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Surface Morphology of GaAs/Ing3Gag 7As in an Elastic Field of Static
Point Defects *
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The surface morphology InGaAs layers with In composition of 0.3 on GaAs (001) substrates are simulated by
the phase field method. We investigate the influence of the strain field induced by static point defects on surface
morphology of the InGaAs thin film. Our simulation demonstrates that the rms roughness of the thin film surface
is strongly dependent on the density and magnitude of the randomly distributed point defects. Point defects near
the thin film surface can produce a relatively large change of the surface morphology. The influences of thin
film thickness on the surface morphology with different defect distributions are illustrated in the simulations.
Additionally, a combination of experiment and theory is used to examine the influence of the defect density and

magnitude on the surface morphology and roughness.

PACS: 68.55.—a, 81.15.Aa, 68.55.jd

Multi-junction solar cells, built as a stack of so-
lar cells of different bandgaps, can reach the high-
est conversion efficiency in all types of any known
photovoltaic technologies. Its high efficiency drives
a rapid growing market demand with many potential
applications. At present, the multi-junction M-V so-
lar cell efficiency is reported to be beyond 40%."
It is noted that the most common three-junction de-
sign for this type of high efficiency solar cell utilizes
a InGaP /InGaAs/Ge structure. However, to further
enhance the efficiency of photovoltaic cells, the 1-eV
junction is the key to promote the next-generation
solar cell design.[>%] An optional choice for the 1-eV
junction is Ing 3Gag.7As.["] However, it has a large mis-
fit strain of 2% on GaAs substrates.[®:”] This misfit
strain will induce non-ideal growth due to the fact
that the thin film layer is relaxed by the introduction
of high defect density.l'"""] Controlling the thin film
surface roughness and improving the crystal quality
are critical to the solar cell performance.

The reason that prevents forming a perfect crys-
tal is the crystallographic defects, which can be clas-
sified into surface, line, and point defects by di-
mensions of the bounded imperfect region on the
atomic scale.l'?) Many experimental results, includ-
ing molecular-beam epitaxy (MBE)!'?~ '] and metal
organic vapor phase epitaxy (MOVPE),!'’] show that
dislocations and point defects can be reduced by con-
trolling the growth temperature. Although point de-
fects have a strong influence on the quality of the thin
film /quantum well structure,l'" it is quite difficult in
experiment to identify the role played by the point
defects in the progress of crystal growth. The engi-
neering of point defects in the InGaAs thin film can
improve the quality of thin films and enhance the de-
sired properties of photovoltaic materials.

The objective of this work is to examine the role of
a static elastic field generated by point defects on the
surface morphology of GaAs/InGaAs heterostructures
by employing the phase field method. To describe the
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surface morphology of Ing 3Gag 7As thin film on the
GaAs (001) substrate, we introduce three conserved
order parameters 7, 72 and 13 to represent the vol-
ume fractions of gas, thin film and substrate phases
in the phase field model, respectively, and the total
volume fraction of the system is fixed,

n +n2+n3=1. (1)

The interface between order parameters n; and 7; is
denoted as «;;. In the present study, we assume that
the substrate phase 73 is static, thus the profile of 73
is set to be the one dimensional equilibrium profile,

1 1
3 = 5 [tanh i(ysub - y) + ]-:| ) (2)

where s, is the value of the y-coordinate at the sub-
strate surface. Therefore, according to Eq. (1), we can
choose 72 as an independent phase field. For a con-
served system, the temporal evolution of the phase
field 7o of the Ing 3Gag 7As thin film is determined by
the nonlinear Cahn-Hilliard equations,!®]

5 =P ()] ®

where M is the dynamic coefficient, ¢ is time, and
Fiot is the total free energy of the system, which in-
cludes the chemical energy, the interfacial energy and
the elastic energy,

Ftot - Fchcm + -Fintcr + Fclas~ (4)

The calculations of chemical energy, interfacial energy
and elastic energy with defects were described in detail
in Refs. [19-21].

In the simulations, the chemical energy param-
eters are chosen to be wis = w3 = wey = 1.0,
the surface energies and interfacial energy are ajs =
a13 = 0.5N/m, and as3 = 0.26 N/m.’>*’] The lattice
constants, mismatch strain, and elastic constants for
GaAs, and Ing 3Gag 7As are listed as follows:!**] for
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GaAs, lattice constant a = 5.6419 A, ¢y = 11.879 x
10 dyn/cm?, 12 = 5.376 x 101 dyn/cm?, cyy =
5.94 x 10! dyn/cm?; for Ing 3Gag 7 As, lattice constant
a = 5.76682A, ¢;; = 10.811 x 10" dyn/cm?, ¢15 =
5.121 x 10t dyn/cm?, ¢44 = 5.343 x 101t dyn/cm?. In
this work, 256 x 64 discrete grid points are employed
with periodic boundary conditions applied along the
T axis.
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Fig. 1. Schematic illustration of a single point defect and
a series of 1D point defects in plane located at the center
of epitaxial thin film.
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Fig.2. The strain as a function of position along the

solid line in Fig. 1. The circle, square, triangle, and cross
symbol lines represents single defect, 1D defect of 9-grids,
41-grids, and 129 grids, respectively.

Figure 1 shows a schematic figure of point defects
located in an epitaxial Ing3Gag 7As thin film. The
thin film is assumed to be flat with an initial 10 nm
thickness. A single point defect is placed at the center
of the thin film. The value of the strain field along the
solid line of Fig. 1 is plotted in Fig. 2. A sharp increase
of the strain field is observed around the single point
defect. We can also see significant oscillations around
the point defect. To remove such oscillations in strain
field, we propose to use a small one-dimensional (1D)
point defect cluster for performing the strain field in a
numerical simulation. Note that the 1D point defect
cluster can also be considered as a dislocation loop in
this 2D simulation. Three different defect cluster sizes
of 9nm, 41 nm and 129 nm are considered in the simu-
lation. The calculated strain field of the defect clusters
along the solid line, which is along the x-direction and
is just one grid below the defect clusters, is also illus-
trated in Fig.2. We can clearly see a decrease in the
absolute value of the maximum local strain of point
defect when the cluster size increases. When the de-
fect cluster is in a large size of 129 nm, the local strain
at the center of the defect cluster becomes zero, while
a significant change of the strain field appears at the

edge of the 1D defect cluster. These simulation results
are in good agreement with the theoretical predictions
and previous phase field simulations.

(a) (b) (c)

Fig. 3. The influence of the position of 1D point defects
on the surface morphology. (a) The 1D point defects at
the bottom of the thin film, (b) in the center of the thin
film, (c) near the surface of the thin film. The first row
shows the surface morphology, and the second row shows
the strain distributions.

To explore the influence of the point defect on
the surface morphology in Ing 3Gag.7As thin film, we
placed a 9 nm sized point defect at the bottom, center
and the near-surface region of the thin film, respec-
tively. The surface morphology and its corresponding
strain field after 1000 steps evolution are shown in
Figs. 3(a)-3(c). In the case of the defect at the bot-
tom, it can be seen that there is a strong influence on
the substrate/thin film interface, however, the defect
cluster does not change the surface morphology. If
this defect cluster is placed in the center of the thin
film, a small oscillation can be seen on the surface
morphology, as shown in Fig. 3(b). When this defect
cluster is placed near the thin film surface, an undu-
lation is clearly observed on the surface morphology.
In the strain picture in Fig. 3, the strain contour plots
show that the high strain field concentrates around
the edge of the 1D defect clusters, with a compres-
sive strain at the two sides of the cluster, and positive
strain field is observed inside the 1D defect. As a
static substrate is used in the simulation, we did not
see any strain field in the substrate layer. It can be
seen that a complete reflection symmetric strain field
in the case of the defects in the center of the thin film.
It should also be noted that in this case, the defect
cluster generates a maximum strain field among the
three cases. Even though the high strain field is in-
troduced, its influence on the surface morphology is
limited. Comparing Figs. 3(b) and 3(c), defects near
the surface have a small strain field, while they re-
sult in a significant change of the thin film surface.
This small strain field should be caused by the con-
tinuous interaction between the defects clusters and
the surface morphology. According to the principle of
minimum energy, the surface bending results in the
increase of the interfacial energy, while avoid the high
elastic energy introduced by the point defect clusters.
Thus the total free energy decreases and the surface
morphology changes.
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Based on the simulation results, as can be seen, the
point defects play critical roles in the surface kinetics
of epitaxial growth. In particular, the point defects
near the surface can lead to high roughness of the epi-
taxial thin film surface. In the following, the epitaxial
thin film is initially set to have the amplitude of the
sinusoidal surface profile

h(z) = ho + Bsin(kx + ), (5)

where hg is the initial average thin film thickness; 8
is the amplitude, k is the wave numbers, and ¢ is the
initial phase. In the following simulations, we chose
ho =10nm, 8 = 5nm, k = 27/32 and ¢ = 0.

The point defects are assumed to be randomly dis-
tributed in the thin film. The roughness of the thin
film surface is then described by the rms roughness,
which is defined as!*’]

rms =

([h(x) = h?), (6)
where (- - -) represents the average value of [h(z) — h)]?,
which is the mean height of the thin film surface. In
the phase field model, we suggest the distance between
the point where 177 = 172 = 0.5 and 75 = n3 = 0.5 as
the height of the surface.
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Fig.4. Plot of the rms roughness as a function of the
density of point defect with the defect magnitude fixed at
0.1. It is clearly demonstrated that the surface becomes
rougher with the increase in the defect density.
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Fig.5. (a)-(d) The surface morphology of Ing.3Gag.7As
thin film for 5%, 10%, 15%, and 20% defect density, re-
spectively. The magnitude of the point defects is fixed at
0.1.

Firstly, let us study the influence of defect den-
sity on the surface morphology. Figure 4 shows the
rms roughness versus point defect density at a fixed
defect magnitude of 0.1. It is clearly demonstrated
that the surface becomes rougher in the morphol-
ogy profile with the increase of the defect density.
The corresponding surface morphologies are present
in Fig.5. Compared to the defect-free surface pro-
file (Fig.5(a)), the surface morphology at a relatively

small defect density 5% still shows a sinusoidal per-
turbation, and small changes are observed in the rms
roughness (Fig. 5(b)). However, if the density of point
defect increases to 20%, we note that the rms rough-
ness increases very fast. In the surface morphology
shown in Fig.5(d), one can see the periodical sinu-
soidal perturbation disappears. This observation im-
plies that the strain field driven by defect at a high
density can disturb the surface diffusion process and
increase the rms roughness.
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Fig. 6. Plot of the rms roughness as a function of the
point defect magnitude, with the point defect density fixed
at 5%. The rms roughness climbs quickly with the increase
of defect magnitude.
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Fig.7. (a)-(d) Simulated surface morphology for defect
magnitude of 0.1, 0.2, 0.4, and 0.45, respectively. The
point defect density is fixed at 5%. For a high defect mag-
nitude, it is seen that the Ing.3Gag.7As thin film surface
is highly roughened with voids.

In the following studies, we investigate the effect
of the magnitude of the point defects on the surface
roughness. Hereby, the density of the point defect
is maintained at 5%. By varying the magnitude of
the defect from 0.1 to 0.45, the surface morphology
dramatically changes. The rms roughness as the de-
fect magnitude is shown in Fig.6. For small disor-
der magnitudes (magnitude=0.1), the surface mor-
phology is roughly similar to the defect-free surface
with some small differences (Fig.7(a)). As the mag-
nitudes increase to 0.2, the thin film surface is rough-
ened due to the preferential pinning on the defects.
Interestingly, it should be noted that the gas phase
(n1) can be clearly seen in the thin film structure, as
shown in Fig. 7(b). It is well known that introducing a
new phase interface can increase the interfacial energy.
However, the elastic energy induced by the point de-
fect with large magnitude can dramatically decrease,
and thus the total free energy will decrease and stay
at a low level. The vacancy in the thin film avoids a
strong elastic field induced by point defect while con-
tributes to the surface roughness. Finally, for a very
large disorder with the magnitude above 0.4, the fluc-
tuations on the thin film surface exceed the thickness
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of the thin film, resulting in a nanodot structure with
a strong meandering, as seen in Fig.7(c). It is there-
fore clear that the rms roughness reaches a very high
value (~3nm) as a formation of nanodot structure. If
the magnitude of the defect strain further increases,
the rms roughness and the corresponding nanodot sur-
faces do not change significantly from the simulation
results.

—a— No defect
—e— Defect density 5%,
E magnitude 0.1
14F —a— Defect density 5%,
r magnitude 0.2
1.3F —v— Defect density 15%,
r magnitude 0.1

RMS roughness
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Fig. 8. Plot of rms roughness as a function of thin film
thickness, with different defect densities and magnitudes.
It is demonstrated that for point defects with high mag-
nitude, thicker films can achieve high quality; in contrast,
for point defects with high density, thinner films have a
smooth surface.

Figure 8 illustrates how the thickness of the film
affects the surface morphology for different defect dis-
tributions. The rms roughness increases slightly when
a 5% density and 0.1 magnitude point defect is em-
ployed. However, if the magnitude of defects in-
creases to 0.2, it can be seen that the surface rough-
ness changes dramatically with the thin film thickness.
These results indicate that thicker films can achieve
high quality at a high level of point defect magnitude.
In contrast, we perform simulations with high defect
density (15%), it should be noted that the rms rough-
ness increases with the increasing thickness of the thin
film. This observation can be explained by the total
number of defects. High defect density will introduce
much more defects with the increase of thin film thick-
ness, resulting in high rms roughness of the surface.
This simulation shows that for point defects with high
density, low thickness films have advantages on the
surface quality due to the total number of defects as-
sociated with film thickness.

To examine the phase field simulation results, the
surface morphology of Ing 3Gag 7As thin films grown
on GaAs substrates are demonstrated in our experi-
ment. We consider two types of designed heterostruc-
tures. Type A: the Ing 3Gag 7As epi-layers are grown
on a GaAs substrate directly with the thickness of
~20nm under different growth conditions. Type B:
the Ing 3Gag.7As thin films are grown on GaAs sub-
strates with four step-graded In,Ga;_,As buffer lay-
ers as reported in our previous work.[’"] Details of
the epitaxial growth process are presented in Ref. [20].
We now explore each of the two types for the surface
morphology, which is characterized by scanning elec-
tron microscopy (SEM) and atomic force microscopy

(AFM).

Fig. 9. SEM images of Ing.3Gag.7As thin films grown at
Asy pressures of (a) 1.6 x 1076 Torr, (b) 4.0 x 106 Torr,
and (c) 1.5x 1072 Torr. It is seen that a high Asy pressure
can lead to a rough surface. The 3D phase field simulation
results of surface morphology of Ing.3Gag.7As thin film on
GaAs substrate, with a defect density of 5% and mag-
nitude of 0.2: (d) top view, in black/white, (e) 3D view.
The simulated surface morphology is in exceptionally good
agreement with the experimental results.

Type A: Figs.9(a)-9(c) show the SEM images of
the samples of type A with different As, pressures of
1.6x107%,4.0x107% and 1.5 x 1072 Torr, respectively.
According to the works of Medel-Ruiz et al. and Yan
et al.,l’"?] the growth of a strained material system
generally undergoes a 2D—3D growth mode transition
after only a few monolayers, and a plastic relaxation
(dislocation or defect generation) occurs and leads to
a degradation of optical/electronic properties. In our
experimental works, for the sample grown at a low Asy
pressure of 1.6 x 107 Torr, the growth mode is 2D,
and the sample has a low magnitude of defect. The
surface of the Ing3Gag 7As thin film is only slightly
roughened, as shown in Fig.9(a). With the increase
of the Asy pressure, we observe a growth mode tran-
sition from a 2D layer to a 3D island growth, leading
to an increase of the magnitude of point defect in the
thin film. For a higher As, pressure of 4.0 x 1076 Torr,
the islands and pits are coalesced into fully formed
ripple arrays (Fig. 9(b)), and for the highest Asy pres-
sure of 1.5 x 107° Torr, the Ing 3Gag.7As thin film is
highly roughened with trenches and voids, as shown in
Fig.9(c). The experimental results show that high Asy
pressure can lead to the increase of the magnitude of
defect in the Ing 3Gag.7As thin film, then the thin film
growth mode undergoes a 2D—3D mode transition,
and therefore, a rough surface is generated. These ob-
servations are consistent with our theory prediction,
i.e., the magnitude of the defect can change the thin
film surface morphology.

We also performed a 3D phase field simulation to
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compare the simulation results to experimental obser-
vations. In this simulation, 128 x 128 x 64 discrete
grid points are employed. The defect density is fixed
at 5% and a relatively high magnitude of 0.2 is used.
As shown in Fig. 9(d), the surface morphology is in ex-
ceptionally good agreement with experimental results
of Fig.9(c), which proves that a higher magnitude of
point defect strain field can lead to the increase in the
surface roughness. A 3D view of the surface morphol-
ogy is also illustrated in Fig.9(e).

1pm

Fig.10. AFM images of Ing 3Gag.7As epi-layers with
thickness of (a) 67nm, (b) 133nm. The view area is
5 x 5 um. The measured rms surface roughnesses are 1.2
and 0.62nm, respectively. Higher thin film thickness can
help to relax the in-plane stress and can lead to a low
surface roughness.

Type B: to reduce the defect density in the
Ing 3Gag.7As thin film, a step graded In,Ga;_,As
buffer layer is added between the Ing3Gag 7As thin
films and the substrate. Three Ing3Gag7As thin
films of type B, at different thickness of 67, 100 and
133 nm, are grown on the GaAs substrate with buffer
layers. Higher thin film thickness can help to relax
the in-plane stress and can lead to a low-density de-
fect for the thin film structure. Figures 10(a) and
10(b) show the surface AFM images (5 x 5 pm) of the
Ing 3Gag.7As layers with thicknesses of 67 and 133 nm,
respectively. The measured rms surface roughnesses
are 1.2 and 0.62nm, respectively. Our previous ex-
perimental resultsl’’! also demonstrated that a 100-
nm-thick Ing 3Gag.7As thin film with buffer layers has
a small rms roughness of 0.56nm. Obviously, the
rms roughness decreases when a thick buffer layer is
employed, which indicates that a low defect density
can lead to smooth surfaces. Compared to the sur-
face morphology with thin film thicknesses of 100 and
133nm, we notice that with the further increase in
thickness of buffer layer, there is a minor change in
the rms surface roughness of the thin film due to the
fact that the in-plane stress is fully relaxed on the top
of the thin film. These experimental results also agree
well with the phase field model. The Ing 3Gag.7As thin
films of higher thickness have low defect density and
smooth surfaces.

In conclusion, the phase field model has been em-
ployed to predict and to study the surface morphology
of InGaAs thin films in a point defect elastic system.
Additional experimental works are performed to verify

our phase-field simulation results. The surface mor-
phology of 3D phase field simulation is in exception-
ally good agreement with the experimentally achieved
SEM images.

We thank Yang W J and Li J L for many helpful
discussions.
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