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Ordering-induced effects on dislocations in metallic alloys have been extensively studied due to their

importance in technology applications. We demonstrate that dislocation behavior in ordered III-V

semiconductor alloys can be drastically different. This is because ordering in bulk metallic alloys is

generally stable, whereas the surface-stabilized group-III sublattice ordering of a III-V alloy is only

metastable in the bulk. Here, we show that dislocation glide can release some of the energy stored by

ordering of III-V alloys, enhancing the glide of any dislocation which cuts through the ordered layers

to create an antiphase boundary in the ordering pattern. This leads to an experimentally observed

glide-plane switch which is unique to ordered III-V alloys. Implications for other unique strain-

relaxation processes in III-V ordered alloys are also discussed. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4833244]

I. INTRODUCTION

The movement of dislocations in a material in response

to applied stresses can be greatly affected by the material’s

internal structure. Here, we will demonstrate that metastable

group-III sublattice ordering can significantly alter the

characteristics of dislocation glide in a III-V alloy, and offers

a remarkable contrast to the more familiar behavior of dislo-

cations in metal alloys. Sublattice ordering of III-V alloys

can alter important material properties such as the band gap

without changing either the alloy composition or the lattice

constant.1 Recent experimental results indicate that ordering

can also affect dislocation motion;2 here, we will examine

the underlying energetics, in order to better understand and

control strain relaxation during lattice-mismatched epitaxial

growth.

Although structurally similar to stable ordered phases in

metal alloys, CuPt-like ordered phases in III-V alloys are

metastable,3,4 and therefore store energy which can subse-

quently be released by dislocation glide, if the dislocation

creates an antiphase boundary (APB) as a result of its move-

ment. In other words, the creation of an APB lowers the

energy of the system, and consequently increases the glide

force on the dislocation. This is in contrast to stable ordering

in metal alloys, for which the creation of an APB by a dislo-

cation raises the energy of the system and decreases the glide

force on the dislocation.

If this were the only difference between the two cases

(stable versus metastable ordering), then a simple change in

the glide force would link the two cases. However, the situa-

tion is much more complicated. Dislocations in stable or-

dered metals generally travel in pairs. The first dislocation

creates an APB, and the second one glides along the exact

same plane in order to eliminate the APB and lower the

energy. The distance between them is a balance between the

APB energy (EAPB) and the interaction energy between the

two dislocations.5 This pairing of dislocations fundamentally

alters many aspects of dislocation motion in ordered metal

alloys, and, therefore, has been studied extensively.5,6

For metastable ordering in III-V alloys, such pairings of

dislocations are not expected nor observed. Instead, the APB

created by a dislocation persists as a stable structure,7,8 and

therefore the rules governing the motion of the associated

dislocation will be quite different. The resulting APBs are

also likely to alter the motion of subsequent dislocations and

may impact the optoelectronic properties of subsequently

grown materials and devices.9 Nonetheless, so far, very little

is known about the effects of metastable ordering on disloca-

tions in III-V alloys.

Experimentally, we have observed that group-III sublat-

tice ordering can significantly alter the relaxation of lattice-

mismatched III-V epilayers, and the threading dislocation

density in subsequently grown devices. More interestingly,

we observed an ordering-induced switch in the preference

between two competing glide planes during the monolithic

growth of multijunction photovoltaic devices with highly

lattice-mismatched subcells.2 Understanding and controlling

strain relaxation mechanisms such as this is critical to devel-

oping lattice-mismatched solar cells with efficiencies above

45%,10 and other optoelectronic devices for which strain

plays an important role.

In this paper, we first describe the geometry of a repre-

sentative sample: compressively strained GaxIn1�xP exhibit-

ing CuPt-like ordering. Next, we determine the fundamental

parameter characterizing APB formation in an ordered

material—the APB energy—using ab initio structural calcu-

lations. The APB energy alters the glide force experienced

by dislocations travelling through an ordered alloy and is

therefore needed to accurately model every aspect of dislo-

cation behavior. We then combine this result with an ana-

lytical force-equilibrium model to explain how ordering

causes the preferred glide-plane to switch between two

competing glide planes during the growth of strained

GaxIn1�xP epilayers. Finally, further implications and con-

sequences are explored. Although this paper focuses on

GaxIn1�xP because it is extensively studied and wella)bill.mcmahon@nrel.gov
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understood, the basic results can be extended to other or-

dered III-V alloys.

II. SAMPLE GEOMETRY

The sample configuration chosen for this study (Figure 1)

consists of In-rich GaxIn1�xP grown compressively strained on

a GaAs (001) substrate miscut toward �111ð Þ B. In this paper,

the names “Bþ” and “B�” are linked to the asymmetry intro-

duced by the sample miscut: a compressively strained epilayer

rotates so as to have a higher average surface miscut angle for

relaxation on the Bþ plane, and a smaller average surface mis-

cut angle for relaxation on the B–plane.11 These rotations are a

useful probe of relaxation, because the net epilayer "tilt" in

x-ray diffraction (XRD) plots can be used to determine relative

relaxation on the two planes.

Ordering introduces a second asymmetry. For the miscut

direction shown, a single CuPt ordered variant is obtained in

which adjacent B� planes alternate between being In-rich

and Ga-rich. This ordering is stabilized near the growth sur-

face by P-P dimers under certain conditions.12 Once formed,

it is metastable in the bulk and can be destroyed by anneal-

ing.13 As shown in Figure 1(b), dislocations which glide

across the ordered planes can disrupt the ordering pattern. A

dislocation gliding along a Bþ plane creates an APB; glide

along a B� plane does not. Glide of dislocations on the
�1�11ð Þ and 111ð Þ A planes (not shown) can also create APBs,

but only if the corresponding Burgers vector is also co-

planar with the Bþ plane ( 011½ � or �101½ �). If the Burgers

vector is coplanar with the B� plane ð½01�1� or ½�10�1�Þ, no

APB will result. Later in this paper, we will show how these

asymmetries can cause the glide plane to switch between B�
and Bþ, but to do this we must first compute EAPB.

III. ANTIPHASE BOUNDARY ENERGY (EAPB)

To compute EAPB, ab initio total-energy calculations

were performed for a supercell of fully ordered Ga0.5In0.5P,

first without an APB, and then with APBs of various spac-

ings. Total energies were calculated using the screened

Heyd-Scuseria-Ernzerhof (HSE) hybrid density functional,14

as implemented in the VASP package.15 Our DFT calcula-

tions employed the projector augmented wave method16 with

an energy cutoff of 270 eV for the plane wave part of the

wave function. The atomic coordinates were fully relaxed.

To obtain EAPB values for widely spaced APBs (for which

the APB-APB interaction energy is negligible), the APB

spacing was increased until EAPB reached a constant value;

this occurred at an APB spacing of �40 Å.

Figure 2 shows the resulting atomic structure near an

APB viewed along the plane of the APB. No dislocation is

shown; this is the APB structure which remains after a dislo-

cation glides along the Bþ plane. Because these calculations

were performed for fully ordered material (ordering parame-

ter g¼ 1), the resulting EAPB value is an upper limit which

will be denoted Emax
APB. However, even under growth condi-

tions favorable for ordering, the order parameter for

Ga0.5In0.5P is typically 0.4, and decreases as the alloy com-

position moves away from x¼ 0.5. Therefore, the APB

energy for partially ordered material will be approximated

with an g2 scaling factor: EAPB¼Emax
APB � g2.1,17

Calculated values of Emax
APB for three representative III-V

alloys are shown in Table I. Negative values indicate that an

APB-creating dislocation will lower the energy of the system

as it glides, thereby providing a driving force for dislocation

glide sAPB¼ –EAPB, where sAPB is a force per unit disloca-

tion line length and EAPB is an energy per unit area. Using

special quasi-random structures3,18 or random alloy models,

the energy released by disordering a unit volume of each

alloy (Edisordering) was also calculated. It is interesting to note

that Emax
APB and Edisordering are roughly proportional to each

FIG. 1. (a) Sample geometry, with the size of the substrate steps exaggerated

for the purposes of illustration. In the actual experiment, the epilayer thick-

ness of 0.25 lm is much greater than the step height. (b) Schematic diagram

of the ordering pattern corresponding to the miscut direction shown in (a).

Black layers are In-rich; white layers are Ga-rich. APBs can be created by

glide on the Bþ plane, but not the B� plane. The supercell used for calcula-

tions is a longer version of the shaded rectangle, containing two equally

spaced APBs so as to be periodic, and located in bulk-like material far from

both the surface and the dislocation core (Figure 2).

FIG. 2. Relaxed atomic structure of an APB on a Bþ plane in fully ordered

GaInP2. Distortion of the bond angles can be seen near the APB. Black

atoms are In, white atoms are Ga, and green-shaded atoms are P. The (green)

shaded rectangle is the central portion of the widest supercell used in our

calculations. Each supercell contains two APBs so as to be periodic. This

figure is rotated counter-clockwise with respect to Figure 1.
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other, and that the proportionality factor of �14 Å is similar

to the extent of the bond-angle distortions seen in Fig. 2.

IV. GLIDE-PLANE SWITCHING EXPERIMENT

A. Description

We will now show that the value of Emax
APB for Ga0.5In0.5P

can be directly linked to experimental observation via a

glide-plane switching experiment2 which is particularly

sensitive to the value of Emax
APB. The essential idea is to com-

pare the driving force of APB formation to competing forces

generated by compressive epilayer strain.

In this experiment, partially ordered GaxIn1�xP epi-

layers are grown compressively strained on a (001) substrate

miscut d degrees toward �111ð ÞB using the sample geometry

shown in Figure 1. In this configuration, relief of the com-

pressive epilayer strain favors dislocation glide on the B�
plane,19 whereas APB formation favors glide on the Bþ
plane. Conditions are chosen such that dislocation glide is

observed on the Bþ plane for an initial value of g, then g for

each subsequent epilayer is reduced (by reducing the Ga

fraction x) until the glide switches to the B� plane at a value

ggps, where “gps” denotes “glide-plane switch.” The ordering

parameter for lattice-matched Ga0.5In0.5P is measured using

XRD20 and assumed to be proportional to the Ga fraction as

it is incrementally reduced to zero in subsequent layers:

g(x)¼ g(0.5)�2x for GaxIn1�xP for 0� x� 0.5. Residual

stress is monitored during growth using a multibeam

optical stress sensor (MOSS).21 After an initial period of

coherently strained growth, relaxation commences and holds

the residual strain in the uppermost (relaxing) epilayer to a

fairly constant value e¼ –0.1%. Using these methods, exper-

imental ggps values can be extracted from XRD data (Figure

3(a)) and compared to modeled values (to be computed

next). A more complete description of the sample configura-

tion and determination of ggps is provided in the caption of

Figure 3.

B. Theory

To compute ggps, the glide-inducing stress for each plane

(sBþ and sB�) must be computed and compared; at ggps the

difference Ds ¼ sBþ � sB� is zero. The values of sBþ and

sB� are defined to be the work done per unit length of dislo-

cation as it advances a unit distance, divided by the area

swept.22 Because sBþ is altered by APB formation, it is a

function of g; sB� is not. The resulting equations for sBþ and

sB� can be obtained by dividing the configurational force on

a dislocation for each glide plane (for the entire epilayer

thickness h)22 by the surface-to-interface distance as meas-

ured along each glide plane (dBþ and dB� in Figure 1):

sBþ ¼ M � j�j � bBþ
misf it � sin bþ dð Þ � Emax

APB � g2 � sBþ
line; (1)

sB� ¼ M � j�j � bB�
misf it � sin b� dð Þ � sB�

line; (2)

where the (strain-relieving) misfit components of the

Burgers vector b for 60� dislocations gliding on the Bþ and

B� planes are

bBþ
misf it ¼

ffiffiffi
3
p

2
ffiffiffi
2
p � a0 � cos bþ dð Þ; (3)

bB�
misf it ¼

ffiffiffi
3
p

2
ffiffiffi
2
p � a0 � cos b� dð Þ; (4)

TABLE I. An ordered III-V alloy stores energy which can be released by

forming an APB (via dislocation glide) or by disordering the material

(via annealing). The values shown are calculated energies for these two

processes, Emax
APB and Edisordering, respectively. A negative value for Emax

APB indi-

cates that APB formation enhances dislocation glide (see text). Values for

Al0.5Ga0.5P and Al0.5Ga0.5As were approximately zero to within the compu-

tational uncertainty.

Alloy Emax
APB (meV/Å2) Edisordering (meV/Å3)

Al0.5In0.5P �10.7 �0.74

Ga0.5In0.5P �9.9 �0.70

Ga0.5In0.5As �7.5 �0.52

FIG. 3. (a) Experimental [004] XRD reciprocal space maps for GaxIn1�xP

lattice-mismatched grades grown on GaAs(001) miscut d degrees toward
�111ð ÞB. Epilayer tilt is toward 1�10½ � and Qz¼ 4/az, where az is the lattice

constant in the [001] direction. The substrate peak is at the upper left corner

of each plot, and the GaxIn1�xP grade concludes with an InP layer at the bot-

tom of each plot. Both Qz and g for each subsequent GaxIn1�xP layer

decrease as the lattice constant increases. For all layers grown before the

glide plane switch (dashed line), dislocations glide predominantly on the

1�11ð ÞBþ plane and increase the epilayer tilt. After the glide plane switch,

preferential glide on the �111ð ÞB� plane reduces the epilayer tilt. (b)

Theoretical ggps values plotted as a function of sample miscut angle d for dif-

ferent residual strains e with EAPB¼Emax
APB � g2, where Emax

APB¼�9.9 meV/Å2.

Experimental ggps values for three different substrate miscut angles are plot-

ted as points.
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and a0 is the lattice constant, M is the biaxial modulus for

the epilayer, b is the angle between (001) and each B plane

(Bþ and B–), and sline accounts for the energy of the addi-

tional dislocation line length created by dislocation glide.

Because sBþ
line and sB�

line will be small and similar for h �jbj,
they are neglected when solving for ggps by setting Ds
¼ sBþ � sB� to zero:

ggps ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M � j�j
Emax

APB

�
ffiffiffi
3
p

2
ffiffiffi
2
p � a0 � cos 2bð Þ � sin 2dð Þ

s
: (5)

It should be noted that Eq. (5) can also be applied to disloca-

tion nucleation. The derivation is analogous to that shown

above, but for nucleation the sline terms account for the dislo-

cation half-loop and surface step formed during nucleation.

By symmetry, these terms are similar on the two planes

(sBþ
line	 sB�

line); Eq. (5) is obtained if their difference is

neglected.

Before discussing results for a specific set of parameters,

it is instructive to consider the dependence of ggps on b for

Emax
APB < 0, keeping in mind that the actual value of b is a con-

stant determined by the crystal structure of the epilayer. First

of all, ggps¼ 0 for b¼ 45�. This is because the resolved shear

stress (Schmid factor23) is symmetric with angle about a

maximum at 45�; in the absence of ordering (i.e., for g¼ 0),

the resolved shear stress would be equal on the Bþ and B�
planes for any given value of d if b¼ 45�. A second limiting

case is b< 45�, for which glide on the Bþ plane is preferred.

Because ordering can only enhance this preference, there is

no real value of g which can cause Ds to be zero and thereby

cause dislocation glide to switch to the B� plane. Finally,

for b> 45� (as it is for a zincblende lattice), glide on the B�
plane is preferred for g¼ 0, and switches to the Bþ plane for

g> ggps.

C. Results

The ggps values plotted in Figure 3(b) were calculated

using parameters corresponding to our experimental configu-

ration: a0¼ 5.653 Å for GaxIn1�xP lattice-matched to GaAs,

M¼ 0.759 eV/Å3 for Ga0.5In0.5P, interpolated linearly

between GaP and InP values,24 and b¼ cos–1(1/�3)¼ 54.74�.
For simplicity, small changes from these values as a function

of composition x are neglected. Lines are plotted as a func-

tion of d for three different e values; glide will be on the Bþ
plane above each line, and on the B� plane below each line.

As either d or e is increased, a larger value of g is needed to

switch glide from the B� plane to the Bþ plane. To provide

data for comparison, a set of samples was grown with three

different miscut angles d.

In comparing the data to the theory, it is important to

note that the theory has been limited to only the relaxation

processes discussed above, and the assumptions for extract-

ing experimental parameters have been kept as simple as

possible. Despite these simplifications, the agreement is

quite good and indicates that the basic model discussed

above captures the essential physics. Most significantly, the

initial Bþ glide indicates that EAPB is negative. If EAPB were

positive, then B� glide would always be preferred, and ggps

from Eq. (5) would be imaginary. It is also significant that

the theoretical ggps values plotted in Fig. 3(b) are less than

the maximum allowed value (1 in general, �0.4 for

Ga0.5In0.5P). This indicates that the theoretical EAPB value is

large enough to cause the observed glide-plane switch; if it

were not, then ggps from Eq. (5) would exceed the allowed

range for g. Finally, the theoretical Emax
APB value produces an

ggps curve for e¼ –0.1% which is near the experimental val-

ues for e 	 �0.1%, and exhibits a similar increase with d.

V. IMPLICATIONS

The agreement between theory and experiment illus-

trates two key points. First, it provides an experimental con-

firmation of the theoretical Emax
APB value. Even more

significantly, it illustrates how a negative Emax
APB value can al-

ter relaxation processes during lattice-mismatched epitaxy.

The remainder of this paper will focus on possible

consequences.

One consequence is already established experimentally:

APB-related glide-plane switching can cause the threading

dislocation density in an epitaxial film to dramatically

increase.2 Because glide-plane switching balances the driv-

ing force of APB formation against competing forces

induced by epilayer strain, it is particularly sensitive to the

value of EAPB and was therefore chosen as the test system

for this paper. However, EAPB alters every equation describ-

ing dislocation motion, and can therefore be expected to

affect a wide range of stress-relaxation processes.

The APB energy should alter the critical thickness for

initial relaxation, for example. The extra glide force provided

by EAPB may also increase the average glide length, thereby

reducing both the residual strain and threading dislocation

density during lattice-mismatched growth. Nucleation of

new dislocations at the surface may also be enhanced. The

passage of many APB-generating dislocations through a ma-

terial will generate a network or array of stable APBs which

can alter some material properties,9 and may also affect the

motion of subsequent dislocations. Additional consequences

of metastable ordering on stress relaxation will likely be dis-

covered and may extend beyond III-V alloys to other mate-

rial systems.

Finally, to fully appreciate the influence of the growth

surface on all of the processes discussed in this paper, the

interrelationship between the surface and APBs should be

considered. Cross-sectional TEM shows that pairs of APBs

tend to attract and annihilate despite their stability in the

bulk, reducing the APB density as growth proceeds.8 This

suggests that APBs terminate at high-energy surface struc-

tures (undimerized P atoms, for example), which provide an

energetic driving force for APB annihilation. In other words,

surface energetics may be responsible not just for the creation

of metastable ordering, but also for reducing the APB density

to produce large APB-free ordered domains, thereby creating

ideal conditions for APB-enhanced dislocation glide.

VI. SUMMARY

In summary, we show that metastable sublattice order-

ing of III-V alloys can dramatically alter stress relaxation
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mechanisms. In the example considered here, sublattice

ordering causes the glide of strain-relieving dislocations to

switch to a different glide plane. Theoretical modeling links

this glide plane switch to the stability of dislocation-created

APBs in the ordering pattern. The stability of an APB is

characterized by a maximum value for fully ordered mate-

rial, Emax
APB, which can be used to modify all equations govern-

ing dislocation motion. The results presented here for

GaxIn1�xP can readily be extended to other ordered III-V

alloys. This should provide a better theoretical understanding

of relaxation in ordered III-V alloys, which in turn should

lead to an improvement in the quality of lattice-mismatched

materials and devices grown using these alloys.
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