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ABSTRACT
We examine CuPt-B atomic sublattice ordering in Ga0.5 In0.49P (GaInP) and Ga0 .471n0 .53As

(GaInAs) III-V alloy films grown by atmospheric- and low-pressure metalorganic chemical
vapor deposition on singular and vicinal (001) substrates. The influences of growth conditions
and substrate miscut on double- and single-variant ordered microstructures are investigated using
transmission electron microscopy (TEM). Relatively thick (>1-2 litm) double-variant ordered
GalnP and GaInAs films show complementary superdomain formation. Single-variant ordered
films on <11 l>B-miscut substrates contain single-phase domains, separated by antiphase
boundaries (APBs). The appearance of APBs in TEM dark-field images is anticipated from
electron diffraction theory.

INTRODUCTION
CuPt-B atomic ordering occurs in several epitaxial III-V alloys grown under appropriate

conditions. GaO.51In0.49P (GaInP) on GaAs and Ga 0.471n0.53As (GaInAs) on InP are prominent
examples. The influences of ordering on the optoelectronic properties of these materials, such as
reduced bandgap energy [1,2], birefringence [3], anisotropic carrier mobilities [4], and extended
carrier lifetimes [5], have been considered for device applications.

Several groups have proposed kinetic origins for CuPt-B ordering in III-Vs [6,7]. Growth
models are guided by in situ surface analyses. Metal-organic chemical vapor deposition
(MOCVD) generates strong CuPt-B ordering, while also providing good film uniformity and
throughput. The low pressures and fluxes used in molecular beam epitaxy (MBE) accommodate
additional analyses by electron-diffraction techniques. (2x) reconstructions have been associated
with CuPt-B ordering in both MOCVD and MBE [8]. Synthetic CuPt-B ordering has also been
generated by MBE of GaP/InP short-period superlattices on { Ill }B substrates [9].

In this proceeding, we present combined microstructural results from several sets of CuPt-B
ordered GaInP and GaInAs films grown in various MOCVD systems at NREL.

EXPERIMENT

MOCVD

GaInP films were grown by atmospheric-pressure MOCVD using trimethylgallium,
trimethylindium, and phosphine sources at 640-680'C, 5.5 .tm/hr, with a V/ll flux ratio of
58.7. Growth was conducted on up to four substrates (with various orientations) in a single run.

GaInAs films were grown by low-pressure MOCVD from trimethylgallium, trimethylindium,
and arsine sources at 500-600'C, 1.4-9.5 A/s, with total thicknesses up to 1.5 [tm. Both
hydrogen and nitrogen were used as group-V carrier gases.

TEM

Cross sections were cleaved near <110> faces, then thinned and glued to Si blocks, polished,
dimpled, and milled at low angle with 3.5-4-kV Ar+ ions for 2-5 h using L-N 2 cooling. For plan
view, films were glued to Cu grids with silver paste, then thinned, dimpled, and milled from the
substrate side to perforation.
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Selected-area electron diffraction patterns (DPs), dark-field (DF) images, and lattice images
were acquired on a CM30 TEM with a 12-bit charge-coupled device camera operated at 300 kV.
In cross section, samples were oriented near <1 IO>A, or a <310>, located 26.60 about [001]
from <1 10>B. Plan-view examinations were performed near <1 14>A (19.5' from [001]).

A mixture C of DF images A and B from complementary ordered domains

C = (I - 17)tA + BI + q A - BI (1)

shows enhanced similarities with mixing parameter 1 = 0, and enhanced differences with

17 = 1.
Image FFTs are linear mixtures of original image FFTs 1(g) with filtered copies 0(g)1(g).

The filter functions 0(g) are judiciously selected sums of eccentric Gaussian masks, which are
often Fresnel pairs. The filtered image is generated by inverse transformation of the filtered FFT

"l'(g) = W(1 - f) + fO(g)]l(g) (2)

The filtering parameter 0 _< f < 1 varies the emphasis of periodic features in lattice images.

RESULTS
The relative ordering strength and domain geometry of each CuPt-B variant are strongly

influenced by small substrate miscuts from [001] in both GaInP and GaInAs. In addition, domain
evolution in double-variant films is often coupled to nonplanar surface topography, generating
additional microstructural inhomogeneity with continued growth. Single-variant films are less
subject to evolution, but often show an increase in the mean size of single-phase domains during
growth. We discuss the appearance of the associated APBs in TEM DF images.

GaInP

Ordered GaInP microstructural details were reported by Baxter et al. [10]. Symmetric
double-variant ordering occurs on 00 GaAs. On 20AB GaAs, the double-variant ordering is
asymmetric. Single-variant ordering occurs at 4'B [Fig. 1]. The diffraction spots are often
broadened by small domain sizes and inhomogeneity in the ordered microstructure.

ab c)

Fig. 1. Near-interface DPs of GaInP on (a) 0', (b) 2°AB, and (c) 4°B GaAs.

The near-interface double-variant structure on 00 GaAs comprises vertically stacked lamellae
alternating between variants on a length scale of 40-50 A, and sectioned by APBs. Beyond a few
gm thickness, the variants form laterally segregated superdomains on a length scale near the
film thickness [11]. Both variants typically contain numerous APBs that section the
single-variant domains into numerous single-phase regions [Fig. 2]. The APB geometry is
dictated by the local variant and surface orientation.
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Double-variant GalnP on 00 GaAs typically shows irregular surfaces [Fig. 3],
to a broad distribution of domain sizes.

corresponding

Fig. 2. Mixed near-interface DF image of GaInP on 00 Fig. 3. Optical image of GalnP
GaAs. surface on 0' GaAs.

Variant segregation is enhanced in GalnP on 2°AB GaAs. Superdomain formation is evident
below 0.5-1im thickness. The surface develops asymmetric facets [Fig. 4] correlated to the
underlying superdomain structure [Fig. 5]. The reduced competition between the variants results
in improved regularity of the surface topography, and a relatively narrow distribution of facet
sizes compared to GaInP on 00 GaAs.

Fig. 4. SEM image of 6-rlm-thick GalnP
surface on 2°AB GaAs.

Fig. 5. Mixed plan-view DF
image of GalnP on 20AB GaAs.

The strength of ordering, the rate of variant segregation, and the mean vertical dimension of
near-interface ordered lamellae decrease with <11 1>A miscut. The near-interface
microstructures at 2°A and 6°A are qualitatively similar to that at 00. At 2°A, complementary
superdomains emerge near 3-1am thickness [Fig. 6]. At 6°A, we observe only weak variant
segregation beyond 5-lim thickness, with diffuse superdomains and a rippled topography.
Vertical, nonperiodic order/disorder stacking is observed within the superdomains on a length
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scale of 200 A [Fig. 7]. The ordered lamina extend across superdomain boundaries, with an
abrupt change in local variant. The vertical variations in ordering strength may be coupled to
small composition fluctuations that arise from nonuniform source vapor fluxes during growth.

Fig. 6. Mixed DF image of GaInP on Fig. 7. Mixed DF image of GaInP on 6°A
2°A GaAs. GaAs.

Variant segregation is completely suppressed
to 10-gm thickness in 15.8°A samples grown
under typical conditions. The DPs are similar to
those from low-temperature samples, which show
intensity minima near the locations of the ordered
spots [11]. This ordering comprises weakly
ordered lamellae aligned on alternating (002)
MLs, with a coherence length of only a few MLs,
whereas alternating (002) MLs are anticorrelated
in the CuPt-B structure.

Single-variant GaInP generally contains APBs 50
(olo') with their normals inclined from [001] ige
towards the ordering direction [Fig. 8]. Fig. 8. Filtered <a1n>A lattice image of

GalnP on 2'B GaAs.

GaInAs
A detailed study of ordered GaInAs

microstructures on 00 substrates was
conducted by Seong et al. [12]. We
have varied growth parameters near the
optimal conditions for ordering in
GaInAs on InP substrates miscut 0',
20AB, and 6°B. We find improved
surface topographies using hydrogen as
the group-V carrier gas, rather than
nitrogen. Increased temperature [Fig. 9] Fig. 9. GalnAs on 00 InP at (a) 5250C. (b) 575°C.
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and reduced rate [Fig. 10] have similar influences on
the resulting ordered microstructures in GaInAs. (The

growth rate was controlled by varying the V/IIl ratio
with constant group-V flux.) Both increase the mean
domain sizes, and generate large, disordered regions.
At high growth rates, the domains show sharp profiles,
and tend to align along <1 0>B in the substrate plane.

APBs in single-variant GaInAs are often inclined
in the opposite direction from the growth plane
compared to GaInP. The origin of this tilt has been
associated with surface diffusion rates and step
densities [13]. APB inclinations have also been
correlated to the presence of supersteps on the growth
surface [14].

APB Dark-Field Contrast

APBs are a variety of stacking fault with a relative
phase of 1800. We calculate the dynamically diffracted Fn
intensity below the surface of a thin foil of thickness Fig. 10. GalnAs on 00 InP grown at
T containing an APB at depth t (0 < t<T). For (a) 9.5 A/s,(b) 1.4A/s.
simplicity, we retain only the direct beam 0 and a
diffracted beam g.

Continuity of the electron wave function and its gradient are required at all interfaces.
However, exact continuity of the gradient requires back-scattered waves, which we ignore. We
assume the potential component Ug is a real quantity, without loss of generality, and identify the
extinction distance ý = k/Ug, where k is the incident wave number. The beam amplitudes vary
with excitation error s (the distance from g to the Ewald sphere surface, measured parallel to the
foil normal). At the Bragg condition (s = 0), with T = ý/2, the DF image intensity is

IDF = cos2(7r t/T) (3)

The diffracted intensity vanishes when tiT = 0.5, such that the APB appears darkest when it
vertically separates equal thicknesses of phase and antiphase material. The depth of a planar
APB inclined to the surface of the foil varies linearly in the range 0 < t < T. Experimental APB
contrast acquired in plan view from a 6'B sample at various tilts from the Bragg condition
[Fig. 11] shows other identifiable forms that resemble calculated intensity profiles, assuming
comparable excitation of the diffracted spot.

a b c

L , -A .r l=
Fig. 11. GalnAs on 6°B ]
from the Bragg condition.
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CONCLUSIONS
The influences of substrate miscut on ordered microstructures in GaInP and GaInAs films are

qualitatively similar. However, the near-interface lamellar structure observed in GaInP on 00
GaAs has not been clearly identified in GaInAs. In GaInP, the inclination of the APBs from the
substrate plane increases monotonically with miscut from 2°B to 6°B. However, we observe the
opposite inclination of the APBs from the substrate plane in the available GaInAs samples.
Diffraction analysis confirms that the physical nature of the APBs is identical in the two systems.
Therefore, the observed differences may facilitate an improved understanding of the mechanism
for the vertical propagation of APBs in these materials
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