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Ex-situ investigation of indium segregation in InGaAs ÕGaAs quantum wells
using high-resolution x-ray diffraction
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Instituto de Fı´sica da Universidade de Sa˜o Paulo, Laborato´rio de Novos Materiais Semiconductores
(LNMS), Caixa Postal 66318, 05315-970 Sa˜o Paulo, SP, Brazil
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Postal 515, 12245-970 Sa˜o Josédos Campos, SP, Brazil
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Calculations using the dynamical theory of diffraction together with a sample model which
considers the segregation of indium atoms were employed to fit the high-resolution x-ray spectra of
strained InGaAs/GaAs quantum wells grown by molecular-beam epitaxy. The segregation
coefficients obtained from the best fits to the experimental data of samples grown at different
temperatures are in excellent agreement with the expected values and confirm that x-ray diffraction
is a valuable tool for the investigation of the segregation phenomenon. ©2003 American Institute
of Physics. @DOI: 10.1063/1.1621738#
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INTRODUCTION

The heteroepitaxy of InGaAs layers on GaAs substra
is characterized1 by a strong segregation of indium~In! at-
oms that accumulate at the growth front and strongly mod
the In-composition profile, resulting in different electron
and optical properties of the devices based on that mate
The origin of segregation is still under debate2,3 and, there-
fore, it is very important to have as many tools as poss
with which to investigate its underlying physical mech
nisms. X-ray diffraction has already been used to probe
segregation but, depending upon the structure of the sam
it was found to be useless4 or to provide only limited
information.5

We propose a versatile method by which to determ
the composition profile of InGaAs/GaAs quantum we
~QWs! that is based on a combination of high-resoluti
x-ray diffraction ~HRXRD! measurements and a best-
simulation procedure. The segregation equations propo
by Muraki and co-workers6 are introduced directly into the
calculations of HRXRD spectra to determine the segrega
coefficientR which was found to be in excellent agreeme
with the value obtained by reflection high-energy electr
diffraction ~RHEED! measurements performedin situ during
growth of the samples.

EXPERIMENTAL DETAILS

The epitaxial layers were grown in a GEN II molecula
beam epitaxy~MBE! system on top of GaAs~001! substrates.
After oxide desorption and a 2500 Å thick GaAs buff
grown at 570 °C, the substrate temperature was lowere
deposit 100 Å of In0.15Ga0.85As material followed by a 100 Å
thick GaAs layer. The rest of the GaAs cap~400 Å! was
grown at 570 °C. The In0.15Ga0.85As well and the first part of
the GaAs cap of each sample were grown at different s
strate temperatures~520, 460 and 370 °C! in order to inves-
tigate its influence on the In-segregation process. HRX

a!Electronic mail: aquivy@if.usp.br
7050021-8979/2003/94(11)/7050/3/$20.00
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measurements were performed with Cu Ka1 radiation in a
Philips X’Pert high-resolution diffractometer in a triple-ax
configuration with a four-crystal Ge~220! monochromator in
the primary optics and a Ge~220! channel-cut analyzer in
front of the detector.

RESULTS AND DISCUSSION

Figure 1 shows av/2u scan measured around the~004!
Bragg diffraction peak for the three samples. All the spec
exhibit similar features: the most intense narrow peak
longs to the GaAs substrate and is used as a reference, w
the weaker broader band centered around 32.4° is due to
InGaAs layer that is inhomogeneous~due to alloy fluctua-
tions and segregation! and therefore exhibits a wider range
~vertical! lattice parameters resulting from the different la
tice constants of InAs and GaAs. Fringes modulate the sp
tra and originate from interference of the electromagne
radiation within the layered structure of the samples, th
confirming their excellent structural quality.7

In general, simulation using diffraction theory togeth
with a sample model is performed in order to best fit t
experimental x-ray data and provide the exact thickness
composition of each layer that constitutes the sample. O
ously, a sample model which only considers layers with u
form composition cannot be used to simulate the HRXR
pattern of our samples, because segregation strongly m
fies the In concentration at both QW interfaces. Since
information about the structural parameters of the lay
~thickness, composition and strain! is embodied in the
HRXRD spectra, the interference fringes might provide
excellent probe of the In composition profile in the sampl
in contrast to what was suggested by Fujimotoet al.8 who
neglected them.

In order to simulate the measuredv/2u scans displayed
in Fig. 1, the spectra were calculated with in the framewo
of the dynamical theory of x-ray diffraction using Takagi
Taupin equations9 and a sample model which took into a
count the segregation equations proposed by Muraki
0 © 2003 American Institute of Physics
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co-workers.6 Their phenomenological model has been sho
to describe most of the manifestation of segregation up
now3,10–12and simply assumes that a constant fractionR of
the In atoms present on the top layer of the crystal alw
migrates toward the next layer while the rest of them
2R) are incorporated into the bulk crystal each time a n
monolayer is completed. The In composition in thenth layer
is given by

xn5x0~12Rn! ~ for the well!, ~1!

xn5x0~12RN!Rn2N ~ for the barrier!, ~2!

wherex0 andN are, respectively, the nominal In concentr
tion and the total number of InxGa12xAs monolayers~MLs!

FIG. 1. v/2Q scans measured around the~004! Bragg diffraction peak~open
circles! of In0.15Ga0.85As/GaAs QWs grown at different temperatures. T
solid lines represent the best fits to the data using a sample model that
segregation into account. The values of the segregation coefficientR ob-
tained from the best fits are 0.85, 0.74 and 0.62 for the QWs grown at
460 and 370 °C, respectively.

FIG. 2. In-composition profile of an In0.15Ga0.85As QW with segregation
coefficientsR50.85, 0.74 and 0.62. The solid line represents the nom
square profile (R50).
Downloaded 13 May 2013 to 150.163.34.35. This article is copyrighted as indicated in the abstract.
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in the well. For the calculations, the sample was divided i
four parts: the GaAs substrate,N ML of In xGa12xAs with the
In content described by Eq. 1~well region!, N ML of
InxGa12xAs with the In content given by Eq. 2~barrier re-
gion!, and a GaAs cap layer. All layers were assumed to
completely strained to the GaAs substrate, i.e., they had
same in-plane lattice constant throughout the whole str
ture. Considering that the nominal compositionx0 and well
width N were precisely obtained from ourin situ RHEED
measurements~approximately 0.15 and 35 ML, respec
tively!, the segregation coefficientR became the main fitting
parameter of our method. Finally, a routine calculated
x-ray spectra of each sample for values ofR ranging from 1
to 0 and compared them with the experimental HRXRD
sults using a least-squares routine that deals with the lo
rithm of the data.

The best fits to the experimental scans are plotted in F
1 and were obtained with values ofR equal to 0.85, 0.74 and
0.62 for the samples grown at 520, 460 and 370 °C, resp
tively. The segregation coefficient increases with a ris
growth temperature, as expected, and is in excellent ag
ment with the values in the literature.13 Simulations of our
HRXRD data were also performed with two segregation
efficients,Rw ~in the well! and Rb ~in the barrier!, in order
for the calculations to converge toward different values
these parameters as a consequence of the different am
of In and opposite behavior of the surface In population
both cases.11 We found that the best fits were obtained wh
Rw andRb were identical to the values estimated previou
with a singleR parameter, which is consistent with the fa
that segregation efficiency does not depend on the numbe
In atoms present at the surface nor on the way the In mate
is supplied to the epitaxial layers.14 These values ofR were
also positively cross checked byin-situ RHEED measure-
ments performed on the samples, since it was recently d
onstrated that the strong decay of RHEED oscillations dur
InGaAs deposition was directly connected to the presenc
the In population on the surface of the sample and was t
an excellent probe of the segregation phenomenon.11 All
these results definitely confirm the physical basis of o
model and indicate that the technique is really able to pr
the In-profile modification resulting from the segregati
phenomenon.

Once the best value ofR was found for each sample, th
real In profile could be determined by substitutingR in Eqs.
1 and 2; this led to the graphs shown in Fig. 2. One c
observe that the width of both interfaces of the QWs
creases at higher growth temperature as a consequence
larger segregation length of the In atoms that strongly mo
fies their In profile with respect to the nominal square profi
Lowering the growth temperature reduces this differen
and the In profile approaches that of the nominal one, t
leading to optical and electronic properties that are close
the expected ones. However, it should be emphasized
that, when an experimental physical property~that is a func-
tion of segregation! matches its theoretical predicted valu
without taking segregation into account, it definitely does n
mean that the segregation coefficient is zero, as o
claimed in the literature. In fact, when the best fits of t

kes

0,

l
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HRXRD data shown in Fig. 1 are compared with the sa
simulations whereR was assumed to be zero, as in Fig. 3
is clear that, as the growth temperature decreases, the re
tive simulation tends toward the one withR50. For T
5370 °C, both curves are almost undistinguishable, but
corresponding In profiles are still very different as illustrat
in Fig. 2. These results suggest that x-ray diffraction mi
no longer be sensitive to any In-profile variation whenR is
smaller than 0.6, but it does not mean thatR50 each time
both simulations match.8 Since the segregation phenomen
is thermally activated, its contribution to the HRXRD spec
decreases at low temperature, and the uncertainty of the
solute value ofR determined in that way increases. Ther
fore, below 370 °C, the curves become indistinguishable
this technique no longer provides a reliable value of the s
regation coefficient. The same situation is also frequen
encountered in photoluminescence~PL! measurements in th
literature where it is claimed thatR is zero each time the
optical-transition energy of InGaAs QWs no longer chang
with the growth temperature or is equal to the expected
oretical value without segregation.4,15 This is not necessarily
true and only means that the difference in In profile w
respect to the ideal square potential is no longer enoug
influence significantly the energy levels within the structu
and, as a consequence, the optical properties of the sys

The method introduced here is a very powerful and v
satile tool for the investigation of segregation because it
lies simply on hte knowledge of the structural parameters
the samples, which are usually provided by the growers,
on the simulation of the experimental x-ray diffraction da

FIG. 3. Comparison between the best fits presented in Fig. 1~solid lines!
and the spectra calculated assuming no segregation (R50) for the
In0.15Ga0.85As/GaAs QWs grown at 520, 460 and 370 °C.
Downloaded 13 May 2013 to 150.163.34.35. This article is copyrighted as indicated in the abstract.
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using the segregation coefficientR as the main fitting param
eter. Since high-resolution x-ray diffractometers are n
readily available, are able to analyze any type of mate
without requiring specific sample preparation, and are co
mercially available with user-friendly simulation softwar
such a technique should provide very useful data on the s
ject, especially when no information about the RHEE
intensity decay is available, as is most often the case.
also more straightforward and accurate than PL meas
ments, because optical experiments need different type
optics and detectors as a function of the material constitu
the samples, and their data must be compared with theo
cal calculations that are very sensitive to the theoret
model, mathematical approximations and physical para
eters used to compute the electronic properties of the st
ture designed, thereby yielding large variation of the poss
values ofR for a specific sample.

CONCLUSION

We showed that HRXRD is able to provide an accur
estimate of the segregation coefficientR when phenomeno-
logical equations that describe segregation are introduce
the simulation of the experimental data. This is of great r
evance for investigation of the phenomena in the InGa
alloy that became so important in optoelectronics. Our
sults also suggest that, below a certain value ofR, segrega-
tion seems to no longer have any significant effect on
physical properties of the samples, but it does not mean
it is absent.

ACKNOWLEDGMENT

The authors are grateful to FAPESP~Brazilian funding
foundation! for partial financial support~Grant Nos. 98/
12779-0, 99/08979-7, 99/10510-7, 00/12529-6, and
14106-8!.

1J. M. Moison, C. Guille, F. Houzay, F. Barhte, and E. M. van Romp
Phys. Rev. B40, 6149~1989!.

2J. M. Garcia, J. P. Silveira, and F. Briones, Appl. Phys. Lett.77, 409
~2000!.

3A. Rosenauer, D. Gerthsen, D. van Dyck, M. Arzberger, G. Bo¨hm, and G.
Abstreiter, Phys. Rev. B64, 245334~2001!.

4M. Ilg and K. Ploog, Phys. Rev. B48, 11512~1993!.
5P. Yashar, M. R. Pillai, J. Mirecki-Millunchick, and S. A. Barnett, J. App
Phys.83, 2010~1998!.

6K. Muraki, S. Fukatsu, Y. Shiraki, and R. Ito, Appl. Phys. Lett.61, 557
~1992!.

7S. O. Ferreira, E. Abramof, P. H. O. Rappl, A. Y. Ueta, H. Closs,
Boschetti, P. Motisuke, and I. N. Bandeira, J. Appl. Phys.84, 3650~1998!.

8S. Fujimoto, M. Aoki, and Y. Horikoshi, Jpn. J. Appl. Phys., Part 138,
1872 ~1999!.

9W. J. Bartels, J. Honstra, and D. J. W. Lobeek, Acta Crystallogr., Sect
Found. Crystallogr.A42, 539 ~1986!.

10S. Martini, A. A. Quivy, A. Tabata, and J. R. Leite, J. Appl. Phys.90, 2289
~2001!.

11S. Martini, A. A. Quivy, E. C. F. da Silva, and J. R. Leite, Appl. Phys. Le
81, 2863~2002!.

12S. Martini, A. A. Quivy, T. E. Lamas, M. J. da Silva, E. C. F. da Silva, a
J. R. Leite~unpublished!.

13R. Kaspi and K. R. Evans, Appl. Phys. Lett.67, 819 ~1995!.
14S. Martini, A. A. Quivy, T. E. Lamas, M. J. da Silva, E. C. F. da Silva, a

J. R. Leite, J. Cryst. Growth251, 101 ~2003!.
15M. Leroux, N. Grandjean, C. Deparis, J. Massies, C. Lopez, R. Mayo

and F. Meseguer, Jpn. J. Appl. Phys., Part 134, 3437~1995!.
 Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions


