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FINAL TECHNICAL PROGRESS REPORT
FOR SELECTIVE HETEROEPITAXIAL GROWTH

OF COMPOUND SEMICONDUCTORS
CONTRACT NO. F49620-88-C-0106

August 1988--October 1990

SUMMARY

The objective of this program was to develop the understanding required to
minimize the defects that arise during reduced-area heteroepitaxial growth. Emphasis was
placed on the study of the large lattice mismatched materials systems, GaAs/Si and
InxGalixAs/GaAs. The GaAs/Si system has an abrupt change in crystal composition and
lattice spacing at the substrate/ epilayer interface. The InxGa 1,As/GaAs system allows a
composition variation for distribution of the lattice mismatch within the epilayer thick-
ness; this system is also attractive for the subsequent growth of a lattice-matched InP
epilayer over In0,53Ga 0.47As/GaAs.

The first portion of this program involved the development of the techniques for
molecular beam epitaxial growth of materials on selected areas on a substrate. These
selected-area growth techniques were used to produce lattice-mismatched structures for
defect studies. Cross-sectional transmission electron microscopy (XTEM), x-ray diffrac-
tion, and cathodoluminescence (CL) were used to characterize the defect structures.
Specific accomplishments and findings from this work are summarized below.

* Initial studies of GaAs grown on small Si pedestals showed an increased
epilayer defect density caused by interaction between the GaAs grown on the
top and sides of the pedestal.

* A cantilever shadow masked growth technique was developed to overcome
the sidewall growth problem. The resulting relatively planar structure will
facilitate device processing.

" Direct growth of InxGalixAs with x > 0.20 on GaAs resulted in a very high
density of threading dislocations, which were aligned nearly perpendicular to
the growth interface. Strained-layer superlattices were not effective for dislo-
cation reduction.

* Both step- and linear-composition graded growth of unpattemed In.GavxAs
(up to 25% In) on GaAs substrates produced small regions (~30-pm wide) of
low defect density. These low-defect regions were bordered by regions con-
taining a high density of threading dislocations, resulting from dislocation
interactions during the misfit accommodation process.

" Reduction of patterned growth area to less than 30 p-n x 30 p.n, combined
with composition grading, resulted in the propagation of misfit dislocations to
the edges of the epilayer. This effect is attributed to reduction of the distance
for gliding misfit fomning dislocation movement to less than the dislocation
interaction mean-free-path.

" Step-composition graded growth of InxGal-xAs compositions higher than
25% In resulted in a large density of threading dislocations. This increased



dislocation density is attributed to a change from two-dimensional layer-by-
layer growth to three-dimensional island-type growth.

" The majority of the residual threading dislocations in the high-In step-compo-
sition graded epilayers had Burgers vectors parallel to the growth surface. As
such, these dislocations cannot be driven to the edge of the growth areas using
misfit stress.

" Linear-composition graded InGaAs layers had less phase separation than step-
composition graded layers. Also, the defect density of linearly graded InxGal-
,As with x > 0.25 was considerably lower than that for the step-composition
layers. Both of these effects may be caused by better preservation of the two-
dimensional growth mode with the gradual composition change.

" The use of a lower growth rate and growth temperature may be useful for
improving the quality of higher-In composition graded layers. Migration-
enhanced epitaxy may preserve the two-dimensional growth mode.

" Overall, a significant defect density reduction was not obtained in patterned
GaAs/Si. Regions approximately 2 pm from the reduced area growth edges
exhibited a reduced defect density, but the defect density in the central regions
was comparable to that of blanket grown epilayers.

" Incorporation of in situ annealing techniques produced similar results as those
on large-area blanket GaAs/Si layers. Patterned growth had little affect on
dislocation density, except near the GaAs edges.

" Use of strained-layer superlattices in patterned GaAs/Si has little affect be-
cause of the high densities of threading dislocations, which were not lying on
(I }I type glide planes. These immobile dislocations act to block the move-
ment of dislocations that do lie on glide planes.

* Improvement of the perfection of patterned GaAs/Si will likely most benefit
from changes in the initial stage of growth, such as the use of a low growth-
rate technique (for example, migration-enhanced epitaxy). Prevention of
substantial dislocation interactions would minimize dislocations that reorient
out of the 111 glide planes during growth.
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SECTION I
INTRODUCTION

The cointegration of various devices such as linear, digital, microwave, optoelec-
tronic and/or photonic devices on a single wafer could improve the intrinsic performances
of these devices by eliminating the deleterious effects of parasitic capacitances.1 Integra-
tion of x,'ultimaterias on a common substrate is very attractive for development of such
mutifunctional devices. Multimaterials on a substrate would permit specific device types
to be made with the optimum material, rather than compromising the performance of all
the device types by the use of a single materials system. Unfortunately, significant prob-
lems exist with respect to large lattice-mismatched heteroepitaxy required for
multimaterials integration. To make this approach feasible, particularly for the case of
minority-carrier-based devices, significant reductions in defect densities are required in
lattice-mismatched layers. The primary objective o'f the present research program has
been to evaluate the use of selective growth for reducing defect densities in lattice-
mismatched materials systems.

A. PREVIOUS WORK ON DEFECT REDUCTION

1. Problems with Misfit Accommodation

The majority of the defects in lattice mismatched heteroepitaxial layers are a
result of the inefficient misfit accommodation processes during growth. Figure 1 shows a
series of schematics for various situations that may occur during large lattice mismatched
epilayer growth on substrates with low dislocation densities. For the ideal situation
[Figure 1(a)], as growth of a mismatched layer exceeds the critical thickness for misfit
dislocation nucleation by half-loop formation, for each misfit dislocation that is required
at the heterointerface one misfit dislocation is nucleated and propagates to the interface
and terminates at the edge of the wafer. This situation in practice is not readily achieved.
The probability for dislocation interaction and multiplication is directly dependent on
substrate size and lattice mismatch,2 and only when very small lattice mismatches and
small substrate dimensions are used will the dislocations propagate to the growth edges.
Another problem often observed is redundant nucleation of dislocations. This is illus-
trated in Figure 1(b). In this case, for every misfit dislocation that is required, several are
nucleated across the width of the surface. As these dislocations propagate toward the
substrate-epilayer interface, they impinge upon one another. When the Burgers vectors
are favorable, the dislocations can interact to annihilate. However, when the Burgers
vectors of two impinging dislocations do not sum to zero, the dislocations will interact to
produce a threading dislocation segment. Again, the extent of defect formation by this
mechanism should increase with increasing lattice mismatch and substrate dimension.
Finally, a large density of threading dislocations can result when epitaxial growth occurs
by three-dimensional (island) growth and subsequent coalescence. This mechanism is
depicted in Figure 1(c). In this case, when growth occurs by the formation and growth of
isolated islands on the surface, as the thickness of each individual island exceeds the
critical thickness for misfit dislocation formation, arrays of misfit dislocations will be
formed in each island. As growth proceeds and these islands coalesce, since the disloca-
tions can not terminate within the crystal, they must either interact to annihilate, to form a

3
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3-Dimension Island
Ideal Situation Redundant Nucleation Growth and Coalescence

Figure 1
Misfit Dislocation Generation Processes When the Substrate Dislocation Density is Low

third dislocation, or propagate to the free surface. This mechanism for defect formation is
particularly relevant for the case of large lattice mismatches and when the crystal struc-
ture between substrate and epilayer is different, i.e., GaAs/Si.3 Finally, high densities of
defects can be generated in epilayers because of thermal-expansion mismatch stresses. As
a sample is cooled from the growth temperature, in materials systems with large thermal-
expansion mismatches, sufficient stresses can develop to produce plastic deformation
and, subsequently, a large density of threading dislocations. These stresses are dependent
on substrate size.

2. Large-Area Defect Reduction

To improve the efficiency of the misfit accommodation process and/or to reduce
the threading dislocation densities in mismatched heteroepitaxial layers, a number of
approaches have been employed. Figure 2 provides an overview of the most promising
techniques. A large group of experiments have been focused on strain and/or composi-
tion-grading techniques. With these techniques, the lattice mismatch is distributed
through buffer layers of finite thicknesses. Several attempts have been made to distribute
the mismatch by linearly grading the composition through buffer layers4 ,5 or by discrete
composition steps through buffer layers.4,6 These experiments were confined to blanket
epitaxial layers. The basic principle behind these composition-grading approaches is to
reduce the number of misfit dislocations required at an abrupt heterointerface. By compo-
sition grading, the number of misfit dislocations that are nucleated at any one interface is
reduced; therefore, these fewer dislocations have a better chance of gliding to the inter-
face without interaction. Also, the threading dislocations, which are generated during the
growth of the buffer layer, may be bent back into the next step-composition-graded
interface or continuously during linear composition grading. This approach, when applied
to large substrate dimensions, implies that the dislocations must glide extensive distances
during formation to reach the edges of the substrate. It has been observed that this situa-
tion does not readily occur in blanket epilayers, rather, small regions are observed be
relatively free of threading dislocations and are surrounded by high-density inclined
dislocation centers (HDIDs). 6
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Figure 2
Schematic Description of Defect Density Reduction Techniques that have been Employed for Lattice

Mismatched Hleteroepitaxy

Another approach that has received considerable attention is the use of strained-
layer superlattices for dislocation filtering.2.7 -9 In this case, intermediate multiple
strained-layers are used in an attempt to bend threading dislocations into the strained-
layer interfaces and thus to the boundaries of the epilayer. For this type of solution, the
threading dislocation nucleation problem that occurs during the misfit accommodation
process is not addressed; rather, attempts are made to drive these resultant dislocations
into interfaces of the strained-layer superlattice. Again, in this case, for a large sample
dimension this implies that the dislocations must be driven to very large extents to reach
the sample edges, or favorable dislocation interactions must be obtained. As such, there is
a narrow range for initial dislocation densities for which this method is effective. 8

3. Reduced-Growth Area Defect Reduction

Recently, the use of reduced growth areas has been shown to he very effective for
reducing misfit and threading dislocation densities in the material systems InxGalixAs/
GaAs and SixGeil-/Si when the lattice mismatches and epilayer thicknesses are
relatively small. 10-12 The improvement in defect density is attributed to the shortening of
the misfit dislocation lengths required in reduced growth areas, a reduction of fixed
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dislocation sources within a small area compared to a large area, and strain relief at the
mesa edges. The application of this technique to large lattice mismatches and thick
epilayers has not been reported for these materials systems. Reduced area growth of
GaAs/Si has been reported1 3,14; however, significant improvements in defect density has
not been demonstrated. The problem with this system is that the lattice mismatch must be
acconmodated at a single interface. Materials system where intermediate composition
transitions can be used may prove to be more successful.

B. This Program's Approach to Defect Reduction

1. Choice of Materials Systems

Two situations are encountered with the latticed mismatched heteroepitaxy of
semiconductor materials. In one case, the crystal structure of the substrate and epilayer
may not be the same. In this situation, the interface between the epilayer and substrate is
abruptly defined. In the other case, the crystal structure of the substrate and epilayer are
the same and alloys between the two materials can be formed. The resulting
heterointerface can be made with various levels of abruptness. This is advantageous as it
provides an additional degree of freedom for defect-reduction possibilities.

To evaluate the effects of reduced-area growth for defect-density reduction in
lattice-mismatched heteroepitaxial layers more generally, we have chosen materials
systems for the study of both types of interfaces. The GaAs on Si system was chosen as
the model system where the crystal structure differs between substrate and epilayer. In
this case, the lattice mismatch is 4.2%. The InxGaliAs on GaAs materials system was
chosen for the case where the crystal structure is continuous across the interface. InxGa.
,As compositions as high as x = 0.53 were chosen for this work. This particular composi-
tion is latticed matched to InP, and, thus, if high-quality InO.53Gao.47As on GaAs layers
can be produced, the potential for InP on GaAs cointegration might be more effectively
realized.

2. Hybrid Reduced-Area Growth Technique

Our approach to the reduction of defect densities in latticed-mismatched
heteroepitaxial layers has been the synergy of conventional defect-density reduction
schemes with reduced area growth, and is depicted schematically at the bottom of Figure
2. We have combined the use of composition-grading growth techniques and/or strained-
layer superlattice dislocation filtering with selected area growth. This hybrid technique
elininates the large distances that misfit dislocations must acquire during the misfit
accommodation process. For this reason, effects of the composition-grading and disloca-
tion-filtering techniques should be more effectively realized, since the probability of
dislocation interactions should be reduced with reduced growth area. For the lnxGal-,As/
GaAs system, we have explored the use of strained-layer superlattices and both step- and
linear-composition grading with reduced growth areas 1. ,r defect-density reduction. For
the GaAs/Si materials system, we have examined the effects of strained-layer
superlattices and in situ annealing techniques with reduced growth areas.

6



3. Device Considerations

For multimaterials cointegration to be practical for consideration in device appli-
cations, not only must the defect densities be lowered, but the resulting growth structures
must be compatible with fabrication technologies. Two important constraints related to
this issue are usable device fabrication area and the ability to planarize the surface after
epi-growth. A lower limit to the area required for the fabrication of individual devices is
on the order of 3 pin x 3 pm; however, larger areas would be preferred. The separation
between the multimaterials areas is also a serious concern and can influence
planarizability. We have considered these issues with the development of the reduced-
area growth structures that we have used for defect-reduction studies.

7



SECTION H
EXPERIMENTAL PROCEDURES

A. PATTERNED GROWTH STRUCTURES AND PROCESSING
Considerable attention has been focused on the use of selective epitaxy, 15 growth

on oxide- or nitride-pattemed wafers, 16 growth on etch defined pedestals, 10 ,11 growth
through mechanical shadow masks, 17,18 growth in undercut trenches 19,20 or postgrowth
patterning 2 ' for realizing defect-density reduction with reduced-area growth. Figure 3(a
through f) shows schematic illustrations for these various techniques. Unfortunately,
there are significant problems with these techniques for MBE-grown epilayers. Selective
epitaxy is difficult with MBE, requiring high growth temperatures and low growth rates.
Sidewall growth interactions in material grown on oxide- or nitride-pattemed substrates
often exhibits severe degradation at the patterned growth edges. Growth on etch-defined
mesas results in very nonplanar surfaces, and the growth morphology often exhibits
facets at the epilayer edges. Growth in undercut trenches is effective for only one orienta-
tion in III-V semiconductors because of the anisotropic nature of the etching of these
materials. MBE growth through mechanical shadow masks can alleviate some of these
problems, but mask generation and precise growth area positioning is difficult. Finally,
postgrowth etch patterning can relieve some of the built-up thermal-expansion stresses,
but it does not address the issue of defect elimination during the growth process.

For the work performed in this research program, we have employed the use of
growth in undercut trenches, nonundercut trenches, growth on etched defined mesas, and
we have developed a new type of reduced area growth technique that we term cantilever
shadow masked growth.22 A schematic illustration of the structure of this new patterning
technique is shown in Figure 3(f). The prinary advantage of this technique is that shad-
owed growth can be obtained in all orientations relative " a GaAs substrate surface, and

a) d) m Substrate
Selective Growth Growth Through a ( Epi-layer

Mechanical Shadow Mask E Polycrystaillne growth

[:] Oxide or nitride layer

b) e) E"] SI mask
Growth Over Patterned Undercut Growth

Oxide and Nitride

C) oftf)E&E g)
Pedestal Growth Post Growth Patterning Cantilever Shadow

Masked Growth
02636

Figure 3
Various Methods for Reduced-Area Epitaxial Growth
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that this technique can also be applied to Si substrates. In addition, the use of this tech-
nique results in precisely positioned growth areas; can be more readily planarized than
other techniques; eliminates sidewall growth interactions; and, when optimized, can
produce planar growth profiles.

The details for the processing of the patterned growth structures used in this study
for GaAs and Si substrates are now described.

1. GaAs Substrates
The undercut trench and etch defined mesa structures were formed on the same

GaAs substrates by etching through windows in silicon-nitride-patterned GaAs substrates
with 1:8:0 H2SOJ4:H20 2:H20. The subusates s.... iri: hi..y ; N
misoriented 2 degrees off toward the <011> direction. After removal of the nitride mask
with buffered HF, these substrates were loaded into the MBE reactor. This structure was
useful for studying the material grown on top of the mesas and the material grown within
the undercut trenches. However, the undercut geometry was possible in only one of the
<110> directions. To circumvent this problem, we have used the cantilever shadow
masked structure shown in Figure 3(f). Figure 4(a) shows the process flow for the canti-
lever shadow masked growth of InGaAs on reduced areas of a GaAs substrate. First, a
silicon-oxide or silicon-nitride film is deposited on the wafer surface. Windows are
opened in this masking layer using conventional photolithographic techniques; thereby,
the spatial position of the growth areas can be precisely controlled. Etching is then per-
formed on the oxide- or nitride-patterned wafers, such that the masking layer is undercut

SiO, or SIN, SIO, or SIN,

PO EhYSLICO S

Etching 102 StEtching
Etch Stop

Polycrystalllne ; MBE Epi-growth Polycrystalline ;MBE Epi-growth

In = _'-4Gas

Removal of Shadow Mask ;Removal of Shadow Mask

a) InGaAs/GaAs b) GaAs/Si 02637

Figure 4
Process Sequences for Cantilever Mask Structures, (a) InGaAs/GaAs Etch-Down Structure,

(b) GaAs/Si Stack-Up Structure
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InGaAs/GaAs (After Removal of Mask Material)

Figure 5
Scanning Electron Micrograph of Cantilever Shadow Mask Patterned

InO.20GaO.80As Islands in a GaAs Substrate. The InO. 2OGao. 8OAs islands are
well isolated along both <110> substrate directions.

and the bottom etch surface remains planar. The etchant that we have used for GaAs is:
H2SO 4 :H20 2:H20, 1:8:10.

Although this etchant is highly anisotropic, undercutting of the nitride masking
layer is possible in both <110> substrate directions. In addition, this etchant is very well
suited for producing a flat trench bottom. After the etching step, wafers are rinsed thor-
oughly with deionized water and then loaded in the MBE reactor. After MBE growth, the
nitride masking layer and the polycrystalline material deposited on it can be removed by
dissolution in buffered HF. Figure 5 shows an SEM micrograph of a series of InGaAs
islands on GaAs that have been produced by this cantilever shadow mask technique. In
this case, the nitride layer and the polycrystalline overgrowth have been removed. The
thickness of the InGaAs islands is 3 pm. These islands are very well isolated from the
GaAs sidewalls, and exhibit relatively planar surface morphologies.

2. Si Substrates

Etch-defined mesas and nonundercut trenches were produced on two-inch diam-
eter Si substrates having their [0011 orientation tilted 4 degrees toward the I1101 direc-
tion. These wafers were cleaned using conventional degreasing/chemical cleaning before
deposition of an 800-nm SiO 2 layer. The oxide was then lithographically defined to serve
as the mask for etching. Etching was performed using reactive ion etching followed by
the planar etch HF:HNO 3:HC 2H30 2, 2:15:5. The oxide was then removed prior to load-
ing into the MBE reactor. Figure 4(b) shows the process flow which was used for the
preparation of the cantilever masked growth structures. First, a sandwiched SiO2/poly-Si/
SiO2 layer is deposited on the Si wafer surface. Windows are then opened in the top

10



oxide masking layer using conventional photolithographic techniques. Since the typical
poly-Si thickness is 3- to 4-pm thick, reactive ion etching is used first to etch the poly-Si
without undercutting. Conventional Si isotropic etching is then used to undercut the oxide
masking layer. The bottom thin oxide serves as an etch stop such that the crystalline Si
surface remains planar. After patterning, the thin oxide is stripped and a protective oxide
layer is grown before loading into the MBE system. Figure 6 shows an XTEM micro-
graph of an as grown GaAs epilayer on a cantilever patterned Si substrate. The growth is
completely free of sidewall growth interactions.

The selected area patterning mask that was used for the preparation of the growth
structures was designed to simplify XTEM sample preparation and to avoid problems of
feature size identification. As shown in Figure 7, the mask consists of four quadrants,
three of them containing patterns of vertical bars, squares, and horizontal bars (identical
to vertical bars but rotated 90 degrees). One quadrant is left unpatterned for blanket area
growth comparisons. Each patterned quadrant was divided into nine blocks (45 mm x 90
mm) and six of them contain only dense arrays of one size pattern (1.5, 3, 5, 10, 30 and
100 pm) in the form of squares or long bars. The additional three blocks of each patterned
quadrant contain arrays of various sized openings. Contact printing was used to transfer
the patterns to photoresist, and various sized mesa or trench sizes could be obtained,
depending on whether positive or negative photoresist was used.

B. MBE GROWTH PROCEDURES
MBE growths were performed in either a Perkin-Elmer 425B or a Riber 2300.

Growth on Si substrates was preceded by a 975°C/5-min anneal to desorb the protective
oxide grown during chemical etching. Substrate temperature was then lowered and a two-
step growth sequence was initiated for GaAs growth. The first growth stage involved
deposition of a 120-nm (0.4-pm/hr) GaAs layer at 450"C, and the second step consisted
of growing GaAs at 525°C at a growth rate of 1 Vtm/hr. Following buffer layer growth,
periodic thermal cycling TSL growth was carried out by ramping the substrate tempera-
ture up to 650°C and down to 400°C for 5 to 10 times without growth interruption. Each

..Poly GaAs

* -o Si02

. .. Poly Si

3~ GaAs

-.-~Si

Figure 6
Cross-Sectional Transmission Electron Micrograph of GaAs/Si

Prepared by Cantilever Shadow Masking
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Figure 7
Mask Layout for Selected Area Growth

thermal cycle took 4 rain, and GaAs growth at 525*C was resumed after this thermal
cycling growth. For the samples where AIGaAs cap anneals were used, a thin
AIO.35Gao. 65As cap layer a few tens of nanometers was grown. The growth was then
internlpted and the sample was in situ annealed at 850'C for 10 min. Arsenic
overpressure was maintained at I x 10-5 Torr during this high-temperature AIGaAs cap
annealing. GaAs overlayer growth was resumed once the substrate temperature and As
overpressure was reduced to normal growth conditions of 525'C and 2 x 10-6 Torr,
respectively. Figure 8 shows a schematic growth profile for these procedures. For the
samples where strained-layer superlattices were incorporated, five periods of
In1 15Ga 0 .85As- 10-nm/GaAs- 10-nm were grown.

12
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Figure 8
Growth Temperature Profile for the Two-Step GaAs Grown on Si including Thermal-Strained

Superlattices and AIGaAs Cap In Situ Annealing Processes

Growth on GaAs substrates was preceded by an anneal at 630°C for 10 min under
an arsenic overpressure to desorb the native oxides. Growth of In,,Gal-,,As was initiated
with a 100-n GaAs buffer layer to ensure a high-quality heterointerface. The optimum
InxGal-,,As growth conditions and composition control were obtained through extensive
growth system calibration. The In,,GalxAs growth temperature ranged between 450 to
5800C, depending on the composition desired. Composition-graded samples were grown
by varying substrate temperature and the Ga:In flux ratio. In all cases, strained-layer
s uperlattices were composed of five-periods of In0.20Ga0.80As- 10-nm/GaAs- 10-nmi.

C. MATERIALS CHARACTERIZATION

Photoluminescence and x-ray rocking curves were used for composition determi-
nation for the In,,GalxAs/GaAs growth calibrations. Double-crystal x-ray rocking curve
line-widths were used to assess the average crystalline quality of blanket GaAs/Si layers.
Cross-sectional transmission electron microscopy XTEM and cathodoluminescence CL
were used for characterizing the defect structures in the InGaAs]GaAs and GaAs/Si
samples. XTEM samples were prepared by low-energy argon-ion milling. A Phillips
EM430 transmission electron microscope operating at 300 keV was used for this work.
As much as possible, relatively low-magnification/large area microscopy was used to
obtain representative defect structures.

13



SECTION III
THE InGaAs/GaAs SYSTEM

A. HOMOGENEOUS GROWTH

The first group of experiments consisted of the homogeneous (direct) growth of
Ino.07Ga0.93As and lno.20Ga0 .80As on undercut trench and etched mesa patterned GaAs
substrates. Figure 9(a) shows an XTEM micrograph from a sample consisting of the
direct growth of Ino.0 7Ga0.93As on a 4-pin-wide GaAs mesa. This composition corre-
sponds to a lattice mismatch nf 0 51% with respect to the GaAs substrate. A well re-
solved misfit dislocation array is observed at the heterointerface and has a spacing of
approximately 250 rim. In addition, a number of dislocations are observed within the
GaAs pedestal. A similar misfit dislocation structure was also found in the material
grown in the trenches between mesas. A large number of trench and mesa regions with
widths of up to 100 pm were examined, and no threading dislocations were observed.
From these results, we estinate that the threading dislocation density is 105 cm- 2 or
lower. Figure 9(b) shows a cathodoluminescence (CL) micrograph from 30-pm and 100-
pn-wide squares of this same sample. The linear misfit dislocation density as measured
from this micrograph is considerably less than that as measured by XTEM, most likely a
result of closely spaced groups of dislocations giving rise to the image contrast rather
than individual dislocations. 1 This image also demonstrates the near complete absence
of threading dislocations.

Although considerable work has been focused on the development of an under-
standing of the processes by which a heterointcrface. such as that shown in Figure 9,
acquires misfit dislocations, in most cases these processes are not well understood. The
best understood mechanism is the formation of misfit dislocations from the glide of
threading dislocations under the influence of the mismatch stress to the
heterointerface. 2 ,23 However, when the substrate dislocation density is low and/or the
lattice mismatch is large, the number of threading dislocations will not be sufficient to
generate the observed densities of misfit dislocations. In the experiments described in this
work, substrate surface etch-pit densities were lower than I x 105 cm- 2. This implies that
for a 30-pm x 30-pin square reduced area growth size, approximately one threading
dislocation would be present in this area. Therefore, this mechanism cannot account for
the large density of misfit dislocations observed in Figure 9. A substantial fraction of the
misfit dislocations, in this case, must be generated from a surface or edge source, most
likely heterogeneously. Fitzgerald et al. 10 have arrived at a similar conclusion, with the
observation of misfit dislocations that extend from edge to edge of reduced growth area
mesas. They attribute the activity of the edges as heterogeneous nucleation sites caused
by preferential growth at the edges and faceting.

Another possibility for the generation of misfit dislocations is that they ma-y be
caused by dislocation multiplication from the interaction of dislocations as they glide to
the interface; i.e., from threading and/or edge nucleated sources. However, this type of
process would likely result in a high density of threading dislocations at the epilayer
surface, since not all of the dislocation interactions would result in favorable glide dislo-
cations for the misfit accommodation. The absence of a high density of threading disloca-
tions, particularly in the examples shown in Figure 9(a and b) indicates that dislocation
interactions were not prevalent in this sample.

14



In o.07 Ga0 .93 As

GaAs

Figure 9
Cross-Sectional Transmission Electron Microscope (XTEM) Micrograph of Direct Growth of

[nO.07Ga0 93As on 4-pm-Wide GaAs Mesa

Figure 10 shows a micrograph from a sample consisting of the direct growth of
InO.200aO. 8OAs within a 10-pm-wide GaAs trench. The lattice mismatch in this case is
1.45% with respect to the GaAs substrate. A very high density of threading dislocations is
observed aligned both perpendicular to and at a 45 *angle to the substrate surface. The
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Figure 10
XTEM Micrograph of Direct Growth of ln020Ga0joAm in a 10-pim-Wide GaAs Trench

density is somewhat lower near the boundary of the reduced growth area. Material grown
on mesas exhibited a similar defect structure. Figure 11 shows a micrograph from a
similar sample with the addition of an intermediate five-period Ino.20Gao.8oAs-10-nm/
GaAs-10-nm strained-layer superlattice (SLS.) The addition of the SLS resulted in a
reduction in threading dislocations by about a factor of three. This image shows that the
effect of the SLS was the promotion of favorable dislocation interactions over a relatively
short range (on the order of 100 nm).

The remarkable difference in defect structure between the In0.07Ga0.93As/GaAs
and the In0.20Ga0.80As/GaAs sample indicates that serious impediments to efficient
misfit accommodation arise during high In composition growth. Three-dimensional
(island type) growth or growth in the presence of a large number of surface defects could
lead to less efficient misfit accommodation, and is most likely what has occurred for the
Ino.20Gao.8oAs directly grown on GaAs, as shown in Figures 10 and 11. The high-density
of defects that are observed in this material are quite similar to the pyramidal-dislocation
tangles (PDTs) observed by Chu et al.24 in InxGal-xAs latticed-matched layers grown on
indium phosphide. These defects consist of dense dislocation tangles near the interface
from which threading dislocations oriented nearly parallel to the growth direction propa-
gate. Chu et al. 24 have identified Ga- and P-rich precipitates as the sources for these PDT
defects. Three-dimensional island-type growth may promote segregation of the growth
species, leading to precipitate formation, and/or it may lead to a highly defective structure
during island coalescence. Evidence exists theoretically 25 and experimentally 26 to sug-
gest that as the In concentration (i.e., strain level) in InxGai-,As increases, the growth
mode for MBE-grown InGalixAs on GaAs changes from two-dimensional to three-
dimensional. During three-dimensional growth, as individual islands exceed the critical
thickness, separate misfit dislocation arrays would be generated in each island. During
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coalescence of these islands, unless the misfit dislocations are of the proper Burgers
vector and are in proper spatial registration from island to island, a large number of
threading dislocations would be produced, as shown in Figure 1.

The use of a strained-layer superlattice within a high-defect-density epilayer, such
as that obtained with the direct growth of Ino.20Gao.80As, is found to be of relatively little
benefit. The reaction and annihilation of dislocations on a relatively short-length scale is
observed; however, for this high a defect density, the SLSs are not effective for driving
the dislocations to the edge of the growth areas. Therefore, a growth strategy is required
to prevent or lessen the extent of the three-dimensional mode of epilayer growth and the
resulting high density of threading dislocations.

B. COMPOSITION-GRADED GROWTH

In an attempt to improve the efficiency of the misfit accommodation process by
distributing the misfit dislocations over a finite thickness, as opposed to a single inter-
face, and to prevent the breakdown of the growth interface from two- to three-dimen-
sional, we have employed two composition-grading techniques: step- and linear-composi-
tion grading. In this section, the results are presented first for the step-composition-
graded growth samples and then for the linear-composition graded sanples. A discussion
of the combined results is then presented.

1. Reduced Area Growth with Step-Composition Grading

Figure 12 presents an XTEM micrograph from a sample composed of the step-
graded compositions Ino.20Gao.R0As/In0.0 7Gao.93As on a 10-pm-wide GaAs mesa. In
addition, two five-period Ino.2oGao.8oAs-10-nm/GaAs-10-ran strained-layer superlattices
are incorporated at two levels within the Ino.20Gao.80As layer. A significant reduction in
the number of threading dislocations is observed in this case compared to the direct
growth as shown in Figures 5 and 6. However, high density defect regions are observed
near the growth edges. The SLSs in this sample have effectively bent most of the residual
threading dislocations away from the surface toward the epilayer edges, and can be seen
piling up at the high-defect-density centers near the edges (arrowed region).

Figure 13 presents an XTEM micrograph from a sample composed of the step-
graded compositions Ino.25Gao. 75As/ln 0 .20Gao.80 As/Ino.14Gao.86As/Ino.07Gao.93As on a
10-pm-wide GaAs mesa. The right edge of this micrograph shows the actual edge of the
reduced growth area. Four distinct interfaces and associated misfit dislocation arrays are
observed. Misfit dislocations are observed to be terminated effectively at the epilayer
edges and very few threading dislocations were observed propagating to the epilayer
surface. The same type of defect structure was observed for the same growth structure
inside of cantilever-pattemed trenches. The top lno.25Ga0.75As layer represents a 1.8%
lattice mismatch with respect to the underlying GaAs substrate. As a comparison. Figure
14 shows the typical structure obtained for this same layer sequence on a large area
(blanket) region of this sample. From XTEM, regions typically from 20- to 30-pmr wide
were observed to be relatively free of threading dislocations. However, large dislocation
density pile-ups were observed to border these regions, an example of which is delineated
by the arrows in Figure 14. These high-density/low-density regions were observed to be
randomly distributed through the epilayer composite. The widths of the low-density
regions suggest that reduced growth areas with widths of up to 20 to 30 pm should
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effectively have the misfit dislocations terminating at the growth edges, and Figure 15
shows a typical micrograph taken from a 30-pi-wide trench with this same growth
structure. Figures 13 through 15 also demonstrate the image-contrast characteristic of
phase separatioai for the composition step InO.2 OGao.8OAs and with increased definition
for the composition step Ino. 25Gao.75As. Phase separation is not clearly resolved in the
Ino.07Gao.93As and Ino.14GaO.86As composition layers.

Attempts were made to extend this step-comnposition grading technique to higher
In compositions. Figure 16 shows an XTEM micrograph from a step-graded growth
sequence in a 12-pm-wide trench and is comprised of 7 atomic percent In steps to a top-
layer composition of InO.35Gao.65As. It is observed that the step-grading defect density
reduction scheme breaks down as the In composition exceeds 21% percent in this case.
The density of these threading dislocations was relatively uniform for material grown on
mesas and in trenches, and showed no variation with growth area size. Figure 17 shows
higher magnification micrographs for a group of threading dislocations in the 28% and
35% In composition layers. The three dislocations delineated by arrows in Figure 17(a)
are out of contrast in Figure 17(b), which corresponds to the 1004] two-beam diffraction
condition. This indicates that the Burgers vectors for these dislocations are parallel to the
substrate surface. Also, these dislocations are aligned roughly in the [0011 direction,
which implies that they are not on a <111> type habit plane. Attempts to step-grade the
composition to higher In composition levels resulted in considerably higher defect
densities.

2. Reduced-Area Growth with Linear-Composition Grading

As a comparison to step-composition graded growth, linear-composition grading
was employed. Figure 18 shows an XTEM micrograph from a sample in which the In
composition was graded smoothly from 0 to 25%. In this case, the growth was in a 10-
pm-wide cantilever-patterned trench. The misfit dislocations in this sample are distrib-
uted through a thickness of approximately 1.5 pm and are terminated effectively at the
epilayer edge (right side of the micrograph). This micrograph also demonstrates the
smooth surface morphology that can be obtained. Similar to the case when step-composi-
tion grading is used, material grown with the same structure as in Figure 18 in blanket
areas exhibited regions 20- to 30-pm wide relatively free of threading dislocations bor-
dered by high-density-dislocation pile-ups. The phase-separation contrast is considerably
less developed in the linearly-composition graded epilayers, compared to the step-compo-
sition graded layers (compare the 25% In composition regions in Figures 13 and 15).

Figure 19 shows an XTEM micrograph from material grown within a 10-pm
cantilever-pattemed trench in which the In composition was linearly graded from 0 to
53% In. The lattice mismatch in this case is 3.9% for the material within 0.7 pin to the
surface. compared to the GaAs substrate, and this mismatch is accommodated through a

, ,.....~i' I ; i, . g t A; .-. cer.ie, th't thi ifect disity rpi,-tj,
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scheme is less effective for the higher In compositions; however, the defect density is
considerably lower than that when step-composition grading is used. Similar to the case
in Figure 18, the phase-separation contrast is not as obvious as with the use of step-
composition grading.



06

6

236



In0 .35 Gao 6 As

Ino 2 8 Gao72 As

In0 .21 Ga 0.79 As
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Figure 16
XTEM Micrograph From a Five-Layer Step-Composition-Graded

Epilayer in a 10-gim-Wide GaAs Trench

3. Discussions of Composition Graded Growth Results

We have observed a considerable improvement in the quality of InxGalxAs/

GaAs with the use of both step- and linear-composition grading. Comparing the micro-
graphs in Figures 10 and 12, the insertion of the no.07Gao.93As layer between the GaAs
substrate and the 1n0 .20Gao.80 As layer had a tremendous effect on the resulting number of
threading dislocations. The reason for the presence of high-defect-density clusters near
the edges of the layer in Figure 12 is not clear, but it is most likely caused by a poor
cleanup of the surface prior to growth. The SLSs are also observed to be more effective
than in the case discussed above. Sincc the number of threading dislocations is relatively
small, the dislocations, which are pulled into the SLS, are able to propagate considerable
distances toward the epilayer edges. In the case shown in Figure 12, they have nin into
the high-defect-density regions and have been pinned.

Comparing the step- and linear-composition-graded reduced-area growth samples
(Figures 13 and 18), it is clear that both of these techniques are effective for spatially
separating misfit dislocations in a direction perpendicular to the original interface, and
facilitating the termination of these dislocations at the reduced-area growth edges. How-
ever, it is also interesting to note that the contrast associated with phase separation in the
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Figure 17
XTEM M[icrograph of Threading Dislocations in the Top Two Layers for the Same Growth Struc-

ture as in Figure 20. (a) The dislocations are in contrast for'"g parallel to the interfaces, and
(b) they are out of contrast for"Ag perpendicular to the interfaces.

top Ino.25Gao.75As layer is somewhat less developed in the linearly graded sample com-
pared to the step-graded sample. This may be related to the growth mechanism, such that
the gradual c,mposition change that occurs with the 1inear grading 'eucr preserves the
two-dimensional growth nature.

The usefulness of reduced-growth areas with the composition-grading techniques
is exemplified by the comparison of the defect structures observed in reduced-growth-
area regions with that of blanket regions. Figure 14 shows that while low-defect-density
regions can be found in the blanket regions, they are generally bounded by regions where
dislocations have piled up to form very high-density threading-dislocation centers. The
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Figure 18
XTEM Micrograph From a Linear-Composition-Graded Epilayer to InO.25GaO.75As

in a 10-gtm-Wide GaAs Trench. Note that the dislocations terminate at the epilayer
edge on the right side of the micrograph.

locations of these high-defect-density regions are not uniform and are not predictable,
and therefore, from the standpoint of device fabrication, would lead to high yield losses.
The formation of these high-defect-density regions in blanket areas can be rationalized by
considering Figure 20. Blanket areas in this case refer to areas of dimension L >>, where
I is the mean free path of the dislocations gliding into the interface from surface half-loop
nuclei. Figure 20(a) shows the initial stage of the misfit accommodation process where a
small number of half-loops have been formed and are propagating in the epilayer to the
interface. In Figure 20(b), the dislocation segments labeled 1, 2, and 3 in Fig-ire 20(a)
have inpinged upon one another and in this case have not reacted to annihilate or to
produce a resultant dislocation segment. Rather they have piled-up to form a threading
dislocation cluster. As growth proceeds, and additional misfit dislocations are nucleated,
provided favorable dislocation interactions do not occur when they run into the threading
dislocation cluster, they too will pile up to enlarge the cluster, as shown in Figure 20(c).
Thereby, the defect cluster will grow until all of the misfit dislocations have been gener-
ated. These dislocation pile-ups would closely resemble the pile-up observed in Figure
14. Reducing the growth area to a dimension less than the mean free path length for the
dislocations should prevent these types of threading dislocation clusters.

Limitations of reduced growth area for the prevention of dislocation interactions
can be rationalized in terms of the lifetime of a misfit-forming glide dislocation, i.e., the
time required for the dislocation to propagate to the edge of the growth area once gener-
ated. Consider the quarter-loop dislocation formation mechanism depicted in Figure 2 1.
For this illustration, assume that all of the misfit-accommodating dislocations are formed
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Figure 20
Schematic Description for the Formation of High-Density Dislocation Pile-Up Centers in Large-Area

Lattice-Mismatched Epilayers (i.e., I<< L)
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Figure 21
Edge Nucleation of Glide Dislocation Quarter-Loops for Misfit Accommodation

from glide dislocations that are nucleated at a constant rate from edge heterogeneous
sources in the form of quarter-loops, and that the number of dislocations generated in the
area from the edge sources is directly proportional to the length of the edges of the
growth areas. The lifetime of the dislocations generated in the small area of width L in
Figure 22(a) is given by r = Liv where v is the glide velocity of the dislocations. Assume
that the dislocation nucleation rate is such that for each dislocation, which is terminated
at the edge of the growth area in time t, another dislocation is nucleated at the epilayer
edge. For a larger growth area of width nL [Figure 22(b)] the lifetime of the gliding
dislocations is given by n-r. If the dislocation nucleation rate is the same as that for the
smaller area, additional dislocations are generated before the original dislocations tra-
verse the growth area. As such, at steady state, the density of gliding dislocations in the
small and large areas are the same, Now, consider the mean free path for a dislocation
gliding to a heterointerface that can be approximated as 1 = l/hp, where h is the epilayer
thickness and p is the glide dislocation density. 17 Since the steady state gliding disloca-
tion density is independent of growth area, the mean free paths for the dislocations in
Figures 22(a) and 22(b) are the same. Therefore, to prevent dislocation interactions
during the misfit-accommodation process, a growth area of width nL 1 I is required.

The implication of the previous discussion is that the growth area size for which
dislocation interactions are unlikely depends on the nucleation rate of the dislocations. If
the rate of nucleation is slow relative to the dislocation lifetime x, the growth area size for
which L _ / will be larger. Since the dislocation nucleation rate is dependent on the
growth rate, this implies that slowing the growth rate will facilitate the use of larger
growth areas. In addition, composition grading should result in larger growth areas free
of dislocation interactions, since the nucleation rate can be modified by grading the lattice
misfit with growth thickness/time.

Another possible mechanism that would lead to a dislocation pile-up, and that
would not be improved with a reduction in growth size, is a defective region initiated at
the growth interface because of surface damage or a poor pregrowth cleanup. This type of
situation may account for the dislocation pile-ups observed in Figure 12.
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Figure 22
The Effect of Reduced Area Growth Size on Dislocation Dynamics

Step-grading the InGal-As composition beyond x = 0.25 generally resulted in
poor-quality epilayers, as shown in Figure 16. This is most likely a result of a transition
to a three-dimensional mode of growth with increased In composition, as described by
Chen et al. 26 The phase separation that is observed may facilitate or may also be related
to the roughening of the growth interface. The roughened growth interface would likely
facilitate the heterogeneous activation of additional misfit dislocation nuclei and, there-
fore, cause a greater number of dislocation interactions. The presence of the large number
of threading dislocations, which have Burgers vectors parallel to the growth surface, as
shown in Figure 17, are likely formed by the interaction of two glissile 60" dislocations
with Burgers vectors in the same I II) glide plane, as described by Fitzgerald et al. 27

The line orientation of these dislocations parallel to the growth direction (i.e., not on a
( I ll) type plane) suggest that they are formed close to the heterointerface and then
propagate during crystal growth. This growth orientation can be rationalized in terms of
energy considerations and the atomic mechanism of crystal growth.2 8 These dislocations
are sessile under the influence of the biaxial misfit stress and can act as barriers to other
gliding dislocations. 27 This effect is enhanced by the fact that the line orientation of these
dislocations in the [0011 growth direction threads through a large number of I }Il
planes. As such, gliding 60 ° dislocations, which propagate within a volume on the order
of the square of the epilayer thickness surrounding these threading dislocations, will run
into these threading dislocations. Therefore, the formation of this type of threading
dislocation must be prevented for there to be a significant reduction in defect density.
Prevention of the formation of these types of dislocations should be facilitated by a
reduction of growth area to less than the mean free path dimension of the gliding disloca-
tions and by maintaining the two-dimensional mode of crystal growth.
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The use of linear-composition grading for higher In compositions appears to be
substantially better than for step-composition grading, as can be seen by comparing
Figures 16 and 19. The reason for this difference is not clear, but may be related to a less
extensive roughening of the growth interface. The less well-developed phase-separation
contrast in the linear-composition-graded layers also suggests a difference in growth
mechanism. The result shown in Figure 19 suggests that linear-composition grading
shows the most promise for large latticed-mismatched heteroepitaxy in reduced areas.
Opthnization of the growth properties such as growth temperature, growth rate, and
composition-grading rate warrant further investigation. In addition, Chen et al. 2 6 have
shown that migration-enhanced epitaxy (MEE) can be used to maintain a two-dinen-
sional growth mode for high-strain values of InGalxAs/GaAs.
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SECTION IV
THE GaAs/Si SYSTEM

The GaAs/Si system has a considerable disadvantage compared to the InxGai_
xAs/GaAs system described in the previous section, as intermediate alloy composition
grading is less convenient. Lattice mismatch is accommodated at a single interface. The
elimination of the composition variation degree-of-freedom limits the dislocation-reduc-
tion strategies for both large- and reduced-area growth to annealing and strained-layer
superlattice dislocation filtering.

As discussed in the previous section, dislocation filtering techniques will only be
useful when the defect density is sufficiently low such that the dislocations can be bent to
the edge of the growth area without interactions with other dislocations. On the other
hand, annealing techniques are expected to be useful only when the dislocation density is
high, i.e., when the dislocations are spaced closely enough that their strain fields strongly
interact. With this in mind, we used a two-step approach. We first investigated the use of
in situ annealing techniques to lower defect density. Homoepitaxial growth in situ anneal-
ing techniques with other materials systems suggest that this limit is in the 105 to 107 cm-
2 range. 28 We subsequently incorporated dislocation filtering techniques after in situ
annealing.

The discussions of our GaAs/Si results are organized as follows: dislocation
reduction techniques previously developed for large area epilayers, various types of
reduced area growth strategies that we have used and the problems associated with these
techniques, and the use of the cantilever shadow masked growth technique with various
combinations of in situ annealing and dislocation filtering.

A. LARGE-AREA (BLANKET) GROWTH

Considerable work at Texas Instruments has been focused on the reduction in
defect density of large-area (blanket) grown GaAs/Si. Several strategies have been
developed that result in defect densities of 10- 7 cm 2 or lower. These strategies include
various growth initiation methods, in situ annealing techniques, 29 and postgrowth anneal-
ing. An understanding of the mechanisms that lead to the observed improvements in
epilayer quality and the limitations to their effectiveness provides a basis for the study of
the effects of reduced-area growth.

Recently, Kao et al.29 have developed in situ annealing techniques that result in
the highest quality large-area GaAs/Si epilayers reported to date. Figure 8 shows the
growth sequence used to produce these results. Figure 23 presents an XTEM micrograph
from their work. It is observed that the in situ annealing techniques promote dislocation
interactions on a relatively short-length scale; i.e., threading dislocations, which are
initially closely spaced, are observed to react to annihilate or to form a single resultant
dislocation. The intrinsic limit for the effectiveness of in situ annealing techniques is
related to the decay in magnitude of the dislocation interaction stress fields with disloca-
tion separation distances and for GaAs/Si this limit appears to occur at a dislocation
density in the low 106 cm - 2 range. A similar limit is obtained for the homoepitaxial
growth of III-V materials on high dislocation density substrates in which intermittent
growth procedures are employed,28,30 Therefore, for further improvement in epilayer

32



0

S 0
U)

I U) .0

0

0 rf~ =0

U,

0

0

I
0

I .ij
'K K

-
I...

0

* 
.00.

0

~
0

0

0-

33



quality, a method of moving dislocations is required whereby dislocation interactions are
promoted or the dislocations are driven to the edge of the growth area.

The use of strained-layer superlattice dislocation filtering is one means for mov-
ing dislocations. However, as discussed in the previous section, the use of a misfit strain
to move dislocations in an epitaxial layer can lead to both favorable dislocation interac-
tions or to dislocation multiplication. As such, simply promoting dislocation interactions
is not a feasible method for completely eliminating threading dislocations. A more prom-
ising approach is to drive the dislocations out of the epilayer at the epilayer edges. Simi-
lar to the reasoning described in the last section, the use of reduced growth areas is the
most likely means of accomplishing this goal.

B. REDUCED-AREA GROWTH

Our initial studies of reduced-area growth of GaAs/Si were performed by growing
over oxide-patterned Si substrates. As such, deposition occurred both inside of the win-
dows in the silicon oxide as well as on top of the oxide-patterning layer. Figure 24 shows
an XTEM cross-sectional micrograph from one of these growth structures. It is observed
that a large density of twins is generated at the polycrystal/single-crystal interface. These
twins extend into the single-crystal GaAs region a distance comparable to the growth
thickness. The defect density within the single-crystal regions is comparable to that
obtained from blanket-grown GaAs/Si. The twins that propagate into the single-crystal
GaAs region are not desirable since they inhibit the movement of dislocations out of the
reduced growth area regions if strained-layer superlattices are used. Therefore, our next
approach was to try and eliminate the polycrystalline/single-crystal interfaces by growing
inside of etched Si trenches and on top of etch-defined Si mesas.

Figure 25 shows a cross-sectional SEM view of the growth structure obtained for
a sample in which GaAs was grown inside an etch-defined trench in Si. Figure 26(a and
b) shows a bird's eye view of this same structure and an XTEM micrograph from the
trench edge region, respectively. The GaAs epilayer is observed to grow confonnally to
the patterned substrate structure. A large density of defects is observed to be generated at
the Si sidewall, most likely caused by the variation in growth orientation along the
sidewall. Similar to the situation described above, attempts to use dislocation filtering
techniques with this type of structure would not be expected to be successful since the
high density regions could block the movement of dislocations or, more likely, could act
as a source of dislocations.

Figure 27(a) shows an SEM cross-sectional micrograph for a sample in which
GaAs was grown on top of etch-defined Si mesas. The growth morphology exhibits well-
developed facets near the mesa edges, and the complete eliminaticn of the original (00 1)
growth front. The schematic diagram in Figure 27(b) shows that facets are composed of

111} and 13101 surfaces. Considerable sidewall growth is also observed in this micro-
graph. Figure 28 presents an XTEM micrograph from this same sample. A high density
of twins is observed in a direction perpendicular to the I 111 I growth facets and in the
material grown on the sidewalls. The defect density in the central regions of the material
grown on wider mesa structures is comparable to that obtained from blanket area
growths, and rises considerably as the growth edges are approached. Use of this type of
growth structure with dislocation-bending techniques is not likely to be of value.
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(a) SEM Micrograph of the Patterned GaAs Region

(b) Croas-SectIonal TEM of the Trench Sidewall

Figure 26
Cross-Sectional Micrographs of GaAs Grown Over Etch-Defined Si Trenches
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Figure 27
(a) XTEM Micrograph of' GaAs Grown on 3-pm-wide Si Mesa,

(b) Tracing of' This Micrograph
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Figure 28
Defect Structure of As-Grown GaAs at the Sidewall of a 100-jim-wide Si Mesa

What emerges from the above studies is that a reduced-area-growth method is
required in which polycrystalline/single-crystal interfaces are avoided, sidewall growth
interactions are avoided, and that results in preservation of the (001) growth interface.
We found that the use of the cantilever-shadow-masked growth structure is effective for
realizing these objectives, and the remainder of the reduced-area-growth experiments to
be described were conducted-using this technique. Figure 29 shows an SEM micrograph
with various sized cantilever-patterned GaAs/Si islands. In this case, the cantilever oxide
layer has been removed to show that the GaAs islands are well isolated from the Si
sidewalls. Also, this micrograph shows that reduced-area-growth widths as small as 5 pm
can be produced.

Figure 30 shows an XTEM micrograph from a sample consisting of GaAs inside a
10-pn-wide cantilever-patterned Si trench grown using the two-step growth initiation
method. The defect density in the central region of this epilayer is comparable to that
obtained from blanket area regions. There is a slight improvement in the regions
approximately 2 to 3 pm from the reduced-area growth edges. This phenomenon was
observed for a large number of the samples that we examined and the extent of the
reduced-defect-density zone did not seem to be affected by growth-area size. Thus, using
the two-step growth method, no significant improvement in defect density is obtained
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with reduced-area growth. The slightly lower density observed near the growth edges
may be a result of the lessening of the thermal expansion mismatch stresses near the
growth edges. These results are consistent with our premise that the benefit of reduced-
area growth for defect-density reduction in this materials sysiem bay iesult from
inproved dislocation filtering effectiveness rather than from an improvement in lattice
misfit accommodation process.

To test this idea, we have incorporated strained-layer superlattices after initiating
growth by the two-step method. Figure 31 shows an XTEM micrograph from an epilayer
in a 10-pm-wide trench. In this case, two 5-period In.15Gao.85As-10-nm/GaAs-10-nm
strained-layer superlattices were inserted at I and 2 pm from the GaAs/Si interface.
Similar to the sample shown in Figure 30, a reduction in defect density is observed only
near the epilayer edges. The strained-layer superlattices were only marginally effective
for reducing the defect density. The original threading defect density prior to initiation of
the strained-layer superlattices is clearly too high for the effective bending of dislocations
to epilayer edges. Rather, a large number of interactions have occurred that resulted in a
small number of dislocation annihilation reactions. This same situation is observed in the
In0.2OGa. 8 OAs/GaAs sample containing a strained-layer superlattice, as shown in Figure
11. Figure 32 shows the same growth structure inside a 5-pm-wide trench. In this case
defect density is lowered considerably. The width of this sample is comparable to the
combined reduced defect-density regions near the two edges of the wider stripe shown in
Figure 31.

The use of additional strained-layer superlattices in the larger growth-area regions
will likely lead to gradually reduced densities of threading dislocation. However, this
approach is not particularly attractive since considerably thicker epilayers would be
required. A better approach would be to use in situ annealing techniques to reduce the
defect densities to a level where strained-layer superlattices might have a chance of
driving the dislocation to the periphery of the growth areas, i.e., to a density less than -5
X 107 cm- 2. Figure 33 shows an XTEM micrograph from a GaAs epilayer grown inside

2 pm

Figure 31
XTEM Micrograph From a GaAs Epilayer Containing Two 5-Period SLSs inside

a 10-gm-wide Cantilever Patterned Si Trench
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!nGaAs GaAs SLS

Figure 32

XTEM of the Same Growth Structure as Shown in Figure 31 (But in a 5-pm-wide Trench)

: ! ....... . .. ' ... -! -
°

Figure 33
XTEM Micrograph From a Portion of a GaAs Epilayer Containing Two AIGaAs Cap Layers Inside

a 10-gm-wide Cantilever Patterned Si Trench

of a 10-pm-wide Si trench. In this case, a thermal-strain superlattice (TSL) and two
AlGaAs cap anneal cycles where incorporated in the growth sequence. This micrograph
demonstrates that in situ annealing techniques were extremely effective for promoting
short-range defect-annihilation reactions. After examining a large number of growth
areas, we estimate that a defect density of less than 5 x 107 cm- 2 is obtained, which is
comparable to large-area growths incorporating these in situ annealing techniques. At this
level strained-layer superlattices may be effective for reducing the defect density further.
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The next experiment that we performed consisted of the insertion of three AlGaAs
cap anneal cycles at 1-pm growth intervals followed by a five-period SLS. Figure 34
shows an XTEM micrograph from this sample from a region within a 10-wide trench.
The thickness of this growth structure has exceeded the depth of the trench. As such, the
sidewalls of the GaAs layer that protruded through the shadow mask became exposed to
the growth constituent beams during MBE growth and resulted in the faceted structure at
the epilayer edges. It is apparent that the first A1GaAs cap anneal was the most effective,
and virtually no improvement is obtained for the third one. Also, most of the dislocations
which thread through the third AlGaAs cap layer also thread through the SLS without
being deflected into the interfaces. Figure 35 shows a plan view TEM micrograph from a
5 pm-wide stripe from this sample. This TEM sample was obtained by thinning from the
substrate side of the structure. From this sample we obtain a threading dislocation density
on the order of I x 107 cm- 2. Figure 36 shows a series of cathodoluminescence images
obtained from various sized areas of this sample. The effect of reduced growth area is
clearly seen by comparing the reduced growth areas in Figure 36(b and c) to the blanket
growth region in Figure 36(a). Since the defect density is greater than I x 106 cm- 2, the
dark regions in Figure 36(a) are most likely from high-density dislocation clusters formed
from pile-ups, as described in Section III. The use of reduced growth areas clearly elimi-
nates these high-density dislocation clusters.

Our final growth structure was comprised of a single AlGaAs cap layer and three
five-period SLSs spaced at 0.5-pm intervals in a GaAs epilayer. Figure 37(a and b) shows
XTEM micrographs from a region grown within a 10-p-n-wide trench. It is observed that
most of the dislocations that are deflected into the SLSs do not propagate all the way to
the reduced area growth edges. Rather, dislocation interactions are prevalent. Also,
similar to the previous sanple, a large number of the threading dislocations propagate
through the SLS layers without being deflected or bent into the interfaces. The reasons
for this behavior warranted additional investigation.

Compare the two dislocations delineated by arrows in Figure 37(a and b). These
dislocations exhibit double-image contrast for g = [220] [Figure 37(a)] and are out of
contrast for g = [004] [Figure 37(b)]. This is consistent with the assignment of the
Burgers vector as b = +1/2 [110]. This Burgers vector lies in the interface plane; there-
fore, the biaxial stress field produced by the SLS would not act on these dislocations in a
direction promoting dislocation glide to the interface. Also, it is interesting to note that
from the length of the dislocation line images relative to the thin foil thickness (< 1 pm)
these dislocations are not lying on I I I l ) type habit planes. This condition also makes
these dislocations sessile. The reason for the observed crystallography for these disloca-
tions is most likely related to the atomic growth process and the fact that in anisotropic
diarnond-cubic or face-centered cubic crystals, edge dislocations have a lower energy on
( 110) planes. 3 1 In addition, Beam et al.2 8 have observed a similar dislocation
reorientation in homoepitaxial InP layers grown by liquid phase epitaxy.

Figure 38(a through f) shows a series of XTEM micrographs under various
diffraction conditions for another region of this same growth structure. In this case,
consider the dislocations delineated by arrows in Figure 38(a). This group of dislocations
exhibits strong image contrast for g = ±12201 and g = 12221, double-inage contrast for g
= ±10041 and are out of contrast for g = 12201. These results are consistent for Burgers
vectors ofb = ±1/2[1011 or b = ±1/2 011. These Burgers vectors are inclined to the (001)
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growth interface and, as such, should experience a glide force as a result of the biaxial
misfit stress created by the strained-layer superlattices. However, these dislocations are
also observed to thread through the SLSs without deflection, implying that they are also
sessile. The length of the dislocation lines relative to the foil thickness suggests that these
dislocations are lying close to the [0011 direction. Similar to the case described above,
these dislocations are not lying on { 1111 habit planes.

The formation of sessile threading dislocations during growth imposes a serious
handicap for the removal of dislocations by strain. Not only will these dislocation not be
bent to a mismatched interface, but they will act to block the movement of other gliding
dislocations. Consider the schematic diagrams shown in Figure 39(a). Figure 39(a)
shows two glide dislocations that impinge during the early stages of the growth process to
form a resultant threading dislocation. During further epilayer growth this dislocation will
replicate in the epilayer, and is not constrained to replicate on a { 111 -type plane. Figure
39(b) shows the case similar to the experimental case where the dislocation has replicated
in a direction close to perpendicular to the growth interface. As such, this dislocation
threads through all of the { 111 planes, which are inclined to the interface plane. As
other dislocations glide on these 111 ) planes, i.e., under the influence of a misfit stress
such as the SLS, they will be pinned when they intersect the threading dislocation. As a
result, benefits of SLSs will not be realized.
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Figure 39
Schematic Diagram Showing (a) the Generation or a Threading Dislocation from the Interaction or

Two Misfit Accommodating Dislocations, and (b) the Blocking Affect of these Dislocations Threading
through the Glide Planes orfother Dislocations
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SECTION V
RECOMMENDATIONS FOR ADDITIONAL STUDY

Results of this research program provide improved understanding of misfit ac-
commodation processes that occur during reduced-area, latticed-mismatched
heteroepitaxial growth. Several issues were raised with regard to the effectiveness of
reduced growth areas for defect-density reduction during misfit accommodation pro-
cesses. The following sunnarizes the most important remaining problems and potential
approaches to address them.

A. THE InxGal_xAs/GaAs SYSTEM

The use of reduced growth areas for the reduction of defect densities in the
InxGal-As/ GaAs materials system has been demonstrated for In compositions up to
25%, and looks very promising for higher In compositions. The ability to grade the
composition continuously during growth is a clear advantage for this system, and similar
results should be obtained from other materials systems where this is possible. Extension
of the InxGaliAs composition-graded growth to the In composition, which is latticed
matched to InP (In0.53Ga 0 47As ), requires additional growth development. The prinary
obstacle to be overcome is the prevention the of breakdown of the two-dimensional to the
three-dimensional growth mode. We believe than a combination of linear composition
gradflg, reduced growth temperature, and reduced growth rate is the most promising
approach to maintaining two-dimensional growth; migration-enhanced epitaxy (MEE)
may also be useful.

B. THE GaAs/Si SYSTEM

Reduced area growth for defect-density reduction in GaAs/Si does not appear to
be as promising as with the InxGal-xAs/GaAs system. The constraint of the abrupt
growth interface is a serious handicap. Threading defect densities, which are generated at
the very early stages of growth, are presently too high to realize the benefits of reduced
area growth combined with dislocation-bending techniques. These dislocations are
fonned at the early stages of growth from dislocation interactions. The analysis of the
nature of the threading dislocations, which propagate to the surface of the GaAs/Si
epilayers, demonstrates that they cannot be substantially reduced using dislocation filter-
ing.

Additional studies should focus on the prevention of the formation of these
defects at the early stages of growth. A possibility for study is the use of extremely low
growth rates during early stages of reduced area growth, particularly at the growth stage
near the misfit dislocation nucleation critical thickness. If the dislocation nucleation rate
could be slowed sufficiently during this stage of growth, the gliding dislocations that
form the misfit dislocations may have the opportunity to glide across the reduced growth
areas without interaction. Again, one means of accomplishing this task might be through
the use of the low growth rate technique, migration-enhanced epitaxy.

Another possibility for study is the the use of intermediate layers from other
materials systems to make the lattice mismatch transition more gradual. Soga et al. 32

have reported the growth of GaAs on Si using intermediate layers of AlP, AIGaP, GaP/
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GaAs0 .5P0.5 superlattices, and GaAsO.5 P0 .5/GaAs superlattice3. They found improved x-
ray rocking curve linewidths and photolumninescence intensity; however, a study of the
defect structure was not discussed. The use of Ge.Si Ix alloy grading is also another
possibility for distributing the mismatch.
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