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Abstract

We have investigated the origin of contrast features observed in coalesced GaP islands, deposited by chemical beam
epitaxy on (001) Si, by high resolution transmission electron microscopy and conventional dark field electron
microscopy. Our results indicate that these features are antiphase boundaries (APBs) lying on {110} planes. Image
simulations have been performed to show that APBs can only be seen under specific defocus conditions in high resol-
ution lattice images. The observed contrast is attributed to the presence of Ga—Ga and P—P wrong bonds at APBs. A
model is proposed to show that the coalescence of GaP islands on the same Si terrace may not produce APBs, and
the formation of such boundaries may require the presence of monoatomic steps, separating the coalescirig islands.
2002 Published by Elsevier Science Ltd on behalf of Acta Materialia Inc.
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1. Introduction unsatisfied bonds exist at the APB. However, the
wrong -1l and V-V bonds would be present at

Antiphase boundaries (APBs) in llI-V zinc- the APB. Strain accommodation at these wrong
blende semiconductors can form during growth bonds results in relaxation of atoms at the APB
across monatomic steps on (001) Si [1,2]. The boundary away from the perfect crystal positions
occupation of the fcc sublattices is exchanged [3,4]. In addition, such defects are expected to be
across the boundary, such that the crystal structureelectrically active and are a concern in device
is identical on either side of the boundary and no operation [5].

To prevent the formation of such antiphase

- domains, a step-doubling mechanism has been sug-
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Aspnes and I|hm [6] have shown that a type A dou-
ble step (in their terminology a step with dangling
bonds parallel to the step edge) is energetically the
most favorable configuration. To produce double
steps, high temperature annealing of the vicina
silicon surface is required. However, APB-free
growth may be achieved in the absence of double
steps. The growth of single domain GaAs (for
example) has been explained in terms of APB
annihilation [7,8] or selective nucleation of GaAs
on one kind of Si (001) steps [9]. Thus, the physi-
cal insights into origins of APBs in the growth of
[11-V semiconductors on Si are still lacking.

Tafto and Spence [10] have used a convergent
beam electron diffraction (CBED) technique to
identify APBs in the zinc-blende structure. This
technique is widely used to identify APBs within
epitaxial layers of GaAg/Si [11,12], GaAg/Ge [13]
and GaP/Si [14]. Using this method, the direction
of crystal polarity can be identified by observing
asymmetries in dynamical diffraction contrast of
reflections from crystal planes of opposite polarity.
Such contrast arises when the Ewald sphere inter-
cepts for example aweak {002} reflection plus two
or more higher order, odd indexed reflections.
Depending on the type of cation and anion, high
order reflections interfere constructively or
destructively with direct scattering into the {002}
reflections. The interference manifests itself in
CBED discs as a bright cross or a dark cross for
constructive and destructive interference, respect-
ively. The (002) reflection on one side of an edge
on APB would change to the (002) on the other
side since al hkl = > hkl. When one obtains a
dark cross in the (002) disc, then across the APB
the disc should have a bright cross. Specific fea-
tures of the structure factor for the zinc-blende
structure also lead to changed diffraction contrast
across an APB using certain superlattice reflec-
tions. This kind of contrast can also be used to
identify such boundaries. Holt [15] showed that the
(200) type reflection produces a phase change of
Tt across the APB and would exhibit strong APB
contrast during conventional dark-field (CDF)
imaging. CDF imaging using the {200} reflection
should revea strong APB contrast and identifi-
cation of APBs by this procedure has been demon-
strated [14,16,17].

In this paper, we have investigated the origin of
APBs in coaesced GaP isands grown on (001) S
substrates by high resolution transmission electron
microscopy (HRTEM) and CDF. The emphasis is
to discern APBs within thin films <60 nm by
TEM.

2. Experimental details

The GaP films were grown on exactly oriented
(001) Si for by pulsed chemical beam epitaxy
(PCBE). The (001) S wafers were cleaned using
a standard RCA clean. During growth the heated
S substrate was exposed to pulses of tertiarybu-
tylphosphine (TBP) and triethylgallium (TEG)
under a steady activated hydrogen background
pressure [18]. Using acycletime of 5 s, TEG flow
of 0.05 sccm was pulsed into the reactor for 300
ms per cycle under continuous TBP and hydrogen
flow of 0.6 and 5.0 sccm, respectively. The overall
pressure during deposition was between 10~“ and
107 Torr. The GaP epilayer for this APB experi-
ment was grown for 500 s at 420 °C.

Samples for transmission electron microscopy
(TEM) were prepared using the standard ‘sand-
wich’ technique followed by dimpling and ion
milling until electron transparency. Structura
analysis of the epitaxial layers was performed in
cross-section by CDF and HRTEM. This study was
carried out on a JEM-4000EX microscope
operating at 400 kV that has an interpretable resol-
ution of 0.16 nm. Localized spatia information
from HRTEM micrographs was obtained by digital
diffractograms (DDFs). The method is based on
measurements of interplanar spacings in reciprocal
space and can be used to determine the frequency
and amplitude of lattice images. Since each fringe
in a high-resolution lattice image corresponds to a
characteristic spot in the amplitude of the of the
Fourier transform (diffractogram) of a selected
image region, lattice-fringe spacings and angles
can be measured from spot positions with respect
to the center of the diffractogram.

Image simulation was performed using the
Cerius [19] simulation program. The HRTEM
module within this program simulates dynamical
electron diffraction patterns and real space images
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by the multislice technique. In our simulation, we
have created an APB by taking two identical GaP

crystals, translating one of the crystals by %[111],

thereby simulating a monatomic step on Si, and
then joining the two crystals (using the Interface
module). In making this interface, the common
direction for the left and right side of the crystal
was aligned aong the [110] direction with the
common plane being (110). When viewing along
the [110] direction, the thickness of the crystal par-
alel to the [001] and [110] directions was main-
tained at 2 nm for each direction. The thickness of
each successive dlice was 0.4 nm. The incident
beam was propagated aong the [110] direction
through 50 such crystal slices to a thickness of 20
nm. The microscope parameters used were those
specified for the JEM 4000EX at Arizona State
University. This consisted of an acceleration volt-
age of 400 kV, spherical aberration coefficient (Cy)
of 1 mm, a defocus spread of 8 nm and a beam
spread of 0.8 mrad. The fina simulation was a
through thickness, through focal series and exhib-
ited the change in image contrast due to these para-
meters.

3. Results
Fig. 1 is a CDF cross-sectional TEM micro-

graph, obtained using the (002) superlattice reflec-
tion, of a GaP epilayer grown on (001) Si for 500s

10 nm

Fig.1. A DFTEM micrograph obtained using the (002)
reflection, of a GaP epilayer on (001) Si after 500s of growth
at 420 °C. Notice the contrast change across boundaries indi-
cated by arrows.

at 420 °C. This micrograph shows two-dimen-
sional defects denoted by arrows across which the
image contrast changes. Intersecting and non-inter-
secting {111} twins are also visible. Fig. 2 is an
HRTEM [110] cross-sectional image of a (001)
GaP epitaxial layer deposited at 420 °C after 500
s of growth. The columnar defect A denoted by
arrows intersects a microtwin T and extends from
the epilayer surface to the GaP/Si interface. The
insert in Fig. 2 isamagnified image of the intersec-
tion of defect A with a twin. This figure indicates
that a dlight tilt is introduced within A after its
intersection with microtwin T. Furthermore, across
A thereis avisible displacement of the atomic col-
umns. Fig. 3 is an HRTEM image obtained from
a different part of the same epitaxia layer that
shows the presence of defects A, and A,. Inserts
(8 and (b) are images of defects A, and A,,
respectively. Again notice a very slight misalign-
ment of columns across the defect. Fig. 4(a) is an
HRTEM image of the columnar defect A, from
Fig. 3 with selected regions 1, 2, and 3 marked for
diffractogram calculation. Fig. 4(b) shows DDFs
of regions 1, 2 and 3. Note the spot splitting
observed in the DDF from region 3.

The CDF image in Fig. 1 and the lattice images
of Figs. 2 and 3 indicate the presence of defects
lying on (110) planes of the GaP epilayer. DDFs
in Fig. 4, obtained from the columnar defect
marked as A, do not show satellite spotsin adirec-
tion perpendicular to these boundaries. This indi-
cates that structural integrity is maintained across
the boundary, and this boundary is neither a grain
boundary nor a twin boundary. In addition, Fig.
4(b) shows spot splitting (as indicated by arrows)
for certain spots in the DDF obtained from region
3in Fig. 4(a).

4, Discussion

Severa significant observations emerge from the
present study. First, CDF images show columnar
{110} type defects in epilayers after 500 s of
growth. Second, HRTEM images indicate that in
some cases these defects can extend from the
epilayer/substrate interface to the surface. Third,
careful examination of these defects by HRTEM
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Fig. 2. [110] HRTEM image of a GaP epilayer on (001) Si after 500 s of growth at 420 °C that shows a columnar defect A
intersecting a twin T. The insert is a magnified image of the columnar defect-twin intersection.

shows a slight displacement along the [001] direc-
tion within the (110) plane. Fourth, twin intersec-
tion with these defects mostly resultsin the termin-
ation of the twin, though in some specific cases the
twin can shear the defect.

In Fig. 1 the presence of contrast change across
vertical boundaries parallel to the {110} planes
indicates that these are indeed {110} type APB
boundaries as first suggested by Holt [20] and then
identified by Cohen and Carter [14], Kuan and
Chang [16] and Uedaet al. [17]. In Fig. 5, we show
in support of this assessment, a plot of the inten-
sities of the transmitted beam, (002) and (002)
(shown as 0 2 and 0 —2, respectively) reflections
from a (110) diffraction pattern of a perfect GaP
crystal as a function of foil thickness (also known
as a Pendellosung plot). As expected, the ampli-
tudes of the two reflections for GaP are not equal
for most thicknesses. Thus, in a (002) DF image,

the intensities from both sides of an APB should,
according to Fig. 5, be different except at certain
crystal thicknesses. The expected image contrast
variation across an APB is observed for some of
the vertical defects in Fig. 1.

Distinct boundary-like contrast, paralel to the
(110) planes, is aso observed in HRTEM cross-
sectional images (Figs. 2 and 3). To verify that
these are indeed APBs we have simulated the lat-
tice image of a GaP crystal containing (110) type
APBs. In our simulation, we have created an APB
as detailed earlier in Section 2 and the resulting
structure is schematicaly illustrated in Fig. 6. This
trangdlation is performed to change the occupation
of the respective fcc sublattices across the bound-
ary. Thus a Ga atom would be placed on a P pos-
ition after the translation. The simulated HRTEM
image for a through thickness focal series gener-
ated for the APB model is depicted in Fig. 7. The
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Fig. 3. [110] HRTEM image of GaP epilayer on (001) Si that indicate columnar defects A, and A, that are aligned parallel to {110}
planes. The inserts (a) and (b) are magnified images of A, and A,, respectively. Notice the slight displacement of black spots along

the [001] direction for both boundaries.

third row from the left indicates images near
Scherzer defocus for different values of crysta
thickness. These micrographs show that for a thin
crystal <4 nm, the experimental lattice images do
not show any evidence of the APB. However, for
thicknesses in excess of 4 nm, Scherzer images do
indicate a discernible displacement across the
boundary along a [001] direction, which gets
accentuated with increasing thickness. Note that
the black spots (which correspond to a doublet of
Ga and P atoms) get shifted downwards when
going from left to right. The experimental lattice
images in Fig. 3 also reveal a dight displacement
along the [001] direction for the black spots, con-
sistent with our simulated images.

Kuan and Chang [16] have reported that for a
GaAs (110) APB, simulated lattice images do not

show the presence of an APB when imaged using
a 200 kV TEM. To confirm their results, we have
simulated a GaAs APB using our microscope para-
meters and the results are depicted in Fig. 8. Our
images indicate that for various crystal thicknesses,
the images do not show evidence of APBs, an
assessment consistent with their results. However,
Liliental-Weber et a. [11,21] have shown using a
1 MeV TEM, that APBs can be imaged in lattice
images for GaAs indicating the sensitivity of APB
identification to the operating voltage of the elec-
tron microscope.

The presence of APB contrast in lattice images
of GaP and their absence in similar lattice images
of GaAs for the same operating voltage may be
related to the strain field associated with the forma:
tion of Ga—Ga, P-P and As-As bonds, which
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Fig. 4. (a) [110] HRTEM image of the columnar defect A, from Fig. 3 with selected regions marked for diffractogram calculation.
(b) DDFs of regions 1, 2 and 3. Note the spot splitting observed in the DDF from region 3.

would result in a different planar spacing at the
APB compared to the bulk crystal. Due to the for-
mation of an APB, the sublattices will be translated
with respect to each other and give rise to rigid
body trandations (R). The tetrahedral covalent
radii of Ga and As are 0.126 and 0.117 nm,
respectively. Thus, it is conceivable that the asso-
ciated R is too small to be easily discernible in a
lattice image. Rasmussen et a. [3,4] have shown

these rigid body displacements across an APB in
GaAs can be calculated using the a fringe contrast
method. They have obtained a value of R =
0.019 nm aong [001], a fairly small value. Since
the covalent tetrahedral radius of P (0.1 nm) atoms
is smaller than that of As atoms, the value of R is
expected to be larger in GaP than that in GaAs.
Fig. 4 indicates splitting of the {002} and {220}
type diffraction spots within the DDF obtained from
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Fig.5. A Pendellosung plot of a GaP crystal. Note the differ-
ence in diffracted intensity for the chemically sensitive (0,2)
and (0,—2) reflections.

region 3. Van dyck et a. [22] have shown by optical
smulations of high resolution images and by calcu-
lations based on kinematical theory that the presence
of a single trandation boundary can result in spot
splitting such that the direction of splitting is normal
to the boundary plane. The spots for which H.R #
integer (H: diffraction vector) are split and those for
which H.R=integer are not split. Our results suggest
therefore that since the {002} and {220} spots are
split, adisplacement R is associated with this bound-
ary that has components dong the [001] and [110]
directions. Simulations have shown that this kind of
spot splitting is not discernible for {110} GaAs
APBs [23] indicating that the nature of the species
a the APB affects the magnitude of the displace-
ment vector.

The presence of APBs in I1I-V epitaxial layers
grown on (001) Si have been associated with
monoatomic surface steps on (001) Si (of height
a/4[001]), where a is the lattice parameter [1,2]. If
we assume that P forms a stronger bond with Si
than Ga, then the first monolayer should be
covered with P during GaP growth. Further growth
on this P-terminated surface would lead to {110}
APBs. GaP idlands grown on (001) Si will be

bounded by {111} facets (the lowest energy facets,
and an idealisation of the actual situation) such that
two are terminated by Ga and two by P due to the
non-centrosymmetry of the zinc-blende structure.
The difference in surface energy of the {111} - and
{111} ;. facets would lead to the island taking on
the shape of a truncated prism with one side elon-
gated along one of the <110> directions of Si
[24]. In addition, we have shown previously that
these islands may be rotated by 90° to each other
on the same terrace [24]. This observation suggests
that surface reconstruction may not be playing a
role in the nucleation of GaP islands on Si. Since
in Si the two <110> directions are crystallograph-
ically identical, the probability of elongation in the
mutually perpendicular <<110> directionsis equal.
Thus, isands elongated along [110] and [110]
directions can be nucleated on the same terrace.

There are four possible situations for island
coalescence and these are depicted in Fig. 9. On
the same Si terrace, island facets terminated by the
same species or by different species can coalesce
as shown in Fig. 9(a,b). Coal escence can also occur
across a monoatomic step and this situation as
illustrated in Fig. 9(c,d). If the Si surface is uni-
formly covered by P atoms (i.e. the first atomic
layer is P), then islands can coalesce on the same
Si surface as shown in Fig. 10 (a,b). The schematic
suggests that even if we were to assume that wrong
bonds are formed, these would not have well
defined crystallographic features, and would be
contrary to our experimental observations. The
situation changes when islands coalesce across a
surface step as shown in Fig. 10(c,d). An APB can
form when a Ga-terminated facet coalesces either
with another Ga-terminated facet across the step or
a P-terminated facet across the step. In this case, by
maintaining wrong bonds within the {110} plane
perpendicular to the interface plane, one can main-
tain APB free regions elsewhere. We can therefore
infer that a {110} type APB will not form by island
coalescence on the same terrace.

There is aso a possibility that the surface is not
uniformly saturated with P (to balance the charge
at the interface, loca Ga—Si bonds in the first layer
may be present) and thus there are areas on each
terrace where the first atomic layer on Si is Ga-
terminated. Coalescence of two islands which have
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Fig. 6. The unit cell of a GaP crystal with a (110) APB that was used for simulation.

different species in the first atomic layer would
give rise to {110} APBs in the same way as they
would across a surface step on (001) Si. Our results
have also shown that in some cases the boundaries
extend all the way from the interface to the surface
of the film and this is consistent with our idea that
APBs will form at the point of coalescence. In
some images, however, the boundary begins away
from the interface and extends to the epilayer sur-
face. This observation is not currently understood
and could be a result of thickness variation across
the film, such that they are no longer discernible
below a certain thickness in lattice images as pre-
dicted by our ssimulations of Fig. 7.

In the analysis above, we have assumed that the
islands are faceted on {111} planes. Our earlier
results on island growth have shown that some
islands may be faceted on the {110}, {112} and

{113} planes [24]. Coalescence of such islands
would be more complicated, however, the analysis
illustrates that independent of facet type, island
coalescence in the absence of a surface step may
not result in APB formation.

In Fig. 2 we see the intersection of an APB and
a {111} microtwin, such that the APB gets tilted
by ~10° as the twin propagates through. We have
rationalized this observation assuming that the
microtwin was formed after the formation of the
APB. When viewed along a [110] direction, the
twin would lie on the (111) plane. This twin could

then have a%[IlZ] Shockley bounding partials. If we

consider only the APB displacement vector
component that lies along a [001] direction, and if

we consider the vector to be A = [001] and the
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Fig. 7. A through thickness focal series obtained from the simulation of a{110} APB in GaP. The third row from the |eft corresponds

to near Scherzer defocus.

Shockley partial S = ag[ﬁz], then the resultant
vector is given by, B= A+ S= 2[118]. The

angle between A and B is 10.08°. This value agrees
well with the tilt produced in the APB direction
when the twin propagates through it. We chose the

magnitude of A to be the difference between the
center of the two dark spots, also equal to the lat-
tice parameter of GaP, since this is the smallest
vector in the [001] direction within the lattice
image that can be used to measure deviations. In
some situations, a twin may stop at the APB plane.
Such a situation is observed in Fig. 3 when T, ter-
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minates on A,. This situation may occur when
there are kinetic barriers to the twin propagation
through an APB and is a phenomenon which has
been observed previoudy in GaAs/Si (001) [11].
Our results have shown that most of the APBs
lie along {110} planes that in some cases extend
all the way from the interface to the surface of the
film. To our knowledge this is the first study of
APB evolution within thin epilayers of 111-V/Si

(<100 nm) by TEM. Work on thicker films of
GaAg/S (001) have revealed through cross-sec-
tional TEM that APBs tend to get eliminated by
closing on themselves [8,11,25]. This can happen
when {110} oriented APBs bend to other crystallo-
graphic directions such as {111} and {113} and
then back to {110}. Thisis explained as an effect
of antiphase domains being energetically unfavour-
able since APBs have inherently high energy. With
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Fig. 9. (ab) depict situations when islands are on the same S terrace. (c,d) depict situations when islands are on two contiguous

terraces separated by a monatomic step on a Si (001) surface.

increasing thickness, the increase in energy due to
these large antiphase domains, provides the neces-
sary impetus for a {110} APB to bend to the high
energy {111} or {113} APB configurations, i.e.
energetically it is favourable to bend the APB to
high energy configurations so as to close on itself
rather than remain a {110} type APB through the
thickness of the film. As a result of this bending,
the APBs get annihilated at thicker layers >3 um.

Lambrecht et al. [26] have shown using density
functional theory that APB energy depends not
only on wrong bonds per unit area as suggested
by Petroff [27], but also on their degree of mutual
compensation and charge state (related to doping

or interaction with other defects). Their theory pre-
dicts that locally compensated APBs (in their ter-
minology, APBs with an equal number of wrong
bonds of opposite type as near neighbors in the
same interface, for e.g., { 110} APBs) should domi-
nate in stoichiometric GaAs. They also suggest that
that the doping of the layers may in some cases
stabilize {111} and {001} APBs (n-type doping
may favor Ga—Ga {001} APBs) which have
incompletely compensated bonds and allow the
possibility of APB annihilation. The stability issue
of APB facet planes remains unclear. However,
contrary to the APB annihilation observations in
thick epilayers >100 nm, we observe very little
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Fig. 10. (ab) Coalescence of {111} faceted islands on the same Si terrace. (c,d) Coaescence of {111} faceted islands across a
monatomic step on (001) Si.

bending of APBs and this is attributed to the have been shown to exist at the early stages of
smaller thickness of the epilayers which may not GaP island coalescence by HRTEM and CDF—
alow the APBs to achieve their low energy con- TEM. The planar boundary observed by
figurations. HRTEM was compared with simulated images

to confirm that they are APBs. The presence of
spot splitting within DDFs obtained from the

5. Conclusions boundary is indicative of a trandation interface
with a displacement vector R from Ga-Ga and
1. Planar, columnar features lying on {110} planes P—P wrong bonds at the interface.

within GaP epitaxia films grown on (001) Si 2. Theorigin of {110} APBsis attributed to island
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coal escence across monatomic steps. It has been
shown that island coalescence on the same ter-
race in the absence of a surface step may not
lead to {110} APBs. However, idands that
coalesce across a step can form APBs inde-
pendent of the nature of the terminating island
facets.
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