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A TEM investigation of MOVPE grown Zn3As, revealed the presence of a thin epitaxial
Zn3P, intermediate layer between the InP substrate and the Znz;As, overgrowth. A model of
the orientation relationships between Zn3zAs;, Zn3P, and InP is presented. The origin of the
Zn3P, layer was ascribed to the diffusion of Zn atoms into the InP substrate, aided
simultaneously by P diffusion from the substrate. A simulation of the Zn3;As, lattice image
is presented for the first time, together with a high resolution transmission electron
microscopy (HRTEM) image of the Zn3As,/Zn3P; interface.
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1. Introduction

Zn3As, belongs to the II3-V; group of semiconduc-
tors which has not been as widely investigated as
the III-V and II-VI semiconducting materials. ZnzAs,
forms one binary end-point of the ternary semiconduc-
tors Zn,Cds_, As, [1]. These compounds are character-
ized by an energy gap tunable from —0.19eV t0 0.99 eV
as x is varied from O to 3. This makes Zn,Cd;_,As;
attractive for long wavelength photonic devices and an
alternative to Cd,Hg;_,Te as an infrared detecting ma-
terial since the difference between the energy gaps of
the binary end-points of Cd,Hg;_,Te is significantly
larger than is the case for Zn,Cds_,As;. Therefore,
a small variation in composition as a result of crys-
tal growth will have a much smaller effect on the cut-
off wavelength in the case of Zn,Cd;_,As; than for
CdyHg;_,Te. One of the biggest problems associated
with Zn,Cd3_,As; is that undoped Zn3As; was, until
the present, always found to be p-type, with hole con-
centrations in the order of mid 10'7-10'® cm~3. Mate-
rial with lower hole concentrations, obtained by doping
with Se [2], necessarily lead to compensated material.
Recently, however, undoped Zn3z As, crystals with hole
concentrations as low as 3.3 x 10'® cm™ were pre-
pared by making use of (metalorganic vapour phase
epitaxy) MOVPE [3].

The I13-V, materials all have extremely complicated
crystal structures and large unit cells. Zn3As; crys-
tallises in a body-centred tetragonal structure consist-
ing of 16 defect fluorite (CaF;) cells with 64 close
packed As and 96 Zn atoms distributed among 128
tetrahedral voids in the unit cell [4, 5]. This large unit
cell (see Fig. 1) contains 512 valence electrons [6].
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The commonality of the anion sublattice makes the
13-V, materials more compatible for growth on III-V
substrates such as GaAs and InP than is the case for
II-VI materials [7]. The lattice parameters of Zn3As,
are a=b=1.17786 nm and ¢ =2.36432 nm (result-
ing in c/a ratio of 2.007) and reveals an excellent lat-
tice match to InP since a =b =1.00355 x 2ap,p and
¢=1.0072 x 4amp [8].

It was shown in a previous report [9] that (001)
Zn3As, grows parallel to (001) InP, for growth on (001)
oriented InP, while (112) Zn3 As; grows parallelto (111)
InP, for growth on (111) oriented InP by MOVPE.
Cross-sectional scanning electron microscope micro-
graphs showed the interfaces between the epilayers and
the substrate clearly, and it appeared that Zn3 As, grew
epitaxially on InP. Recent transmission electron micro-
scope (TEM) analysis of these interfaces, however, re-
vealed the presence of an intermediate layer between
the epitaxial Zn3As, layer and the InP substrate. The
aim of this present study is therefore to identify the na-
ture and origin of this intermediate layer. The Zn3As,
unit cell is also modeled and a HRTEM image thereof
is simulated using the EMS 3.3 software [10].

2. Experimental

Single crystalline Zn3As; epitaxial layers were grown
by MOVPE in a horizontal Thomas Swan reactor un-
der atmospheric pressure. DEZn and AsHj3 (10 vol%
diluted in H;) were used as the group II and V precur-
sors, respectively. The growth temperature was 450 °C
for all layers involved while ultraviolet light was used
to precrack the arsine at the reactor entrance. A Zn
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Figure 1 The unit cell of Zn3zAs; as viewed along the [110] direction.
Shaded spheres denote As atoms while Zn atoms are denoted by white
spheres.

mole fraction of 7.4 x 107 was employed while the
As mole fraction was kept constant, resulting in a V/II
ratio of 44 for all layers involved in the study. Palladium
diffused hydrogen was used as a carrier gas at a flow
rate of 2 1/min. Layers were grown on semi-insulating
(Fe doped) oriented 2° off the (001) plane InP and Ge
doped (111) oriented InP. The layers under investiga-
tion had thicknesses of approximately 1.5 um. TEM
specimens were prepared by using standard thinning
and milling techniques.

A Philips XL30 scanning electron microscope
and Philips EM420 transmission electron microscope
(TEM), the latter equipped with a LaB¢ filament, were
used to examine the Zn3 As, epilayers. The TEM is also
equipped with an EDAX energy dispersive X-ray spec-
trometer with a super ultra thin window detector, that
was used to determine the composition of the epitaxially
grown material. High resolution TEM was performed
on a 200 kV Philips CM 200 FEG (super twin).

3. Results

Fig. 2 is a cross-sectional scanning electron microscope
(SEM) micrograph of aZn3 As; epilayer grown on (001)
oriented InP. It can be clearly seen that the surface ex-
hibits preferred crystallographic features which termi-
nate on {224} planes. These {224} planes make an angle
of 54.7° with the (001) substrate. The prominence of the
{224} planes, rather than other planes, indicates that the
former most probably have a higher surface energy. The
(224) plane of Zn3 As; is the most densely packed plane
and, therefore, dislocation glide is expected to occur on
the {224} planes.
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Figure 2 Cross-sectional SEM image of a Zn3As; epilayer grown on
(001) InP.

Fig. 3a shows a TEM micrograph of the interfacial
area of a Zn3As, epilayer grown on (001) oriented InP.
Anintermediate layer, sandwiched between the Zn3 As;
and the InP substrate can be seen clearly. Energy disper-
sive X-ray spectrometry (EDS) was used to determine
the composition of each individual layer visible in the
micrograph and the results are plotted in Fig. 3b. The
atomic concentrations of all the elements, except the Cu
(which arises from the grid that supports the sample),
present in the EDS spectra are also shown in Fig. 3b.

The intermediate layer is also detected when growth
of Zn3As; is performed on (111) oriented InP. Results
of EDS analysis for a Zn3As, epilayer grown on this
substrate orientation are presented in Table I. It can
be seen that the concentration of each element in the
various layers is approximately the same for growth on
both substrate orientations.

It can be seen that the Zn:As atomic concentration
in the epilayer is approximately 3:2, which is consis-
tent with the earlier identification of this layer by X-ray
diffraction [8] as Zn3As,. The In:P concentration ratio
in the substrate was found to be 1 : 0.75, indicating that
out-diffusion of P had taken place during the growth
process. The InP substrate has therefore provided the
phosphorus for the formation of the intermediate layer.
The electron probe diameter used for the EDS analysis
was of the same magnitude as the thickness of the inter-
mediate layer and therefore the EDS spectrum of this
layer also contains contributions from the Zn3As; epi-
layer and the InP substrate. Substracting the estimated
contributions from the EDS spectra of P belonging to
the substrate and Zn belonging to the epilayer yielded a
Zn:P ratio of approximately 3:2. This is consistent with
the identification of the intermediate layer as the group
II5-V, semiconductor Zn3P5.

TABLE 1 Results of EDS analysis for a Zn3zAs; epilayer grown on
(111) InP

Zn3As; epitaxial layer Intermediate layer InP substrate

Element Atomic % Element Atomic % Element Atomic %
In 0 In 13 In 57
P 0 P 38 P 43
Zn 62 Zn 47 Zn 0
As 38 As 2 As 0
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Figure 3 (a) Cross-sectional TEM image of a Zn3As; epilayer grown on (001) InP and (b) Energy dispersive X-ray spectra for the InP substrate, the

intermediate layer, and the Zn3 As; epilayer.

Figure 4 The unit cell of Zn3zP, as viewed along the [100] direction.
Shaded spheres denote P atoms while Zn atoms are denoted by white
spheres.

Zn3P; crystallizes in a primitive tetragonal structure,
with a unit cell consisting of 16 P atoms and 24 Zn
atoms [11]. A schematic illustration of its unit cell,
viewed along the [100] direction, is shown in Fig. 4.
The Zn atoms are located on four equally spaced planes
perpendicular to the c-axis, while the P atoms lie on par-
allel planes midway between two Zn planes. Each Zn
atom is tetrahedrally coordinated with P atoms as their
nearest neighbours, while a P atom is surrounded by Zn
atoms located at six of the eight corners of a cube, the
two vacant sites being at diagonally opposite corners
of a cubic face [11]. The space group of Zn3P, be-

longs to P4/nmc [12]. The lattice parameters of Zn;P,
are a=b=0.8113 nm, ¢=1.147 nm, with c/a =
1.41 [6].

Fig. 5a shows the selected area diffraction (SAD)
patterns of the InP substrate and the Zn3As, layer of
the sample of which the TEM micrograph is shown in
Fig. 3a. The beam direction is [110]. The patterns are
characteristic of materials with the crystal structures of
InP and Zn3 As;. The pattern that is observed for Zn3 As,
is identical to that obtained by Chelluri et al. [1] for a
Zn3As, sample grown on InP by MBE, viewed along
the same direction. As is expected, identical results are
also obtained when Zn3As; is grown on (111) InP. The
SAD pattern of the Zn3As; epilayer was indexed by
making use of the InP SAD pattern to calibrate the
camera constant. The indices of some reflections are
shown in Fig. 5a. Analysis of the matrix and epilayer
spots revealed the following orientation relationships
between the substrate and epilayer:

(00)InP || (001)Zn3As, and [110]InP || [110]Zn3As,.

The former relationship is consistent with the findings
of X-ray diffraction [9].

Micro-diffraction that was performed on the same
sample (shown in Fig. 5b) gives rise to almost identical
patterns as the beam was moved from the InP substrate
to the intermediate layer. It can be seen from the figure
that all the major reflections overlap. Similar results are
obtained for growth on (111) oriented InP. This is a sur-
prising result since the crystal structure and the lattice
parameters of Zn3;P, and InP are different. However,
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Figure 5 (a) SAD patterns of Zn3As; and InP for growth on (001) oriented InP. (b) Micro-diffraction patterns of the Zn3As; epilayer, the Zn3P;
intermediate layer and the substrate for the same layer. The beam directions are [110] for Zn3As, and InP, while it is [100] for the Zn3P; intermediate

layer.

when Zn3P, and InP are viewed along the respective
[100] and [110] directions almost identical diffraction
patterns are generated. Table II lists the interplanar dis-
tances for some of the planes of which the reflections
in Fig. 5b overlap. The micro-diffraction patterns thus
indicate that Zn3;P, and InP have the following orien-
tation relationship:

(001)InP || (001)Zn3P; and [110]InP || [010]Zn3P;.

Using the orientation relationships deduced by SAD
and microdiffraction, a schematic representation of the
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growth of Zn3P, on (001) oriented InP, with the sub-
sequent overgrowth of Zn3As; on Zn3P;, is shown in
Fig. 6. The shaded areas denote the planes that will
be parallel to the surface of substrate, when Zn3As; is
grown on (111) oriented InP.

An explanation for the formation of the Zn3;P,
layer may be found in a paper published by
Hwang et al. [13] in which it is described how
InP/Ing 5s3Gag 47As superlattices can be converted into
Zn3Pp/In;_Ga,As and Zn3P,/Zn3;As, superlattices
by making use of Zn diffusion. The authors sub-
jected unstrained InP/Ings53Gag47As superlattices to



TABLE II Interplanar distances for Zn3P, and InP overlapping
reflections

InP <4+—> Zn3Py
(hkl) d (nm) (hkl) d (nm)
002 0.294 004 0.285
111 0.339 022 0.329
220 0.208 040 0.201
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Figure 6 Schematic illustration of the orientation relationships of
Zn3As; grown on (001) oriented InP. The shaded areas denote the {224},
{202} and {111} planes of Zn3zAs;, Zn3zP> and InP, respectively. These
planes will be parallel to the surface when growth is performed on (111)
oriented InP.

Zn diffusion in evacuated sealed quartz tubes with a
Zn3As; powder source at 600 °C. The authors found
that continued infusion of Zn resulted in the total re-
placement of In and Ga with Zn, progressively from
the surface, and selectively from the P layers first, then
from the As layers. The authors surmised that the In
and Ga atoms that were replaced by Zn atoms even-

tually escaped from the surface. They further reported
that no diffusion of P and As was observed.

From the results of Hwang et al. [13] it is clear that
Zn has a lower binding energy with P than it has with
As, and it is likely that a similar phenomenon to that
which has been described by Hwang et al. has occurred
with the MOVPE grown Zn3As; epilayers in this study.
At the instant that Zn is injected into the reactor, Zn
diffusion into InP appears to be occurring, in spite of
the fact that the growth temperature of 450 °C is much
lower than was the case in the experiment of Hwang
et al. Tt is likely that In atoms are therefore replaced
by Zn atoms, from the surface, at first, but then pro-
gressively deeper into the InP substrate material. It is
believed that the In atoms that are replaced by the Zn
atoms escape from the substrate surface, as was de-
scribed by Hwang et al. [13]. It is likely that the forma-
tion of Zn3P; is further enhanced by the simultaneous
out-diffusion of phosphorous from the InP substrate.
This process will, however, compete with As to form
Zn3As;. It is suggested that after the Zn3P, intermedi-
ate layer has reached a certain thickness, it will be more
favorable for Zn3As; to form than Zn3P,, and from
this point onwards the growth of Zn3As; on Zn3P, will
dominate.

It would be difficult to stop the intermediate layer
from forming, since the diffusion of the Zn atoms is
likely to be thermally driven. This would explain why
no Zn3P, layer appeared in the MBE grown Zn3As; by
Chelluri et al. [1] since their growth temperature was
360 °C, which is significantly lower than the growth
temperature that was used in this study for the MOVPE
grown epilayers. This would suggest that the growth
temperature for the MOVPE grown layers should be
lowered to prevent the formation of the intermediate
layer. However, growth of Zn3As; by MOVPE us-
ing lower temperatures leads to polycrystalline epilay-
ers [9].

Fig. 7 shows a high resolution TEM micrograph
of the interface region between the Zn3As; epilayer
and the intermediate layer grown at 450 °C on (001)
InP. The electron beam direction is [110] and [100] with
respect to Zn3As, epilayer and the Zn3P, intermediate
layer, respectively.

It can be shown that the {224} plane of Zn3As, and
the {202} plane of Zn3P, make an angle of 54.8° and
54.7° with their {001} planes, respectively, while the an-
gle between the {111} and {001} planes of InP is 54.7°.
As expected, the TEM lattice image shows the {224}
Zn3As; and {202} Zn3P, planes making an angle of ap-
proximately 55° with the (001) interface. The interface
between the Zn3As, and the Zn3P; intermediate layer
is indicated on the micrograph. Due to the small differ-
ence in interplanar spacing between the {202} planes of
7Zn3P, (dprr =3.29 A) and the {224} planes of Zn3As;
(di224y=3.40 A), the {202} planes of Zn3P, appear to
be continuous across the interface, where they become
the {224} planes in Zn3As;.

It is expected that the lattice images of the Zn3As;
and Zn3P, will be nearly identical, since their SAD
patterns are nearly identical for the respective beam
directions along which the two materials are viewed.
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Figure 7 Cross-sectional HR TEM micrographs showing the interface
between the Zn3As; epilayer and the intermediate layer for growth at
450°C on (001) oriented InP. The electron beam direction is [110] with
respect to the ZnzAs, and [100] with respect to Zn3P,. The inset is a
simulated HRTEM lattice image of Zn3As,.

The fact that the Zn3P, lattice image differ from the
Zn3As; lattice image in the micrograph shown in Fig. 7,
is ascribed to bending of the thin Zn3P, foil under the
electron beam, causing the beam direction in the Zn3;P,
to be slightly off the [100] direction. The TEM lattice
image also is consistent with the orientation relation-
ship between Zn3As, and Zn3P, that was deduced from
micro-diffraction. The inset in Fig. 7 is a simulated lat-
tice image of the Zn3As; epilayer, generated by using
the EMS 3.3 [10] software package. A close agreement
exists between the simulated and experimental images
of ZnzAs,.

4. Conclusions

TEM investigations of the MOVPE grown Zn3As; re-
vealed the presence of a thin intermediate layer that
grew epitaxially between the InP and the Zn3As; over-
growth. The layer was identified to be Zn3P, by making
use of EDS analysis. Micro-diffraction revealed the fol-
lowing orientation relationship between InP and Zn3P;:
(00)InP || (001)Zn3P;, and [110] InP || [010]Zn3P,. For
this orientation the lattice mismatch between Zn;P, and
InP is minimized. The Zn3P, layer is orientated w.r.t.
the Zn3As; epitaxial layer in exactly the same way, so
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that (001) and [110] Zn3As, grows parallel to (001)
and [110] InP, respectively, as was indicated by SAD.
The origin of the Zn3P, layer was ascribed due to the
diffusion of Zn atoms into the InP substrate, and the
subsequent bonding of Zn with P. It is believed that
P diffusion from the InP substrate contributes to the
formation of Zn3P,. It is suggested that interstitial In
atoms escape from the substrate surface. High reso-
lution transmission electron microscopy revealed that
{224} planes of Zn3As; appear to be continuous across
the interface, where they become the {022} planes in
Zn3P; for growth on (001) oriented InP. This confirms
the orientation relationships that were inferred from mi-
crodiffraction. Excellent agreement was found between
simulated HRTEM images and those that were obtained
experimentally.
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