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Heterogeneous nucleation of planar defects in Mn-doped
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Abstract

A heterogeneous source for the nucleation of inclined planar defects within a Mn-doped ZnSe /GaAs epitaxial
layer grown by metalorganic vapour phase epitaxy is identified as MnSe particles at the ZnSe /GaAs interface (it is
possible that the particles contain up to 6% Zn). The MnSe particles have the rock-salt crystal structure and are
randomly distributed along the interface. The planar defects emanate from the rough interface between ZnSe and
the particles and nucleation is probably mediated by the 3.8% lattice misfit between ZnSe and MnSe.

1. Introduction

One of the most promising heterostructures
for optoelectronic applications in the blue region
of the spectrum is ZnSe/GaAs [1] as the ZnSe
semiconductor possesses a room-temperature di-
rect band-gap of 2.7 eV. The incorporation of
paramagnetic Mn?* ions to form (Zn,Mn)Se is
particularly interesting in view of the possibility
of forming magnetically tuneable quantum well
structures [2,3]. Zincblende ZnSe and
Zn,Mn,__ Se exhibit many interesting physical
properties which are being increasingly studied
[4,5].

Despite the low lattice misfit between ZnSe
and GaAs (0.25% at room temperature), inclined
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planar defects are commonly observed to thread
the ZnSe epilayer [6-9] and these defects can
degrade the optoelectronic properties of devices
[10]. Sources for the nucleation of dislocations
have been described in ZnSe /GaAs [11] but no
clear evidence has been presented to explain the
nucleation of microtwins in these heterostruc-
tures.

In this study the interfacial defect microstruc-
ture of Mn-doped ZnSe /(001)GaAs is examined
in detail and interfacial particulates responsible
for the introduction of microtwins are identified
as Zn Mn,_,Se (x <0.06) with the rock-salt
crystal structure.

2. Experimental procedure

A 1.6 um ZnSe epitaxial layer doped nomi-
nally with 1% Mn was grown on a GaAs(001)
substrate at 275°C by metalorganic vapour phase
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epitaxy (MOVPE) in a manner similar to that
previously described [12,13]. The substrate was
annealed at 600°C prior to growth. TEM foils
were prepared by sequential mechanical polishing
and Ar* ion milling. The defect microstructure
was examined by conventional transmission elec-
tron microscopy (TEM) and high resolution elec-
tron microscopy (HREM) using Philips CM30
and Jeol 4000EX Mark II transmission electron
microscopes, respectively. The HREM images
were compared with simulations obtained using
the EMS software [14] running on a Silicon
Graphics Workstation. Compositional variations
were characterised by energy dispersive X-ray
(EDX) spectroscopy using a VG HB501 scanning
transmission electron microscope with a probe
size of 1 nm. Spectra were acquired and analyzed
using the LINK Analytical AN10000 system. Se-
lected area electron diffraction (SAED) was used
to detect possible structural changes in the epi-
layer, while absolute crystal polarity and misori-
entation between epilayer and substrate were as-
certained using convergent beam electron diffrac-
tion (CBED) [15,16].

3. Results and discussion

The distribution of planar defects in the epi-
layer is shown in the cross-sectional TEM image
of Fig. 1. A large number of microtwins (~ 30
pwm~! at 100 nm from the interface) propagate
through the epilayer, although no threading dislo-
cations were observed (which is consistent with a
density of <10® cm~2). The density of planar
defects decreases with distance away from the
interface following interactions between defects
propagating along different (112) directions.

3.1. The nature of the interfacial phase

Planar defects are seen to emanate from sev-
eral distinctive features decorating the interface
and are not uniformly generated along its length,
as illustrated by the 002-bright- and dark-field
images shown in Figs. 2a and 2b, respectively.
These interfacial inclusions appear bright with
respect to ZnSe and GaAs in the dark-field im-

400 nm

Fig. 1. Bright-field cross-sectional TEM image showing the
distribution of inclined planar defects within the ZnSe:Mn
epilayer.

age. The (110> SAED patterns recorded from
the GaAs substrate, the interfacial phase and the
ZnSe epilayer are similar, but demonstrate that
the interfacial phase has a slightly smaller lattice
parameter than GaAs. Extra spots in the ZnSe
pattern were also present due to the twins in the
epilayer.

EDX spectra acquired using a 1 nm electron
probe from different regions and thicknesses of
the sample are shown in Fig. 3. Spectra obtained
from GaAs and ZnSe:Mn regions close to the
interfacial inclusions were used as a reference for
the compositional calculations, while spectra ac-
quired from regions distributed throughout the
specimen were used to elucidate the effect of
sample thickness on the spectra and to eliminate
possible artefacts from the ion milling prepara-
tion procedure. Spectra 1 to 3 were recorded
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across an interfacial particle as indicated in the
schematic diagram and correspond to a relatively
thick region of the specimen. Conversely, spec-
trum 5 was acquired from an interfacial particle
situated in a thin region of the specimen. Spec-
trum 4 is recorded from a region close to the
ZnSe:Mn /GaAs interface which does not exhibit
any discernible contrast due to interfacial phase
formation. Consideration of the spectra highlights
two important results. Firstly, no Mn is detected
in the epilayer away from the interfacial particu-
lates (to the limit of the EDX technique), and

100 nm

Fig. 2. (a) 002-bright-field and (b) 002-dark-field TEM images
illustrating the strong contrast associated with the interfacial
particles from which the planar defects emanate (arrowed).
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Fig. 3. A series of EDX spectra acquired (1-3) from a thick
region of the sample across an interfacial particle; (4) from a
region near the ZnSe:Mn/GaAs interface which exhibited no
interfacial phase contrast; and (5) from a thin region of the
specimen containing an interfacial particle. The labelled peaks
correspond to Ke radiation with each element indicated.

along the length of the generated planar defects
in particular; and secondly the Zn content in the
interfacial phase in the very thin region of the
TEM foil is negligible, demonstrating that Mn is
highly concentrated within this interfacial com-
pound. The simplest known stoichiometries for a
compound containing Mn and Se are MnSe and
MnSe, [17]. The quantity of detected Se in the
unknown phase suggests that it is probably MnSe.
The detection of a small amount of Zn in the
particulates is probably due to beam broadening,
scattering effects or background scintillation, for
example, although the possibility of low Zn con-
tent Zn Mn,_ Se formation cannot be disre-
garded. Similarly, the very small quantities of Ga
and As detected in the interfacial phase are prob-
ably due to artefacts of the EDX procedure.
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Fig. 4. HREM image recorded along [110] showing an interfa-
cial particle. Stacking fault A emanates from the ZnSe /par-
ticle boundary. Stacking fault B is contained within the inter-
facial particle.

Fig. 4 shows a (110) HREM image of an
interfacial particle and these ranged in size be-
tween 4 and 16 nm along the {(001) growth direc-
tion. Measurement of image spacings suggested a
lattice parameter for the unknown compound of
0.548 + 0.004 nm, assuming a cubic structure, as
compared with 0.56532 and 0.56676 nm for GaAs
and ZnSe, respectively, and a smaller value is
consistent with the earlier indications of SAED.
Some dislocations were present at the interface
between the interfacial compound and the GaAs.

Absolute sample polarity was determined in
situ using CBED and confirmed no polarity
change across the epilayer /substrate interface as
expected. However, these measurements also in-

dicated a small misorientation between the epi-
layer and substrate around the [001] and [110]
directions of magnitude < 1 mrad in both cases.
This misorientation is attributed to the non-uni-
form distribution of interfacial particles and the
associated planar defects threading the epilayer.
The combined SAED, HREM and EDX data
demonstrate that the interfacial phase is MnSe
(or low Zn content Zn Mn, _,Se) and is cubic in
structure. There are two known cubic phases of
MnSe [17,18], i.e. a-MnSe and B-MnSe, and the
relevant crystal structure data [17-20] is sum-
marised in Table 1. X-ray [21] and electron [22]
diffraction studies indicate that a-MnSe films
have the rock-salt crystal structure, and epitaxial
MnSe grown by pulsed-laser deposition is known
to adopt this structure [5]. Conversely, the epitax-
ial growth of sphalerite MnSe has been demon-
strated by molecular beam epitaxy [23]. The MnSe
phase identified in this MOVPE grown sample is
not of the sphalerite structure for three reasons.
Firstly, sphalerite 8-MnSe has a larger lattice
parameter than ZnSe or GaAs, while the mea-
sured value for the interfacial particle is smaller;
secondly, the calculated intensity of the 002 re-
flection from B-MnSe using dynamical diffraction
theory is similar or only slightly larger than that
of ZnSe or GaAs, while experimentally it is clearly
larger since the particles appear bright in the 002
dark-field image; and thirdly, simulations based
on the sphalerite structure do not compare with
the HREM images of the interfacial phase. On
the other hand, the formation of rock-salt @-MnSe
is consistent with all these observations. Its lattice
parameter (0.54626 nm) agrees favourably with
that measured by HREM (0.548 + 0.004 nm). The
calculated intensity of the 002 reflection is much
larger for this structure than that for ZnSe or
GaAs, and Bloch wave calculations to emphasise
this are shown in Fig. 5, and this explains why the
particulates appear bright in the 002 dark-field

Table 1

Crystal structure data for cubic MnSe

Phase Space group Structure prototype a {(nm)

a-MnSe Fm3m NaCl (rock salt) 0.54626 + 0.00005 [19]

B-MnSe F43m

ZnS (sphalerite)

0.58935 + 0.00075 [20}
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images. Also, the HREM images recorded from
the interfacial phase are consistent with rock-salt
a-MnSe. Fig. 6 compares two images recorded at
different defocii with simulations obtained using
the multislice algorithm. Simulations for rock-salt
Zn Mn,_ Se (x =0 to 1) demonstrated it is not
possible to distinguish between Zn,Mn,_, Se or
a-MnSe as the interfacial phase. Taking the lat-
tice parameter of rock-salt ZnSe as 0.508 nm [24]
and assuming Vegard’s law, then the measured
HREM lattice parameter could possibly indicate
a Zn content of < 6%. However, since the parti-
cles are strained, and there are thin foil surface
relaxation effects, it is suggested that the proba-
ble composition of the particles is MnSe. It is
noted that a transition from sphalerite ZnSe to
rock-salt ZnSe at room temperature would re-
quire high pressure (> 100 kbar) [24-26]. To
summarise, the interfacial compound is deter-
mined to be Zn,Mn,_,Se (x <0.06) with the
rock-salt crystal structure, and probably MnSe.

3.2. Heterogeneous nucleation of planar defects

HREM images recorded for [110] demonstrate
that stacking disorders contained within the inter-
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Fig. 5. Calculated intensities of the 002 reflection against
specimen thickness using the Bloch wave formalism for a-
MnSe, GaAs and ZnSe.
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Fig. 6. Experimental and simulated HREM images of the
contrast exhibited by the interfacial particles, The simulated
image is of rock-salt a-MnSe. Defocus (underfocus) of the
upper part is 30+2 nm, and of the lower part is 6242 nm.
Specimen thickness is 741 nm.

facial phase have partial dislocations located at
the a-MnSe/GaAs and ZnSe/a-MnSe inter-
faces. However, planar defects nucleated at the
ZnSe /a-MnSe boundary are seen to propagate
through the ZnSe epilayer (as illustrated by Fig.
4). The rough nature of the ZnSe/a-MnSe
boundary suggests that planar defects are nucle-
ated at boundary steps and mediated by the strain
arising from the 3.8% lattice misfit between ZnSe
and a-MnSe. Hence, this interface is identified as
the nucleation site for the inclined planar defects
threading the ZnSe epilayer.

4. Conclusion
An epitaxial layer of ZnSe doped with 1% Mn

grown by MOVPE on GaAs(001) has been stud-
ied. The Mn was found to segregate to the
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ZnSe /GaAs interface and form particles identi-
fied as MnSe having the rock-salt crystal struc-
ture. These particles may contain up to 6% Zn,
i.e. be Zn Mn, _ Se, with x <0.06, and are ran-
domly distributed along the interface. The
boundary between ZnSe and the particles is
shown to be the source of inclined planar defects
threading through the ZnSe epilayer.
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