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Ex-situ investigation of indium segregation in InGaAs /GaAs quantum wells
using high-resolution x-ray diffraction
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(Received 17 March 2003; accepted 2 September 2003

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 phenomenor20@ American Institute

of Physics. [DOI: 10.1063/1.1621738

INTRODUCTION measurements were performed with CaKradiation in a

The heteroepitaxy of InGaAs layers on GaAs substrateEhilips X'Pert high-resolution diffractometer in a triple-axis
is characterizetby a strong segregation of indiufin) at- configuration with a four-crystal G220 monochromator in

oms that accumulate at the growth front and strongly modifythe Primary optics and a G220 channel-cut analyzer in
the In-composition profile, resulting in different electronic front of the detector.

and optical properties of the devices based on that material.

The origin of segregation is still under detfatend, there- RESULTS AND DISCUSSION

fore, it is very important to have as many tools as possible

with which to investigate its underlying physical mecha- : :

nisms. X-ray diffraction has already been used to probe Ir{3 ragg dlﬂra}ctlon peak for the three. samples. All the spectra

segregation but, depending upon the structure of the sampl(ﬁ%),(r"bIt similar features: the mos.t intense narrow peak be.-

it was found to be uselessor to provide only limited ongs to the GaAs substrate and is used as a reference, while

information® the weaker broader band centered around 32.4° is due to the

We propose a versatile method by which to determiné.nGaAS layer that_ls mhomogeneo(vstge_ to allpy fluciua-

the composition profile of InGaAs/GaAs quantum wellst'ons and segregatioand therefore exhibits a wider range of

(vertica) lattice parameters resulting from the different lat-

(QWS9 that is based on a combination of high-resolutiont. tants of INA 4 GaAs. Fri dulate th
x-ray diffraction (HRXRD) measurements and a best-fit Ice constants ot InAs an S. Fringes moaulate the spec-
and originate from interference of the electromagnetic

simulation procedure. The segregation equations proposed” .~ . o
by Muraki and co-workefsare introduced directly into the radiation within the layered structure of the samples, thus
Igonfirming their excellent structural quality.

calculations of HRXRD spectra to determine the segregatio | | simulati ina diffraction th togeth
coefficientR which was found to be in excellent agreement . n general, simulation using difiraction theory togetner
with a sample model is performed in order to best fit the

with the value obtained by reflection high-energy electron . . X
diffraction (RHEED) measurements performéusitu during experlm_e_ntal x-ray data and prowde_the exact thickness ar!d
growth of the samples. composition of each Iayer.that const|tut.es the samplg. ObYI-
ously, a sample model which only considers layers with uni-
EXPERIMENTAL DETAILS form composition cannot be used to simulate the HRXRD
. ) pattern of our samples, because segregation strongly modi-
The epitaxial layers were grown in a GEN Il molecular- ias the In concentration at both QW interfaces. Since all
beam epitaxyMBE) system on top of GaABO0D) substrates. jytormation about the structural parameters of the layers
After oxide desorption and a 2500 A thick GaAs buffer (thickness, composition and strais embodied in the
grown at 570°C, the substrate temperature was lowered {QpxRD spectra, the interference fringes might provide an
deposit 100 A of 19 ;:Ga gsAs material followed by a 100 A oy cojent probe of the In composition profile in the samples,
thick GaAs layer. The rest of the GaAs cef00 A was in contrast to what was suggested by Fujimetaal® who
grown at 570 °C. The i :Ga gsAs well and the first part of neglected them.
the GaAs cap of each sample were grown at different sub- =, order to simulate the measured26 scans displayed
strate temperaturg$20, 460 and 370 °Cin order to inves- iy Fig 1, the spectra were calculated with in the framework
tigate its influence on the In-segregation process. HRXRDyf the dynamical theory of x-ray diffraction using Takagi—
Taupin equatiorfsand a sample model which took into ac-
dElectronic mail: aquivy@if.usp.br count the segregation equations proposed by Muraki and

Figure 1 shows a»/20 scan measured around tf@04)
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in the well. For the calculations, the sample was divided into
10°1520 °C four parts: the GaAs substraté ML of In,Ga, _,As with the
In content described by Eqg. fwell region, N ML of
In,Ga _,As with the In content given by Eq. @arrier re-
gion), and a GaAs cap layer. All layers were assumed to be
completely strained to the GaAs substrate, i.e., they had the
same in-plane lattice constant throughout the whole struc-
ture. Considering that the nominal compositianand well
4 width N were precisely obtained from oum situ RHEED
e measurementgapproximately 0.15 and 35 ML, respec-
2 102 tively), the segregation coefficieRbecame the main fitting
zi 10'] parameter of our method. Finally, a routine calculated the
o . . x-ray spectra of each sample for valuesRofanging from 1
c 10 g v - to 0 and compared them with the experimental HRXRD re-
— 0y ' ' ' ' ' sults using a least-squares routine that deals with the loga-
10°3 rithm of the data.
10°4 The best fits to the experimental scans are plotted in Fig.
101 1 and were obtained with values Bfequal to 0.85, 0.74 and
10'] 0.62 for the samples grown at 520, 460 and 370 °C, respec-
o tively. The segregation coefficient increases with a rising
0% growth temperature, as expected, and is in excellent agree-

31.8

32.1

32.4

32.7

33.0

33.3

ment with the values in the literatut® Simulations of our
HRXRD data were also performed with two segregation co-

6 (degrees e ) : oY

(deg ) ) ) efficients,R,, (in the well) andR, (in the barriej, in order
FIG. 1. w/20 scans measured around {0®4) Bragg diffraction peakopen for th lculati t t d diff t val f
circles of IngGa gsAs/GaAs QWs grown at different temperatures. The or the caiculations to converge towar ifrerent values o

solid lines represent the best fits to the data using a sample model that takdese parameters as a consequence of the different amounts
segregation into account. The values of the segregation coeffiRiet- of In and opposite behavior of the surface In population in
tained from the best fits are 0.85, 0.74 and 0.62 for the QWs grown at 52000th caseél We found that the best fits were obtained when
460 and 370 °C, respectively. ) . . . .
R, andR,, were identical to the values estimated previously
with a singleR parameter, which is consistent with the fact

co-workers® Their phenomenological model has been showrfhat segregation efficiency does not depend on the number of
to describe most of the manifestation of segregation up td" atoms present at the surface nor on the way the In material
nov\[gvlo_lzand S|mp|y assumes that a constant fracfoaof is Supp|ied to the epitaxial Iaye?‘é.These values oR were

the In atoms present on the top layer of the crystal alway#§ISo positively cross checked bg-situ RHEED measure-
migrates toward the next layer while the rest of them (1ments performed on the samples, since it was recently dem-
—R) are incorporated into the bulk crystal each time a nev\pnstrated that the strong decay of RHEED oscillations during

monolayer is completed. The In composition in tite layer ~ INGaAs deposition was directly connected to the presence of
is given by the In population on the surface of the sample and was thus

X, =Xo(1—R")  (for the wel, 1) an excellent prot_)e_ of the s_egregation phenomé_i"ndkil
B Ne N these results definitely confirm the physical basis of our
Xn=Xo(1-RTR 2 model and indicate that the technique is really able to probe

wherex, andN are, respectively, the nominal In concentra-the In-profile modification resulting from the segregation

tion and the total number of }Ga _,As monolayergMLs) phenomenon.
Once the best value & was found for each sample, the

real In profile could be determined by substitutiRgn Eqgs.

1 and 2; this led to the graphs shown in Fig. 2. One can
observe that the width of both interfaces of the QWs in-
creases at higher growth temperature as a consequence of the
larger segregation length of the In atoms that strongly modi-
fies their In profile with respect to the nominal square profile.

(for the barriey,

0.15+ =
7z .t

0104 |fr -
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FIG. 2. In-composition profile of an nGa gAs QW with segregation
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B Lowering the growth temperature reduces this difference,

and the In profile approaches that of the nominal one, thus
leading to optical and electronic properties that are closer to
the expected ones. However, it should be emphasized here
that, when an experimental physical propdthat is a func-

tion of segregationmatches its theoretical predicted value
without taking segregation into account, it definitely does not

coefficientsR=0.85, 0.74 and 0.62. The solid line represents the nominaiMe€an that the segregation coefficient is zero, as often

square profile R=0).

claimed in the literature. In fact, when the best fits of the
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FIG. 3. Comparison between the best fits presented in Figolld lines

and the spectra calculated assuming no segregat®=0( for the
Ing.1:G& gsAs/GaAs QWs grown at 520, 460 and 370 °C.
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using the segregation coefficidRtas the main fitting param-
eter. Since high-resolution x-ray diffractometers are now
readily available, are able to analyze any type of material
without requiring specific sample preparation, and are com-
mercially available with user-friendly simulation software,
such a technique should provide very useful data on the sub-
ject, especially when no information about the RHEED-
intensity decay is available, as is most often the case. It is
also more straightforward and accurate than PL measure-
ments, because optical experiments need different types of
optics and detectors as a function of the material constituting
the samples, and their data must be compared with theoreti-
cal calculations that are very sensitive to the theoretical
model, mathematical approximations and physical param-
eters used to compute the electronic properties of the struc-
ture designed, thereby yielding large variation of the possible
values ofR for a specific sample.

CONCLUSION

We showed that HRXRD is able to provide an accurate
estimate of the segregation coefficigdtvhen phenomeno-
logical equations that describe segregation are introduced in
the simulation of the experimental data. This is of great rel-
evance for investigation of the phenomena in the InGaAs
alloy that became so important in optoelectronics. Our re-
sults also suggest that, below a certain valu&ko$egrega-
tion seems to no longer have any significant effect on the
physical properties of the samples, but it does not mean that

HRXRD data shown in Fig. 1 are compared with the samdt is absent.

simulations wherdRk was assumed to be zero, as in Fig. 3, it
is clear that, as the growth temperature decreases, the resp
tive simulation tends toward the one witR=0. For T
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