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Compositional modulation and surface stability in InGaP films:
Understanding and controlling surface properties
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We investigate the formation of compositional modulation and atomic ordering in InGaP films. Such
bulk properties—as well as surface morphologies—present a strong dependence on growth
parameters, mainly the V/III ratio. Our results indicate the importance of surface diffusion and,
particularly, surface reconstruction for these processes. Most importantly from the application point
of view, we show that the compositional modulation is not necessarily coupled to the surface
instabilities, so that smooth InGaP films with periodic compositional variation could be obtained.
This opens a new route for the generation of templates for quantum dot positioning and
three-dimensional arrays of nanostructures. © 2007 American Institute of Physics.

[DOI: 10.1063/1.2712159]

I. INTRODUCTION

One of the major interests in ternary and quaternary
semiconductor alloys has been the ability to continuously
vary the energy gap and strain through changes in composi-
tion in order to achieve advantageous band structure for
opto- and microelectronic devices. For example, the ternary
InGaP alloys have an enormous interest for applications in
visible light emitters and tandem solar cells." Furthermore,
the engineering of strained layers has been successfully used
as a method to control the lateral positioning of self-
assembled quantum dots on the surface.”™

However, the successful performance of such devices
depends on the ability to control both bulk and surface prop-
erties of these alloys on a particular substrate. A random
atomic distribution in the semiconductor alloys could be as-
sumed in a simple approach; however, in practice more com-
plex phenomena as compositional variation and atomic or-
dering have been observed for different epitaxial techniques.
For example, atomic ordering is present in InGaAs alloys
grown by chemical vapor deposition (CVD),” as well as In-
GaP films grown by both vapor phase epitaxy (VPE)*” and
molecular beam epitaxy (MBE).® Compositional modulation
has been first observed for InGaAsP semiconductor alloys
grown by liquid phase epitaxy (LPE).”'° However, this bulk
phenomenon is not limited to quaternary alloys or to the LPE
growth technique. Several works have reported composi-
tional modulation on other semiconductor alloys such as
CVD-grown SiGe,11 MBE-grown InGaAs'>"? and, more re-
cently, for the InGaP/GaAs system grown by the chemical
beam epitaxy (CBE).'"*'® Moreover, both theoretical'’
and experimental“’u’lg’20 works have shown that lattice mis-
match of film/substrate and even compositional variations
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within the layer play an important role in the morphology of
growing semiconductor alloy films. The conditions of cou-
pling between morphological and compositional instabilities
have been rigorously established theoretically.w’22

From the application point of view, the existence of such
bulk phenomena coupled to surface morphological instabili-
ties can change both optical and electrical behaviors of the
alloy films and, consequently, the successful performance of
devices based on them. In spite of that, we have recently
shown that periodic compositional modulation can be ap-
plied to control the lateral positioning of self-assembled
nanostructures.'>'® Thus the understanding of bulk phenom-
ena, as well as surface morphology, becomes a crucial goal
for heterostructure design using semiconductor alloys.

Compositional modulation in such alloys has been pre-
viously associated to the phenomenon of spinodal decompo-
sition, in which a minimization of the solid solution free
energy leads to phase separation in the material. Actually,
compositional modulation in LPE-grown InGaAsP films”'°
occurred precisely in the temperature range predicted by the
spinodal decomposition diagram calculated by Cremoux et
al.”® However, these predicted critical temperatures for the
spinodal decomposition are found to be much lower than the
typical substrate temperatures for growth techniques working
away from thermodynamic equilibrium such as MBE." Ad-
ditionally, bulk diffusion is expected to be negligible.24 In
particular, Glas'’ proposed a thermodynamical approach to
address joint morphological and compositional instabilities.
In this model, unstable joint modulation and undulations ex-
ist at any temperature. This analysis, however, does not con-
sider kinetic limitations for the system of interest. More re-
cently, alternative theoretical models'*"*** have considered
surface mechanisms as well as stress-driven effects to ex-
plain the growth dynamics of binary or pseudo-binary semi-
conductor alloys, such as SiGe and InGaAs, respectively. In
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this context, these alloys are generically named AB alloys,
where A and B stand for the two species constituting the
alloy.

The model proposed by Leonard and Desai*’ predicts the
dynamics of the free surface and the composition nonunifor-
mities in strained AB alloys taking into account surface spin-
odal decomposition and kinetic mechanisms. Surface diffu-
sion is the dominant mass transport mechanism, and the total
flux of material diffusing on the surface is proportional to the
gradient of a composition-weighed chemical potential. The
difference in the size of A and Batoms induces stresses in the
bulk, which in turn drive the surface mechanisms. The cou-
pling of misfit strain, compositional stress, deposition rate,
and growth temperature determine the stability of film mor-
phology as well as the compositional modulation.

On the other hand, the model proposed by Spencer et
al > predicts the dynamics of composition and morphol-
ogy in AB alloy films by considering the coupling of misfit
and solute strains as well as the kinetic influence of species-
dependent surface mobilities. First, this model considers the
stresses due to misfit and to composition gradients when A
and B present different atomic sizes. Consequently, stress
and composition become coupled. For mass transport, simi-
larly to the model by Leonard and Desai, the dominant
mechanism is surface diffusion, with crystal growth occur-
ring by a generic uniform growth rate. However, A and
B species can diffuse independently on the growing surface.
This allows surface diffusion to be species dependent, al-
though isotropic. More precisely, surface diffusion of each
component is achieved separately in response to the chemi-
cal potential gradient. Finally, the chemical potentials for
each species are derived in terms of surface energy, strain,
and composition.

These models share the assumption that surface micro-
scopic mechanisms can lead to a larger scale phenomena
such as compositional modulation. Both models consider a
generic substitutional AB alloy with an atomically rough sur-
face and describe the evolution of surface and composition
nonuniformities using conservation of atomic species. The
model by Leonard and Desai predicts stability for both com-
pressive and tensile strain, with composition and morphol-
ogy always coupled. Thus, a planar surface can be achieved
only if alloy decomposition is suppressed and vice versa. On
the other hand, the model by Spencer et al. predicts that
stable growth takes place for compressive misfits when one
component is large and slow relative to the other; and for
tensile misfits when one component is large and fast relative
to the other. This remarkable discrepancy between these
models has been credited to the kinetic influence of species-
dependent surface mobilities.”'** Thus, from the experimen-
tal point of view, one can expect that the surface diffusivities
of A and B species should play important roles both on sur-
face morphology and bulk properties of semiconductor al-
loys.

The kinetic mechanisms are indeed present on the sur-
face during growth by MBE-like techniques. The direct mea-
surement of mean free path for the surface diffusion of the
different atomic species still presents a challenge from the
experimental point of view. However, the validation of these
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mechanisms is usually done by direct comparison of surface
parameters such as roughness, fractal dimension, scaling co-
efficients, and morphological features (measured experimen-
tally) with those predicted by theoretical models, since many
important characteristics of the alloys as well as the influence
of the growth conditions on those characteristics can be de-
rived from these models. These predictions, however, are not
the same for different models; our goal with this work is to
provide experimental data allowing the further development
of these models.

In this work, we address the role of surface diffusion on
the formation of different compositional profiles and surface
morphologies in InGaP alloys grown on (001) GaAs sub-
strates by CBE. In this context, the influence of surface step
density and In content were both investigated. InGaP films
with compressive strain and grown under different condi-
tions were studied. Special emphasis was made on the influ-
ence of the V/III ratio (in the gas supply) during InGaP layer
deposition, since it strongly affects surface reconstruction.
The structural characterization, carried out by transmission
electron microscopy (TEM) and atomic force microscopy
(AFM) measurements, shows that compositional modulation
can give rise to surface instabilities while CuPt-type atomic
ordering is correlated with the formation of bilayer-high ter-
races on the growing surface. Moreover, we also observed
that compositional modulation is not always coupled to sur-
face instabilities, and smooth InGaP films with periodic com-
positional variation along the surface could thus be obtained.
The influence of surface reconstructions as well as surface
step density and In content on the final growth characteristics
can be accommodated by theoretical models in literature*'*
if modification of In and Ga relative surface mobilities oc-
curs.

Il. EXPERIMENTAL SETUP

The samples were grown by chemical beam epitaxy
(CBE) on both nominally oriented and misoriented (2° off
toward (111)A, A-surface hereafter) semi-insulating (001)
GaAs substrates. Trimethylindium and triethylgallium, with
H, as a carrier gas, were used as group-III sources. Ther-
mally cracked AsH; and PH; were used as group-V sources.
The substrate native oxide was removed by heating the
sample at 600 °C under AsH; overpressure. For all samples
presented here, a 300 nm GaAs buffer layer at 550 °C and
growth rate of 0.72 um/h, followed by a 400 nm InGaP
layer at a rate of 0.95 um/h were grown. During InGaP
growth, the V/III ratio was varied from sample to sample in
the range of 10-32, by only changing the PH; flux. The
lattice mismatch between the In-rich InGaP and GaAs films,
ranging from 0% to 0.9%, was controlled by varying the
In/Ga ratio through the modification of TMI flux. Run-to-run
fluctuations in the InGaP composition provided mismatch
variations smaller than 0.05%. The mismatch values were
measured from (004) rocking curves using double-crystal
x-ray diffractometry (XRD). Surface morphology was char-
acterized using AFM in-air, operating in a noncontact mode.
Silicon conical tips with 5 nm typical radius of curvature
supported by cantilevers with resonance frequencies around
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3.0 um

80 kHz and spring constant ranging from 1.8 to 3.2 N/m
were used. All AFM scans were taken with 256 X 256 data
points. The film surface roughness was derived from AFM
scans by calculating the root mean square (rms) roughness

Wrms

1 N
Wims = NE (hi - h)Z’
i=1

where N? is the number of pixels, /; is the height in each
point, and £ is the surface mean height along the AFM scan.
Transmission electron diffraction (TED) patterns and dark-
field TEM images were acquired using a JEM 3010 URP 300
kV TEM. The XRD and TEM measurements indicate that all
samples discussed here are dislocation free. Reflection high-
energy electron diffraction (RHEED) was carried out in sifu
on the growing surfaces, using an electron gun operated at 20
keV.

lll. RESULTS AND DISCUSSION

Figure 1 summarizes the influence of growth conditions
(Indium content, temperature, and the V/III ratio) on the
InGaP surface morphology measured by AFM. Figures 1(a),
1(c), and 1(e) correspond to films lattice-matched to GaAs
while Figs. 1(b), 1(d), and 1(f) are mismatched InGaP/GaAs
films (£=0.45-0.65%). The growth temperature and V/III
ratio during InGaP deposition for each run were: Figures 1(a)
and 1(b)—540 °C and 17, Figs. 1(c) and 1(d)—550 °C and
17, and Figs. 1(e) and 1(f)—550 °C and 32. The AFM im-
ages exhibit rms roughness in the range of 0.2—1.1 nm, de-
pending on growth conditions. We can clearly notice from
the height variation in Fig. 1 that the mismatched InGaP
films are smoother, in spite of the higher strain. Another
interesting feature in the AFM images [Figs. 1(a) and 1(b)] is
the presence of mounds, or isotropically shaped three dimen-
sional (3D) surface structures. The mounds present larger
lateral size and smaller heights when the In content is in-
creased (strained layers). Mound formation in homoepitaxial
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FIG. 1. 3 um X3 um AFM images of
lattice matched (upper row) and In-
rich (lower row) InGaP/GaAs films.
The lattice mismatch in In-rich InGaP
layers is in the range from 0.45% to
0.65%. The growth temperature and
V/II ratio during InGaP deposition for
each run were: (a) and (b) 540 °C and
17, (¢) and (d) 550 °C and 17, and (e)
and (f) 550 °C and 32. All images are
shown in the same height scale. From
(a) to (f), the rms roughness for the
AFM images are 1.09, 0.40, 0.39,
0.20, 0.53, and 0.38 nm, respectively.

films has been attributed to the presence of kinetic barriers,
particularly at step edges;zs’26 in our case, the results shown
in Fig. 1 indicate that diffusion bias mechanisms play an
important role on the surface roughness. Thus, higher tem-
peratures should promote smoother InGaP surfaces, as in-
deed is observed in Figs. 1(c)-1(f), since all surface kinetic
mechanisms are thermally activated. % Actually, in our case
a small increase in temperature (10 °C) is enough to prevent
mound formation. Moreover, comparing Figs. 1(a) and 1(c)
with Figs. 1(b) and 1(d), respectively, we can notice that
strained film surfaces are even smoother than those of lattice-
matched material. This is one of the subjects of investigation
in our work.

The presence of morphological, as well as compositional
instabilities in semiconductor alloys, has been reported by
several works in literature as strongly dependent on growth
parameters such as temperature and lattice mismatch.'>'*!8
We have recently reported16 that compositional modulation
in InGaP films grown by CBE depends on the growth tem-
perature and In content. Furthermore, our previous results
have also pointed out that the V/III ratio plays an important
role on this bulk phenomenon. In order to better understand
these results, we have performed TEM and AFM measure-
ments in a set of InGaP films where the V/III ratio was varied
from 32 to 10, while growth temperature and mismatch were
kept at 550 °C and (0.68-0.05)%, respectively.

Cross-sectional g=(2-20) dark-field TEM images of In-
GaP films grown with a decreasing V/III ratio are shown in
Fig. 2. We can observe that the compositional modulation
becomes stronger when the V/III ratio is reduced. Moreover,
Figs. 2(b) and 2(c) show that the dark/bright contrast period,
and consequently the characteristic length of compositional
modulation, becomes shorter.

With respect to the surface morphology, Fig. 3 shows the
AFM images for this same set of InGaP films, grown with
the decreasing V/III ratios. The rms roughness associated to
each surface as a function of the V/III ratio used for InGaP
growth is displayed in Fig. 4. When the V/III ratio is greater
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FIG. 2. Cross-sectional g=(2-20) dark-field TEM images of the InGaP
layers grown at a temperature of 550 °C and V/III ratio of (a) 32; (b) 17,
and (c) 10. The periodic dark/bright contrast on samples B and C is associ-
ated with compositional modulation.

than 17, surface morphology is dominated by the presence of
large terraces, mainly bilayer-high [Fig. 3(f)]. On the other
hand, when V/III is equal to 10, a surface corrugation up to
10 nm high can be observed on the top of the InGaP film.
The spatial orientation of this two-dimensional periodic cor-
rugation is essentially the same shown by the periodic strain
field related to the compositional modulation.'® Both are
roughly aligned at [010] and [100] crystallographic direc-
tions as shown in the inset of Fig. 3(e) by the anisotropic
intensity distribution in the fast Fourier transform image.
This similarity suggests that a morphological instability is
coupled to the compositional modulation when the latter is
stronger, as predicted theoretically.]g_22

In the transition region between these two behaviors, the
surface of the sample grown at the V/III ratio equal to 17
presents neither large bilayer-high terraces nor periodic cor-
rugation. In fact, monolayer-high terraces with small areas
are observed in the morphology. As a consequence, its sur-
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face roughness corresponds to the minimum value in Fig. 4,
approximately 0.20 nm. This value is even smaller than the
typical roughness measured for GaAs buffer films, about
0.30 nm. Thus AFM and TEM results taken together clearly
show that compositional modulation is not necessarily
coupled to surface instabilities, even for relatively thick films
(in our case, approximately 400 nm). Previous experimental
data reported in literature'' ™" always associate composi-
tional modulation with large surface roughness, contrarily to
our results. At certain growth conditions (550 °C,
V/III ratio=17 and strained mismatch in the range of 0.6
—0.8% for our experiment), it is possible to obtain composi-
tional modulated InGaP films with smooth surfaces in a re-
producible way. Actually, the InGaP surface roughness can
be lower than that observed for GaAs even when the strain
field related to compositional variations and lattice mismatch
is large enough to spatially order InP islands grown on top of
the InGaP film."

Figure 4 also shows an important result: Maximum and
minimum roughness values are observed for different surface
reconstructions, according to reflection high-energy electron
diffraction (RHEED) measurements. The formation of the
bilayer-high terraces, observed in the topography of samples
exhibiting (2 X 1) surface reconstruction, has been related to
[1-10] P dimerization due to P, excess on the growing In-
GaP surface.®’ Moreover, their presence has also been cor-
related with CuPty ordering in InGaP films.>”!* This is also
the case for our samples, as shown by TED patterns and
[110] cross-sectional dark-field TEM images taken with g
=(1/2,1/2,1/2) excitation. Figure 5 shows these TEM mea-
surements for different growth conditions of In-rich InGaP
layers; Fig. 5(a) shows ordered domains up to 20 nm in size.
However, atomic ordering is almost absent on the InGaP
sample where compositional modulation is stronger [Fig.
5(b)]. The degree of ordering scales with P, overpressure,
since ordered domains can be observed for lower growth
temperatures [Fig. 5(a)] or larger V/III ratios [Fig. 5(c)]. The
size and position of these domains are randomly distributed
along the layer. The same behavior is observed for InGaP
films lattice-matched to GaAs substrates; the volume of or-
dered regions appears to be independent of the mismatch
between the InGaP film and the GaAs substrate.

However, when the surface reconstruction is purely (2
X 4), neither CuPt; domains nor bilayer-high terraces are
observed. At the same time, the InGaP layer exhibits strong
compositional modulation and periodic corrugations on the
surface, in agreement with theoretical predictionslg_22 and
previous experimental reports.“_13 Additionally, our results
show that there is a transition region in the RHEED pattern,
where pure (2X1) or (2X4) reconstructions are not
observed—instead a diffuse pattern shows up on screen.
Samples grown at these conditions show the presence of
compositional modulation and smooth surfaces, with no
bilayer-high terraces. These are the technologically relevant
samples since their periodic strain field may be used as a
template for the design of new structures, as we have shown
for the case of quantum dot positioning.ls’16

The characteristic length of surface and subsurface
mechanisms leading to atomic ordering and compositional
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V=32

V=17

1 2pum
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FIG. 3. 2 um X2 um AFM images of In-rich InGaP layers grown with different V/III ratios: (a) 32, (b) 27, (c) 22, (d) 17, and (e) 10. From (a) to (e), the
height variation range and rms roughness (in parentheses) for the AFM images are 2.95 (0.39), 3.17 (0.46), 2.11 (0.29), 1.39 (0.17), and 23.27 nm (3.18 nm),
respectively. The inset in part (e) presents the two-dimensional FFT image for a 4 X 4 um? for the same sample, showing the anisotropic intensity distribution
associated to the periodic corrugation. The growth temperature was maintained at 550 °C during InGaP deposition and strained mismatch is (0.68+0.05)%
for all samples. Part (f) shows typical profiles from AFM images of InGaP grown at the V/III ratio equal to 32 and 17. These profiles are indicated by dashed
lines on parts (a) and (d), respectively. Two typical bilayer-high terraces (with a step height of approximately two monolayers, or 0.6 nm) present on the InGaP

surface when the V/III ratio is >17 were used are indicated on part (c).

modulation are quite different. The former can be associated
to lengths in the scale of the lattice parameter, while the
latter is at least two orders of magnitude larger. Surface re-
construction could be expected to affect adatom diffusivities,
since adsorbed species can show surface diffusion lengths in
the nm range.27’28 It is not unexpected that this parameter
presents a strong effect on compositional modulation, ac-
cording to the models describing these phenomena.lg_22
Since direct measurements of adatom surface diffusion
lengths are quite challenging, we might get some insight into
this problem by looking at the effect of different parameters
on our samples. For example, surface step density is known

1
=3 . : RHEED
E
c 1
2 :
@ 24 |
& Lo
= '
=) (2x4) 1
3 !
o« 14 !
n 1
1
0 Pt
R N R I L} L] L]

05 10 15 20 25 30 35
VIl Ratio

FIG. 4. Relationship between the rms roughness and the V/III ratio during
growth of the InGaP layer. The rms roughness was calculated from AFM
images displayed on Fig. 3. RHEED patterns taken in the azimuth [1-10]
are shown in insets. The vertical dashed line divides the V/III ratio values so
that surface reconstruction is mainly 2 X4 and 2 X 1 during InGaP growth.

to directly affect the overall surface diffusion, by providing
stable sites for adatom incorporation or extra energy barriers
to adatom movement on the surface.”” We thus investigated
the role of vicinal surfaces on morphological instabilities,
keeping in mind the TEM results presented in Fig. 2 as well
as in literature; Peir6 et al.>** have shown that vicinal sub-
strates can enhance the degree of compositional modulation
and surface undulations on InAlAs/InP and InGaAs/InP sys-

FIG. 5. TED patterns and [110] cross-sectional dark-field TEM images
taken with g=(1/2, 1/2, 1/2) excitation of the InGaP layers grown at dif-
ferent conditions. The growth temperature and V/III ratio for each run were:
(a) 540 °C and 17, (b) 550 °C and 17, and (c) 550 °C and 32. The AFM
images of these InGaP layers are shown on Figs. 1(b), 1(d), and 1(f),
respectively.
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FIG. 6. 2 um X2 um AFM images of InGaP/GaAs films grown simulta-
neously on nominal (upper row) (e) A-surface (lower row) substrates. The
strained mismatch on InGaP/GaAs films is about (a) and (b) 0%, (c) and (d)
0.67%, and (e) and (f) 0.89%. All InGaP layers were grown at 550 °C,
V/MI=17, and with a thickness about 400 nm. The rms roughness of AFM
images are 0.37, 0.61, 0.25, 0.69, 0.25, and 2.83 nm, respectively. From (a)
to (f), the height variation range and rms roughness (in parentheses) for the
AFM images are 2.77 (0.37), 4.30 (0.61), 1.99 (0.25), 5.04 (0.69), and 21.17
nm (2.83 nm), respectively.

tems grown by MBE. In our case, Fig. 6 shows that the
periodic corrugation formation is also enhanced when vicinal
A-surface substrates are used. For example, the AFM image
shown in Fig. 6(c) displays only a few structures (with steps
up to 0.6 nm) distributed along a faint two-dimensional ar-
ray. Figure 6(d), however, shows a more striking surface
structure, where a surface corrugation up to 1 nm high can be
observed. This corrugation exhibits a two-dimensional peri-
odicity; its period (70 nm) is essentially the same as that for
compositional modulation. ' Figure 6(f) shows that growth
has reached the instability regime, with a huge increase in
surface roughness compared to samples grown under smaller
strain on vicinal surfaces.

This trend of increasing roughness and array formation
also occurs when a larger In flux is used for growth, thus
increasing the strain in the layer. However, even larger strain
values for samples grown at 540 °C do not trigger the
change in morphology.32 The dependence on temperature is
then more relevant to the roughening process, suggesting that
diffusion is indeed the main mechanism for the morphology
formation. We should point out, however, that a larger In flux
during growth at a fixed temperature must necessarily
change the relative In/Ga population of adatoms on the sur-
face. Thus a larger In population on the surface can be ex-
pected during growth of the more mismatched materials.

Our experimental results thus show a correlation be-
tween surface reconstruction and morphologies, which are
also affected by growth parameters such as vicinal substrates
or larger In flux. The trend in morphology is similar for
samples shown in Figs. 3 and 6. Once bilayer-high terraces
are no longer observed, smooth morphologies take place in
the transition from (2X 1) to (2X4) in the RHEED pattern.
This transition alone may implicate in changing surface dy-
namics, by affecting surface diffusion as shown, for example,
by RHEED measurements on GaAs surfaces.” Moreover, at
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this transition region, increasing the In flux or using
A-surfaces for growth provide morphologies with periodi-
cally arranged terraces and, at extreme conditions, periodi-
cally corrugated surfaces with larger height variation. Both
structures are aligned at [100] and [010] directions, as seen
in Figs. 3(e) and 6(f).

The presence of larger step densities on the growing sur-
face should affect adatom surface diffusion but not surface
reconstruction. Figures 6(b), 6(d), and 6(f) clearly show that
the trend in morphology described above develops more eas-
ily on stepped surfaces. We cannot obtain from our experi-
mental results a microscopic view of each group IIIl—adatom
diffusivity or how it is actually affected by the chosen
growth parameters. However, if we take into account the
theoretical models dealing with compositional modulation,
our data could be more suitably described by that from Spen-
cer et al.”"*** This model allows the possibility of uncoupled
instabilities in morphology and compositional modulation
for compressively strained films, as we observe at the tran-
sition region. However, it also imposes constraints on group
IIT diffusivities according to the atom size. According to this
model, and the fact that the InP lattice parameter is larger
than GaP, compressive InGaP surfaces could be smooth and
stable if the surface mobility of Ga adatoms is larger than In
adatoms. From the energetics point of view, this hypothesis
may be unexpected since Ga surface bonds should be more
stable than In for binary alloys. However, our experimental
system is much more complex; our data shows that InGaP is
not a pseudo-binary alloy as considered by most theoretical
models. This rather complex scenario where one species sur-
face concentration may affect or hinder another species in-
corporation has been shown by several authors in the
past.34’35 Our experimental results point to an effect of sur-
face relaxation processes—diffusion in particular—to the be-
havior reported here for our InGaP samples. Indeed, Fig. 6
shows that instability is reached faster for larger In/Ga rela-
tive adatom populations and larger step densities. Thus a
relative change in In/Ga surface diffusivities may occur, in
the sense of decreasing eventual differences originated from
energetic considerations. Whatever the actual microscopic
mechanisms are, their experimental observation is rather dif-
ficult and can hardly be quantitatively predicted.

IV. CONCLUSIONS

In summary, our results indicate that surface diffusion is
the main driving mechanism for compositional modulation
on InGaP films grown by CBE. In this sense, surface recon-
struction shows a strong effect on both compositional modu-
lation and the CuPtg atomic ordering phenomena. When the
RHEED pattern displays the (2X 1) surface reconstruction,
the bulk of the InGaP layer presents only CuPt; domains. In
this situation, compositional variations are not observed.
Contrarily, when the RHEED pattern displays the (2X4)
surface reconstruction, the InGaP layers exhibit composi-
tional modulation instead of atomic ordering. In the transi-
tion from (2X4) to (2 X 1) reconstruction, InGaP films ex-
hibit both compositional modulation and atomic ordering
phenomena, although the latter is very weak.
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Moreover, the surface morphology is intrinsically related
to these bulk phenomena. In the regime where CuPty order-
ing is stronger, the surface presents bilayer-high terraces
morphological structures. Otherwise, surface morphology is
basically formed by a two-dimensional surface corrugation.
This corrugation is coupled to periodic composition varia-
tions inside the layer via the strain field. In the transition
between these two regimes, however, the surface presents
neither one of the former types of structures and, conse-
quently, is very smooth. This result indicates that composi-
tional and morphological instabilities are not necessarily
coupled. From the application point of view, these InGaP
films can be used as a template to the deposition of strained
films, changing the deposition dynamics and henceforth cre-
ating spatially ordered nanostructure systems.

From theoretical models available on literature, a likely
explanation for the surface reconstruction effect on InGaP
compositional modulation is through changes in In/Ga ada-
tom relative diffusitivities. More strictly, P, overpressure
could alter the relative diffusion of In and Ga adatoms during
InGaP growth. This assumption is in agreement with the un-
coupled compositional and morphological instabilities ob-
served in our experimental set.
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