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Phase separation (PS) produces InN composition gradients in InGaN islands, which may be

important for light emitting diodes, solar cells, and lasers. Thus, the control of PS is critical, and the

kinetic growth process, which is suggested to be important for controlling PS in Stranski-Krastanov

islands, becomes a key factor in producing materials for optoelectronic devices. We present

atomistic-strain-model Monte Carlo simulations for PS in strained epitaxial InGaN islands. Our

simulations illustrate how the PS in InGaN islands depends on the kinetic growth mode and

subsurface diffusion, and thus suggest ideas for controlling the microstructure of alloy islands formed

during epitaxial growth. VC 2011 American Institute of Physics. [doi:10.1063/1.3662927]

The bandgap of InGaN can be tuned from 0.7 to 3.4 eV,

covering the entire spectrum from UV to IR. Because of the

wide range of bandgap tunability in this single alloy system, it

is currently being investigated for optoelectronic devices,

such as high efficiency blue, green, and white light emitting

diodes (LEDs),1 solar cells,2 and injection lasers.3 It has been

reported that phase separation (PS) improves the performance

of LEDs and lasers.4 Thus, PS in InGaN alloy islands to pro-

duce InN composition gradients becomes a key factor in pro-

ducing materials for LEDs and lasers.

The tendency of bulk InGaN alloy to PS due to the mis-

cibility gap has been known for more than a decade.4,5 In

epitaxial systems, the immiscibility of InGaN is strongly de-

pendent on elastic strain due to lattice mismatch between the

InGaN and the substrate. Since the early study of Ho and

Stringfellow,5 work has been done to study PS in epitaxial

InGaN layers both theoretically and experimentally.6–9

InGaN layers coherently grown on GaN are under compres-

sive strain. This compressive strain tends to suppress PS of

InGaN layers at typical growth temperatures.8 The theoreti-

cal studies to date, in particular, first-principles and valence

force field calculations, are limited to the determination of

the bonding energy terms in bulk InGaN alloys (either

strained or relaxed).8,9 However, these bulk parameters can-

not be used to study growth of Stranski-Krastanov (S-K)

islands. This is because strain relaxation and surface effects,

which cannot be accounted for by bulk parameters, signifi-

cantly affect the spatial variation of InN content in S-K

islands. This prevents us from reaching a complete and cor-

rect understanding of PS in the strained S-K InGaN islands.

To our best knowledge, there is no published work on PS in

strained S-K InGaN islands.

It is anticipated that particular kinetic aspects of the

growth process will be important for controlling PS in S-K

islands.10 Control of the PS in the strained epitaxial InGaN

islands can be achieved only by having a clear picture of the

physical growth mechanism. The entire S-K islands are not

expected to reach thermodynamic equilibrium because bulk

diffusion is negligible at typical growth temperatures.11

Growth usually occurs under non-equilibrium conditions.

However, equilibrium is often established locally at the

growth front (near surface region) due to the more rapid sur-

face (and sub-surface) diffusion.12 Thus, distinctly different

InN distributions from equilibrium would be obtained. This

has been predicted by our recent work on GeSi islands.10

The objective of this letter is to examine the effects of the ki-

netic growth mode and subsurface diffusion on PS in

strained epitaxial InGaN islands, and the use of this under-

standing to provide guidance for control of the microstruc-

ture of the InGaN alloys formed during epitaxial growth.

To study kinetically controlled PS in epitaxial strained

InGaN islands and its underlying relationship to the kinetic

growth mode, subsurface diffusion, and strain from the sub-

strate, we have performed atomistic-strain-model Monte

Carlo simulations10,13 of the epitaxial growth of strained

InGaN islands by considering two different growth modes:

layer-by-layer growth (LG) versus faceted growth (FG).

Experiments14 showed that some islands grow first layer-by-

layer in a non-faceted structure like stepped mounds and

then transform into the faceted structures after the mounds

reach a certain size. Therefore, it is reasonable to consider

both growth modes because even the final island is faceted

its alloy composition is influenced by its early stage growth

in the LG mode. Our calculations show that for GaN sub-

strates, LG produces islands that are InN rich on the top and

sides (shell); while FG produces islands that are InN rich in

the middle (core). The composition profiles in S-K islands

with growth-mode-controlled PS are shown to be distinctly

different from the equilibrium results.10,15

PS during the epitaxial growth of InGaN islands is simu-

lated by minimizing the Gibbs free energy, G ¼ H � TS. The

enthalpy H ¼ Eel þ Es, where the total elastic strain energy Eel

is calculated using an atomistic strain model16 and includes the

micro-strain energy due to the bond distortion in the islands

and the macro-strain energy associated with the lattice mis-

match between the islands and the substrate. Es is the surface

energy, which is considered here as the bond-breaking energy

at the surface without reconstruction. The entropy of mixing,

S, is calculated using the regular-solution-shell-model.10

Using the experimental elastic constants of InxGa1�xN, our

model produces the interaction parameter for mixing,
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XInGaN ¼ �5:16� 10�4xþ 0:36 eV=cation, which agrees

well with previous first principles17 and valence force field

results.18 Since three-dimensional (3D) simulations were found

to show qualitatively similar results as 2D simulations,10 we

have used mainly a 2D atomistic strain model on a square lat-

tice to calculate the Gibbs free energy. The detailed simulation

framework is described in our previous work.10

First, we studied the growth mode controlled PS that

leads to a core-shell nanostructure in In0.3Ga0.7 N islands

grown on GaN. The thermodynamic equilibrium distribution

is generally not expected for larger nanostructures although

it may be reached in small structures grown at high tempera-

tures, where diffusion allows redistribution of the alloy com-

ponents within the entire structures. This is because the bulk

diffusion barrier is too high, e.g.,�3.4 eV, at typical growth

temperatures for diffusion of In and Ga in InGaN.11 How-

ever, local equilibrium can be established in the surface

regions during the growth since the diffusion is greatly

enhanced at surfaces. For example, diffusion activation ener-

gies of �0.4 eV are reported for Ga surface diffusion on

GaN(0001).12 Consequently, the kinetic growth mode, which

dictates the surface mass transport and alloy mixing via

surface diffusion at the growth front, becomes a key factor in

determining the kinetically limited composition profiles in

S-K islands with PS.

Figs. 1(a) and 1(e) show a limiting case using the assump-

tion that the surface diffusion depth (LSD) is 1, which means

that the local equilibrium is reached only in the outmost surface

(or facet) layer and the equilibrated surface composition is sub-

sequently frozen upon the growth of the following layer. It is

seen that such kinetically limited PS during growth leads to the

formation of core-shell structured islands. The LG yields struc-

tures with cores rich in the unstrained (relative to the substrate)

component (Fig. 1(a), xGa > 0:8 in the core); while the FG

yields structures with cores rich in the strained (relative to the

substrate) component (Fig. 1(e), xIn > 0:8 in the core). Both

growth modes result in structures distinctly different from the

equilibrium case.15 These results are due to the different strain

relaxation mechanisms associated with the two different

growth modes. In the LG mode, the growth front is flat and the

most relaxed regions are at the opposite sides. During establish-

ment of the local equilibrium within this flat layer, a “lateral”

PS with the In segregating to the outside and Ga to the center

of the surface layer is expected to reduce the strain energy. In

contrast, in the FG mode, the growth front is inclined at a fixed

contact angle with the nominal substrate surface and the strain

is relaxed most at the top of the facet, furthest from the sub-

strate. During the establishment of local equilibrium within this

inclined facet layer, a “vertical” PS with In segregating to the

top and Ga to the bottom of the facet is favored. Such lateral

versus vertical PS patterns in the LG versus FG gives rise to

the overall core-shell structures of InGaN islands.

There is another notable difference between core-shell

structures resulting from the two growth modes. A triangle

core shape is found in LG, and a V-shape core in FG. This is

because as the island grows larger in the LG mode, fewer In

atoms are segregated to the outside since the growth font

becomes smaller, assuming a fixed nominal alloy concentra-

tion is deposited in each layer. This leads to the triangular

shaped core seen in Fig. 1(a). On the contrary, more In atoms

are segregated to the top as the island grows larger in the FG

mode since the growth font becomes larger. This leads to

the V-shaped core seen in Fig. 1(e). This V-shaped core

structure seen in Fig. 1(e) is consistent with experimental

results as well as a qualitative theoretical explanation for

In0.5Ga0.5As islands grown on GaAs substrates,19 indicating

that the InGaAs islands were grown via the FG mode. Note

here we compare our result with InGaAs because no experi-

mental data for InGaN islands have been reported.

The restriction of limiting the local equilibration within

the surface layer (LSD ¼ 1) might be too severe. The region of

enhanced diffusion and local equilibration may extend to sev-

eral subsurface layers.20 Thus, we have studied the effects of

LSD on the PS in the islands. Figs. 1(c)–1(h) show the simu-

lated InN atomistic distribution of a strained In0.3Ga0.7 N

island grown by the LG mode (Figs. 1(b)–1(d)) versus the FG

mode (Figs. 1(f)–1(h)) with LSD values of 4 (Figs. 1(b) and

1(f)), 7 (Figs. 1(c) and 1(g)), and 10 (Figs. 1(d) and 1(h)),

respectively. These results clearly show the impact of diffu-

sion depth on the final structure. As expected, increasing the

LSD causes the core-shell structure to gradually disappear and

the final structure obtained from both growth modes to con-

verge towards the equilibrium structure.15

Surface segregation affects PS of InGaN islands in both

growth modes. Because the surface energy of In is lower

than for Ga, which is caused by both the surface dangling

bond energy and strain energy, In tends to occupy the out-

most surface layer during the growth process. Fig. 2 shows

the time evolution of the atomistic view of InN distribution

for In0.3Ga0.7 N islands in Figs. 1(c) (top panel) and 1(g)

(bottom panel), illustrating the effect of InN surface segrega-

tion. Notice that the island surface layer is covered by a com-

plete monolayer of InN at all stages in both growth modes.

FIG. 1. (Color online) Kinetically controlled atomistic distribution (InN-

red, GaN-blue) for heteroepitaxial In0.3Ga0.7 N QDs grown on GaN sub-

strates when local equilibration is assumed for several surface layers at the

growth font. The left panel shows the triangle-shaped GaN-rich core distri-

butions resulting from the LG mode, and the right panel shows the V-shaped

InN-rich core distributions resulting from the FG mode. Equilibration is

assumed in the top (a) and (e) 1, (b) and (f) 4, (c) and (g) 7, (d) and (h) 10

surface layers.
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As described above, control of PS can be theoretically

achieved by altering the growth mode. The growth mode is

generally determined by growth parameters and/or by sur-

face conditions.21 However, selecting the growth mode is

complex. An alternative way to control the PS is to control

the magnitude and sign of the strain in the islands by choice

of substrate since the “unstrained component” is determined

by the substrate. Thus, we have studied the influence of the

substrate with different alloy compositions. The top panel of

Fig. 3 shows the calculated atomistic InN distribution of

In0.7Ga0.3 N islands grown by the LG mode (Fig. 3(a)) versus

the FG mode (Fig. 3(b)) on an InN substrate, with LSD ¼ 1.

Compared with the results shown in Figs. 1(a) and 1(e), this

clearly shows the impact of a different substrate on the PS.

The final phase separated islands switch their components in

the core and shell in both growth modes since the

“unstrained component” changes from GaN to InN as the

substrate changes from GaN to InN.

In all of the results presented above, the macro-strain

between the island and substrate plays an essential role.

Next, we will examine the situation without macro-strain,

i.e., the islands and the substrate are lattice matched or more

simply have the same alloy composition. Because there is no

macro-strain applied to the InGaN islands, they will phase

separate into two domains due to the miscibility gap. The PS

will lower the energy of the alloy system at the cost of

increasing the interface energy between the two domains and

the macro-strain energy between island and substrate. The

final structure is determined by the competition between

these factors. Our study shows that the lattice matched sub-

strate will suppress PS in islands, and there exists a critical

value of L�SD. Below L�SD, a uniform distribution of the com-

ponents is expected throughout the island; above L�SD, the

alloy will phase separate into In-rich and Ga-rich domains,

with the smallest possible interface area between them. The

atomistic InN distributions of In0.5Ga0.5 N islands grown by

the LG mode (Fig. 3(c)) versus the FG mode (Fig. 3(d)) on

the In0.5Ga0.5 N substrate with L�SD are shown in Fig. 3, bot-

tom panel. One should also notice that L�SD is much larger for

LG than for FG. This is because for LG, the island has a

much larger interface with the substrate.

In summary, composition profiles in S-K islands with PS

can be controlled by altering the growth mode (LG versus

FG). Different substrates introduce different strain magnitude,

and sign, which affects the final structures of the island. For

islands grown on a lattice matched substrate, which will sup-

press the PS, PS will only happen when LSD is larger than the

critical value L�SD. Our findings form a fundamental basis for

developing useful technologies and point to a practical way to

tailor and control the PS in the InGaN islands by selecting the

growth mode and substrate. Such technology would be gener-

ally applicable to the development of strained alloy nanostruc-

tures for applications in photonic and electronic devices.
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FIG. 2. (Color online) Non-equilibrium atomistic distribution (InN-red,

GaN-blue) for heteroepitaxial In0.3Ga0.7 N QDs grown by (a) LG and (b) FG

on GaN substrates, when local equilibration is assumed for 7 surface layers

at the growth font. From left to right, the figure shows QDs when the growth

is stopped after 30, 50, 70, and 100 monolayers. During the growth of QDs,

the surface is fully covered by a monolayer of InN. FIG. 3. (Color online) The influence of the substrate for two alloy composi-

tions. Top panel shows the calculated atomistic distribution (InN-red, GaN-

blue) for In0.7Ga0.3 N islands grown by (a) the LG mode versus (b) the FG

mode on InN substrates, with LSD ¼ 1. It shows the reverse atom distribu-

tions compared with those grown on GaN (Figs. 1(a) and 1(e)). The bottom

panel shows the atomistic distributions for In0.5Ga0.5 N islands grown by (c)

the LG mode with L�SD ¼ 5 versus (d) the FG mode with L�SD ¼ 10 on

In0.5Ga0.5 N substrates.
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