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We report on the characterization of thermally induced interdiffusion in InAs/GaAs quantum-dot
superlattices with high-resolution x-ray diffraction and photoluminescence techniques. The
dynamical theory is employed to simulate the measured x-ray diffraction rocking curves of the
InAs/GaAs quantum-dot superlattices annealed at different temperatures. Excellent agreement
between the experimental curves and the simulations is achieved when the composition, thickness,
and stress variations caused by interdiffusion are taken in account. It is found that the significant
In—Ga intermixing occurs even in the as-grown InAs/GaAs quantum dots. The diffusion coefficients
at different temperatures are estimated. 2@00 American Institute of Physics.
[S0003-695(00)02440-2

Recently, it has been demonstrated that electronic struc- The InAs dots were grown on semi-insulating GaAs
tures of self-assembled quantum da@Ds) could be greatly (001) substrate via SK growth mode by molecular beam ep-
turned by thermal annealifig!! As a result of significantly itaxy. Followed growth of a 300 nm GaAs buffer layer, a 3
modified electronic structure of the QDs, up 4260 meV  nm Iny 1/Ga gsAs quantum wellQW) layer was grown. Af-
strong blueshift and down te- 12 meV pronounced narrow- ter growth of a 100 nm GaAs spacer layer, a 10 cycled al-
ing of the inhomogeneously broadened luminescence pedRrnating 0.6 nm InAs self-assembled QD layer and 10 nm
due to spontaneous size distribution of QDs can be achieve&aAs barrier layer was grown, and finally a 20 nm GaAs cap
On the other hand, when the multifold stacked QDs ardayer was grown. A more detailed growth description has
grown they have the potential to form vertically ordered QDbeen published elsewhef® Transmission electron micros-
superlattices?'32°-22 if the spacer layers are thin COPY characterization shows that stacks of the QDs are ver-
enought*8 Such QD superlattices have unique electronictically aligned?* The annealing procedures and PL system
and optical properties and hence are of great interest, in pafl€scription can be found in our previous publicatibirtigh-
ticular for fabrication of high performance QD lasé?d6:1° re_solutlon x-ray d|f_fract|on measurements were performed
Using ultrahigh vacuum cross-sectional scanning tunneling!ith & Bede Scientific Bx-ray diffraction system.
microscopy, Litaet al?* found significant In-Ga intermixing Figure 1 shows the 10 K photoluminesceriB) spec-
in INAs/GaAs QD superlatticen situ annealed at 620 °C for tra measured from the samples annealeq at different tempera-
22.5 min. Nevertheless, a detailed knowledge on atom intefUres: The broad peak at lower energy is from the InAs QD
diffusion mechanism in QD superlattice structures is Stmlayers, while the sharp one at higher energy is from the In-

lacking and is obviously needed from the view of deviceGaAs QW layer. Strong blueshifup to 300 meV of the
applications” luminescence peak of the InAs dot layers can be seen when

The information on atom interdiffusion at interfaces of the annealing temperature increases to 850 °C. Furthermore,

. L significant narrowing(down to 16.6 meY of the emission
heterostructures can be obtained under certain circumstance L . .

. . . . . “peak of the QD layers occurs with increasing annealing tem-
from analysis of the high-resolution x-ray diffraction

patterns® In this letter, we focus on investigation of ther perature. The strong blueshift of the QD emission peak with
T . N __annealing temperature has been attributed to the enhanced
mally induced interdiffusion in InAs/GaAs QD superlattice 9 b

) . . ) ) allium—indium interdiffusion between the InAs QD layers
with the high-resolution x-ray rocking curve technique. Teng Q y

and the GaAs barrier layers. As a result of In-Ga atom in-

periods of InAs/GaAs QD superlattice were annealed at dif‘[erdiffusion induced by heating, the Ga concentration in the

ferent temperatures. The dynamical theory was employed t@Ds will increase, and thus the band gap of the QDs in-
simulate measured x-ray diffraction data. Excellent agreez o,q05 Finally, we observe the blueshift of the QD lumines-
ment between the experiment and simulation is achievelence neak. Another result of the In—Ga interdiffusion is the
when the strong interdiffusion effect is considered. change of the inhomogeneous strain distribution inside the
QD layers and at the interface. The variation of the strain
3Electronic mail: sjixu@hkucc.hku.hk also changes the electronic structure of the datad hence
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FIG. 1. PL spectra of the InAs/GaAs QD superlattice samples annealed at £
different temperatures. The broad emission peak at lower energy is from the
QDs while the narrow one at higher energy is from the reference InGaAs

quantum well. Annealed
] 850 °C
causes change of the QD luminescence peak. In the follow- 3 50s
ing paragraph, we will discuss the x-ray diffraction data and 3
the simulation results based on the Takagi—Taupin formal- r
ism. - P
Figure 2 shows the measured x-ray diffraction rocking r | ‘ L, ';"‘:,"";.',";;',:;*"“-,-'I"._.1

curves(solid lineg of the as-grown sample and the samples

annealed at different temperatures. For the as-grown sample -3000 -2000 -1000 0 1000 2000 3000

and the sgmples annealed gt relatively lower tem.perlatu.res, Ao (Arcsec)

clear satellite peaks appear in the rocking curves, indicating

good periodicity of the samples. It should be noted that adFIG. 2. Measured x-ray rocking curvésplid lineg of the samples annealed

ditional fine structures could be observed between the maift different temperatures. Dot lines are the simulation results by using the

satellite peaks. This demonstrates that the InAs/GaAs Q3¥namical theory.

superlattice studied in the present work is highly periodic.

Now let us look at the x-ray diffraction data of the sample scattered beams with respect to the internal surface nodmal,

annealed at 850 °C. Clearly, the higher order satellite peaki§ the crystal thickness, an, is the structure factor for

disappear. This is a typical x-ray diffraction fingerprint of the (000. Fs andFg are the structure factors fohkl) [here for

strong inderdiffusion in superlattice structufés. (004)] and for (k), respectivelydg is the Bragg angle, and
According to the Takagi—Taupin theory, a differential C denotes the polarization facto€CE& 1 for o polarization

equation for the amplitude ratd/D; of the scattered wave andC=|cos g for 7 polarization. The solution of Eq(1)

D, and incident wavéD; can be obtained is given by
dXx $itS;
i —x2_ Xg=7n+yn°—1 , 2
i g7 = X2 2nX+1, (1) a=7 TN mlg Ty ()
whereX, 7, andT are complex quantities given by where S; ;= (Xo— 7% 7°—1)expGiT7?—1). For lay-

ered structures the recursiofy usually starts with the infi-
nite thick substrated— )?®

X..= n—sign(Re( 7)) 7’ 1. 3
The reflectivityRs is finally given by

F—
Fs Yi

—b(6— 6g)sin20g— 3T Fo(1—Db)

Ds
D;’

7= ,
b|CI'VF<Fs
\/ﬂ st's R:lD_SZZEp('z (4)
and s ¥sl |Dj Fs .
_ wCTI'yFFd The rocking curve of the sample is determined by the reflec-

BN e T tivity Rg as a function of the deviation parameter
Ml In order to simulate the x-ray rocking curves with the
respectively. Herd =r \%/7V, andb=1y;/ys. r. is the Takagi—Taupin formalism described above, the strain in-
electron radius(here 2.817940810 *®m is taken as its duced by lattice mismatch must be taken into account. How-
value, \ is the wavelengthX=1.544 390 10 1°m for the  ever, the strain around the quantum dots and at interface is
CuK,; line) of the x ray, andV is the volume of the unit too complex to describe it in terms of a simple

cell. y; and y are the direction cosines of the incident andexpressiorf>?’ As an alternative method, the average strain
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is approximately viewed as a constant. We use the following In summary, the InAs/GaAs QD superlattices were an-
equation to calculate the strain in the dot layers: nealed at different temperatures. The In—-Ga atom interdiffu-
L_.s sion was studied by means of PL and x-ray diffraction tech-
L :a” o 5 niques. The dynamical theory was employed to simulate the
€y S ( ) .
ag x-ray rocking curves. Excellent agreement between the ex-
perimental data and the simulations was achieved when the
(6) strong In—Ga intermixing is taken into account. Our results
show that the high-resolution x-ray diffraction rocking curve
technique is a sensitive tool to investigate the interdiffusion
in periodic self-assembled QD superlattices.
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Here indexL is for the heteroepitaxial layer arfdl for the
substrate,l is for the growth direction, and 0 is for the

unstrained case. For the thin film coherently grown on a  This work was financially supported by CRCG research
thick foreign substrate); =a; and hences;; =0, a; iscal-  grants of HKU (Grant No. 10202535 One of the authors,

culated by S.J.X., thanks J. Jiang and X. G. Xie for their help in mo-
| Cut2Cy, | o < lecular beam epitaxial growth of the samples.
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