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Abstract The microstructure of Zn,-.FeSe epilayers grown by molecular beam epitaxy was studied by high-
resolution transmission electron microscopy. Two types of ordered structures, CuAu-I and CuPt, in Zn,-.Fe.Se
epilayers were observed. The ordered structures were investigated by electron diffraction patterns and cross-sectional
high-resolution lattice images. The CuAu-I ordered structure was observed in Zn, - Fe.Se(x=0.43) epilayers grown on
(001) InP substrates, while the CuPt ordered structure was observed in Zn,- Fe,Se(x=0.4) epilayers grown on (001)
GaAs substrates.

, tant because it could be associated with magnetic order-
1. Introduction .

ing and ordered alloys have a lower energy gap than
Diluted Magnetic Semiconductors (DMS) are a class the disordered alloys. This system is different from the
of materials formed by the substitutional incorporation - vV alloys because the end members do not have the
of a magnetic ion into a host compound semiconductor same crystal structure. Namely, ZnSe has a zinc-
lattice”. DMS alloys are of considerable interest in the blende structure, while FeSe has a hexagonal NiAs

area of heterostructures and superlattices because the structure.
lattice parameter, energy gap, and effective mass can Since the first ordered structure in a semiconductor
be tuned in a controlled fashion by varying the composi- alloy was observed in (AlGa)As by Kuan ef al?, a
tion?. This tunability has recently been exploited in the number of ordered structures have been observed in
fabrication of DMS superlattices. The first reported epilayers of M- V> N-N'™ and V- VI'® semicon-
DMS epilayers are Hg,-,.-,CdMn,Te prepared by the ductors. The CuPt ordered structure is the dominant
close-spaced isothermal vapor transport growth tech- structure in M~V alloys'. The CuAu-I ordered struc-
nique®. The advances of molecular beam epitaxy ture has been observed in some Il -V semiconductors,
(MBE) have led to the growth of Cd,_ ,Mn,Te epilayers such as (AlGa)As” and (InGa)As'”, and, recently, in
and (Cd,- Mn,Te/Cd,-,Mn,Te) superlattices with high I - VI semiconductors, such as (ZnFe)Se'®. Both CuAu
structural quality*®. Since 1984, the field has made -I type and CuPt type ordered structures have been re-
truly remarkable progress, including successful prepa- ported in (InGa)As'*'? and in Ga(AsSb)" '*!¥, Impor-
ration of epilayers and superlattices of Zn,- Mn,Te and tant factors that influence the ordering are growth tem-
Hg,- Mn,Te by MBE®"”, Most of the DMS compounds perature and kinetics, difference in ionic sizes and lat-

grown and studied to date have used Mn as the substi- tice constants of the alloy members, substrate orienta-
tutional magnetic ion. tion, and strain energy of the surface phase'?.
The growth of Zn,..Fe,Se alloys is of particular in- It has been reported that, both theoretically?® and

terest due to the wide alloy composition range (0 y< experimentally, for (Galn)P?" ** and In(AsSb)?¥, that
1)®. Especially, ordering in Zn,-,Fe,Se alloys is impor-
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the energy gap of the ordered structures is smaller than
that of the disordered structures®”. More recently, the
stabilization of the CuPt ordered phase has been pro-
posed to be due to the surface reconstruction during
growth'”. Ordered structures in semiconductor films
have been predicted to be thermodynamically more sta-
ble than the disordered structures partially due to

%#.29 In this work, two types of ordered

strain effects
structures, CuAu-I and CuPt, in Zn,. Fe Se epilayers
grown on the two different substrates, InP and GaAs,

by MBE are investigated.
2. Experimental

The Zn,_ Fe,Se epilayers studied here were grown by
molecular beam epitaxy system equipped with Auger
electron spectroscopy and reflection high energy elec-
tron diffraction. The Zn,_FeSe(x=0.43) epilayers
with 52nm thickness were grown on (001) InP sub-
strates, and the Zn,-,FeSe(x=0.4) epilayers with
48nm thickness were grown on (001) GaAs substrates.

The epilayers were grown at a substrate temperature

of 330°C and at rates of 0.1-0.25um/h from elemental
source ovens. Further details on the growth method
may be found elsewhere®®.

Cross—sectional samples for high-resolution trans-
mission electron microscopy (HRTEM) were prepared
by mechanical grinding, dimpling, and ion-milling. The
samples were ion-milled with 3 keV Ar® ions, 1 mA
current, and 12° incident angle using liquid nitrogen
cold stage, in order to minimize ion-induced damage.
The microstructural features of these samples were in-
vestigated using Jeol 2000FX-1 and Philips EM 430 tr-
ansmission electron microscopes operated at 200 and

300 ke v, respectively.
3. Results and Discussion

Figure 1 shows a (110) high-resolution lattice image
of the Zny s;Fe, »Se film grown on InP substrate. Gener-
ally, the Zn, ;;Fe, Se film showed high structural quali-
ty. Stacking faults(marked by arrows) were often ob-
served on the {111} planes in some areas of the lattice

image. The interface between the film and substrate is

Fig. 1. (110) high-resolution lattice image of the Zn, ::Fes xSe film grown on InP substrate.
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Fig. 2. (110) high-resolution lattice image from an ordered re-
gion of the Zn, +.Fey ,Se film.

also marked by arrows in this figure. No evidence of an
oxide or foreign layer in the interface was found. Since
the thickness(52nm) of Zn, 5Fe, sSe epilayers grown
on InP substrates is above the critical thickness for the
generation of misfit dislocations?”, the lattice mismatch
of ~3.0x107* was accommodated by misfit disloca-
tions and by residual elastic strain®®. The residual elas-
tic strain was estimated to be ~0.24 10 ? or ~8% of
the lattice mismatch.

The ordered region in the Zng sFeq sSe film was
often observed, as shown in Fig. 2, which shows a
(110) high-resolution lattice image from the Zn, 5:Feq 4
Se film. Contrast modulation with periodicities of ~0.
564 nm and ~0.402 nm along the [001] and [110] di-
rections, respectively, is observed, indicating the CuAu
-1 type ordering in the Zn,_ Fe,Se alloy along these di-
rections. These periodicities correspond to the (001)
and (110) interplanar spacings of Zn, ;Fe, sSe alloy.

The (110) and (100) selected area diffraction
(SAD) patterns from the interface between the Zng s
Fe, »»Se film and InP substrate are shown in Figs. 3(a)
and (b), respectively. These diffraction patterns show
the appearance of extra (weak) spots at the (001) and
(110) reflections originating from the CuAu-I type or-
dering of Zn and Fe atoms'®. Ordering in this system
takes place along the [001] growth direction and the [1
10] direction and thus gives rise to the alternating lay-
ers of ZnSe and FeSe along these directions. It is inter-
esting to note that the variants along (100) and (010)
were not observed in the Zn, ;;Fe, sSe. This variant of
the CuAu-I ordered structure is different from those
observed in GaAs, ;Sh, ; where ordering was observed
along the [100] and [010] directions'".

Fig. 3. (a) (110) and (b) (100) SAD patterns from the interface
between the Zno s:Few wSe film and InP substrate.

Figure 4 shows a% (T11) dark field image of the Zno s

Fe, «Se epilayer grown on a (001) GaAs substrate. The
regions indicated by arrows in Fig. 4 correspond to the
ordered Zn,-.Fe.Se alloys. No misfit dislocations were
observed in the epilayer, indicating that the thickness
(48nm) of the Zn,Fey Se film is below the critical
thickness. The lattice mismatch of ~0.65x 107 %1s total-
ly accommodated by elastic strain in the film. Detailed
microstructures of the ordered and disordered regions
in the Zn, Fe, Se epilayer were investigated by high-
resolution lattice image as shown in Fig. 5. Figure 5
shows a (110) high-resolution lattice image showing
coexistence of an ordered region(right-hand side) and
a disordered region(left-hand side) in the Zn, Fe, ,Se
epilayer. It is also important to note that the boundary
between the ordered and disordered regions is coherent
and smooth. A doubling in the lattice fringe periodicity
along the [111] direction is clearly observed in the or-

dered region, indicating the existence of atomic order-
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Fig. 4. %(Tu) dark field image of the Zn.:Feo.Se epilayer

grown on GaAs substrate. The regions with ordered structure
were indicated by arrows.

ing of Zn and Fe atoms in Zn,-,FeSe along this direc-
tion. This figure demonstrates that a different type of
ordering, not the CuAu-I type ordering, occurred in the
Zn, (Fey Se film grown on (001) GaAs substrate.
Figures 6(a) and (b) show (110) SAD patterns from

the interfacial areas between the Zn, ¢Fe, ,Se film and
GaAs substrate. In Fig. 6(a), in addition to allowed
(strong) spots originating from the zinc-blende struc-

ture, %(Tll) and ~é—(lTl) reflections with shightly un-

equal Intensities are appeared. The existence of these
superspots corresponds to two variants of the CuPt or-
dered structure with alternating ZnSe and FeSe layers
along the [111] and [111] directions. The shape of the
superspots i1s nearly circular without any distortion or
streaking, indicating the absence of antiphase bound-

aries®. Occasionally, only one set of superspots (one
variant), %(Tll) or %( 111), was observed in the SAD

patterns from some areas, as shown in Fig. 6(b). This
figure shows a total suppression of ordering along the
{1117 direction. The selectivity of the ordering direc-
tions in CuPt ordering may result from asymmetry of
the surface of the growing epilayers. Since there is no
major difference in the growth conditions for the two
kinds of Zn,_ Fe,Se epilayers, Zn, {Fe, ,Se and Zn, s;Fe; 4

Fig. 5. (110) high-resolution lattice image showing coexistence of an ordered region (right-hand side) and a disordered region (left-

hand side) in the Zn, sFeo Se epilayer.
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Fig. 6. (a) and (b) (110) SAD patterns from the interfacial area
between the Zn, sFeo Se film and GaAs substrate.

Se, except for the choice of substrate, the type of order-
ing in the Zn,_ Fe,Se systerr; may be dependent on the
substrate used. The different strain levels caused by
the lattice mismatch between the film and substrate for
the two Zn,- Fe,Se epilayers could lead to different nu-
cleation and growth modes during early stages of depo-

sition and thus give rise to the two different ordering

types.
4, Conclusions

For the Zn, 5;Feq »Se epilayers grown on (001) InP
substrates, the lattice mismatch of ~3.0x107?* was ac-
commodated by misfit dislocations and by residual elas-
tic strain. The CuAu-I ordered structure was often ob-
served in the Zng :Fey sSe epilayers. The CuAu-I or-
dered structure of Zn,;;Fe, »Se epilayers consists of
alternating ZnSe and FeSe monolayers along the [001]
growth direction and the [110] direction. On the other
hand, for the Zn, Fe,,Se epilayers grown on (001)

GaAs substrates, the lattice mismatch of ~0.65x 1072
was totally accommodated by elastic strain in the film.
The CuPt ordered structure was often found in the Zng ¢
Fe, Se epilayers. This ordered structure consists of
alternating ZnSe and FeSe layers along the <111> di-
rections. These ordered structures could give rise to
very interesting magnetic properties, since they corre-
spond to the ordering of the magnetic atom, Fe, in the
Zn,_ Fe,Se alloys.
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