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Direct experimental evidence of metastable epitaxial zinc-blende MgS
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High resolution transmission electron microscopy has provided direct experimental evidence of
monocrystalline, single-phase zinc-blende MgS. The authors report the first high resolution images
of a metastable �-MgS epilayer. This material naturally has rocksalt crystalline structure, but �
-MgS was grown in this work by molecular beam epitaxy on a ZnSe/MgS multilayer buffered GaAs
�001� substrate using Mg and ZnS sources, following a simple procedure. A metastable �-MgS layer
of up to 125 nm thick has been examined using this technique. Embedded stacking faults are
observed in the �-MgS thick epilayer. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2353826�
Zinc-blende magnesium sulfide ��-MgS� is a wide band
gap semiconductor material1 �Eg�4.8 eV� which has a num-
ber of unusual and useful physical properties. When used as
a barrier material with most other II-VI semiconductors, it
produces outstanding carrier confinement. For example, in
the case of CdSe, the emission energy can be increased to
over 3.7 eV.2

II-VI materials can adopt various crystalline structures,
with both cubic and hexagonal symmetries. The stability of
the crystal structure is related to the ionicity factor f i and it
also depends on the underlying substrate symmetry. The
growth of II-VI semiconductors on �001� substrates gener-
ates cubic structures, which are metastable in materials hav-
ing wurtzite crystalline structure in their stable phase. The
Philips’ ionicity of MgS is 0.786, close to the transition from
wurtzite to the rocksalt structure.3 Nevertheless, it has been
demonstrated that the free energy for the phase transforma-
tion between rocksalt and zinc blende is close to zero.4 As a
result, in MgS, rocksalt is the naturally favored phase in
epitaxial growth on GaAs�001�, since the symmetry of the
substrate surface cannot force the adoption of wurtzite phase
and rocksalt structure presents the lowest energy crystal
structure.

Despite this, the growth conditions have an enormous
significance on the phase of the deposited epitaxial films.
Therefore, it is possible to grow metastable �-MgS using
certain growth conditions, although the growth of �-MgS is
not straightforward since the crystal structure tends to trans-
form into the most stable rocksalt.

Initial attempts to grow MgS by molecular beam epitaxy
�MBE� and metal-organic chemical-vapor deposition suc-
ceeded in obtaining layers with a maximum thickness of
10 nm.5,6 However, recently a simple MBE growth proce-
dure has been developed at Heriot-Watt University to in-
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crease the layer thickness of this metastable �-MgS. Single
layers of thickness over 60 nm are achievable, and layers
over 130 nm have been routinely obtained using a
MgS/ZnSe buffer layer to initiate growth.

Transmission electron microscopy �TEM� techniques
provide structural information of most crystalline semicon-
ductor materials.7–9 Nevertheless, while huge numbers of ar-
ticles can be found in the literature about the structural char-
acterization in III-V, III-N, and SiGe, fewer works on II-VI,
and particularly on epitaxial MgS, have been produced. Ad-
ditionally, no prior transmission electron microscopy images
have been reported in the literature for epitaxial metastable
�-MgS. In this work, we report the structural analysis and
the first high resolution TEM �HRTEM� images of �-MgS.

Growth was performed in a Vacuum Generators V80H
MBE system. In a similar manner to all previous Heriot-Watt
MgS growths, deposition was made directly on a �100� GaAs
substrate after ex situ etching and subsequent oxide removal
in the MBE system, i.e., without the use of a GaAs buffer
layer. Further growth details of the MgS growth can be
found in Ref. 10. The analyzed heterostructure contains
two �-MgS layers and was grown with the nominal
structure ZnSe�5 nm� /MgS�134 nm� /ZnSe�10 nm� /
MgS�25 nm� /ZnSe�5 nm� /GaAs�001�. Thicknesses quoted
are from growth rates obtained from calibration samples.

Cross section TEM specimens were prepared by me-
chanical grinding and dimpling down to 20 �m, followed by
ion milling to get electron transparency. In order to minimize
the damage in the heterostructure, the specimen was milled
successively decreasing the voltage from 6 to 1 kV. The
specimen preparation is explained in more detail in Ref. 11.
Conventional TEM, HRTEM, and selected area electron dif-
fraction �SAED� were carried out on a Jeol 2011 and Jeol
2010 FEG transmission electron microscopes operating both
of them at 200 kV. Observations were performed along the
�110� GaAs for atomic characterization of the interfaces in

the heterostructure.
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Figure 1 shows a typical dark field 002 TEM image of
the heterostructure. The MgS layers appear as bright regions
between dark layers of ZnSe. An estimated thickness of
125 nm for the MgS thick layer can be obtained from this
image. Stacking faults embedded in the metastable �-MgS
thick layer are visible in the micrograph. These defects lie on
the �111	 planes, with an angle of 54.73° with respect to the
�001� interface plane. HRTEM was performed on MgS lay-
ers, with the orientation of the specimen along the �110� zone
axis. The images were recorded around the Scherzer defocus.
Figure 2 shows a HRTEM image of the MgS; the typical
ABC stacking sequence for zinc-blende materials is present
in the layer as can be observed in the micrograph. Addition-
ally, HRTEM simulations were carried out along the �110�
zone axis for defoci from 10 to 100 nm �underfocus� and
thicknesses from 1 to 20 nm for both the rocksalt and zinc-
blende MgS structures. Calculated images for thickness
among 1 and 10 nm at Scherzer defocus are gathered in Fig.
3�a� for rocksalt and Fig. 3�b� for zinc-blende crystalline
structures. These two different cubic structures posses a clear
different appearance for the MgS. The rocksalt MgS presents
a streaky pattern that was not observed experimentally in the
analyzed heterostructure. SAED patterns recorded in areas
containing only the MgS layer showed no extra spots; there-
fore if rocksalt phase or misorientated interfacial grains were
embedded in the MgS layer, their size and/or quantity are not
detectable using this technique. The analysis by HRTEM let

FIG. 1. Dark field cross-section TEM images recorded under two beam
conditions for g=002 showing the different layers in the heterostructure.

FIG. 2. HRTEM micrograph of MgS layer recorded around Scherzer defo-

cus along the �110� zone axis.
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us to conclude that the MgS is grown with metastable zinc-
blende structure in this system.

Further HRTEM images were taken and analyzed in the
different interfaces, as shown in Fig. 4. The HRTEM micro-
graph of Fig. 4�a� reveals a relatively rough interface of the
first ZnSe epilayer with the GaAs substrate. This roughness
could be explained by the surface preparation previously to
the epitaxial growth and lead to the formation of a high
density of stacking faults. The stacking faults have been ob-
served in the whole heterostructure. This kind of defects lies
in the four different �111	 planes constituting pyramidal pla-
nar defects, being confirmed by planar view TEM analysis
�not shown in this letter�.

A detailed analysis has been carried out of the
ZnSe/MgS multilayer grown on the GaAs�001� before the
thick �-MgS layer. TEM and HRTEM images showed a
higher concentration of stacking faults in the MgS than in the
ZnSe layer. The tensile interface MgS/ZnSe influences the
generation of stacking faults and associated partial disloca-
tions in the MgS,12 increasing the defect concentration in the
MgS layer with respect to the ZnSe. The MgS critical thick-
ness was calculated using the geometrical theory proposed

FIG. 3. Simulated HRTEM images in the thickness range of 1–10 nm at
Scherzer defocus �a� rocksalt and �b� zinc-blende MgS.

FIG. 4. �110� HRTEM micrographs of the different interfaces in the
ZnSe/MgS multilayer �a� ZnSe/MgS, �b� MgS/ZnSe, and �c�

ZnSe/GaAs�001�.
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by Dunstan et al.,13 and we found hc=22 nm. This value is
clearly below the estimated experimental one in the meta-
stable thick �-MgS epilayer, �125 nm, which is most likely
completely relaxed.14

Summing up, direct experimental evidence of a meta-
stable �-MgS epilayer has been reported. HRTEM images
and SAED experiments have demonstrated single-phase
zinc-blende MgS without the rocksalt phase. Therefore,
metastable �-MgS thick layers can be achieved by means of
the MBE growth procedure using Mg and ZnS sources.
Stacking faults embedded in the MgS epilayers have also
been observed.

This work was supported by the SANDiE Network of
Excellence �Contract No. NMP4-CT-2004-500101� and the
Junta de Andalucía �PAI research group TEP-0120�. TEM
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