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Presented in this work are the results concerning forma-
tion of nano-scale patterns on the surface of a ternary
compound Hg; (Cd,Te (x ~ 0.223). Modification of this
ternary chalcogenide semiconductor compound was per-
formed using the method of oblique-incidence ion bom-
bardment with silver ions, which was followed by low-
temperature treatment. The energy and dose of implanted

1 Introduction A wide spectrum of topological fea-
tures of a semiconductor surface can be developed by ion
bombardment [1]. For example, the implantation of ions of
magnetic (or nonmagnetic) metals makes it possible to
synthesize nanostructured layers exhibiting both diamag-
netic and superparamagnetic, or even ferromagnetic prop-
erties in a thin subsurface layer of an irradiated matrix [2].
The formation of composite structures of the “nanocrystal-
line inclusion-matrix” type is a topical problem of this
technology [3].

It is known that low-energy-ion bombardment (tens
and hundreds of keV) of semiconductors can leads to a re-
markable variety of self-assembled nano-scale patterns
whose electronic and optical properties are different from
those of bulk materials and might find technological appli-
cation. The first type of the discovered structures was the
periodic height modulations (“‘ripples’’). According to the
Bradley-Harper theory [4], ripples are a result of a surface
instability caused by the curvature dependence of the sput-
ter yield. It should be noted that now implantation provides
a fast and reproducible means of producing a nano-scale
pattern on a semiconductor surface subjected both to nor-
mal- and to oblique-incidence ion bombardment in a single
process step [5-7].
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ions were 140 keV and 4.8x10" cm™, respectively.
Atomic force microscopy methods were used for the sur-
face topography characterization. The structural proper-
ties of MCT-based structure was analyzed using double
and triple crystal X-ray diffraction to monitor the disor-
der and strain of the implanted region as a function of
processing conditions.
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In the previous work [8] it was found that, as a result of
the normal-incidence ion implantation with energy ~100
keV and subsequent annealing, a remarkable variety of
nano-scale patterns depending on the type of the implant-
able ion (B or Ag") is developed on the surface of the p-
HgCd,Te/CdZnTe (x ~ 0.223). Presented in this work
are the results concerning formation of nano-scale pattern
on the surface of a ternary chalcogenide semiconductor
compound performed using the method of oblique-
incidence ion bombardment.

2 Experiment We have carried out a study of mer-
cury cadmium telluride (MCT) thin films subjected to the
oblique-incidence (45°) ion bombardment with silver ions,
which was followed by low-temperature treatment. The
energy and dose of implanted ions were 140 keV and
4.8x10" cm™, respectively. P-type conduction semicon-
ducting Cd,Hg,- Te (x ~ 0.223) epilayers were grown on
[111]-oriented semi-insulating Cd,yZn,Te (y =0.04) sub-
strates from a Te-rich solution at 450 °C by liquid-phase
epitaxy. The samples were irradiated by Ag+ ions on the
side of the MCT layer on a Vezuvii-5 implanter. Parame-
ters of the MCT region subjected to the ion-induced disor-
dering are presented in Table 1. After the implantation, the
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samples were held in the chamber at excess argon pressure
4 bars at a temperature of 75 °C for 5 h. The temperature
conditions and the technique of heat treatment of the sam-
ples allowed us to avoid the oxidation of the distorted layer
and to activate ionic migration in the layer [9].

All processed surfaces were examined using atomic
force microscopy with a NanoScope-Illa Digital Instru-
ments device. The structural characterization of the MCT
samples was performed by X-ray diffraction (XRD) using
a Panalytical Xpert-pro triple-axis X-ray diffractometer. X-
rays were generated from copper linear fine-focus X-ray
tube. The CuKy,; line with a wavelength of 0.15418 nm was
selected using a four-bounce (440) Ge monochromator.
The experimental schemes allowed two cross-sections of
reciprocal lattice sites to be obtained: normally (-
scanning) and in parallel (0/20-scanning) to the diffraction
vector. The structural properties of the MCT epilayers
were also investigated using X-ray high-resolution recipro-
cal space mapping (HR-RSM).

Table 1 Parameters of the MCT region subjected to the ion-
induced disordering (140 keV Ag").

Parameters 45° 0°
Projected range R, pm 0.04 0.045
Straggling AR, pm 0.0186 0.0228
Maximal mechanical stresses 6, Pa  1.284x10°  1.903x10°
Maximum doping Ciyay, m™ 338x10%  5.25%10%
Vacancy concentration C,, N/A ion 4.68 4.67
coefficient of crystal lattice 1.25%1073? 1.25%10732

contraction g, m’®

3 Results It was found that the ion irradiation of
samples investigated gives rise to the formation of a re-
markable variety of nano-scale patterns.

3.1 Surface morphology The AFM image of a sur-
face of a typical MCT sample after implantation is shown
in Fig. 1 that demonstrates the formation of an array of na-
nometer-size objects. AFM characterization has revealed
that initial surface demonstrates a grid of quasipores with
average diameter ~ 100 nm and the presence of closely
packed grains ranging from 40 to 80 nm in dimensions.

The roughness parameter for a 1x1-um’® surface frag-
ment was around 3.34 nm. The implantation with silver
ions at the oblique-incidence geometry gives rise to emer-
gence of a uniform array of nano-islands 5 to 10 nm in
height and with a base diameter of 50 to 80 nm (see Fig.
la). At the same time, AFM image of MCT sample after
two normal-incidence ion bombardments with energy 140
keV shows a coarsening of grains to 100 nm in a base di-
ameter and smearing of the initial grain boundaries (see

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

nm Section Analysis

()

firr Section Analysis

= (b)

Figure 1 AFM image and surface profile of MCT sample: (a)
oblique-incidence ion bombardment with energy 140 keV,
a=45° (b) after two normal-incidence ion bombardments with
energy 140 keV; (c) virgin surface.

WWW.pss-c.com



Phys. Status Solidi C 12, No. 8 (2015)

Contributed
Article

1177

Fig. 1b). It should be noted that the relief became more de-
veloped after application of the oblique-incidence geome-
try (the root-mean-square roughness is about 3.11 nm) in
comparison with the normal-incidence geometry where
RMS parameter was about 2.17 nm. RMS parameter for
the virgin surface was about 1.676 nm.

3.2 X-ray diffraction X-ray rocking curves (RC) for
MCT-based structures before and after implantation were
obtained from the symmetrical ®/20-scanning. As seen in
Fig. 2, the initial RC has symmetric form whereas the RCs
for silver implanted samples have asymmetric form and are
characterized by substantial shoulder both on the high and
on the low angle sides. XRD results in the coherent-
scattering region point out to the tensile strain of the silver
implanted MCT layers.

Figures 3(a-c) depict the distribution maps of the dif-
fuse scattering around site 111 in the reciprocal space for
the sample of the MCT before and after the silver-ion im-
plantation. The maps are a bonded set of scans perpendicu-
larly (q,) and parallel (q,) to the diffraction vector.

The observed distribution of the intensity along axis q,
indicates the existence in the initial material of some struc-
tural heterogeneity caused by the existence of the vacan-
cies (q, < 0) and interstitials (q, > 0) (Fig. 3a). And the mi-
crodefects system in the initial material is compensated
that is confirmed by the symmetric form of the initial RC
(see Fig. 2).

After implantation both at the oblique-incidence ge-
ometry, and especially at the normal-incidence geometry
the significant increase in the half-width of the w-scan (g
direction) in the central part of the map is observed (Fig.
3b,¢). It can mean the formation of misorientation-type de-
fects as a result of the ion bombardment [10]. Moreover,
the appearance of asymmetry in the g, direction (Fig. 3b, ¢)
points out to the initiation of the tensile deformation in the
samples investigated after implantation.

It should be also noted that an additional peak on the
low angle sides of RC (Fig. 2, blue curve) as well as pecu-
liarity at g, < 0 on the reciprocal space map of MCT-based
heterostructure (Fig. 3c) can mean the formation of the
new phase — the polycrystalline MCT with altered compo-
sition as it was observed in our previous investigation [8].

Thus, the study of the surface morphology as well as
the structural properties of MCT-based structures before
and after implantation indicates a nano-scale pattern for-
mation at the application of the oblique-incidence geome-
try (45°) of the ion bombardment while dual implantation
at the normal-incidence geometry results in the significant
surface damage.

4 Discussion There are great efforts to interpret the
microscopic dynamics of surface roughness and pattern
formation induced by ion bombardment. The widely ac-
cepted Bradley-Harper theory [4] explains patterns forma-
tion by the curvature dependence of the sputtering yield.
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Figure 2 Distribution of the diffuse scattering intensity from the
MCT-based heterostructure along the diffraction vector.

Figure 3 Reciprocal space maps of MCT-based heterostructure
obtained from the combined ® and (w-26)-scans using high-
resolution modules: before implantation (a), after implantation
with silver ions at the oblique-incidence geometry (b), after im-
plantation with silver ions at the normal-incidence geometry (c).
Inset: ion with a radius comparable to the radius of the matrix at-
oms penetrates into the crystal lattice.

It was also found the coupling between a surface layer of
altered stoichiometry and the topography of the surface ob-
tained as a result of the ion bombardment of the binary
compound in particular [11]. An alternative approach is
based on the Cueno-Norris theory of the stress relaxation
[12]. Obviously, for our experimental conditions a signifi-
cant erosion is not observed and we cannot apply the full
Bradley-Harper model for the explanation of the surface
morphology features. According to Sigmund theory [13],
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the sputtering yield for MCT is about 11 as well as effec-
tive sputtering depth is about 14 A.

At the same time, knowing that the deformation accu-
mulation is found to lead to the topological instability of
the irradiated surface [12] and being based on our investi-
gations we can assume that the deformation fields appear-
ing upon implantation of the studied heterostructure are a
significant factor of the observed transformation of its sur-
face. As we know, the deformation sign is dependent on
the ratio of ionic radii of the matrix atoms and introduced
impurity [14] (see inset Fig. 3). Implantation with ions of
small radius (such as B") stimulates the compression of the
damaged layer, whereas the implantation with ions of ra-
dius comparable with that of Hg (in our case, these are Ag”
ions) gives rise to tensile stress in the damaged layer, as
confirmed by the X-ray diffraction data obtained in this
work and in our previous work [8].

It was found a periodic height modulations or “ripples”
induced on the (111) MCT surface by 100 keV B" normal-
incidence ion implantation [8]. Whereas the ion implanta-
tion by Ag" resulted in a formation of nano-scale mounds
on the MCT surface both at the normal incidence, and at
the oblique-incidence geometry. In other words, nano-
relief induced by ion bombardment is differed for the com-
pressed and stretched surface layers.

Additional factor affecting the surface morphology is
the ion migration after implantation. Weak chemical bonds
in material under study define the high concentration of
electrically active intrinsic defects in accordance with the
defect reaction Hg;+ Vy, = Hgy, [14]. Note that the intrin-
sic defects, as well as ions, being introduced in MCT,
demonstrate high diffusion ability. Taking into account
that mercury is driven by the vacancy mechanism, whereas
silver, for which In Dy= f (E,), E.t= 0.6 €V is the activa-
tion energy [15], moves by the dissociative mechanism, the
migration of Hg; was found to be the dominating process in
MCT [16]. The extension regions formed upon silver im-
plantation into MCT shift the reaction to the left, and the
compression of deeper layers of the loosened epitaxial film
prevent the mercury diffusion into the target depth. Really,
in the deformed MCT target, the “healing” of vacancy de-
fects (V) is absent, which is confirmed by preservation of
initial porosity in MCT samples after implantation and the
following thermal treatment. At the same time, the post-
implantation treatment with redundant pressure prohibits
Hg; from moving toward the surface. The compression of
deeper layers may be the origin of drawing out silver ions
onto the surface. Thus, conditions for appearance and regu-
larities in development of surface relief on surface irradi-
ated with ions, in accord with [12], can be explained by the
processes related with ion-induced strains that arise due to
saturation of the surface by embedded silver atoms.

The observed effect of nano-structuring can be useful
from the viewpoint of developing a new class of electro-
optical facility based on MCT that possesses a necessary
combination of optical, electro-physical and photoelectric
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properties. It was found the presence of some features on
the impedance hodograph indicating an appearance of the
inductive type impedance.

5 Conclusions Presented in this work are the results
concerning of topological features of a semiconductor sur-
face developed by the ion implantation. Modification of
Hg, (Cd,Te-based structure was performed using the
method of oblique-incidence ion bombardment with silver
ions (140 keV), which was followed by low-temperature
treatment. It was found that a nano-scale pattern formation
at the application of the oblique-incidence geometry (45°)
of the ion bombardment occurs while dual implantation at
the normal-incidence geometry results in the significant
damage of the semiconductor surface. The deformation
fields appearing upon implantation of the studied het-
erostructure are a significant factor of the observed trans-
formation of its surface.
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