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In the case of quantum wells, the indium segregation leads to complex potential profiles that are
hardly considered in the majority of the theoretical models. The authors demonstrated that the
split-operator method is useful tool for obtaining the electronic properties in these cases.
Particularly, they studied the influence of the indium surface segregation in optical properties of
InGaAs/GaAs quantum wells. Photoluminescence measurements were carried out for a set of
InGaAs/GaAs quantum wells and compared to the results obtained theoretically via split-operator
method, showing a good agreement. © 2010 American Vacuum Society. [DOI: 10.1116/1.3301612]

I. INTRODUCTION

The growth of strained In,Ga,_,As/GaAs quantum wells
(QWs) of high quality is very important to the micro- and
optoelectronic industries since these wells can be used in a
large range of high-performance devices, such as high-
mobility transistors and strained-layer lasers operating in
the 980 nm region.l’2 For most of these applications, the
In fraction, x, must be less than 0.25 in order to achieve a
sufficiently thick strained layer without any structural de-
fects. However, it is now also well established that the het-
eroepitaxy of InGaAs layers on GaAs substrates is character-
ized by a strong segregation of indium (In) atoms that
accumulate at the growth front and strongly modify the In-
composition profile, resulting in different electronic and op-
tical properties of the devices based on that material.

Due to its fundamental importance, during the past de-
cades remarkable progress has been achieved on the under-
standing of the segregation process. These studies treat,
among many aspects, the different techniques of character-
ization to identify the segregation, as well as some solutions
during the growth for reducing the problem. The first work to
show the trend of indium segregation during the molecular
beam epitaxy (MBE) growth of III-V compounds appeared
in literature in 1987 with the results of Massies ef al.’ In
1989, Moison et al.* held a first systematic study of segrega-
tion of atoms of column IIIA, showing that the segregation
of indium is much greater than that of aluminum and gallium
and following the order: In>Al>Ga. In 1992, Gerard and
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Marzin,’ investigating InAs/GaAs/Ga;_,Al,As QWs, ob-
tained by photoluminescence (PL) the indium composition
profile in the interface of the quantum wells.

In the same year, Muraki et al.’ in a pioneering work,
showed the influence of indium segregation on the energy
levels of In,Ga;_,As/GaAs QWs. By using the technique of
PL and secondary ion mass spectroscopy (SIMS), the authors
carried out a systematic study of indium segregation under
various growth conditions. Through a phenomenological
model, Muraki et al.® assumed that a fraction R (denoted as
the segregation coefficient) of the In atoms in the last epitax-
ial layer always segregates to the surface layer during the
growth of each new layer, whereas the portion (1-R) re-
mains incorporated in the crystal.

In the following year, 1993, Nagle et al.) using the tech-
niques of ultraviolet of photoelectron spectroscopy (UPS)
and reflection high-energy electron diffraction (RHEED), de-
termined the indium surface segregation under different
growth conditions, including, in addition to the growth tem-
perature, the ratio between the flows of III-V elements. This
was the first work that showed that the indium segregation
was sensitive to the III/V ratio.

This was followed by three other works that deserve at-
tention. The first is the work of Zheng et al.t published in
1994, that by using a tunneling electron microscope (TEM),
they could observe, for the first time at the atomic level, the
roughness of the interfaces of In,Ga;_ As/GaAs QWs due
to the indium segregation. The results of that study show that
the interface of GaAs on Ing,GajgAs is thicker around five
to ten atomic layers, while the interface of Inj,GajgAs
on GaAs is about two to four layers wider than the ideal
profile. The second work, published in 1995 by Yu et al’
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showed that the segregation of indium could lead to the for-
mation of islands located above the interfaces and, conse-
quently, cause the emergence of additional transitions in the
PL spectrum. Finally, in 2002, Martini et al."’ proposed a
simple and very effective way to determine, in situ and in
real time, the In segregation atoms during the growth of In-
GaAs layers on GaAs. The method is based on an interpre-
tation of the intensity variation in the RHEED oscillations
and allows a direct determination of the segregation coeffi-
cient R introduced by Muraki et al.®

However, a number of other experimental works were
also published concomitant with the works cited above.
All these works proposed characterization techniques to
determine the indium surface segregation. Among the variety
of techniques, some used in situ techniques that include
UPS,4’7’ll RHEED,S’12 reflection mass spectrornetry,13
difference-reflectance spectroscopy,14 and x-ray photoelec-
tron spectroscopy‘"15 and ex sifu techniques including
PL,5’6’16 SIMS,6’17 TEM,IS_20 x—ray,n’22 electrolyte electro-
reflectance,” and optical thermally detected optical ab-
sorption.24 In each of these techniques, within their cha-
racteristics, a significant widening of the interface
In,Ga,_,As/GaAs was observed and attributed to the indium
segregation during growth. Besides the already well In seg-
regation on arsenides alloys, it was also observed antimony
segregation at the arsenide-on-antimonide interface, indium
segregation at the antimonide-on-arsenide interface for InAs/
GaSb multiple quantum wells,” and Sb segregation in
GalnSb/InAs strained-layer superlattices.26

In spite of a considerable number of experimental works,
there is a lack of theoretical ones, mainly due to the difficulty
in properly simulating the real profile of the potential under
the effect of the indium segregation. To our knowledge, there
are two theoretical works that simulate the influence of in-
dium segregation on the energy levels in the InGaAs/GaAs
QWs, considering different potential profiles and widths. The
first one, by de la Cruz,27 consider a smooth symmetrical
potential, which does not correspond to the real profile. The
second, by Schowalter et al. ™ by considering an eight-band
Kane model, obtained the behavior of the energetic position
of the PL peak intensities as a function of the segregation
efficiency R, the concentration xy, and the QW thickness.
However, neither work considered the exciton energies. Fur-
ther comparison with experimental results is needed. There-
fore, a systematic and rigorous study of the influence of
indium segregation on the electronic levels and optical prop-
erties in InGaAs/GaAs QWs considering the real potential
profile, as well as the exciton energies, in which quantitative
results can be obtained and compared directly with experi-
ments, is of great importance.

In this work, by considering the split-operator method
(SOM),”! we study the influence of the indium segregation
on the confined electron/hole states of the InGaAs/GaAs
QWs and compare that with experimental results obtained by
PL. This article is organized as follows. In Sec. II, we de-
scribe the experimental details. In Sec. III, we show the the-

J. Vac. Sci. Technol. B, Vol. 28, No. 2, Mar/Apr 2010

oretical approach. In Sec. IV, we made a comparison with
experimental data. Finally, Sec. V is devoted to the conclu-
sions.

Il. EXPERIMENT

The sample investigated here was grown in a Mod Gen II
MBE system from Varian. The sample consisted of 12 500-
A-thick GaAs buffer layer grown at 600 °C. The complete
structure consisted of five Ing;cGaygsAs QWs of different
nominal thickness (63, 51, 39, 27, and 15 A) grown at
530 °C and surrounded by 500-A-thick GaAs barriers grown
at 600 °C. In the same sample, there are three GaAs QWs of
different nominal thickness (150, 70, and 35 A) grown at
580 °C and surrounded by 500-A-thick Aly;sGaggsAs barri-
ers grown at 587 °C. The PL spectra were recorded by
lock-in techniques. The samples were excited by the 5145 A
line of an Ar* laser, the beam of which could be focused into
the sample with a diameter of 100 wm. The measurements
were carried out in an optical helium-bath cryostat operating
with a microvalve and a helium pump in order to achieve the
temperature of 1.4 K in the sample.

lll. CALCULATION METHODS
A. Muraki’s segregation model

The first segregation model for compound semiconductors
was proposed by Moison et al.* and was based on the ex-
change of atoms between the surface layer (constituted of
physisorbed species with a large surface mobility) and the
topmost crystalline epitaxial layer (bulk layer). In the case of
InGaAs deposition on top of a GaAs substrate, a Ga adatom
adsorbed on the surface would substitute an In atom already
incorporated in the top epitaxial layer, leading to the segre-
gation of an In atom from the bulk layer to the surface layer.
However, the model predicts that segregation should de-
crease with increasing temperature, unlike what actually hap-
pens in these systems.

A few years later, Muraki et al.® proposed a phenomeno-
logical model, based on SIMS and PL results, where a frac-
tion R, named segregation coefficient, of the In atoms in the
last epitaxial layer always segregates to the surface layer
during the growth of each new layer. The remaining fraction
(1-R) of In atoms is incorporated in the crystal and the
composition of indium in the nth layer is given by

xylfluk(") _ {xo(l —-R") (1=n=N)

xo(1 =RYR™N (n>N),
with N as the number of InGaAs layers grown before depos-
iting GaAs on top of the InGaAs material and x, as the
nominal In content. Therefore, the In content at the surface is
given by

(1)

R
x?&rface(n + 1) = 1-— Rx{)r:ﬂk(n)' (2)

Figure 1 shows schematically Muraki’s model as described
by the equations above. It is important to emphasize that Eq.
(2) of Muraki and the model of Moison clearly predict the
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FiG. 1. Evolution of the indium concentration according to Muraki’s model.
Each box corresponds 1 ML (monolayer). In case (a) the first monolayer of
InXOGa,_,COAs is deposited with a nominal indium composition x,. Due to the
segregation effects only a portion (1-R) of indium atoms is incorporated
and the rest R segregate to surface as shown in (bl). In the next step (b2),
the second monolayer with a nominal indium composition x, is deposited.
Consequently this monolayer will have an indium composition that will be
xoR+x,, but again due to the segregation effect, a portion (1-R) of indium
atoms is incorporated and the rest segregate to the surface (c).

segregation of part of the In atoms from the bulk layer to the
surface of the sample. Until lately little was known about the
chemical state of those atoms: Were they adsorbed on the
surface and mobile or incorporated into a crystalline InAs
layer? Recently, Garcia et al** gave the answer in a very
elegant experiment where the strain of the epitaxial layer was
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measured in situ during the MBE growth of InAs on a GaAs
substrate. They could only measure part of the strain that was
expected if all the incoming In atoms were incorporated as
InAs, meaning that a fraction of the In atoms was not present
in that InAs crystalline layer and was most probably ad-
sorbed on the surface. When a GaAs cap layer was grown on
top of the InAs material, an extra strain was further detected
and quantitatively related to the gradual incorporation of the
floating In fraction during the GaAs growth. This experiment
shows, without any doubt, that during the deposition of In-
GaAs, part of the incident In atoms does not incorporate into
the crystal and is actually adsorbed on the surface (i.e., does
not contribute to the growth). A second important conse-
quence is that In segregation can occur without the presence
of any incident Ga flux (in Garcia’s experiment, only InAs
was deposited, not InGaAs), indicating that the phenomenon
seems to be mainly strain driven. This was recently con-
firmed by Rosenauer et al.,® who showed (using careful
TEM experiments) that although the Muraki model is purely
phenomenological, it is in total agreement with all these new
experimental results because it only concerns In atoms (and
does not consider the Ga species).

In this work, we use Muraki’s model to determine the
influence of the indium segregation. Figure 2 depicts the In
composition profile for three quantum wells with different
widths, by considering two different segregation coefficient
R according to Muraki’s model. We observe that the segre-
gation changes drastically the quantum well profile.

B. Split-operator method

By using Muraki’s model to correctly describe the In con-
centration profiles, we derive potentials for electrons (AE,)
and heavy holes (AE,;,) and compute the electronic levels by
numerically solving the Schrodinger equation via SOM for
electrons (E,) and heavy holes (E),;,) confined in the potential
deduced from In concentration profiles. The great advantage
of SOM is that any potential profile can be considered.

Now we focus our attention in describing briefly the
SOM, in which the technique used to obtain the eigenvalues
of the Schrodinger equation is based on the split-operator
scheme® used previously by one of the present authors.***’
It is considered that space and time are discretized in steps or
finite differences. The method starts from the solution of the
time-dependent Schrodinger equation for a slow-varying
Hamiltonian, formally given by

W(t+Ar) = el/ihf§+A’Hdz\I,(t) = e_iHAt/h\I’(t). (3)

Then, the time evolution of the wave packet W is obtained
according to the procedure described by Degani,29 where the
Hamiltonian A is split into a kinetic operator K and a poten-
tial operator V,

o iHA1R) _ =i(MR)K+V] _ ,=i(AUR)[VI2+K+V/2]

= o iAIR)(VI2) =i AU)K (=i Aurh)(VI2) _ T, (x) ecKI‘l(x)
4)

where I'; and ¢ were used to simplify the mathematical no-
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FIG. 2. Indium composition profile of Iny;5GagygsAs QWs of (a) 100, (b) 50,
and (c) 25 A widths for segregation coefficient R=0.65 [labels (al), (b1),
and (c1)] and R=0.85 [labels (a2), (b2), and (c2)]. The dotted lines represent
the ideal square QW profile (R=0). 1 ML is half of the InGaAs lattice
parameter.

tation. Due to the noncommutativity of K and V, this is an
approximation of order (Ar)3.

In order to propagate the wave function in real space, the
exponential is approximated as the unitary operator below,

_ 1 +cK/2
1=cK/2’

cK

(5)

which is correct up to (Ar)? order.

As shown in Eq. (3), in order to obtain the time evolution
of the wave packet, we first operate I'; on W. Then, the
operator described in Eq. (5) is applied on the resulting
function.

If we call (I',¥) as (&) and (e“KT','W¥) as (7), we have to
solve the following equation:

(1+cK2)é=(1-cK/2)n. (6)

Writing Eq. (5) in the finite difference form in a nonuniform
mesh,36 the N points in which the function # was discretized,
7;, are the unknown variables of a tridiagonal nonhomoge-
neous linear system of equations. Once the system is solved
and 7 is calculated, one computes (I';7) and gets the time
evolution of .
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Any wave packet is a linear combination of the eigen-
states of the Hamiltonian and its time evolution is well de-
scribed by the explained algorithm. This linear combination
is expressed as

V=2 bi(t)p;= > (aje_iEjﬁh)fpj, (7)
J J

where ¢; are the eigenstates.

Let us make a “numerical trick” calling the term it as 7.
For the computer, if we consider 7 as a real variable, the
expression in Eq. (7) will result in a null function as time
evolutes. This is the same result if we propagate the wave
packet in the split-operator algorithm: null function. How-
ever, if we oblige the wave packet to be normalized at each
time step, this time evolution will be

\If _ Ejzoaj eXp(— EJT/h)(pj
VOU[WY  [20la;Pexp(-2E,71)]"?

B (ag/|ag|) @y + Ej=1(f1j/|‘10|)eXP(— (E; - Eo)7lh) ®;
[1+=,,(|a¥]ag|)exp(-2(E; - Eg)mih) ]

(8)

So, after a sufficient number of time steps, the “imaginary
time” evolution of any wave packet will become the first
eigenstate (ground state). This occurs because only the first
term of the numerator of Eq. (8) does not become zero as
time passes by. This is exactly what happens using the split-
operator algorithm in imaginary time.

After obtained the ground state, we can get the second
eigenstate doing the same imaginary evolution, but besides
the normalization we have to oblige the orthogonalization of
the wave packet with the ground state at each time step. The
same should be made if we want the third, the fourth, etc.,
eigenstates, always obliging them to be orthonormalized
with each other. Finally, the corresponding j eigenstate asso-
ciated to each j eigenfunction is given by {¢;|H|¢;).

On a final note, we should observe that the temporal step
is chosen in such a way as to assure fast convergence. As a
general guideline, we followed a rule that is strictly valid
only for linear parabolic partial equations with unitary coef-
ficients and uniform discretization, but is useful here. It re-
lates the time step and the spatial discretization interval of
the finite-difference scheme by: [A7/(Ax,;,)2]=0.5 fs/A.

C. Modeling the influence of the macroscopic
strain

By using the algorithm described above, we considered an
Ing 16Gagg4As/GaAs QW and calculated the electron and
heavy-hole confined states for different widths (15, 27, 39,
51, and 63 A) and segregation coefficients R=0 (without the
segregation effects, perfect square QWs) and R=0.85, which
is a typical value for the growth conditions used here, as
obtained by different experimental techniques.lo’lz’m’37 The
structure and the indium composition were also chosen in
order to compare with the experimental data. In order to
determine the energy levels, we must consider the band
offsets and the effective masses. In our case, we adopt for
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TABLE 1. Parameters used in our calculations. All were extracted from Ref.
42.

Parameters GaAs InAs
Lattice (A) 5.65 6.08
a (eV) —8.33 —6.08
b (eV) —1.90 —1.55
C;, (Mbar) 1.22 0.83
C}, (Mbar) 0.57 0.45

the relative band offset for the valence 30% and for the con-
duction 70%, as usual. Concerning the effective masses, we
considered the same masses used by Porto and Sanchez-
Dehesa,38 which already took into account the biaxial strain.
The electron effective mass (m.,) and the heavy-hole effec-
tive mass (mzh) as functions of In composition x

m,, =0.067(1 - 0.426x)m,,

my,;, = 0.34(1 + 0.117x)my, 9)

where my, is the free electron mass. However, it is important
to emphasize that we must also take into account the biaxial
strain on the In,Ga;_,As energy gap. The intrinsic strain
present in the InGaAs layer comes from the difference in the
lattice parameter between the ternary alloy and the GaAs
buffer layer. The only way to impose biaxial stress to the
epitaxial film is through matching of the lateral lattice pa-
rameter at the interface between both materials. The energy
gap correction can be given by39

Cc,-C Cy +2C
11 12]6_1{ 11 12]6”’ (10)

5Ehh = Za[
11 Cll

where a is the hydrostatic deformation potential, b is the
deformation potential for tetragonal distortion, Cy; and Cy,
are the elastic constants, and ¢ is the strain given by

AGaAs — alnXGal_XAs

§=—"— (11)

alnxGal _As

where ag,as 18 the lattice parameter of the GaAs and
1 Ga,_As is the lattice parameter of In,Ga;_,As alloy. The
values for the lattice parameter, deformation potentials, and
elastic constants for GaAs and InAs are listed in Table I.

Therefore, the complete energy gap of In,Ga,_,As layer is
given by

E,(In,Ga,_,As) = E,(3D) + SEy,, (12)

where the energy gap of In,Ga,_,As bulk as a function of
indium composition, at 2 K, is given by40

E,(3D)=1.5192-1.5837x + 0.475x> (eV). (13)

In order to correctly compare the theoretical values with ex-
perimental PL data, the theoretical PL energy (Ep;) must be

EPL:Eg(InxGal_xAS) +E8+Ehh_EEXC’ (14)
where E,,. is the binding energy of the heavy-hole exciton

and was taken as 7 meV."!
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FiG. 3. PL spectrum at 7=1.4 K and an excitation power of 30 mW. The
inset shows in more detail the region between 1.50 and 1.54 eV. The peaks
are labeled as described in the text.

IV. RESULTS AND DISCUSSION

Figure 3 depicts the PL spectrum for 7=1.4 K and an
excitation power of 30 mW. Each peak is identified by the
corresponding excitonic transition energy. Peaks A, B, C, D,
and E correspond to the excitonic transition energies between
the ground states of electrons and heavy holes in the QWs of
Ing sGag s4As/GaAs of 63, 51, 39, 27, and 15 A widths,
respectively. The identifications of the observed peaks F
(1.511 eV), G (1.512 eV), and H (1.515 eV) are as follows:
(1) excitons bound to a Ga defect, (2) excitons bound
to ionized donors, and (3) GaAs free exciton, respectively.
The peaks J, K, and L correspond to the excitonic transition
energies between the ground states of electrons and heavy
holes in the QWs of Alj35Gay¢sAs/GaAs of 150, 70, and
35 A widths, respectively. Despite there being QWs of
Aly35Gag ¢sAs/GaAs in this sample, we are only interested
in the segregation effects on the emission originated from
Ing 16Gag g4As/GaAs QWs.

With the results obtained in Fig. 3, we obtained the be-
havior of the transition energies as a function of QW width
for peaks A, B, C, D, and E, as depicted in Fig. 4. As already
expected by basic quantum mechanics, the energy decreases
with the QW width. However, the experimental energies are
blueshifted in comparison with the predicted energies for an
ideal square QW profile. This is a fingerprint of the In seg-
regation effect, which has mainly two consequences. First,
there is a remarkable change in the QW profile due to the
indium segregation, as already shown in Fig. 2. This change
is followed by a change in the energy levels of the QW.
Second, if there is In segregation, we could expect an in-
crease in the QW transition energy as a consequence of the
lower In content in the layer that leads to a higher energy gap
of the material. Thus it is very important to take into account
the segregation effect in order to predict the optical behavior
of InGaAs QWs correctly.

As mentioned before, the segregation coefficient R can be
determined by RHEED measurements, as shown by Martini
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FIG. 4. (Color online) Transition energy of In,;5Gaj gsAs QWs as a function
of the width. The full squares represent the experimental data, the open
(blue) triangles represent the predicted energies of QWs without taking
into account the segregation effect, and the open (red) circles correspond
to the theoretical results taken into account by the segregation effect with
R=0.85.

et al. in Ref. 10. By considering the results from RHEED
measurements, when the InGaAs layers are deposited on
GaAs surface, an asymmetric and strong damping can be
observed. Since In segregation is strongly present in the In-
GaAs alloy and depends on those growth parameters in the
same fashion, Martini et al. 10 fitted the decay of the RHEED
oscillations 7 in order to extract the In segregation by the
expression

I=1Iy+1; exp(—t/\), (15)

where I, and I; are constants, ¢ is the growth time, and \ is
the decay constant that is the relevant fitting parameter (¢ and
\ can also be expressed in monolayers by simply multiplying
them by the growth rate). The physical meaning of \ can be
better understood when the segregation coefficient R intro-
duced by Muraki et al.® is written as

R =exp(-1/6), (16)

where & is a characteristic length (expressed in monolayers)
over which the effects of the segregation phenomenon can be
effectively sensed. If we suppose that the damping of the
InGaAs RHEED oscillations is related to In segregation, it
should be possible to calculate R using A (in monolayers)
instead of §in Eq. (16). Using the value of \ from the best fit
of the experimental data, it was obtained R=0.85, which is a
typical value for the growth conditions used here, as men-
tioned before.

For this value of R, we considered the segregation effects
by considering the In composition profile according to Mu-
raki’s model within the split-operator method and obtained
the transition energies. The results are also shown in Fig. 4.
We can observe that the results now, with the segregation
effects taken into account, have a much better agreement
with the experimental data, showing that the segregation ef-
fects have a considerable contribution. Moreover, these ef-
fects can be correctly predicted by SOM. It is also worth
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pointing out that the method was also applied for different In
compositions, as well as growth temperatures, and also gave
very good results.

V. CONCLUSIONS

In summary, in this work we analyze the influence of the
indium surface segregation on the energy levels of the
InGaAs/GaAs QWs by using SOM. We concluded that this
method can simulate the real QWs profiles obtained from
Muraki’s model. We observed a very good agreement be-
tween the theoretical and experimental values. Hopefully,
these studies on the indium segregation will stimulate other
kind of theoretical investigations, allowing a more thorough
understanding of these classic MBE issues.
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