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An asymmetrically coupled (GaAs/AIAS/GaASAIAS)/GaAs(00I) double-well superlattice is studied by HRDCD. It is
found that the intensity of satellite peaksis modulated by wave packet of different sublayers. In the course of simulation,
the satellite peaks in the vicinity of the node points of wave packet are very informative for precise determination of

sublayer thickness and for improving simulation accuracy.

The structural characteristics of superlattice are
probably the most important and fundamenta
parameters because the physical and device properties
strongly depend on them.

Therefore great enthusiasm and efforts have been
devoted to precise characterization of superiattices.
High resolution double-crystal X-ray diffraction
(HRDCD) plays an indispensable role in determining
the structure of superlattice precisely due to its high
resolution, nondestructiveness, and almost no sample
preparation [1]. At present, the HRDCD method is
widely accepted. The usua process is to abtain the
structural parameters by fitting the experimental
results according to X-ray dynamic or kinematic
theories. Although many papers have been reported
about the superlattice including 2 sublayers in one
period, investigations to superlattice including 4
sublayer in one period are till rare because in the case
of superlattice with 4 sublayers in one period, the
contribution of different sublayer to diffraction
pattern intermingles and results in a complicated so-
called “satellite-peak modulation phenomenon” and
thusit ismuch moredifficult to analyse and simulate.

In this paper, we invesitigate an asymmetric
GaAgAIAS/GaAS/AlAs double-well  superlattice.
The experimental curve is smulated by X-ray
dynamic theoryn [2, 3] which is regarded more
precise and trustworthy than kinematic theory [4, 5]
due to its consideration of interactions between the
incident and the reflected wave. But its physica
image is not so clear and direct. Therefore a “wave
packet method” based on kinematic theory, which is
considered to have clearly physical image, is
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employed to explain the complicated satellite-peak
modulation phenomenon. It is also found that the
satellite peaksin the vicinity of “node points of wave
packet” are especially beneficial to precise deter-
mination of sublayer thickness and enhancing the
accuracy of smulation.

The sample is a 20-period asymmetric GaAs/
AlASGaAgAIAs double-well superiattice which is
grown on a semi-insulating GaAs substrate of (001)
orientation by molecular beam epitaxy (MBE). The
respective thicknesses of wells and barriers are
deliberately designed asymmetric. It has been
reported that such a structure forms type-I-type-ll
mixed double quantum wells in which free-carrier
scattering is the dominant scattering mechanism and
the carrier concentration can be adjusted within a
relatively wide range [6]. So the precise determina-
tion of different sublayer isvery crucial.

HRDCD experiment is carried out by Rigaku SLX-
LA diffractometer whose 12 kW X-ray generator is
RU-200BH. The copper target is used and X-ray
wavelength is 1.54051 A. Figure 1 is the schematic
diagram of the experimenta setup for the
measurement. The Ge (004) asymmetric diffraction
monochromator is employed asthefirst crystal. The
measurement is completed by g/2q scan mode and the
resolution of rotation angleqis0.001°. Theemployed
voltage and current are 50 kV and 150 mA,
respectively. In order to promote the accuracy of
measurement, step-scan mode is used.
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Fig.1. Schematic diagram of the setup for Double-Crystal Diffraction measurement.

According to the dynamic theory, the total reflective
amplitude of (00h) diffraction for a N-layer
heterostructure Ry 1 iS:

Rin,= [ Ront Ronea, {ThnThn- Rh'NRh,N)]/(l - Ry, n-1,7Rn, N) (1)

where R,y and Ty are reflective and transmissive
amplitude of the N-th layer for (00h) diffraction,
respectively. Here

Rh = X1X2(C1 - Cz) /(szz - Clxl) (2

T, =CC, (Xl - Xz) /(szz - Clxl) (3)

x, =z (a+2%)%c, (4)
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where co and c, are the 0-th and h-th Fourier
coefficients of polarizability, respectively, | isthe X-
ray wavelength (1 =1.54051 A); bisasymmetry factor,
& and g, are direction cosines of the incident and
diffracted waves, respectively; gg is the kinematic
Bragg angle, t is the thickness of N-th layer; a isthe
angle between crystal surface and reflection plane;
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and € are the strains perpendicular and parallel to the
crystal surface, respectively.

The period of superlattice is obtained according to
experimental curve by equation below:

_ g
b= Dgsin(20;) (1)
where Dq isthe angular spacing between two satellite
peaks.

Keeping the period of superlattice constant, wefit the
experimental results using X-ray dynamic theory.
Although the thickness value of each sublayer can be
obtained by simulation, the resolution and accuracy
are still unsatisfactory. So the “wave packet method”
based on X-ray diffraction kinematic theory, whichis
regarded to have a more clearly physical image, is
used to solve the problems mentioned above.

The reflective amplitude of an N-period superlattice
with four sublayers A, B, C, D in one period
according to X-ray diffraction kinematic theory is:

sin[N(F 4 +F 5 +F . +F )] i

| = 12
%/ |6 sinz[(FA+FB+FC+FD)] (12)

where
le=1,+1, +1, (13)
L=Yi+Yg+YE+Y] (14)
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sinF
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]

Herer, istheclassical electronradius; Fy Vj andtjare
the j-th layer structure factor, volume of the unit cell,
and thickness, respectively.€'; andel; arethej-th layer
strains perpendicular and parallel to the surface.
Other parameters coincide with that of the preceding
in its represented meaning. In equation (21),

Y, =sinF ; /Y,,is the wave packet of the j-th layer
which is analogous to the diffraction amplitude of a
single epitaxy layer. From equation (12), when

é_ F J./YJ. =np, thediffraction intensity appearsto be
maximum and the corresponding angles are the

positions of satellite peaks of superlattice, but it also
can be seen that the diffraction intensity is modul ated
by different wave packet in one period which forms
intensity modulation phenomenon of satellite peaks.

WhenF ; =np, i.e, YJ. =0, the corresponding angles
are called the“ node points of the modul ation wavefor
j-th sublayer”. It isfound that, in the vicinity of the
node point, YJ. varies very sensitively with Dw, i.e.,

when F, ® np the variation of the intensity I’
primarily comes from the variation of Y'; and other
sublayer's modulation wave packets only contribute
tol’ dightly. Thus, if we choosethe satellite peaksin
the vicinity of the node points of j-th sublayer wave
packet to simulate, the other sublayer's effects on I’
can be nearly removed and aaccurate thickness of j-th
sublayer can be obtained. Similarly, the accurate
parameters of other sublayers can also be obtained.

In Fig. 2, aand b represent experimental curves and
the final simulated curve by dynamic theory. The

final result for GaAS/AIAS GaAdAlAs layer
thicknessin one period is:
GaAs AlAs GaAs AlAs
27A 107 A 78 A 210A

In can be seen that the + 4th satellite peaks and £8th
satellite peaks are almost extinct. InFig. 3, a b, ¢, d
represent wave packet of GaAs (27 A), AIAs (107 A),
GaAs (78 A), AlAs (210 A), respectively; e is wave
packet when one period is regarded as one layer, i.e.,

a:experimental curve
b:simulated curve
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Fig. 2. Experimental (a) and simulated curve (b) of (002) diffraction.
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2 a:AlAs(210)
2 | b:AlAs(107)
S | c:Gaas(78)
%’ d:GaAs(27)
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Fig. 3. Wave packet of different sublayer. a: AlAs (210 A), b: AlAs (107 A), ¢: GaAs (78 A), d: GaAs (27 A), e: 1 period, f:
simulated curve of kinematic theory.
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the wave packet of one superlattiice period and f isthe
simulated curve by kinematictheory. ThepointsA, A'
and B, B' in Fig. 3 are node point of AlAs (210 A),
AlAs(107 A) wave packet, corresponding to the +4th
and + 8th satellite peaks, respectively. If we adjust
AlAs (210 A) sublayer thickness with a deviation
from 210 A of only 1A, the resulted variation of
simulated curvewill be quite pronounced. Comparing
simulated curve with experimental curve, it is found
that there is a best agreement between two curves
when the thickness of AlAsis 210 A. Therefore it
indicatesthat the thickness of the AlAssublayer is210
A with 1 A resolution. In the sameway, the thickness
of other sublayer can also be decided. It is obvious
that the agreement between simulated and
experimental curves is nearly perfect, thus it is
believed that the method we employed is worthy of
reliable.
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In summary, that a ssimulation of X-ray diffraction
pattern of complicated SL structures based on
dynamic theory and combining with wave packet
method gives satisfactory results.
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