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MORPHOLOGY AND OPTICAL
PROPERTIES OF NANOSTRUCTURES FORMED
IN NON-STOICHIOMETRIC CdI, CRYSTALS

The morphology of nanostructures formed in non-stoichiometric Cdlz crystals has been stud-
ied, by wusing the atomic force microscopy methods. Morphological changes are observed,
when the concentration of cadmium atoms approaches a non-stoichiometric threshold value
of 0.1 mol%. The features in the phase composition of nanostructures are analyzed with the
help of Raman and infrared absorption spectroscopies. The influence of the researched nanos-
tructures on the optical characteristics of non-stoichiometric Cdlz crystals is analyzed.

Keywords: atomic force microscopy, nanostructures, surface morphology, Raman spectra,

absorption spectra.

1. Introduction

The formation and properties of nano-sized struc-
tures in layered crystals are intensively studied nowa-
days. Cadmium iodide (Cdly) is a typical representa-
tive of the latter. In most of relevant works [1-5], the
surface morphology of Cdls grown from an aqueous
solution was a matter of interest. Using the atomic
force microscopy (AFM) methods, linear steps, dips,
and islands on the CdI; surface were revealed, be-
tween which the surface is atomically smooth.

In works [6,7], we studied cadmium iodide crystals
grown from a melt. With the help of AFM methods,
we found that if Cdl, crystals are held in the air
environment under thermodynamically equilibrium
conditions, nanostructures (nanopores, nanoclusters,
and nanowires) are formed on their surface. Those
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nanostructures include cadmium oxide and cadmium
hydroxide. A mechanism of nanostructure formation
was determined, which consisted of a few stages.

At the same time, there are practically no works
dealing with the surface topology and the formation
of nanostructures in non-stoichiometric cadmium io-
dide crystals grown from a melt. Such studies are im-
portant because cadmium atoms are a building mate-
rial for the nanostructure formation [6,7]. Therefore,
the aim of this work was to study the morphology and
phase composition of nanostructures emerging on the
surface and in the bulk of non-stoichiometric Cdl,
crystals, as well as the influence of those nanostruc-
tures on the material optical properties.

2. Experimental Specimens and Methods

For experimental researches, crystals with a con-
trolled deviation from the stoichiometric composition
were grown by introducing metallic cadmium to con-
centrations of 1073, 1072, 107!, and 6 x 10~! mol%

ISSN 2071-0186. Ukr. J. Phys. 2018. Vol. 63, No. 9



Morphology and Optical Properties of Nanostructures Formed

and iodine to a concentration of 10! mol% into
a melt. The indicated mole fractions correspond to
the concentrations of over-stoichiometric cadmium
atoms N; = 107, 10'®, 10", and 6 x 10 cm™3,
respectively. The atomic concentration in the Cdl,
matrix was evaluated as the ratio N = %, where
p = 5.6 g/cm?® is the Cdl, density, N the Avogadro
number, and M the Cdl; molar mass, and was found
to equal about 1022 cm 3.

The morphology of as-cleaved surfaces and surfaces
of non-stoichiometric CdI, crystals held in the air en-
vironment was examined. Fresh chips of the crystals
were obtained by removing the upper layers of the
specimen making use of a scotch tape.

The morphology of the crystal surface was stud-
ied, by using the methods of semicontact atomic force
microscopy on a Solver P47-PRO microscope. The
probe tip radius did not exceed 10 nm. The device
resolution with respect to the surface profile height
was about 1 A.

The statistical parameters of nanostructures and
surfaces were calculated by processing the digital mi-
croscopic images using the MATLAB software.

The Raman scattering spectra of Cdly crystals
were measured on a DFS-52M diffraction photospec-
trometer. While studying the absorption spectra, the
KSVU-2 installation mounted on the basis of an
MDR-23 monochromator was applied. The specimen
dimensions did not exceed 5 x 5 mm?, and their thick-
ness was within an interval of 0.5—1 mm. To prevent a
mechanical damage and deformation, the specimens
were fixed on special substrates with the help of a
double-sided adhesive tape.

3. Surface Morphology
of As-Cleaved Non-Stoichiometric
CdI, Crystals

If the concentration c of over-stoichiometric cadmium
atoms did not exceed 0.1 mol%, the surface morpholo-
gies of both as-cleaved Cdla—Cd; crystals and nomi-
nally pure ones were atomically smooth (Fig. 1, a),
with a roughness of about 0.5 nm. The surface rough-
ness (if the surface irregularities have the Gaus-
sian distribution) can be estimated by approximat-
ing the surface autocorrelation function by the Gaus-
sian dependence C(r) = §2e="*/7" where § and
o are the surface roughness and correlation length,
respectively.
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Fig. 1. AFM image of the surface morphology of as-cleaved
CdIz—Cd; (0.01 mol%) crystals. The area size is 10 x 10 pm?2.
The height interval equals 5 nm (a). The surface autocorrela-
tion function (b)

Unlike CdIz-Cd; (0.01 mol%) crystals, the sur-
face of as-cleaved crystals with the Cd; concentration
¢ > 0.1 mol% revealed nanostructures of two types:
island-like nanoclusters (Fig. 2, a) and nanostripes
(Fig. 3). The radius and height of most nanoclusters
were about 30 and 1 nm, respectively (Fig. 2, b). The
distances between the clusters were stochastically dis-
tributed, and the mean distance value was about
100 nm (Fig. 2, b).

The numerical values of the parameters of nanos-
tructures formed in the CdIs—Cd; (0.6 mol%) crys-
tals are quoted in Table. The height of nanostripes
lies within an interval of 0.6-0.7 nm. The width of
nanostripes A, B, and C is about 80 nm, and their
length does not exceed 2 um (Figs. 3, a and b). As a
result of the nanostripe aggregation (D in Fig. 3, b),
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Fig. 2. AFM image of island-like nanostructures formed in
the bulk of CdI;—Cd; (0.6 mol%) crystals. The area size is 2 x
x 2 pum2. The height interval equals 3 nm (a). The distribution
of nanostructures over their radius r, height h, and the distance
between them d (b)

Parameters of nanostructures
in CdI2—Cd; (0.6 mol%) crystals

Number of clusters Tmin, IM | Tmax, NM | Taver, M
156 22 66 34
Average distance B, 10 | s, 0 | aver, nm
to the nearest cluster
103 0.5 1.4 1.1

larger aggregates are formed (E in Fig. 3, b), whose
length and height remain in the same dimension inter-
val, whereas the width corresponds to the number of
nanostripes in the aggregate. For example, the width
of nanostripe E in Fig. 3, b is about 320 nm (4 iden-
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Fig. 3. Nanowires formed on the as-cleaved surface of Cdla—
Cd; (0.6 mol%) crystals. The area size is 3 x 2.2 (a) and
2x 1.3 um? (b). The height interval equals 5 (a) and 1.5 nm (b)

tical nanostripes each 80 nm in diameter), and its
length amounts to about 1.5 pm.

From the experimental AFM data, it follows that
the nanostructures observed in crystals with an over-
stoichiometric concentration of cadmium atoms that
is higher than the threshold value are formed in the
crystal bulk during the crystal growth and/or during
the further specimen storage. The AFM researches
showed that the surface morphology of crystals with
the iodine excess practically does not differ from that
of stoichiometric crystals.

4. Surface Morphology
of Non-Stoichiometric CdI,
Crystals Held in the Air Environment

In Fig. 4, an AFM image of the surface morphology
of (a) CdI;—Cd; (0.1 mol%) and (b) CdIx—Is crys-
tals held in the air environment for 168 h (7 days)
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is exhibited. A characteristic feature of the surface
morphology of CdI;—Cd; (0.1 mol%) crystals held in
the air environment is the formation of nanowires
and nanoclusters on it (Fig. 4, a). Those entities
are formed as a result of the aggregation of nan-
oclusters with smaller sizes. The lateral sizes of na-
nowire-forming nanoclusters are about 100 nm, and
the corresponding heights are within an interval of
1.5-3 nm.

Unlike the previous case, the surface morphology
of the Cdly—Iy; crystals held in the air environment
is characterized by the presence of island-like nan-
oclusters (Fig. 4, b). Their lateral sizes and heights
lie within intervals of 100-200 and 3-8 nm, respec-
tively. This difference can result from different con-
centrations of CdI?* cations and I~ anions, which
form nanostructures in those crystals.

5. Phase Composition
of Nanostructures Formed
in Non-Stoichiometric CdI; Crystals

Figure 5 illustrates the Raman scattering spec-
tra of non-stoichiometric cadmium iodide crystals
held in the air environment. One can see the pres-
ence of a few bands in the low- (v < 1000 cm™!)
and high-frequency (v > 3000 cm~1!) spectral inter-
vals. Since the Cdl, lattice eigenmodes are obser-
ved at frequencies v < 120 cm™! [8], the additional
vibrational bands can be associated, taking the
AFM data into account, with the nanostructures
that are formed in non-stoichiometric crystals held
in air.

The band with a maximum at 290 cm ™! was reg-
istered in the spectra of non-stoichiometric crystals
(Fig. 5, a). Its intensity was significantly (by approx-
imately a factor of three) higher for the Cdl,—Cd;
(0.01 mol%) crystals than for the CdIo—I5 (0.1 mol%)
ones. In addition, the CdI,—Cd; crystals also ex-
hibit weakly pronounced bands at about 470 and
650 cm~!. The comparison of the obtained experi-
mental results with the data on the Raman spectra of
cadmium oxide allows the observed bands to be asso-
ciated with the inclusion of CdO groups [9, 10]. This
model describes well the difference between the in-
tensities of those bands in the Cdls—Cd; and Cdls—
I crystals as a result of the higher concentration of
metallic cadmium for the formation of its oxide in the
former case.
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Fig. 4. Surface morphology of CdI2—Cd; (0.1 mol%) (a) and
CdI>-I2 (0.1 mol%) (b) crystals held in air for 7 days. The
area size is 3 x 3 (a) and 1 x 1 um? (b). The height interval
equals 18 (a) and 10 nm (b)

The high-frequency sections in the Raman spec-
tra of both non-stoichiometric crystals contain in-
tensive bands with maxima at 3000 and 3920 cm ™!,
as well as a band with a maximum at 3260 cm™!
(Fig. 5, b), whose intensity does not exceed 5%. At
the same time, a band with a maximum at 3540 cm ™"
was observed in the spectrum of Cdls crystals doped
with excess cadmium, and a band with a maximum
at 3690 cm~! in the spectrum of the same crystals
doped with excess iodine.

The bands at 3260 and 3549 cm ™! are related to
the vibrations of O—H groups in 4-Cd(OH), [11], and
the mode at 3690 cm~! is induced by the vibrations
of free hydroxide O-H groups [12].

The intensities of the 3000-cm~! and 3920-cm~*
bands in the Raman spectra of stoichiometric cad-
mium iodide crystals were 14% and 50%, respec-
tively. The intensities of those bands decreased to 5%
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Fig. 5. Raman spectra of the CdIo—Cd; (0.1 mol%) and CdIa—
Iz (0.1 mol%) crystals held in air: v < 1000 cm~! (a) and
v > 3000 cm~! (b)

and 15%, respectively, when introducing excess cad-
mium into the CdIy crystal, and increased to 22%
and 70%, respectively, when introducing excess io-
dine. Such results allow us to suggest that the bands
concerned can be associated with nanostructures that
include iodine compounds. Since the iodine molecule
possesses a nonpolar covalent bond, the energy of
its interaction with water is insignificant. As a re-
sult, the bond O-H-I in the Cd(OH)I compound
is weak. Accordingly, the number of free hydroxidal
groups increases, and the frequencies of their vibra-
tions are shifted toward higher frequencies (at about
3900 cm~1!). Thus, the band with a maximum at
3000 cm~! is associated with the vibrations of O-H
groups in Cd(OH)IL

Hence, it follows from the Raman spectroscopy
data that the nanostructures formed on the surface
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Fig. 6. IR absorption spectra of CdIo—Cd; (0.1 mol%) (a) and
CdIz—I2 (0.1 mol%) (b) crystals held in air

of non-stoichiometric crystals include cadmium oxide
and cadmium hydroxide, as well as the Cd(OH)I com-
pound. This conclusion is confirmed by the infrared
(IR) absorption spectra of non-stoichiometric Cdl,
crystals (Fig. 6). In particular, additional bands in
the IR absorption spectrum of CdI;—Cd; (0.01 mol%)
crystals were registered at 3500 and 1400 cm ™!, as
well as a less intensive band at about 2700 cm~!
(Fig. 6, a). In CdIy-I> (0.01 mol%) crystals, there
arise bands at 3600, 1600, and 800 cm ™! against the
total absorption background (Fig. 6, d).

Nanostructures that include Cd(OH)s are respon-
sible for the additional absorption at 1600, 2700, and
3600 cm ™! [11], whereas nanostructures that include
CdO for the additional absorption at 3500, 1400, and
800 cm ™1t [13].

Thus, the comparison of the phase compositions
of nanostructures of non-stoichiometric and stoichio-
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metric cadmium iodide crystals testifies to the for-
mation of cadmium oxide and cadmium hydroxide in
them.

6. Absorption Spectra
of Non-Stoichiometric CdI, Crystals

In Fig. 7, the absorption spectra of non-stoichiomet-
ric CdIy—-Cd; and Cdls-Is crystals and their differ-
ence with the corresponding spectra of stoichiomet-
ric crystals are depicted. The introduction of over-
stoichiometric cadmium into the melt brings about
a shift of the self-absorption edge toward the long-
wave region and the additional absorption in the crys-
tal transparency interval (390-450 nm). In the differ-
ence spectra, bands with maxima at 388 and 397 nm
can be distinguished (see the inset in Fig. 7, a),
whose intensities increase with the Cd; concentra-
tion. However, the introduction of metallic cadmium
to a concentration higher than 0.1 mol% leads to the
disappearance of absorption bands and a significant
growth of the nonselective light scattering in the crys-
tal transparency interval (curve & in the insert in
Fig. 7, a) [14].

The introduction of over-stoichiometric iodine re-
sults in a long-wave displacement of the Cdls absorp-
tion edge and the emergence of additional bands at
about 440 and 555 nm (Fig. 7, b).

7. Discussion of Experimental Results

In view of the data of our AFM studies, the con-
centration dependence of the additional absorption
bands of Cdls—Cd; crystals can be explained in
the framework of the following model. At concen-
trations ¢ < 0.1 mol%, over-stoichiometric Cd;
atoms are localized in the octahedral cavities of
van der Waals gaps and, together with six iodine
atoms, form local complexes I'-Cd-[I'-Cd;—1?]-Cd-
I2. The distance between the latter is considerable,
if the Cd; concentration is low. The appearance of
chemical bonds between the Cd; atoms and halo-
gens from two neighboring layers I-Cd-[I-Me-I]-
Cd-1 is also confirmed by changes in the nonlinear-
optical properties and the NQR frequencies of 1271
[15-17].

In this case, the interaction between the s-states
of Cd; and the p-states of iodine [the s(Cd;)-p(I) in-
teraction] may be assumed to dominate. As the con-
centration of over-stoichiometric atoms decreases, the
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Fig. 7. Absorption spectra of CdI2—Cd; (a) and CdI>—Iz (b)
crystals. Curves I demonstrate the absorption spectra of cor-
responding stoichiometric crystals. In panel a, the Cd; concen-
tration equals 1073 (curve 2) and 10~2 (curve 3). The differ-
ence spectra of the CdI2—Cd; crystals (a) with concentrations
of 1073 (1), 1072 (2), and 10~! (8) and the CdIz-I crystal
(b) with respect to the corresponding stoichiometric crystal are
shown in the insets

distance r between them decreases. At r < r¢;, the in-
teraction character changes: the s(Cd;)—p(I) interac-
tion disappears and, simultaneously, there arises the
s(Cd;)—s(Cd;) interaction as a result of the extension
of the cadmium s-states. The parameter r. evalu-
ated from the experimental data amounts to about
3 nm. As the concentration of over-stoichiometric
cadmium increases, those formations coagulate into
larger aggregates, which are the main source of light
scattering.

According to the spectral composition, the light ab-
sorption by CdIx—Is crystals in a vicinity of 440 nm
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is identical to that of CdI,—Cd; crystals. An intensive
band with a maximum at 555 nm in the CdI>—I5 spec-
trum, which is responsible for the red color of those
crystals, can be associated with the light absorp-
tion by centers including over-stoichiometric iodine
atoms. Those centers can be formed as follows. The
presence of excess iodine gives rise to the formation
of vacancies in the cationic subsystem VCQ(;. As a re-
sult, the iodine p-orbitals form a op,-bond with one
another, i.e. there appears an I; quasimolecule. This
process is highly probable, if ng_ vacancies are local-
ized on the edge of the I-Cd-I structural layer, where
they are pushed out by elastic forces emerging owing
to a lattice deformation. At the edge of the structural
layer, the coordination number of a Cd atom equals
4 (rather than 6 as in the [CdIs]*~ complex), which
additionally favors the formation of a I; molecular
center.

8. Conclusions

A threshold concentration of over-stoichiometric cad-
mium atoms (0.1 mol%) is revealed in CdI,—Cd; crys-
tals, at which the morphological parameters of nanos-
tructures formed in the crystal bulk change. If the Cd
concentration exceeds the threshold value, the surface
of as-cleaved CdI,—Cd; crystals contains nanoclus-
ters with lateral sizes of about 70 nm and nanos-
tripes about 80 nm in width and up to 2 pm in
length. The height of those nanostructures does not
exceed 1 nm.

It is found that when CdI,—Cd; (0.1 mol%) crystals
are held in air, a considerable number of nanowires
are formed on their surface, in contrast to nomi-
nally pure crystals. The surface morphologies of both
CdIr-Iz (0.1 mol%) crystals held in the air envi-
ronment and the nominally pure Cdly crystals are
characterized by the presence of only island-like
clusters.

Using the Raman scattering and IR absorption
spectroscopy methods, it is found that the composi-
tion of nanoclusters formed on the surface of non-stoi-
chiometric Cdl; crystals includes cadmium hydroxide
Cd(OH)5 and cadmium oxide CdO.

The absorption spectra of Cdl;—Cd; crystals con-
tain two bands with the maxima at 388 and 397 nm,
which are formed by [Cdlg]*~ centers. If the concen-
tration of over-stoichiometric cadmium exceeds the
threshold value, those bands disappear.
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MOP®OJIOT'TA

TA OIITUYHI BJIACTHBOCTI
HAHOCTPYKTVYP, 4KI ®OPMVYIOTHCHA

YV HECTEXIOMETPUYHNX KPMCTAJIAX Cdls

Peszmowme

MeTomaMu aTOMHO-CUJIOBOT MIiKPOCKOIIT JOCTIIzKEHO MOpPEO-
JI0rilo HAHOPO3MIpHHX CTPYKTYP, fKi opMyroThCsa y HecTexi-
omerpuunux Kpucranax Cdls. BcranoeneHo icHyBaHHsSI I'pa-
HUYHOI KOHIEHTpAlil HaJICTeXiOMeTpUYHUX aTOMIB KaJMiio
(0,1 mon.%), npu #kiit cnocrepiraerbes 3mina mMopdoJIoril.
OcobmuBocTi $HazoBoro CkiIagy cPOPMOBAHUX HAHOCTPYKTYD
BUBYAJIUCA METOAaMU KOMOIHAIIHOrO po3CisiHHS CBiT/Ia Ta iH-
dpadepBoHOro noriimHaHHsA. [IpoaHasisoBaHO BIUIMB ITUX Ha-
HOCTPYKTYP Ha OINTHYHI XapaKTEPUCTUKU HECTEXIOMETPUIHUX
kpucrajais Cdls.
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