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Epitaxial layers of CiaJn, tP with x«*0.52 have been grown by organometallic vapor-phase 
epitaxy on GaAs substrates misoriented from the (001) plane in the [110] direction by angles d m, 
of 0°, 3°, 6°, and 9°. For each substrate orientation growth rates rg of 1, 2, and 4 pm jh  have been 
used. The ordering was characterized using transmission electron diffraction (TED), dark-field 
imaging, and photoluminescence. The (110) cross-sectional images show domains of the Cu-Pt 
structure separated by antiphase boundaries (APBs). The domain size and shape and the degree of 
order are found to be strongly affected by both the substrate misorientation and the growth rate. For 
example, lateral domain dimensions range from 50 A  for layers grown with r g= 4 jbcm/h and 
&m = 0 ° to 2500 A for rg - 1 /*m/h and d m=9°.  The APBs generally propagate from the substrate/ 
epilayer interface to the top surface at an angle to the (001) plane that increases dramatically as the 
angle of misorientation increases. The angle is nearly independent of growth rate. From the 
superspot intensities in the TED patterns, the degree of order appears to be a maximum for 
Judging from the reduction in photoluminescence peak energy caused by ordering, the maximum 
degree of order appears to occur at d m̂ 4°.

I. INTRODUCTION

Atomic-scale ordering is a naturally occurring phenom
enon widely observed in III/'V alloys.1 This phenomenon in
volves the formation of monolayer superlattice structures 
along a particular crystallographic direction in the lattice. For 
(OOl)-oriented substrates, the Cu-Pt (/. 1L) structure, with or
dering on {111} planes, is most commonly observed. Only 
two variants of the Cu-Pt structure are produced during 
growth on (OOl)-oriented substrates, i.e., of the four equiva
lent {111} planes, ordering occurs on only two, (111) and
( i l l ) .  Misorientation of the (001) substrate by a few degrees 
in the [110] direction, to give [110]-oriented steps on the 
surface, is found to result in the formation of only one vari
ant. Growth on grooved substrates shows that steps moving 
in opposite directions are responsible for formation of the 
two variants observed.1,2 These observations have led to the 
development of several kinetic models to explain the order
ing phenomena,1"4 including a model based on the differen
tial attachment of adatoms at [110] steps that interact with 
[110] dimer rows on the (2X4) reconstructed (001) 
surface.1,2 As would be expected for a kinetically controlled 
process, increasing the growth rate generally decreases the 
degree of order. Cao e t  al. 3 demonstrated that high growth 
rates of 12 //m/h yield nearly completely disordered GaInP. 
The effects of these and other growth parameters on order
ing, determined from the band gap measured using photocur
rent spectroscopy, have recently been studied systematically 
by Kurtz et al.6 They astutely point out that the surface ki
netic limitation, described above, is important only in a cer
tain range of growth parameter space, most important at rela
tively low growth temperatures. At growth temperatures of, 
for example, 700 °C the degree of order decreases and, at 
these temperatures, low growth rates (< 2  /im/h) also give 
less ordering. This is attributed to “ annealing” effects during 
growth whereby the structure below the surface reverts to the

thermodynamically stable disordered state during the time 
the sample is held at a relatively high temperature during 
growth.

The degree of order and the ordered structure formed 
during growth also depend strongly on the substrate 
orientation.1,6-8 As mentioned, growth on (OOl)-oriented 
substrates generally produces material with the Cu-Pt struc
ture, while growth on (110) substrates produces material with 
the Cu-Au structure, with ordering on {100} planes.9,10 Little, 
if any, ordering is observed for growth on (111),11,12 (221),13 
(311),13 and (511) (Ref. 14) -oriented substrates. In fact, 
growth on faceted surfaces with adjacent (001)- and (115)- 
oriented areas yields adjacent regions of highly ordered and 
disordered material.15 This has allowed the direct demonstra
tion that Cu-Pt ordering leads to a reduction in energy band 
gap of >100 meV for Ga052In048P alloys,15 as anticipated 
from the calculations of Wei and Zunger.16 Thus, ordering is 
of significant practical importance. It must be avoided in 
short-wavelength lasers and light-emitting diodes.11 On the 
other hand, a reduction of band gap may be beneficial for 
InAsSb alloys for infrared detectors operating in the 8-12  
f im  wavelength regime.17

This article presents the results of a systematic study of 
the effects of both growth rate and the angle of substrate 
misorientation on ordering, in particular the domain size and 
shape and the degree of order. A matrix of growth rates from 
1 to 4 / jlm/h and substrate misorientations of 0°, 3°, 6°, and 
9° was explored.

II. EXPERIMENT

The GalnP epitaxial layers were grown by organometal
lic vapor-phase epitaxy (OMVPE) on semi-insulating GaAs 
substrates misoriented by 0°, 3°, 6°, and 9° (±0.5°) in the 
[110] direction, to produce various densities of [110]- 
oriented steps on the surface. Substrate preparation consisted 
of degreasing in trichlorethane, acetone, and methanol fol-
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FIG, 1. [110] transmission electron-diffraetion patterns obtained for samples of GalnP grown with various growth rates and substrate misorientations. The 
patterns are arranged in a matrix reflecting the growth conditions. The columns represent growth rates of 4 (a,b,c,d), 2 (e,f,g,h), and 1 (i,j,k,I) /un/h. The rows 
represent the values of : 0° (a,e,i), 3° (b,f,j), 6° (c,g,k), and 9° (d,h,I).

lowed by a 5 min etch in a 1% bromine in methanol solution. 
The substrates were then rinsed in methanol and blown dry 
with N2, after which they were immediately loaded into the 
quartz reactor tube. A horizontal, atmospheric pressure 
OMVPE reactor was used. The source materials were tri- 
methylgallium (TMGa at - 9  °C), trimethylindium (TMIn at 
25 °C), and phosphine. The carrier gas was Pd-diffused hy
drogen with a flow rate of 4 slm. The growth temperature 
and V/III ratio were constant at 670 °C and 160, respectively. 
The growth rate was varied by changing the input molar flow 
rate of the TMGa and TMIn, keeping the input V/III ratio 
constant. The GaInP layers were typically approximately 1
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/ jm thick. Before beginning the GaInP growth, a 0.15 /um 
GaAs buffer layer was first deposited using TMGa and arsine 
at a temperature and V/III ratio of 670 °C and 80, respec
tively, to improve the quality of the GaInP layers.

The surface morphologies and thicknesses of the GaInP 
epilayers were observed using a Nomarski differential inter
ference contrast optical microscope. The solid composition 
of the GaInP layers was measured by x-ray diffraction, using 
a Diano XRD 8000 diffractometer with Cu radiation. The 
position of the (004) peak for the epilayer relative to that of 
the GaAs substrate was used to determine the lattice constant 
and, using Vegard’s law, the solid composition. For misori-
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F1CJ. 2. Dark-field transmission electron microscope images, obtained using the j(113) diffraction spot, of the GalnP samples arranged in the same matrix as 
for Fig, 1, i.e., the first, second, and third columns represent growth rates of 4, 2, and .1 jum/h and the four rows represent, from top to bottom, substrate 
misorientations of 0®, 3°, 6°, and 9s.

ented substrates, a simple goniometer was used to proper!}' 
orient the substrate.

The cross-section transmission electron microscope 
(TEM) samples were prepared by mechanically thinning and 
polishing samples glued face to face to a thickness of ap
proximately 10 /an, followed by Ar-ion milling at 77 K. The 
[110] and [110] directions in the GaAs substrates were de
termined from etch pit anisotropy characteristics. The trans
mission electron diffraction (TED) patterns and TEM images 
were obtained at an incident electron energy of 200 kV using 
a JEOL 200CX scanning transmission electron microscope.

J, A pp l. Phys., Vol. 75, No. 1 0 ,1 5  M ay 1994

A two-beam technique was used to obtain the dark-field im
ages.

The 10 K photoluminescence (PL) spectra were excited 
with the 488 nm line of an Ar+ laser. The emission was 
dispersed using a Spex Model 1870 monochromator and de
tected using a Hamamatsu R1104 head-on photomultiplier 
tube.

III. RESULTS
The surface morphologies of every epitaxial layer de

scribed in this section were mirrorlike to the naked eye and
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virtually featureless when viewed by interference contrast 
optical microscopy. The lack of observable cross-hatch pat
tern and the results of the x-ray-diffraction measurements 
both indicate that the values of x  for these alloys are 0.52 
±0.01 for most of the layers. The specific values of .v mea
sured by x-ray diffraction, assuming that any lattice mis
match is accommodated elastically, for the various samples 
studied are given in Table I.

TED patterns for the matrix of layers grown with various 
growth rates and substrate misorientations are shown in Fig.
1. It should be noted that a comparison of absolute intensities 
of the superlattice spots is nearly meaningless because of the 
different sample thicknesses and photographic exposure 
times used. The relative degree of order can, for some 
samples, be judged by observing the intensity of the I j l l l}  
superlattice spot relative to that of the corresponding {111} 
zinc-blende lattice spot, as is discussed below.

Considering first the layers with d m—0°, the TED pat
terns for all growth rates have superlattice spots at 111) and 
|(111), indicating the presence of two variants of the Cu-Pt 
structure. This is consistent with previous observations by 
several groups.1,18-20 The spots are elongated in all cases. In 
addition, streaking in the [001] direction is observed, espe
cially at the lower growth rates. This is consistent with our 
previous results for growth on exactly (001) substrates at a 
rate of 0.5 /xm/h which showed strong [001] streaking.18 As 
discussed in the following section, Baxter and co-workers19 
explained the spot elongation as due to inclined [relative to 
the (001) plane] antiphase boundaries (APBs). The [001] 
streaking was attributed to the formation of closely spaced 
(OOl)-oriented order twin boundaries. These interpretations 
are generally consistent with the results of Monte Carlo 
simulations of Ishimaru et al.,21 also discussed below.

As seen in Fig. 2, a collage of the dark-field electron 
microscope images obtained for the entire matrix of experi
ments, the samples grown on exactly (OOl)-oriented sub
strates show closely spaced (OO'l) order twin boundaries as 
well as the inclined APBs. As seen in Fig. 2, for the larger 
values of , many APBs can be followed from interface to 
top surface. Others appear to be annihilated some distance 
into the layer. The domain size in the lateral direction (lim
ited by the APB spacing) for d m -O ' increases somewhat as 
the growth rate is decreased, ranging from approximately 50 
A for growth at 4 //m/h to 500 A at the lowest growth rate of 
1 fimjh, as plotted in Fig. 3. The lateral domain size in
creases markedly as i tm increases.

The lines separating the domains laterally are confirmed 
to be APBs from atomic resolution images. Consider, for 
example, a sample with dm=3° (growth rate=4 /xm/h). The 
TEM image, in Fig. 4, clearly shows the 180° change in 
phase upon crossing the boundary for several APBs. These 
results confirm the results of Baxter and co-workers19 and 
are remarkably similar to the simulated results of Ishimaru 
et al.11 The APBs propagate from the substrate toward the 
surface at a shallow angle of 12° for the samples with 
# m=0°; however, this angle is strongly dependent on the 
angle of misorientation, measured from the (001) plane. The 
angle is plotted versus growth rate tor the various substrate 
misorientation angles in Fig. 5. The growth rate has essen-
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PIG. 3. Lateral domain size (antiphase boundary spacing) vs substrate mis- 
orientation tor various values of growth rate.

tially no effect while increasing the misorientation angle 
causes a marked increase in the angle at which the APBs 
propagate. For &m =  9°, the direction of propagation is nearly 
normal to the (001) plane. The data on the effect of substrate 
misorientation on the direction of propagation of the APBs 
are consistent with the results of other workers. For example, 
Bellon et al.20 measured an angle of 8° for a growth rate of
0.6 yctm/'h on an exactly (001) GaAs substrate.

As reported previously,1-3,20 as the substrate misorienta
tion is increased to 3°, the ordered regions are nearly all the 
same variant, i.e., one set of superlattice spots essentially 
disappears, as seen in Fig. 2. In addition, the streaking and 
distortion of the remaining superlattice spots are markedly 
reduced. The dark-field images indicate that this is because 
the distance between the APBs has increased and the (001)

FIG. 4. High-resol ution dark-field lattice image of the Cu-Pt ordered struc
ture for GalnP grown at a rate of 4 /xm/h on a 3° misoriented GaAs sub
strate. The image was obtained using the 1(111), (111), and §(1.11) beams. 
The arrows indicate the antiphase boundaries.
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FIG. 5. Angle o f antiphase boundaries, measured from the (001) plane, vs 
growth rate for several values of substrate misorientation.

order twin boundaries have disappeared. The formation of 
the order twin boundaries was found from the simulations of 
Ishimaru et a I / 1 to be due to the motion of [110] steps across 
the surface. This type of growth is virtually eliminated when 
[110] steps are introduced via substrate misorientation in the 
[110] direction. For misorientations of 6° and 9° the second 
set of superlattice spots is undetectable and the remaining 
superlattice spots are nearly perfectly circular.

The degree of order can be judged semiquantitatively 
from the intensities of the superlattice spots relative to the 
related zinc-blende lattice spots for the samples with rela
tively large domains, i.e., for samples with values of &m of 
6° and 9° and for some samples misoriented by 3°. For 
samples with small domains, relative to the thickness of the 
TED samples and the size of the selected-area-diffraction 
aperture, interference effects complicate the interpretation of 
the electron-diffraction intensity data.22 For the sample with 
■&,„=3° and a growth rate of 1 ,um/h and for all the samples 
with larger misorientation angles the TED patterns are ob
tained from regions containing a single variant of ordered 
material. Thus, the spot intensity should be a reliable relative 
measure of the degree of order.22

The TED patterns in Fig. 1 appear to show a maximum 
degree of order for samples misoriented by an angle in the 
neighborhood of 6° for all growth rates with a decrease in the 
degree of order as the substrate misorientation reaches 9°. An 
attempt to quantify this data was based on the relative in
crease in exposure time needed to make the superlattice 
spots, on the TED negative produced in the TEM, appear the 
same as the zinc-blende spots obtained with the lower expo
sure times. The ratio of these two times represents, semi
quantitatively, the relative degree of order. These results, 
plotted in Fig. 6 for growth rates of 1 and 2 jum/h, suggest 
the maximum order occurs for values of f tm of approxi
mately 5°. This is generally consistent with earlier observa
tions of Kurtz et al.'' and Buchan et al.1 who used the band- 
gap shrinkage, measured using photocurrent and 
photoluminescence spectroscopy, respectively, to estimate 
the degree of order. As pointed out by Kurtz et al.6 the mis
orientation giving the maximum degree of order is dependent 
on other growth conditions, primarily the substrate tempera
ture. For a substrate temperature of 670 °C, Buchan e t a l ?
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FIG, 6. Relative degree o f order, measured from the TED spot intensities as 
a function of substrate misorientation for several growth rates.

reported a maximum in the degree of order for a misorienta
tion of 6°. For a growth temperature of 675 °C, Kurtz et a l?  
reported the maximum degree of order to occur at a substrate 
misorientation of approximately 4°. In the current experi
ments the growth temperature was 670 °C, so the results 
should be comparable.

The relative difficulty of obtaining high-resolution TEM 
images for the samples grown with misorientations of 3° 
suggested that interference effects might still be contributing 
to weaker superlattice diffraction spots in these samples, es
pecially those grown at 2 and 4 /jm/h. This may have re
sulted in a weakening of the 3° data point for 2 fj.mjh in Fig.
6. Thus, we also measured the PL peak position to estimate 
the degree of order from the relative band-gap energy. The 
data are listed in Table I. The peak positions, corrected using 
the data of Kuo et al.23 for deviations of composition from 
the value giving an exact lattice match, a = 0 .5 1 6 , are plot
ted in Fig. 7. For growth rates of 2 and 4 /u,m/h the minimum 
band gap is clearly observed to occur for values of d,„ of 4°, 
in general agreement with the data of Kurtz et a I." At a

TABLE I. Substrate misorientation, growth rate, composition, and measured 
PL peak energy for the samples produced in this study.

(deg)
Growth rate 

(fjm lh)
Composition 

x  (Ga)
Band gap h i’ 

(meV)

0 4 0.510 1880
3 4 0.516 1856
6 4 0.510 1876
9 4 0.516 1890

0 2 0.516 1881
3 2 0.516 1858
6 2 0.540 1892
9 2 0.516 1908

0 1 0.516 1893
3 1 0.535 1899
6 1 0.516 1916
9 1 0.516 1945
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FIG. 7. Peak energy of 10 K photoluminescence peaks, obtained from 
samples of Ga^In, _ ,P  grown at several growth rates, vs substrate misorien
tation. The values of x  were approximately 0.516. For samples deviating 
from this value, the PL energy was corrected using the known dependence 
of energy band gap on solid composition.

growth rate of 1 f im/h, the order is lower, presumably due to 
the effects of annealing during growth.

IV. DISCUSSION

The Cu-Pt ordered structure observed in III/V alloys is 
formed at the surface during growth.1_4’6,20,24 Thus, the ki
netic data reported here (excluding the annealing effects, dis
cussed separately) must be related to two factors, the struc
ture of the surface during growth (reconstruction, step 
structure, step bunching, kink structure, etc.) and the surface 
diffusion and attachment of species into “half-crystal” sites. 
The former factors will largely determine the effects of sub
strate misorientation and both may be major factors in deter
mining the effects of growth rate. Unfortunately, we do not 
have a detailed understanding of either of these processes, 
thus, this discussion will necessarily be somewhat qualitative 
and speculative.

Considering first the substrates with § m—iT, our earlier 
model1,2 suggests that the presence of [110] steps, due to 
thermal roughening or two-dimensional nucleation, moving 
in both possible directions accounts for the formation of two 
variants of the Cu-Pt ordered structure. The presence of the 
high density of (OOl)-oriented order twin boundaries giving 
rise to alternate laminae of (111) and (111) oriented material, 
as discussed by Baxter and co-workers,19 gives rise to the 
pronounced [001] streaking in the TED patterns. The mecha
nism of formation of this complex structure is unknown, but 
it is attributed to the motion of [110] steps on the surface.21 
This may, of course, occur for exactly (OOl)-oriented growth 
in the experiments described here.

The origin of the APBs is also suggested by the simula
tion results of Ishimaru et al.11 Especially striking is the 
similarity of the geometry of the predicted APBs to our re
sults for small substrate misorientations, as seen by compar
ing our Fig. 4 with Fig. 3 of Ref. 21.

The effect of growth rate on the degree of order, seen 
from the data in Figs. 6 and 7, is generally consistent with 
the observations of Cao et al.25 and Kurtz et al.6 Cao et al. 
found the PL peak energy to increase with increasing growth
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rate in the range from 4 to 12 //m/h for a growth temperature 
of 680 °C. The dependence is small near 4 /tm/h. Here we 
find an increasing PL peak energy as the growth rate de
creases from 2 to 1 //m/h at 670 °C. This is consistent with 
the data of Kurtz et al.,6 who reported, for a growth tempera
ture of 675 °C, an increasing band-gap energy at both growth 
rates much lower and much higher than 4 yu.m/h. Cao et al.13 
interpreted their observation of a decrease in the degree of 
order as the growth rate was increased in terms of the de
creased ability of the adatoms to find their lowest energy, i.e., 
ordered, configuration (on the surface) as the time decreases 
before an individual layer is covered over by the following 
layer. Monte Carlo simulations, such as those described in 
Ref. 21, would be expected to show a decrease in the degree 
of order as the time for atom exchange on the step edge is 
reduced. A similar explanation was suggested by Kurtz 
et a l . 6 considering both the effects of temperature and the 
step density on the time allowed for Ga/In interchange at a 
moving surface step. These factors may also partially explain 
the effect of growth rate on the domain size, with lower 
growth rates yielding larger domain sizes. At low growth 
rates the band gap increases due to the “ annealing” occur
ring during the long growth times required for the slow 
growth rates. The annealing results in the formation of the 
thermodynamically more stable (in the bulk) disordered 
structure.

For values of misorientation angle of 3° and larger, the 
TED patterns indicate that a single variant dominates. This is 
explained using the model discussed in Refs. 1 and 2 as due 
to the [110] steps all moving in a common direction. The 
order twins disappear because growth due to the motion of
[110] steps is not significant. The degree of order increases 
until a maximum is reached at values of 4 ° « # m« 5 c’. At 
small misorientation angles, one expects an increase in order 
with increasing 0 m simply due to the slower step velocity- 
allowing more atomic interchange at the step to produce the 
ordered structure. The cause for the decrease in degree of 
order at high misorientation angles is not known. It may be 
due to changes in the nature of the surface. Examples would 
be changes in the step structure, such as step bunching, as 
discussed below, and/or changes in the surface reconstruc
tion, especially for high values of &m }  Perhaps a more 
likely explanation would be an increase in the rate of anneal
ing during growth, discussed above, for samples with larger 
values of substrate misorientation. It has been observed that 
larger domains anneal more rapidly than smaller domains 
under otherwise similar conditions.26 Since the domain size 
increases with increasing misorientation angle (Fig. 3) our 
results appear qualitatively consistent with this trend.

As the value of Qm increases, the APB spacing becomes 
much larger (Fig. 3) and the domains become more distinct 
(Fig. 2). In addition, the angle increases between the (001) 
plane and the propagating APBs (Fig. 5). Published models 
are not helpful in understanding this behavior. A problem in 
our attempt to understand these features of the ordered do
mains is the lack of even the most elementary specific infor
mation about the surface itself during growth. The model of 
ordering due to step motion described in Refs. 1 and 2 as
sumes a specific surface reconstruction. The simulations of
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Ret'. 21 use six adjustable parameters, so they do not require 
detailed knowledge of the surface.

Tlie kinetic models generally assume that a misoriented 
substrate is covered by an array of monatomic (really bi- 
laver) steps.1-4 This was supported by Suzuki and Gomyo3 
who observed the interface in (110) cross sections using 
TEM images. They found no microfacets, only monolayer 
steps. However, recent atomic force microscopy studies of 
GaAs grown by OMYPE indicate that [110]-oriented steps 
bunch during growth under certain conditions,27 resulting in 
tlie formation of facets 7—9 bilayers in height.28 Step bunch
ing was explained by Kasu and Fukui27 in terms of a kinetic 
mechanism involving the relative probabilities for Ga species 
being adsorbed at “ up” and “ down” steps. An alternative, 
more appealing, explanation is suggested by the results of 
thermodynamic calculations indicating that the interaction 
between [110] steps on an (001) surface is attractive.29 The 
exact structure produced by step bunching is clear from nei
ther experimental evidence nor calculations. Step bunching 
appears to produce (1 In) microfacets. A recent article by 
Friedman et a/.30 established a general relationship between 
ordering and the microfacets formed by step bunching on the 
surface during OMVPE growth.

While no specific model is given here for the effects of 
substrate misorientation on the direction of propagation and 
the spacing of the APBs, it is difficult to believe that step 
bunching would not cause major changes in the growth mode 
and, in turn, the ordering mechanism.

V. CONCLUSIONS

The growth rate and, particularly, the angle of substrate 
misorientation have been found to have major influences on 
the ordered structures observed in G aJnj _ VP layers (with 
.* "“0 .52) grown on nominally (OOl)-oriented GaAs sub
strates. For example, epilayers grown on substrates with no 
intentional misorientation at a growth rate of 4 /im/h produce 
extremely small ordered domains, approximately 50 A 
across, separated by antiphase boundaries in the lateral direc
tions. In the [001] (growth) direction the domain size is de
fined by closely spaced, (OOl)-oriented order twin bound
aries producing alternating variants of the Cu-Pt structure 
only a few monolayers thick. The APB spacing increases 
markedly with decreasing growth rate. However, the effect of 
substrate misorientation is even more dramatic. Misorienta
tion by 3°, 6°, and 9° results in relatively large single do
mains with no order twins and widely spaced APBs that in 
many cases propagate from the substrate to the top surface. 
The APB spacing can be as large as 2500 A for a misorien
tation angle of 9° and a growth rate of 1 jum/h. The APBs 
propagate at an angle that is strongly dependent on the angle 
of misorientation and nearly independent of growth rate. For 
# m=9° the APBs propagate at an angle nearly normal to the 
(001) plane. The degree of order judged from the intensities 
of superspots, relative to the zinc-blende spots, indicates a 
maximum degree of order for substrate misorientations of 
approximately 5° for growth rates of 1 and 2 //m/h. Using 
the lowering of PL peak energy as a measure of ordering 
suggests the maximum ordering occurs for substrate misori
entations of 4° for growth rates of 2 and 4 /tm/h.
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