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INTRODUCTION

Diluted Magnetic Semiconductors (DMS) are
ternary or quaternary semiconducting compounds
whose lattices are made up of partial substitu-
tion of magnetic ions, such as Mn, Fe, and Co
(Furdyna et al., 1988). DMS alloys are impor-
tant materials for a wide variety of applications,

such as blue and green light emitting devices,

waveguides, and magnetic sensors, since they
possess very interesting and potentially useful
magneto—~optical properties, As an example,
Cdi-xMnxTe has a large Faraday rotation at
room temperature which has been exploited in
the construction of optical isolators (Furdyna,
1982). To enhance utilization of DMS in prac-
tical integrated magneto-optical devices, it is
necessary to grow epitaxial thin films with high

quality. The growth of high quality epitaxial
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thin films has been achieved using molecular
beam epitaxy (MBE) (Kolodziejski ef al., 1984).
The recent successful fabrication of DMS super-
lattices using MBE technique has stimulated
interest in the DMS superlattices for novel devi-
ces.

It has been reported that Zni-xFeSe alloys
formed by the interdiffusion between the consti-
tuent layers in (ZnSe/FeSe) superlattice (Park ef
al., 1997). It is necessary to identify the detail-
ed microstructure of intermixed Zni-xFe.Se alloys
to understand the effect of intermixing in (ZnSe
/FeSe) superlattice on the magneto-optical pro-
perties. One of the useful techniques for analyz-
ing the microstructure of superlattice structure
is high-resolution transmission electron micros-
copy (HRTEM). HRTEM enables the structure of
superlattice structure to be analyzed on an ato-
mic scale. However, the interpretation of the lat-
tice images is not always straightforward. It is
therefore required to compare observed images
with computer simulated images in order to estab-
lish the correspondence between structural fea-
tures and the observed images. In this work,
the microstructural properties of the intermixed
Znl_<FesSe layers in the (ZnSe/FeSe) superlat-
tices were investigated using high-resolution lat-
tice images and selected area diffraction (SAD)
patterns. The observed images were compared

with computer simulated images.

EXPERIMENTAL

The (ZnSe/FeSe) superlattices were grown
directly without a buffer layer on (001) GaAs
substrates by MBE system equipped with Auger
electron spectroscopy and reflection high energy
electron diffraction. The (ZnSe/FeSe) superlatt-
ice structures were made by depositing six alter-

nating layers of ZnSe (4.5 nm) and FeSe (2.0

nm) on the GaAs substrates. The superlattices
were capped with a ZnSe layer (6.0nm) to
protect them from potential degradation. The
(ZnSe/FeSe) superlattices were grown at a sub-
strate temperature of 330°C and at rates of 0.1
~0.25um/h from elemental source ovens,

Cross-sectional samples for HRTEM were pre-
pared by mechanical grinding, dimpling, and
ion—-milling. The samples were ion—-milled with
3keV Ar* ions, 1mA current, and 12° incident
angle using liquid nitrogen cold stage, in order
to minimize ion-induced damage. The microst-
ructural features of these samples were investi-
gated using Jeol 2000FX-II and Philips EM 430
transmission electron microscopes operated at 200
and 300 keV, respectively.

Computer image simulations were carried out
using the multislice programs (Cowley et al.,
1957, 1959(a), 1959(b)) for various sample thic-
knesses, f, and defocusing values of the objec-
tive lens, 4f. The principle of the multislice
method is to divide the crystal into a number of
thin slices perpendicular to the incident beam
direction (Cowley, 1984), The sample thickness-
es ranged from 0.8 to 40.2nm and the defocu-
sing values ranged from —46 to —96nm with a
step of 10 nm. The input microscope parameters
used in the computation of the images are the
V=200 kV,

objective aperture, »s;=3.37 nm~! spherical aber-

operating voltage, the radius of
ration coefficient, Cs:2.§mm, semi-angle of
illumination, drv=1,0 mrad, half-width of Gaus-
sian spread of vibration, »/b=0.0nm, and half-
width of Gaussian spread of defocus, de/=5nm.
The simulated lattice images were obtained with
566 beams. The total intensity of all beams used
in the calculation for a thickness of 40.2 nm is

~90% of the incident intensity.
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RESULTS AND DISCUSSION

The constituent layers in the (ZnSe/FeSe)
superlattice were often intermixed during the
epitaxial growth to form Zni-xFexSe alloys.
Figure 1 shows a (110) high-resolution lattice
image of the intermixed Zni-<Fe.Se layer in the
(ZnSe/FeSe) superlattice. Contrast modulations
with periodicities of ~0.573 nm and —~0.414 nm
were found in the right-hand side of intermixed
Zni-xFexSe alloys shown in Fig. 1 along the
[001] and [110] directions, respectively. The

value of the periodicities was obtained from opti-
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cal diffractograms taken from the negative of
the lattice image. These contrast modulations
indicate that CuAu-I type ordering occurred at
the intermixed Zni xFexSe alloys. The left- and
right-hand side regions shown in Fig. 1 corres-
pond to disordered and ordered Zni-:FexSe, res-
pectively. The boundary hetween the two reg-
ions is smooth and coherent. The interdiffusion
and chemical ordering in the present superlattice
most likely occur during epitaxial growth, since
the diffusion coefficient in the solid at room
temperature is too low to allow the interdiffus-
ion and chemical ordering by solid state diffus-

ion. In order to inhibit the interdiffusion betw-
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Fig. 1. (110) high-resolution lattice image of ordered and disordered regions in the intermixed Zni-xFexSe

alloy of (ZnSe/FeSe) superlattice,
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Fig. 2. Proposed model of the CuAu-l type ordered
structure for ZnosFeosSe alloys.
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Fig. 3. Pendoll sung plots for (a) (001), (b) (002),

sample thickness for ordered Zno sFeosSe alloys.
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een the constituent layers, it is desirable to
grow at as low a substrate temperature as possi-
ble, since at low substrate temperatures the in-
terdiffusion is strongly suppressed.

The inset to Fig. 1 shows a (110) SAD pat-
tern obtained from the intermixed Zn;-xFe,Se
layer. The existence of extra spots (marked by
arrows) at the positions of the (001) and (110)
reflections confirms the CuAu-I type chemical
ordering in the Zni—xFexSe alloys. In the pre-
vious study (Park et al., 1992), this type of order-
ing was observed in the Zni-<FexSe (x~0.5)
epilayers grown on InP substrates. Detailed mic-
rostructures of ordered Zni-xFexSe alloys in the
intermixed layer were investigated by computer

simulations of lattice images.
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Fig. 4. Simulated lattice images obtained under various sample thicknesses and defocusing values for

ordered Zno.sFeosSe alloys.

Fig. 2 shows a proposed model for the atomic
configuration of ordered ZngsFeosSe for com-
puter image simulations. In Fig. 2, Zn atoms
are located at (000) and (4 +0), Fe atoms are
located at (04 %) and (4+0+4), and Se atoms
are located at (+ 4+ %), (+4%), (£4+3), and
(44,

This ordered structure thus consists of alter-
nating ZnSe and FeSe monolayers along the
<100> and <110> directions.

Computer image simulations were performed
using the multislice programs and the model
shown in Fig. 2. The contrast in the simulated
images is largely controlled by the sample thic-
kness and microscope imaging condition. Figure
3 shows pendollésung plots for (001), (002),
(110), and (220) beams as a function of sample

thickness. The thickness of the strongest con-

trast for the ordered structure is ~28.0nm.
The simulated Iattice images obtained under
sample thicknesses of 8.8, 17.6, 28.0, and 37.0
nm and defocusing values of —66, —76, —86,
and —96nm for ordered structure are shown in
Fig. 4. In general, a good agreement was found
between the experimental and simulated images,
confirming the validity of CuAu-I type ordering
in the Zn;-y\FexSe alloys. Clear contrast modula-
tions caused by the ordering were found at
~28.0nm. However, when the sample thickness
is less than ~10.0 nm or greater than —~35.0
nm, weak contrast modulations were found. On
the other hand, simulated images for disordered
structure did not show any contrast modulations
along the <100> and <110> directions. As an
example, the simulated lattice images obtained

under defocusing values of —46 to —96nm at a
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Fig. 5. Simulated lattice images obtained under defocusing values of (a) —46, (b) -56, (c) -66, (d) -76,
(e) —-86, and (f) -96nm at a sample thickness of 28.0nm for disordered Zno sFeosSe alloys.

sample thickness of 28,0nm for disordered struc-

ture are shown in Fig. 5.

CONCLUSIONS

Intermixed Zni-xFexSe alloys were often obse-
rved in the (ZnSe/FeSe) superlattices because of
interdiffusion between the constituent layers
during the epitaxial growth. CuAu-I type orde-
ring was observed in the intermixed Zni-xFeiSe
alloys. This CuAu-I type ordered structure of
Zng sFeosSe has Zn atoms occupying the (000)
and (¥ +40) sites and Fe atoms occupying the
(04 %) and ($0+4) sites in the zinc—blende
unit cell. The experimental images were well
matched with the simulated images, confirming
the validity of CuAu-1 type ordering in the in-

termixed Zni-<FexSe alloys.

Abstract

The microstructure of intermixed Zni-xFexSe
layers in the (ZnSe/FeSe) superlattices grown
on (001) GaAs substrates has been investigated
by high-resolution transmission electron micro-

scopy and computer simulations of lattice ima-

ges. Computer image simulations have been per-
formed by the multislice method under various
sample thicknesses and defocusing conditions,
The simulated lattice images were compared
Also,

CuAu-I type ordering was often observed in the

with the experimental lattice images.

intermixed Zni;-xFexSe alloys. This CuAu-I type
ordered structure consists of alternating ZnSe
and FeSe monolayers along the <100> and
<110> _directions.
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