the
threading dislocation density and the strain relaxation throughout growth, and material structural
properties are measured using surface measurements and bulk microstructure analysis.

Figure 4.2 shows a CL map of the GalnP CGB, used to analyze the TDD in the final 1.0
* m-thick InP layer. This CGB shows a TDD of 2.2 X &%, which is an order of magnitude
higher than CGBs ending in &#no sP*° used to access 1.0-eV GalnAs. This magnitude of TDD
is expected to significantly lower the performance of the solar cell de¥ices.
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Figure 4.2: Cathodoluminescence map of the graded-buffer test structure: a GalnP CGB ending
in InP (MK134). Both misfit dislocations (dark lines) and threading dislocations (dark spots) are
visible.

In situwafer curvature is used to monitor the stress-thickness throughout growth (Figure
4.3) and calculate the residual strain of the final layer at growth temperature. The curvature
throughout growth is related to the stress-thickness product using the Stoney ‘foamaligne
strain of the InP layer is calculated from the slope of the stress-thickness during the final 0.25
' m of growth?® The measured strain of the InP layer, averaged between [110] and [-110]
directions, is 0.01 % at growth temperature (675 jC), nominally completely relaxed. This is
observed in Figure 4.3 by noting the very low slope during the growth of the findl .25
growth. XRD RSM analysis of the last layer determines a strain of -0.15 % at room temperature,
which translates to -0.001 % at growth temper&tutee to the difference in thermal expansion
coefficients between the substrate and epilayer. The agreement between XRD and MOS
measurements indicates no large relaxation events occurred during cool-down from growth
temperature. The lack of residual strain in the InP layer relieves the necessity of overshooting the
target lattice constant for strain-free device grofith.

The surface roughness is quantifeedsituusing AFM (Figure 4.4). The large-area RMS
roughness, related to the typical crosshatch roughening of lattice-mismatched growth, is 20.7 nm
over a 0.01 mfarea, which is indeed much higher than the roughness of graded buffers ending
with Gay2lno ¢P *° Surface roughness is undesirable in CGBs. The topology can both aid
dislocation nucleatid and inhibit dislocation glide by reducing the glide chadh8ome
latticeemismatched devices also require low roughness for sharp material interfaces. Because
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limiting the roughness is beneficial for dislocation glide and lattice-mismatchecedgenimust
be characterized and considered when determining the quality of the CGB.

Figure 4.3: Stress-thickness product throughout the growth of the GalnP CGB. Solid lines
delineate each layer of the buffer. The final 0.5 of the InP layer, demarcated by the dashed
line, is analyzed for strain.

500

- 100 pm — = MM

Figure 4.4: Large-area, 100n x 100' m, AFM of the GalnP CGB test structure ending with
InP, rotated 45j with respect to Fig. 2. The typical crosshatched surface of lattice-hismatc
epitaxy results in an RMS roughness of 20.7 nm.
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Transmission electron microscopy is used to investigate material properties such as
compositional nonuniformities, ordering, and other growth defects. Figure 4.5 shows the 220
dark-field image near the start (3o sP) and end (InP) of the GalnP graded buffer. Nanoscale
strain contrast, due to composition nonuniformities from surface-driven phase segaiation
observed near the beginning of the buffer but not at the end. Thus, for the same growth
conditions, the composition affects the magnitude of the composition variation, similar to
observations in GalnAsP Other work has observed phase separation in G&héhd shown a
large impact on the residual threading dislocation density. In this case, the nanoscale
composition variation is likely not the dominant reason for the increase in TDD between
Ga2dnpgP and InP. Its influence on dislocation glide is expected to decrease throughout the
buffer, and similar buffers graded to {hno sP have produced low-TDD material and high
quality solar cell$® Transmission electron diffraction (TED) patterns (Figure 4.5) from the [110]
cross-section show single-domain Guetdering. The ordering parameter also decreases
throughout the buffer towards InP, which can be observed by noting a decrease in intensity of the
%(-111) diffraction spots. The influence of ordering on dislocations is discussed below.

Figure 4.6 shows the XRD RSM of the (004) reflection taken from (110) incidence,
which shows a steady increase in tilt, or epilayer rotation around [110], throughout the graded
buffer. The distribution of dislocation glide along either (-111) or (1-11) (both of these glide
planes have [110] dislocation lines and are callédslocations in this compressive zincblende
material) can be determined from the [110] rotatitf{*’Nearly 100% of dislocation glide is
along (1-11) until the end of the buffer, where thglide transitions to (-111). Roughly 60% of
! glide is along (-111) near the end of the buffer. A change in the distribution of dislocation glide
along either glide plane indicates a change in the energetics of dislocation glide. In tlosicase
earlier work showed that the change in the glide plardedidlocations is related to the
relationship between Cufordering in IlI-V materials and the dislocation glide force. Near the
beginning of the CGB, almost dlldislocations glide on (1-11) in GalnP with (-111) ordering
because glide on this plane produces an anti-phase boundary (APB) in the ordering pattern,
which reduces internal streSs Near the end of the CGB, the ordering parameter becomes
smaller (shown in Figure 4.5) because the GalnP becomes very In-rich and relaxation on the
(-111) glide plane becomes more favorable. Unfortunately, new dislocations form during this
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transition to accommodate glide on (-111), shown in reference 11. However, knowledge of the

formation mechanism allows targeted approaches to CGB improvement.

Figure 4.5: (left) Dark field 220 TEM images from the [-111] cross-section and (Figbt)
images from the [110] cross-section. Beginning, 488 sP, (bottom) and end, InP, (top) of the
CGB structure. Composition nonuniformities and atomic ordering are observed near the
beginning of the CGB, but not at the end.

Figure 4.6: XRD RSM of (004) from the CGB structure. The symmetric RSM shows the
progression of tilt throughout the buffer.
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4.5 Reduction of Dislocation Density

In-depth characterization of the GalnP CGB reveals several buffer imperfections:
roughness, composition variations, and a glide plane transition that forms new dislocations. The
formation of new dislocations occurs near the end of the buffer, arounthéz®, and has a
large impact on the residual TDD in the InP la}féFhe measured TDD, 2.2 x 16m?, is
expected to have a large negative impact on the 0.7 eV GalnAs solar cell performance. For this
reason, the formation of dislocations associated with the transition between glide pates m

particular attention and is the focus of this section.
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Figure 4.7: (a) Residual TDD and (b) RMS roughness of CGBs with varying total thickness.

Thickening the region of the buffer surrounding, &ay P is investigated as a method of
reducing the dislocation formation associated with the glide plane transition. Adding thiskness
known to increase annihilation of existing dislocatfrsid reduce the required minimum
threading dislocation density for strain relaxation of ideal C&Bstentially reducing the
nucleation of new dislocations on (-111). Thickness is added by reducing the misfit grade rate

between Ggulno P and InP. Figure 4.7 shows the residual TDD and RMS roughness of GalnP
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CGBs from GalnP to InP with varying total thickness. The initial misfit grade rate isrh %id

is changed to 0.5 %im and 0.25 %/m in the region surrounding the glide plane transition by
adding additional low-misfit steps to the structure, resulting in total thicknesses' oh485

''m, and 9 m, respectively. The surface roughness from the crosshatch increases with buffer
thickness. However, the additional material reduces the TDD by an order of magnitude fo 2 x 10

cm?, which is in an acceptable TDD for solar cell devices.

4.6  Solar Cell Results

Inverted metamorphic Gadnos3As solar cells are grown on the GalnP CGB with
6.5" m total thickness, described above. This buffer was chosen as a compromise between the
growth time, material usage, roughness, and threading dislocation density. Lattice-matching of
the solar cell to the CGB was verified usingsitu wafer curvature measurements. The active
layers of the cell must be nearly strain free for best perfornfdfides ensures no additional
dislocation formation or glide in the active region of the device. Invéatede-matched
Gay.47ANnp 53As solar cells are also grown on InP substrates. Comparing lattice-mismatched and
latticeematched cells of the same bandgap provides a method to determine the loss associated
with the lattice-mismatch, from differences in the threading dislocation density and other
mismatchrelated differences such as interface and bulk material quality. Figure 4.8 skows th
internal quantum efficiency (IQE) and J-V characteristics of both cells. The IQE of ibe-latt
mismatched cell is over 90% in the wavelength region of importance for the bottom junction of a
4J IMM device. The expected. &f these devices in a multijunction cell is determined by
integrating the product of the IQE and the G173 AM1.5 direct spectrum between the bandedge
and 1.06 eV, the modeled optimal bandgap for the junction above this subcell in an IMM. We
note that this technique overestimatgdy assuming no loss from the AR coat and because the
IQE is overestimated at the bandedge from errors in the reflectivity measurement of inverted
devices. Using this technique, the estimatgdfXhe lattice-mismatched device is 13.2 mAlem
which is similar to the 1-sun.bf various 3J IMM design¥. The Vi of the lattice-mismatched
device is > 0.3V, but is 80 mV less than the lattice-matched device. The bandgap of the lattice-
mismatched cell is 20 meV higher, potentially due to small differences in composition and
atomic ordering® Wo. (=E4/q D \b) of the lattice-mismatched solar cell, which takes into
account the difference in bandgap between the devices, is 0.44 V, 100 mV higher than the
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latticeematched cell. The fill factor (FF) of the lattice-mismatched device is 68%, 7% lower than

the lattice-matched cell.
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Thesdattice mismatched devices perform significantly better than previous résults.
Compared to lattice-matched devices, thel¥ss is significant. However, because the device
has a high IQE and current, this structure has the potential to significantly increase the
performance of IMM solar cells. A straightforward addition of 0.3 V to existing three-junction
IMM devices would produce over 9% relative efficiency increase at under one sun conditions,
and a greater relative increase under concentrated light. Achieving this type of gain is only
possible if the current and fill factor do not limit the other multijunction subcells, whicimdgpe
on the bandgap combination and design of the 4J IMM. Higher current, if needed, is possible by
lowering the bandgap of this GalnAs subcell, either by increasing the atomic ordering of the

GalnAs or extending the CGB to a larger lattice constant.

4.7 Summary

GalnP compositionally graded buffers with a total misfit of 3.8 % are analyzed and
improved, and lattice-mismatched 0.7-eV GalnAs solar cells are demonstrated. Roughness, bulk
composition nonuniformities, and a residual threading dislocation density of 2’Zmi@re
observed in standard buffers. Excess dislocations are generated near the end of the buffer due to
a change in the distribution of dislocations that has been related to atomic ordering. The buffer
structure is improved by adding thickness to the region of the buffer where these new
dislocations are formed, which lowers the threading dislocation density by an order of
magnitude. Lattice-mismatched solar cells are grown on GalnP CGB templates with lgw TDD
and show an IQE over 90 % in the wavelength range of interest for the bottom junction of a 4J
IMM. The estimated current, 13.2 mA/émnder a 1.06 eV filter, is sufficient for some potential
IMM designs. The V. is 0.303 V and the fill factor is 68.0 % when thgsIset to 13.2 mA/cfn
While lattice-matched GalnP/InP solar cells perform significantly better, theelahismatched
device has the potential to appreciably increase the efficiency of metamorphic migtijunc

designs.
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CHAPTER 5
IMPLICATIONS AND FUTURE WORK

The previous three chapters contain published manuscripts that described several
consequences of glide in ordered I11-V materials: reduced critical thickness, preferesdial gli
along planes that disrupt the ordering, a mechanism for dislocation formation, and a strategy to
mitigate this formation. This chapter includes further implications and observations taatote
published elsewhere, and future work is suggested.

5.1 Glide enhancement in metamorphic buffers

Enhanced dislocation glide should reduce the threading dislocation density from a
compositionally graded buffer. However, the kinetics of dislocation glide and the intrinsic link
between atomic ordering and phase separation make the real impact of ordering on glide in
metamorphic material hard to determine.

In graded buffers, the average glide length of a dislocation should increase in atomically
ordered metamorphic material because glide is enhanced. According to Equation 1.8 in Chapter
1, if the total misfit density (and thus target lattice constant) is unchanged, the threading
dislocation density lowers when the average glide length is increased. The expected threading
dislocation density could potentially be modeled using Equations 1.10 and 1.11 by modifying the
effective stress, which is the stress in excess of the line tension or other opposieg stnes
dislocation® Eapg increases the force on a dislocation and so increases the effective stress, which
leads to lower threading dislocation density. However, the amount of change to the effective
stress is not a simple additionEx{pg because the residual strain also changes when ordering is
present, and so needs further study. In addition, specific experiments may be necessary to
determine the effect of ordering on the activation energy in Equation 1.11, and the interaction
between APBs should be considered, which is discussed more in section 5.2.

It is more straightforward to simply compare the magnitudes of the stresses associated
with line tension, lattice-mismatch, aBgdps. The comparison was performed in Chapter 2 when
calculating the critical thickness of a pseudomorphic layer. In a graded buffer, the misfit is

gradually increasing, but the strain is never very high because relaxation is continually occurring.
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At low strains Eapg has an influence on the critical thickness because the magnitude\bf,,
andW, are similar. Likewise, the associated stresses at the low strains in a gradedibiufée
similar in magnitude, anBapg Should have a notable effect on the effective stress in Equation
1.11. For a specific comparison, using Equations 2.2 b 2.4 for GalnRtl®.5, 0.1% strain,
and a thickness of 0.1 um givég = 2.9,W,, = 1.5, andM, = 3.1 eV/s; all similar in magnitude.
Although the change to effective stress is not straightforward, the magnitude should be
significant becaus®k is similar in magnitude to\, leading to a noticeable reduction in the
threading dislocation density. Interestingly, if a certain threading dislocation density tasget wa
desired, the increased effective stress could also be utilized to reduce the totahiokfiess

(by increasing the grade rate) and growth time (by increasing the growth rate), saving cost.

A complication to this analysis is that the degree of ordering may change throughout a
metamorphic buffer, which is ignored in the above analysis and so needs to be considered. The
microstructure and surface morphology certainly change throughout the buffer, and may
influence the surface reconstruction and resulting ordered material. Metamorphic epitaxy
typically results in a so-called Ocrosshatch® morphology due to the strain-fields of underlying
dislocations. The effect of crosshatch roughness on the surface reconstruction is not known, but
could impact the order parameter, potentially by influencing the surface reconstruction, in
metamorphic material after glide has occurred. The surface reconstruction may also depend on
the material composition or other effects, such as phase separation, that are composition
dependent.

In Ref. 2, the glide-plane switclePg is experimentally monitored using XRD of
Gadn,«P graded buffers. The force-balance model assumed that the relative order parameter did
not change throughout the growth of the buffer, andBkai was simply scaled by the square of
the absolute order parameter. Good agreement between the model and experimental results were
shown, which implies that the change in the relative order parameter throughout graded
GadnixP buffers is low.

It may be possible to test the influence of atomic ordering on glide and dislocation
density by systematically varying the order parameter in a graded buffer. However, 111-
materials that strongly order also phase separate, because the driving force for both phenomena
is the difference in interatomic radius of the constituent atoms. The separate irdlokat@nic
ordering and phase separation are thus difficult to assess. In addition, both phenomena occur near
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the epitaxial surface, and so are both affected by growth conditfartsre work is necessary to
separately control atomic ordering and phase separation in order to determine their separate
influence on graded buffers. They can both have a large impact, but are intimately tied. Atomic
ordering enhances glide, which reduces the threading dislocation density as long as other

material influences are minimal.

5.2 APB interaction in ordered metamorphic material

The interaction between APBs and reduction in I&gak as a dislocation glides through
ordered material should be considered similar to the interaction between dislocations and local
strain as a dislocation glides in strained material. For instance, as a dislocatisagtide
relieves strain, the misfit force (from to Equation 1.4) acting on any subsequent dislocations is
reduced because the strain is reduced. In addition, a local strain-field surrounds the dislocation
that interacts with subsequent dislocations. Similarly, as a dislocation passes throtegh orde
material, the anti-phase boundary locally relieves strain and essentially reduces thelkcal
parameter. There will be a planar strain-field surrounding the anti-phase boundary that locally
stabilizes surrounding material, and may interact with other APBs.

The interaction between APBs depends on the localization of the strain-field around the
APB. The decay of the strain-field is partially observed by calculating the anti-phase boundary in
perfectly ordered GalngsP as a function of the APB spacing, shown in Figure 5.1. This
calculation was performed along with the calculations for Ref. 2, but using a different
approximation, and wasnOt included in the manusahghitio total-energy calculations were
performed for a small volume of fully ordereddgao sP, first without an APB, and then with
APBs of various spacings. Total energies were calculated within the generalized gradient
approximation (GGA-PBE)to density functional theory, as implemented in the VASP package.
The DFT calculations employed the projector augmented wave méthii an energy cutoff
of 270 eV for the plane wave part of the wave function, with fully relaxed atomic coordinates.

Figure 5.1 shows that the material affected by the APB is fairly local to the BBS.
begins to be lowered at dislocations spacing < 20 e, which implies that APBs do not appreciably
interact at larger distances. In other words, the APB relieves strain associated with ordgring fa
locally, a concentrated strain. Misfit dislocations spaced 20 « are equivalent to & misfi
dislocation density of 2 x I@m™* which, using Equation 1.8ccurs at very high values of
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relived strain, roughly 10%. This implies that any one dislocation only slightly alters the
effective order parameter, and a very high density of dislocations is needed to significantly

changeEaps and modify subsequent dislocation behavior.

Figure 5.1 Expg calculated for various APB spacing in perfectly ordered GalnP, measured
normal to the APB planes. The dashed line is a guide to the eye.

After the creation of an Oglide-induced® APB, the APB persists in the subsequently grown
material as a Ogrown-inO APB. (Grown-in APBs are also present in GalnP without dislocations).
Because the interaction distance is small, these APBs would not significantly lovaetithe
phase boundary energy for any subsequent dislocations. It has also been observed that Ogrown-in(
APBs annihilate, potentially due to the strength of the surface reconstriiitinis, although
material grown on top of the Oglide-induced® anti-phase boundary will initially maintain the anti-
phase boundary as a grown-in anti-phase boundary, some of these APBs may annihilate and

further reduce the impact of glide-induced APBs on subsequent glide.

5.3 Surface energy and nucleation

It is also interesting to consider the implications that ordering is stable at the surface, but
metastable in the bulk. Ordering lowers the surface strain, and so glide that disrupts the ordering
increases the surface strain. The influence of the surface, and thus magnitude of this surface

effect, requires specific calculations, which havenOt been performed. However, it is easy to s
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how the critical radius for dislocation nucleation is impacted by this surface energy, because
dislocation half-loops are generated at the surface and would disrupt the order pattern right in
this region. Thus, nucleation and glide are not necessarily impacted in the same way by atomic
ordering. The critical radius for nucleation may be increased for dislocations that disrupt the
ordering due to the surface reconstruction, where the critical thickness for glide for these

dislocations is reduced based on the anti-phase boundary energy.

5.4  Growth on other substrates

GalnP grown on (001) GaAs substrates miscut towards §ldd pn-axis substrates
typically result in dual-variant Cugbrdering, with small domains of ordering on either plane. A
Gadni.<P graded buffer, graded to InP, using the same structure and growth conditions as in
Chapter 3, was grown on a substrate 6; miscut towards {1414 imaged with TEM, shown in
Figure 5.2. A very high density of dislocations was observed in this buffer.

Figure 5.2: Transmission electron microscopy of diizaP graded buffer on (001) GaAs miscut
6j towards {111}. (left) Transmission electron diffraction, showing dual-variant ordering.
(middle) [110] cross-section and (right) [-110] cross-section 220 DF images, showing a high
density of dislocations in the buffer.

The cause for the high dislocation density is not fully understood, but can be explained as
a result of the dual-variant ordering. The ordering exists within small domains in dual-variant
Gadni<P. Within one domain, the ordering is either on (-111) or (1-11), but not both. Thus, glide
is being enhanced along one B-type plane in one type of ordered domain, and the other B-type

plane in the other domain. Neighboring domains could thus have different dislocation energetics,
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and result in the nucleation and glide of a different set of dislocations. These dislocations,
combined with the later motion of the ordered domains and dislocation interactions could result

in a very high density of dislocations. There are likely other differences between the miaterials

the graded buffers grown on differently miscut substrates, such as the extent of phase separation.
However, the very large difference in TDD between growths on substrates with only a small
difference in miscut implies that the type of ordering (single- or dual-variant) plays a strong role.
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CHAPTER 6
CONCLUSIONS

Atomic ordering in IlI-V materials is metastable, and dislocation glide through ordered
planes reduces the metastability. These dislocations, which are half of the typafadtsain-
relieving 60j misfit dislocations, receive an additional force due to the release of staiggd ene
The additional driving force effects many aspects of dislocation behavior, and has an impact on
both pseudomorphic and metamorphic material. The amount of force acting on a dislocation is
guantified by the anti-phase boundary energy, calculated in Ref. 1 and discussed in the
Introduction, which can be used in various models describing dislocation behavior. The major
conclusions of the thesis are discussed in this chapter. The sections are organized by the major
theme of each paper, with extra discussion about dislocation reduction for metamorphic buffers

in section 6.3.

6.1 Dislocation Glide Enhancement

The main implication of a stable anti-phase boundary, with a nedageis an
enhanced glide. The effect on the critical thickness of pseudomorphic material and resiolual st
of metamorphic material is summarized in this section, and speculation about the threading

dislocation density of metamorphic material is discussed in sections 5.1 and 6.3.

6.1.1 Critical thickness of pseudomorphic material

Chapter 2 describes how the anti-phase boundary ereqgy (n 111-V materials
modifies the Matthews-Blakeslee critical thickness model, which is typicaltytosgetermine
the coherency limits of pseudomorphic material. Because glide is enhanced through ordered
planes, atomic ordering reduces the critical thickness of ordered material. The mosasignific
reduction in the critical thickness due to ordering is when the order parameter is greatest and the
strain is lowest, which particularly impacts pseudomorphic devices. The modified model shows
that a critical thickness still exists at very low strains.

As an example of the impact, consider a laser or LED using thin strained layers of
ordered (Al)GalnP on GaAs for quantum confinement. For a given thickness of quantum well,
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the strain that can be achieved while maintaining stability against dislocationsgletkiced

due to the ordering, limiting the range of compositions and thus bandgaps that can be utilized.
However, if the ordering is intentionally reduced by using growth conditions or surfactants, the
stable range of compositions is increased, allowing access to emission from a welengta
range. Other 1lI-V pseudomorphic devices with atomic ordering are similarly impacted.

It is also interesting to notice that glide through larger ordered structures, such as digital
alloys, superlattices, or ordered phase separated material, will also create a boundary that ca
release bulk energy. Considering a thick superlattice with very thin layers and perfectly flat
interfaces, the bond shift due to glide at the superlattice interface systematealfes the
bond partner in the same way the anti-phase boundary creates a jog in the order pattern in
atomically ordered material. The boundary created via glide through the superlattice has an
associated boundary energy, which either inhibits or enhances glide depending on its sign. The
boundary energy through these structures hasnOt been calculated. However, the thickness of the
layers in the ordered structures will quickly reduce the boundary energy in the same way that
lowering the order parameter decreases the boundary energy in atomically ordered material,
potentially making the glide modification only significant when these structures are
compromised of thin layers.

The stability of epitaxial layers against glide is also important for the reliability of
pseudomorphic devices. Although film growth beyond the critical thickness without dislocation
formation and glide is possible due to kinetic constraints, these films should be considered
metastable. Device operation, which may include high current, temperature, and temperature
cycling, may eventually trigger nucleation and glide to reduce strain if the film is megastabl
Therefore, atomic ordering should be considered for long-term device stability even if no
dislocations are initially present.

6.1.2 Residual strain of metamorphic material

Chapter 2 also shows that the residual strain of metamorphic material is lowered, which
is determined using the critical thickness model. As dislocations glide and relieveeamgnif
amounts of strain, the misfit energy is reduced and the line energy becomes dominant. Thus, a
residual strain will exist when glide becomes unfavorable. For a given thickness, the residual

strain is reduced when atomic ordering is present, which impacts metamorphic devices.
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Some metamorphic devices accommodate the residual strain from a graded buffer
through the use of an Oovershoot bufferO in order that the active region of the device is strain-free.
For a given lattice constant for the active device, the target lattice constant for thmoters
buffer depends on the residual strain in the overshoot buffeaéay = aoy (1 +!,), Whereay
and a,, correspond to the relaxed lattice constants of the device and overshoot buffer,
respectively. Thus, the residual strain modification impacts device design. Additionally,
metamorphic materials are known to result in wafer bow, or curvature, due to unrelieved strain
after growth of a compositionally graded buffer. Curvature and epitaxial strain are related via the
Stoney equatioh Reduced residual strain lessens wafer bow, which may ease device processing.

6.2 Burgers vector distribution of active dislocations

In Chapter 3, | show that single-domain atomic ordering significantly changes the
Burgers vector distribution in a 11I-V compositionally graded buffer. Glide is only enhanced for
the dislocations that disrupt the ordering, which are only half of the allowable 60; dislocations.
Dislocations with Burgers vectors parallel to the ordered planes do not create APBs, but all
others do, including half gfdislocations and half df-dislocations.

The experiment in Chapter 3 was performed on atomically ordered graded buffers that
were grown on (001) substrates with a miscut towards (-111), which leads to single-domain
ordering on (-111) planes. The imbalance of glide between the twodHliflp planes#-
dislocations) can be measured using XRD because it leads to an epilayer rotation throughout a
graded buffer, allowing the distribution of active dislocations to be deterrifiatthile glide
along (1-11), here called the OB+ plane, is energetically favorable in higélyasiagt
ordered material such as GalnP, glide along (-111), here called the OB- plane0, is preferred due to
the substrate miscut in disordered material such as InP. Because the substrate misunedet
the direction of the single-variant ordering, this asymmetry always exists.

The distribution of active dislocations is strongly tied to the type of ordering (single- or
dual-variant), the order parameter, and the substrate miscut. The main implications of the
preferred distribution fall into two categories, discussed separately: 1) Glide plart@rgyvitc

upon order-disorder transitions and 2) Control over the Burgers vector distribution.
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6.2.1 Glide-Plane switching upon order-disorder transition

The anti-phase boundary ener@gg) is scaled from the maximum boundary energy in

perfectly ordered material f ) by the absolute order parameter squargg, ! /.7 1., .

Other material properties are scaled similarly by the order paramié¢tecompressive Gén<P

graded buffer on GaAs substratBsps decreases as the composition approaches InP, where

" abs= 0. While glide on the B+ plane is preferred in highly ordereghi@asP, glide on the B-

plane is preferred in InP due to the substrate miscut. A switch in the preferred glide plane occurs
during the buffer as the energetic balance tips in favor of the epilayer strain preference from the
miscut. This point is called the Oglide-plane-switchO (GPS), and can be modeled using the force-
balance model in Ref. 1. The GPS occurs because the forces acting on dislocationg@dle affec

by ordering, which is changing throughout thel@aP graded buffer. Likewise, a pure order-
disorder transition will also result in a change in the forces acting on dislocations.

In Chapter 3, it was observed that new dislocations form during the GPS. Figure 6.1
shows the distribution of dislocation glide throughout a GalnP graded buffer, as measured with
XRD. When the preferential glide plane switches, the threading dislocation density incasases
measured in 5 independent growths using CL, further validating the trend observed in Chapter 3,
Ref. 7.
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Figure 6.1: Glide plane distribution throughout a GalnP graded buffer, measured using XRD and
the methods described in Refs. 3 and 4. The threading dislocation density, measured using CL,
increases as the glide plane distribution changes.
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The increase in the threading dislocation density implies that 1) insufficient glissile
dislocations existed on the B- plane prior to the glide plane switch and 2) the energy required for
glide on the B+ plane rose above that for nucleation and glide on the B- plane. Dislocations canOt
cross-slip between these two glide planes because they donOt share any Burgers vectors. The
reason for the magnitude of the dislocation density increase is unknown, but could depend on the
density of dislocations present on the B- plane prior to the glide plane switch as well as
dislocation interactions throughout the region where the switch occurs.

Glide-plane switching, or changes in the distribution of active dislocations, within a
graded buffer have been observed in other stddig#here may be causes for these changes
other than atomic ordering. However, it is worth noting that the dislocation density may also
increase during these changes in dislocation distribution. The change in the distribution of
dislocations implies a change in the energetics of dislocation glide, which can lead t@aseinc
in the dislocation density for the same reasons described above, although the magnitude of
increase may vary.

When using (001) substrates miscut 2j towards {g1tt}e increase in dislocation
density associated with the GPS occurs near InP. This is particularly problematic for
metamorphic devices that require the InP lattice constant, such as the 4-junction inverted
metamorphic solar cell. Dislocations are generated near the target lattice condtaaneano
chance to annihilate or glide to thafer edges. Strategies to mitigate the formation of these

dislocations are discussed in section 6.3.

6.2.2 Control of Burgers Vector Distribution in Metamorphic Material

By taking advantage of the competing forces on dislocations, | demonstrate control over
the active distribution of dislocations in Chapter 3. The order parameteglof Faand
GadnixAs was varied using surfactants and growth conditions in order to change the distribution
of active dislocations, which was observed by measuring the epilayer rotation throughout the
buffer.

The distribution of dislocations may impact the metamorphic buffer. For instance, the
rate of dislocation annihilation, and typad probability of dislocation interaction depends on the
Burgers vectors of the interacting dislocations. In addition, the minority carrier recombination

rate of different dislocations in photoactive material may not be equivalent. Control over the
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distribution allows testing of these interactions, and may allow intentionallyisgléa¢ more
favorable distribution.

As shown in Chapter 3, changes in the glide plane distribution can increase the
dislocation density. If the GPS was avoided, perhaps the increased dislocation density would also
be avoided. Control ovéfapg in multiple, strongly ordered, materials could allow a constant
distribution of dislocations while achieving large amounts strain relaxation. For instaroeg sta
the grade on GaAs substrate with strongly ordered GalnP, and continuing the relaxation with
strongly ordered GalnAs before any glide-plane switching occurs, could allow highly
mismatched material to be utilized. However, Quitoriano tiatentionally take the opposite
route because of strong phase separation, which is intimately tied with ordering and drgmaticall
increases the dislocation density.

6.3 Dislocation reduction in ordered buffers

One of the main experimental findings in this work is an increase in the dislocation
density associated with the GPS, which occurs near InP fdmn:GR buffers on 2j miscut
substrates. This increase in dislocation density likely partially caused the lowedblar ¢
performance of 0.7-eV GalnAs solar cells observed previously, although other factors may also
have been at play.To mitigate the formation of dislocations at the GPS, the grading rate
(% strain/pm) of the buffer around the GPS was lowered, thus increasing the total buffer
thickness, shown in Chapter 4. The intent was to reduce the required density of mobile
dislocations for relaxing strain (based on equation 1.10), and to reduce dislocation interactions
throughout the GPS region by increasing the spacing between dislocations. This successfully
reduced the dislocation density to the loW @@ range, allowing high performance Y-
solar cells described in Chaptet*4nd later high efficiency multijunction solar ceffs?

Another strategy to mitigate dislocation formation is to avoid any GPS altogether. This is
possible by using graded buffers that are either always ordered or always disordered. Growth
conditions and surfactants can be used to control the order parameter, and the specific alloy
(GalnAs or GalnP, for ex.) can be chosen to maximize or minimize the magnitude of the order
parameter for a given lattice constant range.

The concept that ordering enhances glide leads to a new design strategy for metamorphic
buffers maximize single-variant orderingn the absence of a GPS, atomic ordering should lead
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to a lower dislocation density because glide is enhanced. Glide enhancenmeiédy
advantageou$or metamorphic buffers. The ordered structure is not thermodynamically
favorable; the material is grown metastable due to the influence of the surface redonsandt

low diffusion coefficients of the constituent atoms. The bulk energy is then later released upon
dislocation glide, reducing metastability and presenting an additional glide force that is
beneficialfor metamorphic buffers. Although | havenOt experimentally demonstrated the
dislocation density as a function of a systematically varied order parameter, very tmatchsi
densities have been shown using highly ordered GalnP graded buffers, as well as very high
quality solar cells**’ The enhanced glide force could be used to reduce the required thickness
(or growth time) for a given required dislocation density target, according to Equation 1.10.
Interestingly, the skewed distribution of dislocations may also reduce dislocation intetactions
which also leads to reduced dislocation density. Normally, threading dislocations gliding on the
B+ plane interact with the threading arms of those on the B- plane because the threading arms
are not parallel. With fewer dislocations on B- plane, fewer interactions are expected.

Many material factors play a role in dislocation glide and the resulting threading
dislocation density from a graded buffer. Although ordering is potentially beneficial for
metamorphic buffes, it should still be considered as one of the many important influences on
glide. The optimal graded buffer for a given target lattice constant will depend on achievable
materials tradeoffs between surface roughness, phase separation, atomic ordering, and nucleation

and glide dynamics, et

6.4 Final Conclusions

Atomic ordering can have a substantial influence on glide dynamics in 11l-V materials.
The influence can be quantified, allowing existing models of dislocation behavior to be altered.
Dislocation glide is enhanced in metastable atomically-ordered IlI-V materiah wehacunique
consequence of the surface reconstruction and low diffusion of constituent atoms during Il1-
epitaxial growth. Reducing the ordering increases the stability of an epitaxial matenst agai
glide, which may be beneficial for pseudomorphic devices. Conversely, metamorphic devices
may benefit from atomic ordering because enhanced glide reduces the residual threading
dislocation density of a compositionally graded buffer. However, only half of the tyissiley
dislocations disrupt the order pattern and receive this enhancement, which can lead to a skewed
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population of dislocations and the necessity to form new dislocations upon order-disorder
transitions, and the formation of excess dislocations in dual-variant material. Although
dislocation formation and glide in 11l-V epitaxial materials is complex and dependent on many

material parameters, atomic ordering plays a strong role.
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