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The “top–down” process of deposition of nanostructured layers on the surface of semi-
conductor materials by the ion implantation is studied. The irradiation of 𝑝-Cd𝑥Hg1−𝑥Te
(𝑥 = 0.223)/CdZnTe heterostructures with 100-keV silver ions induces the formation of a
nanostructure array on the specimen surface. The reduction of the ion beam incidence angle
to 40∘ stimulates an ordering of nanostructures. The stabilization of the implantation-activated
state of the system gives rise to the formation of the multifunctional metal oxide–semiconductor
system Ag2O–𝑝-Cd𝑥Hg1−𝑥Te (𝑥 = 0.2). The latter is a size-dependent response to the graz-
ing beam irradiation and allows the combination of the functional properties of Ag2O oxide
(𝐸𝑔 = 1.41 eV) and CdHgTe semiconductor (𝐸𝑔 = 0.123 eV) to be used as a basis for the
creation of optical transducers and microwave grid arrays.
K e yw o r d s: nanostructured layer, CdHgTe semiconductor, method of ion implantation.

1. Introduction

With diminishing the layout rules for integrated elec-
tronic devices, the cost of the lithographic equipment
tends to an exponential growth, and lithography it-
self, although remaining an important technological
stage at the creation of modern micro- and nanoelec-
tronic devices, approaches the exhaustion of its po-
tential. At the same time, the treatment of a semicon-
ductor using concentrated fluxes of energy or particles
is capable of forming a spectrum of useful topologi-
cal features on its surface, such as a wavy nanore-
lief, terraces, hierarchical arrays of nanoobjects, and
so forth. In particular, the powerful potential of the
ionic bombardment allows regular structures about
tens of nanometers in dimensions to be obtained with
an accuracy comparable with the modern state of
lithography [1–4].

For the first time, the formation of a wavy relief
(“ripples”) on the surface of a condensed medium was
detected in work [5], when treating a glass surface
with the help of a wide beam of nitrogen ions from an
atmospheric discharge. Considerable efforts were ap-
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plied to study and interpret the microscopic dynam-
ics of the process of structurization of the surfaces of
metals, insulators, and semiconductors under the in-
fluence of the ionic bombardment [6, 7]. According to
Bradley–Harper theoretical model [8, 9], the forma-
tion of ordered structures is a result of the instability
induced by the dependence of sputtering coefficient
on the distortion of a treated surface.

From the analysis of literature sources [10–15], it
follows that the energy of ionic radiation provides a
statistical description for the process of nanostruc-
ture formation. At the same time, the morphology
and the structuring kinetics are dependent on the an-
gle, at which the ionic flux interacts with the target
surface. In our previous works [16–18], it was estab-
lished that the irradiation of CdHgTe films by silver
ions resulted in the nanostructuring of their surface
and the formation of Ag2O in the matrix. This work
is aimed at studying the character of changes in the
structural properties of the narrow-gap semiconduc-
tor compound CdHgTe induced by a variation of the
ionic irradiation angle and at analyzing a possibility
of the controllable formation of the Ag2O–𝑝-CdHgTe
heterostructure on the surface. The ion-induced mi-
crostructuring in layers of the 𝑝-Cd𝑥Hg1−𝑥Te (𝑥 =
= 0.223) solid solution will allow the functional prop-
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Fig. 1. AFM images of initial specimens of the 𝑝-Cd𝑥Hg1−𝑥Te
(𝑥 = 0.223) heteroepitaxial structure: the 3D image (a) and
the size distribution histogram for particles located in the 𝑋−𝑌

plane (b)

erties of Ag2O oxide (𝐸𝑔 = 1.41 eV) and CdHgTe
semiconductor (𝐸𝑔 = 0.123 eV) to be combined,
which can become a basis for the creation of optical
transducers and microwave grids.

2. Experimental Part

Heteroepitaxial films 𝑝-Cd𝑥Hg1−𝑥Te (𝑥 = 0.223)
on the CdZnTe substrate are experimentally stud-
ied. They were fabricated by the method of liquid-
phase epitaxy and irradiated with 100-keV silver ions
to an implantation dose of 3 × 1013 cm−2 at room
temperature. Silver ions were implanted both at the

normal beam incidence (to a double dose) and at an
angle of 40∘ with respect to the specimen surface (to
a single dose).

The surface of semiconductor films was researched
in the contact regime within the AFM microscopy
method (NanoScope IIIa Digital Instruments). In ad-
dition, the changes in the optical properties of het-
erostructures were studied by registering their trans-
mission spectra.

3. Results

3.1. Topometry

In Figs. 1–3, a, the 3D AFM images for all stud-
ied specimens – initial, implanted at an angle of 90∘,
and implanted at an angle of 40∘, respectively – are
shown. The corresponding histograms for the size dis-
tribution of particles in the 𝑋−𝑌 plane are depicted
in Figs. 1–3, b. Table contains the surface parameters
(the real surface area, the difference between the re-
lief area and the ideal one, and the root-mean-square
roughness) for the initial and implanted specimens of
the CdHgTe heteroepitaxial structure.

The AFM images demonstrate a complicated re-
lief of the heteroepitaxial film surface. The results of
the initial specimen topometry (Fig. 1, a) show that
the surface plane is densely and regularly packed with
round shaped grains 20 to 40 nm in diameter. This
means that the studied epitaxial film is character-
ized by a considerable nonequilibrium resource. As a
rule, this state is concentrated in mechanical stresses
of the local character (grains–pores), which is con-
firmed by the presence of a network of quasipores

Parameters of the CdHgTe surface
before and after the implantation with silver ions

Specimen

Roughness parameters
for a 1× 1-𝜇m2 surface fragment

Real
surface
area,
𝜇m2

Excess
of relief area
over ideal
one, %

Root-mean-
square

roughness
𝑅𝑞 , nm

Initial 1.0375 3.75 3.34
Double implanted
with silver at 90∘ 1.0093 0.93 2.17
Implanted with
silver at 40∘ 1.03041 3.041 3.11
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Fig. 2. The same as in Fig. 1, but for specimens irradiated
with silver ions to the double dose at the normal ion incidence
(90∘)

3.5–10 nm in depth and 50–160 nm in diameter. The
root-mean-square roughness of a fragment of this sur-
face amounts to 3.34 nm (see Table).

After the double implantation with silver ions at
an angle of 90∘ (Fig. 2, a), the surface of the semi-
conductor film undergoes a transformation. The mi-
crorelief changes owing to the smearing of surface sec-
tions. The quasipores are almost unobservable, the
grain boundaries are strongly smeared, and some
grains, keeping their sizes invariable, form chains
with channels between them. After the double im-
plantation, the root-mean-square roughness reduced
to 2.17 nm. There emerged a substantial discrep-
ancy between the heights at different surface sections,

Fig. 3. The same as in Fig. 1, but for specimens irradiated
with silver ions at an angle of 40∘ to the surface

which may probably be associated with the pres-
ence of the defect and defect-free semiconductor re-
gions. Hence, the double implantation demonstrates
the phenomenon of ionic sputtering and the degrada-
tion of the CdHgTe film surface.

After the implantation with silver ions at an an-
gle of 40∘ with respect to the surface (Fig. 3, a),
an insignificant growth of grain sizes to 60 nm was
observed together with an insignificant smearing of
grain boundaries of grains. The initial porosity re-
mained the same at that. The relief became more
developed. There emerged a uniform array of cone-
shaped formations with the height ℎ varying from
5 to 10 nm and the base diameter 𝑑 from 50 to
80 nm. From Table, one can see that, after the im-
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Fig. 4. Fourier transforms of AFM images obtained for various
specimens: initial (a), implanted at a angle of 40∘ (b), and
implanted to the double dose at an angle of 90∘ (c)

plantation with silver ions at an angle of 40∘, the
root-mean-square roughness decreased slightly (to
3.11 nm) in comparison with the initial value.

In order to determine the character of the size dis-
tribution for the objects localized on specimens’ sur-
face, the numerical processing of the obtained AFM
images was carried out. As a result, we constructed
the histograms which present the superposition of
the distribution functions of lateral dimensions in the
𝑋 − 𝑌 plane (see Figs. 1–3, b). The most probable
size of nanoobjects was determined as the position of
the major maximum in the distribution histogram.

The analysis of the size distribution functions for
all specimens testifies to insignificant relative shifts
of the major maxima (from 30 to 50%). Figure 1, b
demonstrates that the size distribution of objects on
the surface of the initial specimen is highly asym-
metric, with the most probable grain size equal to
25 nm. The distribution histogram for the sizes
of nanoobjects in CdHgTe films irradiated with an
ionic beam at a normal angle to the specimen surface
(Fig. 2, b) is symmetric with respect to the most prob-
able size (35 nm). In other words, the distribution
function of probable sizes shifts toward larger lateral
dimensions in comparison with the initial specimen,
and the distribution itself becomes more Gaussian-
like. The size distribution histogram for nanoobjects
on the specimen surface irradiated at an angle of 40∘
(Fig. 3, b) has a linear section (on the logarithmic
scale). The presence of such a section means that
the structures with a fractal geometry are formed on
the surface of a semiconductor compound epitaxial
film [19].

To verify the periodicity and the ordering in the
systems concerned, the Fourier transforms were cal-
culated for the AFM images of examined specimens
(Fig. 4). For the initial specimen, the complete smear-
ing of light boundaries is observed, and the Fourier
transform has a diffusive character (Fig. 4, a). At the
same time, the Fourier transform of the spatial fre-
quencies on the CdHgTe surface structured by the
ionic implantation testifies to the formation of a two-
dimensional quasiperiodic bow-shaped structure from
nanograins.

The Fourier transform shown in Fig. 4, b makes
it possible to distinguish the ordered structures with
the spatial periods 1/𝑓1 = 80 nm (the characteris-
tic frequency 𝑓1 = 1/80 nm−1) and 1/𝑓2 = 90 nm
(the characteristic frequency 𝑓2 = 1/90 nm−1). The
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frequencies that form a “cross” at the center of fre-
quency spectra (it is associated with the method of
Fourier transformation) follow from the edge effect,
and therefore they should be ignored. No character-
istic frequencies for any periodic structures are ob-
served in the Fourier transform of the AFM image
for the specimen twice irradiated at an angle of 90∘
(Fig. 4, c). This fact testifies that the microscopic
structure on the specimen surface was completely de-
stroyed during the double-dose implantation.

3.2. Optical properties

The composition 𝑥 and the homogeneity of epitax-
ial layers were estimated from their IR transmis-
sion spectra registered in the spectral interval of 2.5–
20 𝜇m at room temperature. As one can see in Fig. 5,
all specimens demonstrate a drastic transmittance re-
duction occurring at wavelengths 𝜆 < 9.9 𝜇m and
depending on the composition of the active CdHgTe
layer (𝐸𝑔 = 0.123 eV). After the irradiation of speci-
mens with silver ions, both normally (Fig. 5, curve 3)
and at an angle of 40∘ with respect to the specimen
surface (Fig. 5 curve 2), the growth of the optical
transmittance is observed from an initial value of 40%
to 50%, which agrees with the roughness decrease (see
Table).

In the former case, the changes in the optical pa-
rameters can be associated with the smearing of sec-
tions on the CdHgTe heterostructure surface, which
gives rise to the disappearance of the interference pat-
tern in the Fourier spectra inherent to the substance
in the initial state [20]. The more pronounced inter-
ference pattern obtained for the specimen irradiated
at an angle of 40∘ may testify to a higher homogeneity
of the layer across its thickness, which is in agreement
with the effect of structure ordering, the reduction of
pores, and the surface compaction, so that the inter-
ference in the transmission spectrum becomes more
contrast, and the transmittance 𝑇 increases (Fig. 5,
curve 2).

For the specimen double-irradiated at an angle of
90∘, in addition to the interference pattern smear-
ing (Fig. 5, curve 3), one can observe a more drastic
transmittance reduction, as the wavelength grows in
the interval 𝜆 > 12 𝜇m. In the interval ℎ𝜈 < 𝐸𝑔,
the absorption is known to occur at free charge car-
riers, which is responsible for the absorption coeffi-
cient dependences on the wavelength: 𝛼(𝜆) ∼ 𝜆2 for
𝑝-CdHgTe and 𝛼(𝜆) ∼ 𝜆3/2 for 𝑛-CdHgTe.

Fig. 5. Transmission spectra of various specimens: the initial
(1), implanted at a angle of 40∘ (2), and implanted to the
double dose at an angle of 90∘ (3)

Hence, in our case, the irradiation to the double
dose could result in the transformation of the con-
ductivity from the 𝑝- to 𝑛-type or in the formation
of an 𝑛-CdHgTe layer. It should also be noted that
since the optical transmittance depends not only on
the absorption, but also on the reflection of light, the
additional researches of optical and electrical proper-
ties of the irradiated material are required in order to
unambiguously determine why 𝑇 depends on 𝜆 more
strongly.

4. Discussion

Hence, our research of the influence of the ionic bom-
bardment on the structural properties of 𝑝-CdHgTe
epitaxial films and its dependence on the ionic beam
intensity and the incidence angle showed the follow-
ing. The ionic irradiation of CdHgTe epitaxial films
with silver ions at the normal (90∘) ionic beam in-
cidence on the surface of specimens gives rise to the
formation of an array of nanostructures with lateral
dimensions from 60 to 120 nm and heights from 12 to
16 nm [16, 17]. If the incidence angle of ion beam de-
creases down to 40∘, the surface nanostructuring gets
an ordered character: a two-dimensional quasiperi-
odic system with the spatial period 1/𝑓 = 80÷90 nm
is formed. At the same time, the surface irradiation to
the double dose at an angle of 90∘ results in a degra-
dation of the CdHgTe film surface. It should be noted
that the irradiation of CdHgTe films with boron ions
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in the same experimental geometry (at the normal
incidence of an ionic beam on the surface of speci-
mens), with the same energy, and to the same dose
as in the case with silver ions results in a surface dam-
age that is substantially different by the character and
the damaged layer thickness [16]. No nanostructuring
of the surface is observed in that case. The character
of CdHgTe crystal lattice distortions is also different:
maximum mechanical stresses 𝜎max in the damaged
layer differ by two orders of magnitude, being similar
to the squeezing in the case of boron (∼103 Pa [16]),
and the crystal lattice is stretched (∼105 Pa [16]) at
the implantation with larger ions (Ag+) .

In our opinion, the complicated surface relief,
which looks like an array of nanoislands, emerges due
to the ion-beam erosion. This mechanism is relevant
at the low-energy irradiation [9]. If a binary com-
pound is irradiated, and either of its components is
primarily sputtered, the compound stoichiometry be-
comes broken, and a layer with an alternative compo-
sition is formed on the material surface. The surface
becomes enriched with heavier components of the Cd-
HgTe solid solution such as Hg. This scenario agrees
with the results of a X-ray diffraction analysis of Cd-
HgTe films with the composition 𝑥 = 0.23 irradiated
by 100-keV silver ions [18], which proved the forma-
tion of a CdHgTe polycrystalline layer with 𝑥 = 0.2
on the surface.

In addition, an important role in our case is played
by the deformation induced by the ionic irradiation
in the matrix. The difference between the effects that
arise in the near-surface layer of a CdHgTe epitaxial
film after its treatment with boron or silver ions stems
from the opposite character of deformations gener-
ated by the ions in the crystal lattice of the semi-
conductor. In particular, the stretching deformations
in the near-surface region of the 𝑝-CdHgTe epitax-
ial film and the compression of deeper layers stimu-
late the “withdrawal” of silver ions to the surface and
the formation of the Ag2O compound in the near-
surface layer of the matrix (in accordance to data of
the X-ray diffraction analysis reported in work [18]).
The propensity of silver to create solid solutions in 𝑝-
CdHgTe at the ionic implantation becomes a crucial
factor.

In this work, the “top–down” process of nanostruc-
tured layer formation on the surface of a semicon-
ductor material using the ion implantation technique
was studied. The penetration of silver ions gave rise

to a modification of thermodynamic parameters in
the damaged layer of the CdHgTe epitaxial film. The
component stabilization in the nonequilibrium pla-
nar medium occurred through changes in the macro-
and microscopic parameters of this complicated sys-
tem. On the one hand, there emerged a stretching de-
formation, the energy of defect formation decreased,
the crystal lattice parameters changed, the concen-
tration and the diffusive mobility of defects increased,
and so forth. On the other hand, the parameters of
semiconductor planar microstructuring began to de-
termine the state of the whole system. In this case,
the stabilization of system’s state activated by the
implantation gave rise to the formation of a poly-
functional metal oxide–semiconductor system Ag2O–
𝑝-Cd𝑥Hg1−𝑥Te.

5. Conclusions

To summarize, the results of researches concerning
the influence of the ionic bombardment on the struc-
tural properties of 𝑝-CdHgTe epitaxial films and its
dependence on the ionic beam parameters are pre-
sented. The formation of nano-scaled surface struc-
tures on the film surface was demonstrated, and the
structuring kinetics was shown to depend on the in-
teraction angle between the ionic beam and the tar-
get surface. In the case of ionic irradiation of the tar-
get at an angle of 40∘, the array of nanostructures
with the lateral dimensions from 50 to 80 nm and the
heights from 5 to 10 nm is formed on the specimen
surface. The analysis of size distribution histograms
obtained for nanoobjects on the surface of the speci-
men irradiated at an angle of 40∘ testifies to the for-
mation of structures with a fractal geometry. The sur-
face implantation of silver ions to the double dose at
the normal ion-beam incidence results in a degrada-
tion of the CdHgTe film surface.
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ДОСЛIДЖЕННЯ МОРФОЛОГIЇ ШАРIВ
𝑝-CdHgTe СТРУКТУРОВАНИХ КОВЗНИМ
ОПРОМIНЕННЯМ IОНАМИ СРIБЛА

Р е з ю м е

У роботi вивчається “top–down” процес отримання нано-
структурованого шару на поверхнi напiвпровiдникового ма-
терiалу методом iонної iмплантацiї. У результатi опромiне-
ння гетероструктур 𝑝-Cd𝑥Hg1−𝑥Te(𝑥 = 0,223)/СdZnTe iо-
нами срiбла з енергiєю 100 еВ на поверхнi зразкiв вiдбуває-
ться утворення масиву наноструктур. Зменшення кута па-
дiння iонного пучка до 40∘ приводить до того, що наностру-
ктурування набуває впорядкованого характеру. При цьо-
му наслiдком стабiлiзацiї активованого iмплантацiєю ста-
ну системи є утворення полiфункцiональної системи оксид
металу–напiвпровiдник Ag2O–𝑝-Cd𝑥Hg1−𝑥Te (𝑥 = 0,2), що
є розмiрно-залежним вiдгуком на опромiнення ковзним
опромiненням та, що дозволяє сумiстити функцiональнi
властивостi оксиду Ag2O (𝐸𝑔 = 1,41 еВ) та напiвпровiд-
ника CdHgTe (𝐸𝑔 = 0,123 еВ), як основи для створення
оптичних перетворювачiв та масивiв з НВЧ ґраток.
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