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Abstract

This work is focused on the study by transmission electron microscopy of
the composition inhomogeneity of GaInNAs quantum wells. A variation of
the contrast along the quantum well is reported which is related to phase
separation in the alloy. This variation becomes more intense on increasing
the growth temperature. From the intensity profiles taken from the images,
we have calculated the energy of activation for surface diffusion in the alloy.

The results suggest that the diffusion of indium controls the process of
formation of phase separation. With regard to the thermodynamics of the
process, we have extended the spinodal decomposition model of Ipatova to
the quaternary alloy GaInNAs. Our calculations have shown that
composition fluctuations of indium are stimulated by the introduction of
nitrogen into the ternary alloy GalnAs. It is proposed that the observed
compositional inhomogeneity of GalnNAs is composed mainly of a
fluctuation of the indium content but secondly that N bonds preferentially to

Ga-rich regions in the alloy.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Long-wavelength lasers emitting in the 1.3 to 1.6 um range
form the cornerstone of telecommunications optoelectronic
devices. For this technological purpose, much work has
been devoted in the last few years to the epitaxial growth
and characterization of dilute nitrogen-containing GalnNAs
quantum wells. The bandgap energy of GalnAs alloys can
be reduced by a small N composition due to a large bandgap
bowing of the III-V-dilute N compound [1]. This unusual
behaviour is a consequence of the small size and high electro-
negativity of the N atoms. As a result, GaInNAs based light
sources such as 1.3 um wavelength lasers [2] and 1.45 um
wavelength light emitting diodes [3] have been demonstrated
on GaAs substrates.

However, the dilute nitrides of III-V alloys have the
disadvantage of the low solubility of N in these systems [4],
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inducing a large miscibility gap and making them difficult to
grow with good homogeneity. The appearance of composition
fluctuations in GaInNAs quantum wells has been reported [5]
and this effect is known to be relatively easy to overcome by
growing at low temperature [6], but the efficiency of light
emission is degraded due to the presence of non-radiative
defects in low growth temperature III-V materials [7] and
these defects, arising mainly from poor stoichiometry, may
only be partially removed by post-growth thermal processing.
On the other hand, it should be noted that the problem of
the phase separation in GaInNAs when introducing N is more
complicated than expected, because it is a quaternary alloy and
fluctuations in the group III and in the group V composition
may be expected. The composition profile of each of the alloy
constituents could influence the behaviour of the remaining
species, stimulating or suppressing the intermixing. In this
work, we report a study by transmission electron microscopy
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of the composition fluctuations of GaInNAs quantum wells
with increasing growth temperature. Our purpose is to shed
light on the mechanism of formation of the phase separation
in this alloy, and to evaluate which alloy constituent (In or N)
controls the composition profile.

2. Experimental details

Two sets of GaInNAs samples have been grown by molecular
beam epitaxy (MBE) on (0 0 1) GaAs substrates ina VG V80H
MBE system equipped with an Oxford Applied Research
HD25 radio-frequency plasma source for N. The N flux was
controlled by monitoring the intensity of the atomic N plasma
emission with a photodiode. The nitrogen content in the
epilayers was calibrated from the x-ray diffraction analysis
of bulk samples and GaNAs quantum wells grown using
similar plasma emission intensities. The first set of samples
consists of four structures with GagepIng3sNo23As simple
quantum wells 8 nm thick embedded between GaAsNj o7
barrier layers with thickness 52 nm. The growth temperature
of these samples is 360 °C, 400 °C, 440 °C and 460 °C,
respectively. With regard to the second set of samples, the
design of the structures is similar to the previous one, but with
the difference that a 2 nm layer of intermediate composition
Gay gglng 12Np.o19As was inserted before and after each well,
which we refer to as diffusion suppressing layer (DSL). This
set of samples comprises five structures, grown at 375°, 385°,
400°, 410° and 420 °C, respectively.

Samples were prepared for transmission electron
microscopy (TEM) by mechanical thinning followed by ion
milling for cross section (XTEM) observation. The TEM
study was performed using a JEOL 1200EX and JEOL
2011 transmission electron microscopes operating at 120 and
200 kV, respectively.

3. Results

The TEM study of the structures with quantum wells grown at
360°, 400° and 440 °C has shown that these samples present
good crystal quality, with planar morphology and without
dislocations or other structural defects. When increasing
the growth temperature to 460 °C, however, an undulation
of the wells and the presence of threading dislocations are
observed. Therefore it seems that the growth temperature is a
key parameter to obtain high quality GaInNAs structures.
Despite the absence of structural defects in the samples
grown at temperatures below 460 °C, observations of these
structures by TEM using 220BF reflection (with s = 0 and
close to the [110] pole to minimize the effect of thickness
fluctuation) show the existence of dark and light strain
contrasts with periodic character in all the wells, related to
a phase separation in the alloy. The main feature observed in
the present study is that these contrasts are more pronounced
on increasing the growth temperature. In order to quantify
the differences found between the samples grown at different
temperatures, the intensity profiles of the 220BF images taken
in the upper well of each sample have been considered.
Figure 1 shows 220BF micrographs of the samples with DSLs
grown at 375° and 420 °C, where the intensity profiles taken
from the upper well of both micrographs and normalized

with the GaAs substrate have been included. Figure 2
shows a summary of the results obtained with 220BF in the
present work. In this figure, the average amplitude of the
intensity profiles taken from 220BF images in the samples
with simple quantum wells and in quantum well structures
with DSLs is plotted versus the growth temperature. It should
be noted that the amplitude of the strain contrasts in both
sets of samples present a similar tendency with temperature;
therefore the insertion of DSL seems not to affect drastically
the lateral phase separation in the alloy. On the other hand,
the GaInNAs samples considered have also been studied with
compositionally sensitive 002DF reflection. In contrast to the
results obtained with 220BF, this reflection does not show
variations in the contrast along the wells in any of the samples,
independent of the growth temperature and of the insertion
of DSLs.

4. Discussion

The TEM results in diffraction contrast mode with the strain
sensitive 220BF reflection have shown the existence of a
periodic variation of the contrast along the quantum wells in
the form of dark and light fringes in all the studied GaInNAs
structures. For this reflection, variations in the contrast of an
image appear mainly because of the existence of non-uniform
elastic strain in the atomic planes of the material. However,
we have not found structural defects that could be the origin of
the non-uniform contrast in the wells. According to Vegards
law, the lattice parameter of an alloy is a direct function of
its composition in each region of the material. Hence, the
modulation of the lattice parameter of the structure that causes
the observed contrasts could be the result of the existence of
a periodic phase separation in the alloy [7, 8]. Following this
reasoning, our results have shown that the magnitude of the
phase separation in the GaInNAs quantum wells is kinetically
limited by the growth temperature.

It is well known that In modulation occurs in GalnAs
structures (see review [9]) and also the existence of N
modulation in GaAsN [8, 10, 11] has been observed. In
the case of diluted nitrides GalnNAs, there are also some
works about the Indium composition modulation [12—14]. The
use of chemical contrast 002DF image analysis to observe In
inhomogeneities for GalnAs compounds [15—17] and even for
GalnNAs [5, 18, 19] is checked recently by many researchers.
Thus, Albrecht et al [18] or Patriarche et al [19] have reported
In-concentration fluctuations of 5-7% in a similar quaternary
alloy using 002DF calibrations. Regarding the N sensitivity,
if we use Bloch wave calculation [20], we should be able to
detect differences of 0.5% of N for the same In content (relative
intensities higher than 10%). The large difference between the
atomic factor of N and of the other alloy constituents (Ga, In
and As) explains this relatively high sensitivity. However,
we think that it is possible to assess experimentally smaller
differences in N content. The 002DF analysis could be
more sensitive for N modulation because the inhomogeneity
introduces a higher strain field that influences the contrast
[21, 22]. In this sense, Suemune et al [23] have developed a
002DF study of GaNAs layers with nitrogen content of 2.8%
(similar to our samples). Their 002DF images show quasi-
periodic vertical dark stripe contrast with the stripe lying
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Figure 1. 220BF images of the samples with strain relief layers grown at 375 °C and 420 °C ((@) and (c), respectively), and intensity profiles

(b) taken from the upper well in these images.
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Figure 2. Plot of the amplitude of strain contrasts from the intensity
profile taken in 220BF images of the studied samples versus the
growth temperature.

perpendicular to the (00 1) growth plane that correspond to
material with two different alloy compositions where the dark
stripe corresponds to an As-rich phase and the bright contrast
to an N rich phase.

The results mentioned above show the sensitivity of
the 002DF analysis to detect In and N inhomogeneities in
GalnNAs structures. In our case, periodic contrasts have
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not been found in any of the quantum wells studied with the
composition-sensitive reflection 002DF. As discussed in more
detail in a previous paper [24], the intensity of the 002DF
reflection in the Ga;_InN,As;_, alloy can be expressed as

ooy = C|F)* = 4C(fu — fv)?
= 4C[xfin + (1 = X) foa — Y — (1 = y) fas]

where C is a factor that depends on thickness and imaging
conditions, F is the structure factor and f are the atomic
scattering factors. Because we are considering a quaternary
alloy, infinite combinations of In and N contents can give
place to the same intensity /op;. In an alloy with modulated
composition, an increase in In and N content in a particular
area (Ax and Ay, respectively) produces a decrease in the
composition of these constituents in the same proportion in
other regions, given that we are considering a closed system.
Consequently, to obtain the same dark field intensity in two
different regions of the material A and B, the condition

If,(x + Ax, y+ Ay) = 15, (x — Ax,y — Ay)

should be satisfied.
Solving this, we obtain

Ax= IS TINAG 5 o08Ay.

fIn - f Ga
Therefore, to observe a uniform contrast in the image of
a GalnNAs quantum well with the 002DF reflection it is



An approach to the formation mechanism of the composition fluctuation in GaInNAs quantum wells

necessary that any increase in the N composition, Ay, is
accompanied by a simultaneous decrease in the In content,
Ax, in a proportion Ax & —2.2Ay. It is worth mentioning that
this relation should be considered as an approximation to the
composition profile in the alloy because of experimental errors
in the measurements, as detailed in [24]. This result means
that areas of the material rich in In should be poor in N, and
vice versa. In other words, N prefers to bond Ga atoms than
In ones. The local environment of N atoms in the GalnNAs
alloy is determined by competition between chemical bonding
and strain. During growth, chemical bonding governs the
process occurring at the surface, favouring Ga-N bonds
instead of In—-N [25] because of the higher cohesive energy in
GaN (2.24 eV versus 1.93 eV per bond, respectively) and
inducing the composition profile found in the present work.
Experimental evidence obtained by Fourier transform infrared
absorption spectroscopy has been reported indicating that
N only bonds to Ga atoms during the growth of GalnNAs
[26, 27]. However, although the presence of In composition
modulation is showed, the N distribution cannot be resolved up
to now by nanoscale analytical techniques for these N content
[12, 13]. Only STEM analyses of high N content GalnNAs
single layers have shown that the microstructure is segregated
resulting in an alloy containing Galn(N)As and GaN-like
phases [14], in good agreement with our experimental results.
All these facts support the initial N and In separation that would
explain the high strain fields observed with the 220BF and the
absence of contrast modulation with the 002DF. Certainly,
as demonstrated by Rubel [8] in bulk material, the most
thermodynamically stable configuration is the formation of
In-rich nitrogen clusters and, if nitrogen diffusion happens,
this process should occur although the very low bulk diffusion
coefficients (~10713 cm? s~!) limits the extension of this
process even to high post-growth temperatures [28]. In the
following, we evaluate the mechanism of formation of the
phase separation in the GaInNAs alloy, both from the kinetics
and the thermodynamics of the process.

4.1. Thermodynamics of the phase separation in GalnNAs

The prediction of composition modulation in semiconductor
alloys has been widely made by means of spinodal
decomposition models. Spinodal decomposition is a process
of phase separation in which the atomic species diffuse
spontaneously in the bulk driven by a reduction in the global
free energy of the system. Although many studies have
suggested that composition fluctuations in these alloys occurs
by surface diffusion, the classical spinodal decomposition
treatment continues to be a starting point to predict
the thermodynamic tendency of different alloys (including
GalnNAs [29, 30]) to suffer composition modulation. In
relation to this, amongst the models found in the literature it is
worth highlighting the one developed by Ipatova [31] because
it considers that the composition fluctuations are formed in
the surface of the structure, remaining frozen during the
subsequent growth. Therefore, this would seem an appropriate
starting point for our analysis.

We extend the spinodal decomposition model proposed
by Ipatova for ternary alloys to the quaternary GaInNAs with
the purpose to study the influence of the introduction of N

Table 1. Values of enthalpy and entropy of formation of the binaries
GaAs, InAs, GaN and InN, and interaction parameters between
them, used in this work.

Enthalpy Entropy Interaction parameter
Binary (10*Jmol™) (I mol™!'xK) (10*J mol™!)
GaAs  —535[51] 64.1 [52] QmN_can = 4.53 [53]
InAs —477 [53] 75.5 [54] QGaas-Gan = 21.6 [54]
GaN —156.8 [55] 30.0 [56] Qpasn = 14.6 [57]
InN —28.6 [58] 31.6 [59] Qinas-Gaas = 1.89 [57]

in the alloy on the composition fluctuations of In. For this
calculation, the condition of the spinodal for quaternary
alloys [32]

PFa.y) PGy (F)
dx2 a2 ( dxdy ) -
is used, where F is the global free energy of the alloy, which is
the sum of the chemical energy (Fcpem) and the strain energy
(F strain)-
In the regular solution approximation, the chemical energy
of a quaternary system Ga;_,In,N,As,_, is calculated as [33]

ey

Fchem = XYMUInN +X(1 - y)MInAs + (1 - x)yMGaN
+(1 = x)(1 = y)puGaas + x(1 — x) Y QuN-Gan
+xy(1 = ¥)QuastaN + X (1 — X)(1 — y)Qnas-Gaas

+(1=2)y(1 = y)Qanscan + W @)
where
W = RT[xLn(x)+ (1 —x)Ln(1 —x)

+yLn(y) + (1 — y)Ln(1 = y)], 3)

w is the chemical potential of the pure binary compounds and
Q2 is the interaction parameter between the binaries. We have
calculated the chemical potentials of the binaries AB from
the values of entropy (Ssp), enthalpy (H,p) and specific heat
capacity at constant pressure (C5*) as [29]

T

Map = Hap —TSup +/

AB AB
ca dT—T/Cp dT/T
298.15

“)

Table 1 shows the values of S, H and €2 for the binaries in the
GalnNAs alloy used in the calculation of the miscibility gap.
The specific heat capacity at constant pressure has been taken
from [34] and [35]. On the other hand, the expression for the
elastic energy in the surface of the alloy proposed by Ipatova
[31] s

(c11 —c)(en +2612)52
i1 tci2

(&)

Ftrain =

where c1; and ¢y, are the elastic constants of the alloy and ¢ is
the elastic strain. We have calculated these elastic constants
for GaInNAs from the extrapolation of the corresponding to
the binaries [36, 37].

Figure 3 shows the critical temperatures calculated as
discussed above for the composition fluctuations of indium
in GalnAs and GalnNAs. As shown in the figure, the critical
temperatures for In in the quaternary alloy are much higher
than in the ternary case. Group III composition fluctuations
have been widely observed in the GalnAs alloy [38—40].
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Figure 3. Spinodal decomposition curves for In in GalnAs (the full
line) and GalnNAs (the dashed line) according to our extension of
the model of Ipatova.

Higher critical temperatures for spinodal decomposition
indicate a higher tendency for composition modulation in the
alloy. This result is in accordance with the experimental data
[24] and therefore these results show that the introduction of
N in the alloy has a major influence on the phase separation
of III adatoms. However, the precise spatial N distribution
would be expected to have a further complicating effect on
this phase separation. As we can see in table 1, GaAsN
has a higher tendency to separate than InAsN and GaN is
thermodynamically more stable than InN. These data would
explain the tendency of N during the growth process (an
open system) to move to Ga-rich regions according with our
experimental results. However, in the bulk, the situation
could be different. The high stress field profile associated
with this distribution could be relaxed through the formation
of phases rich in In-N bonds [8]. If diffusion is possible,
induced either at the MBE growth temperature or during a post-
growth annealing treatment, then N may migrate from Ga-rich
regions to In-rich regions leading to a more homogeneous N
distribution in the well. This behaviour could explain the
blueshift in the photoluminescence response and the decrease
in the contrast fluctuation in TEM images observed following
the annealing process [41].

4.2. Kinetics of the phase separation in GalnNAs

Our experimental results with 220BF reflection have shown an
increase in the intensity of the strain contrasts when raising the
growth temperature, related to an increase in the magnitude of
the composition fluctuations in the alloy. As shown above,
the composition fluctuations in the alloy GalnNAs consist
of alternate fringes due to regions enriched in In and N
linked coherently. Changes in the growth temperature produce
variations in the composition fluctuation of the two alloy
constituents in a similar proportion, in such a way that although
the magnitude of the fluctuations in both In and N increase
with temperature, the relation Ax ~ —2Ay should remain
satisfied. Following this, a measurement of the variations in
the intensity of the strain contrasts with temperature could
constitute a good estimation of the evolution of the amplitude
of the phase separation.
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Figure 4. Double logarithm of the amplitude of strain contrasts
measured in 220BF images versus the inverse of the growth
temperature for the simple quantum wells and the wells with strain
relief layers.

A relation between the amplitude of phase separation
produced by diffusion and the temperature of the process has
been previously proposed by Cahn [42]. The evolution with
time ¢ of the composition ¢ of an alloy exhibiting a periodic
phase separation can be described by

0 ?°F
% _ M {| — ) V?¢} + non-linear terms (6)
ot ac?
where M is the diffusion mobility and F is the free energy of
the system.

This equation has a simple sine wave solution [43]

¢ — co = eRP cos BF @)

where R(B) is obtained by substituting this solution back into
the diffusion equation, as

_ 3*f

R(B) = —Mp’ (ﬁ> : ®)
C

The mobility M can be expressed as a function of the growth

temperature as [43]

M = Mye U/RT 9)

where Q is the activation energy of the diffusion process and
M, is the pre-exponential factor.

According to these equations, the amplitude in the
composition profile is related to the growth temperature by

e (10)

Figure 4 shows a plot of the double logarithm of the amplitude
of the intensity profile taken from 220BF micrographs versus
the inverse of the absolute growth temperature for the GaInNAs
quantum wells with and without strain relief layers. A linear
fit of this data is also included. From the slope of these graphs,
we have obtained an activation energy for adatom diffusion
in GalnNAs of 0.19 £ 0.04 eV. In the literature, a value of
0.35 eV has been reported for the activation energy of In
surface diffusion on (001) GaAs with A (2 x 4) surface
reconstruction, 0.25 eV for (11 1)A and 0.29 eV for (11 1)B
[44]. There have also been published values of 0.22 eV for
the diffusion of In in InAs quantum dots [45] and 0.13 eV and
0.29 eV for the diffusion of In on Gag33InggeAs(001)—2 x 3

C—CyX¢e
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for the directions [110] and [110], respectively [60]. In
the present work, we have not found differences between the
(110) directions, although an asymmetry could exist within
the experimental errors of the measurements. As can be
observed, the energy of activation for GalnNAs structures
calculated in this work is of the same order of magnitude as
the values found in the literature for In in Ga(In)As alloys.
Moreover, it should be mentioned that the quantum well
studied contains 38% In but only 2.3% N. Therefore the
behaviour of In is expected to have a much greater effect
on the microstructure of the GaInNAs quantum wells than that
of N. On the other hand, the existence of the same proportion
between the composition fluctuations of In and N, independent
of the growth temperature (as observed with 002DF reflection),
indicates that the kinetics of the composition profile could be
controlled just by one of the alloy constituents, with the second
one becoming adapted to it. We have not found in the literature
diffusion data for N in Galn(N)As to be compared with our
experimental results, but the obtained values suggest that it
is the surface diffusion of In atoms that controls the phase
separation in the GalnNAs alloy.

With regard to the samples with the quantum wells
sandwiched between DSLs, it should be mentioned that
this design has been proposed to improve the luminescence
properties of this alloy [46—48]. In relation to the structural
changes that these layers induce in the system, Peng ef al [49]
have suggested that the introduction of DSL reduces drastically
the diffusion of In and N along the growth direction (out
of the quantum well). However no indications of structural
changes inside the quantum wells have been reported. Our
study has shown that the composition fluctuations of GalnNAs
quantum wells are not significantly affected by the introduction
of Gaggglng 12Ng.019As DSLs. The use of DSLs is therefore
not expected to cause important local changes in the layer
composition during growth and therefore the diffusion process
inside layers should not be affected. This would explain
the similarities in the results of composition fluctuations for
structures with and without DSLs.

According to the experimental and theoretical results
obtained in the present work, we can describe the mechanism
of formation of the phase separation in GalnNAs as follows.
Due to the higher concentration of In with regard to N in
the GalnNAs structures studied (more than one order of
magnitude higher) and according to the experimental values
of activation energy for surface diffusion obtained in the
present work, it is likely that the composition profile found
experimentally is determined firstly by In atoms. During
the MBE process, group III atoms are expected to suffer
phase separation into Ga-rich and In-rich regions at the
growing surface. In the GalnNAs alloy, these composition
fluctuations are further stimulated with regard to the ternary
alloy GalnAs because of the introduction of N in the alloy.
While this composition profile is being developed, N atoms
are attracted preferably towards the Ga-rich areas, clustering
in these regions. This produces an independent composition
profile for N. The resulting compositional profile presents
an out of phase periodic enrichment in In and N in the
alloy. However, this grown-in distribution can partially reverse
through diffusion either at the MBE growth temperature or
by post-growth annealing. This diffusion is favoured by

the strain energy decrease, which accompanies the formation
of N-In bonds in the GaAs host crystal. Recently, Uno
et al [50] using fluorescence extended x-ray absorption fine
structure (EXAFS) spectroscopy have shown that the number
of In-N bonds in the GalnNAs crystal increases due to the
diffusive driving force induced by thermal annealing. Further
investigation is needed to know the degree of this diffusion
process and the final distribution, which might be obtained due
to optimal thermal annealing. Further work is also required to
quantify the effect of this compositional inhomogeneity on the
photoluminescence characteristics in order to result in optimal
quantum wells required by optical device industries.

5. Conclusion

We have studied the composition profile and the mechanism
of formation of the composition fluctuations in GalnNAs
quantum wells with and without DSL. We have observed
strain contrasts in all the quantum wells with 220BF reflection
associated with composition fluctuations which are more
pronounced on increasing the growth temperature. In contrast
to these observations, micrographs obtained with 002DF
reflection do not show periodic contrasts. These results
indicate that there may exist two independent composition
profiles for In and N, which are out of phase. To understand
this behaviour, we have extended the spinodal decomposition
model of Ipatova to the quaternary alloy GalnNAs, and these
calculations have shown that the introduction of N in the
GalnAs alloy stimulates the composition modulation of In
with regard to its behaviour in the ternary alloy. From the
amplitude of the strain contrasts, we have made an estimation
of the activation energy for surface diffusion in GalnNAs of
0.19 £ 0.04 eV, which is a value similar to that corresponding
to In in Ga(In)As. Our study suggests that In atoms could
determine the initial composition profile in the alloy during
growth, and that N atoms could then bond Ga-rich areas of the
material.
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