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Abstract

The time evolution of nanoscale structure formation on the surface of CdI;, crystals grown
both from the melt and from the gas phase is investigated. Atomic force microscopy was
used to show that, already at the initial stages of exposure to air at room temperature,
island-shaped nanostructures form, which subsequently aggregate into nanoclusters as the
exposure time increases. Similar nanostructures, including nanopores and nanoclusters,
are observed for Cdl, crystals grown from the gas phase after prolonged exposure to air.
Photoluminescence spectroscopy indicates that the formed nanoclusters are consistent with
the presence of cadmium hydroxide (Cd(OH);) and cadmium oxide (CdO). The formation
of nanostructures determines the time evolution of the low-temperature luminescence
spectra of Cdl, crystals. Additional bands with maxima at 1.87 eV and long-wavelength
luminescence in the region with a maximum at 1.68 eV appear in the spectral structure.
These results highlight the close relationship between surface structural evolution and the
time-dependent optical properties of Cdl,.

Keywords: atomic force microscopy; Cdl, crystals; surface; nanostructures; nanoclusters;
luminescence spectra

1. Introduction

Alkali and alkaline-earth halides continue to attract significant scientific interest due
to their fundamental role in solid-state physics, materials chemistry, and photonic technolo-
gies [1-3]. These compounds exhibit a wide range of optical, luminescent, and electronic
properties that make them valuable in radiation detection, scintillation, photonics, and
optoelectronic devices [4-18].

Among them, cadmium iodide (Cdl,) is a highly significant layered halide material
with widespread applications in optoelectronics and photonics. Its strong transparency
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in the visible range, favorable nonlinear optical characteristics, and pronounced excitonic
behavior make it attractive for various optical and electronic devices [19-24]. The ma-
terial’s strongly anisotropic layered structure also renders its surface highly sensitive to
environmental effects. When exposed to atmospheric conditions, Cdl, undergoes structural
modifications that promote the spontaneous formation of surface nanostructures, which
can substantially alter its physical, optical, and luminescent properties [23-28].

A major research focus is the elucidation of nanostructure formation mechanisms on
CdlI; crystal surfaces and their influence on the material’s luminescence characteristics and
defect-related properties [29-31]. Owing to its tunable band gap, pronounced excitonic
response, and capacity for impurity incorporation or intercalation, Cdl, serves as a ver-
satile model system for investigating low-dimensional phenomena in halide materials. It
also holds significant potential for applications in photodetectors, solid-state ionics, and
UV /X-ray detection technologies [32—-41].

Another important direction is the study of nanostructures aimed at discovering mate-
rials with new functional properties for modern micro- and nanoelectronic devices [42-44].
Layered crystals such as Cdl; are particularly suitable due to their atomically smooth van
der Waals (vdW) surfaces, which enable the formation of molecular, organic, and metallic
nanostructures and the fabrication of heterostructures via incoherent vdW epitaxy [28,45].
These surfaces also act as natural nanometrology standards for accurate characterization of
nanoobijects [28,46-49].

It is known that CdI, develops nanoislands, nanopores, and nanoclusters under
prolonged atmospheric exposure, yet the mechanisms behind these transformations and
their effects on optical properties remain unclear. Existing studies suggest that such
environmentally induced nanostructuring may lead to new materials for lasers, detectors,
and other optoelectronic applications [49-53].

Earlier studies have shown that the surface of Cdl, possesses unique characteristics
that can be modified by controlling the conditions under which the crystals are grown
and by post-processing them in different atmospheric environments [28]. By employing
techniques such as atomic force microscopy (AFM) and photoluminescence (PL), it is
possible to study the evolution of these surface changes and gain deeper insights into the
mechanisms behind nanostructure formation and their subsequent evolution [45,54-56].

The role of ambient-induced surface transformations and their temporal development
has not been systematically addressed, particularly in relation to the stability of their
electronic and luminescent states. This lack of systematic insight into surface-driven
transformations limits a fundamental understanding of optical ageing processes in layered
halide crystals.

This study focuses on investigating the effects of prolonged exposure of Cdl, crystals
to the atmosphere on the processes of nanostructure formation. Using AFM and PL, we will
explore the morphology and optical properties of these nanostructures. Furthermore, we
will compare the results obtained from crystals grown from the melt versus those grown
from the gas phase, in order to better understand the differences in nanocluster formation
processes and their impact on the luminescence properties of the material.

2. Materials and Methods

Cadmium iodide crystals were synthesized using the Bridgman-Stockbarger method
from raw materials that had undergone preliminary purification through zone melting. In
the upper section of the growth ampoule, thin single-crystal plates of CdI, were produced
via melt and gas-phase deposition [45].

For microscopic studies, samples in the form of plane-parallel plates measuring
5mm x 5 mm and no more than 1 mm thick were cut from Cdl; crystals along cleav-
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age planes. Both the so-called “old” surfaces and freshly cleaved areas of the samples
were analyzed. The “old” surfaces were formed by prolonged exposure to air, while fresh
cleavage surfaces were obtained by removing the upper layers. Single-crystal Cdl, plates
grown from the gas phase were not subjected to preliminary mechanical treatment [28,55].

To examine the surface morphology and local properties of the samples, a Solver P47-
PRO atomic force microscope (NT-MDT BV, Amsterdam, The Netherlands) was used. Dur-
ing the studies, semi-contact mode probe sensors with rectangular cantilevers of 11.8 N/m
stiffness were employed. The probe tip’s curvature radius did not exceed 10 nm, and the
device’s height resolution was 0.1 nm. AFM measurements of the micro- and nanostructure
morphology were conducted in semi-contact mode [28].

3. Results and Discussion

AFM images illustrating the morphology of the van der Waals (VdW) surface of Cdl,
crystals obtained from the melt after their exposure to an air atmosphere for different dura-
tions are shown in Figure 1. The temporal evolution was investigated on the same sample,
which was rigidly fixed in the microscope and covered with the protective hood supplied
with the Solver P47-PRO microscope. The same surface area was examined throughout the
study, as the sample was firmly mounted in the microscope and was not subjected to any
mechanical disturbance during the measurements. Such experiments require dedicated
laboratory time; therefore, the study was carried out on a single sample only.

e

Figure 1. Time-dependent evolution of nanostructure formation on the surface of Cdl; crystals after
their exposure in air for 1 (a), 8 (b), 24 (c), 32 (d), 168 h (e); (area size: 6 x 10 pm; height range:
(a) 34 nm, (b) 51 nm, (c) 55 nm, (d) 74 nm, (e) 98 nm).

Experimental conditions were as follows: ambient temperature in the range of
22-25 °C, relative humidity of 80%, atmospheric pressure of 730 mmHg. The sample
was kept in air and in darkness. All AFM images were processed using the specialized
Nova software provided with the Solver P47-PRO microscope.

After a short exposure time of 1 h, island-shaped nanostructures (A, B) with varying
morphometric characteristics formed on the Cdl, surface.

Nanostructures labeled as A exhibit diameters ranging from 200 to 300 nm and heights
between 10 and 20 nm. In contrast, the islands labeled B (B1, B2, B3) are characterized by
larger lateral dimensions but relatively smaller heights. Their average diameters reach
approximately 600 nm, while their heights remain around 10 nm. The nanostructures
marked in Figure 1a (B1, B2, B3) were used as reference markers, relative to which the
subsequent analysis and identification of the nanostructures over time were performed.

In the vicinity of island-type nanostructures, the formation of another type of
nanostructure—depressions C1 and C2 is observed. These depressions have a rounded
shape, characteristic of the hexagonal atomic packing of Cdl, (Figure 1a). The diameter of
depression C1 is 473 nm, while its depth measures 0.7 nm. Given that the vertical (height)
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resolution of the microscope is 0.1 nm, this value can be considered reliable and not related
to crystal delamination, since the surface was not subjected to any mechanical influence
during exposure to the ambient air.

After exposing the crystal to air for 8 h, the sizes of depressions C1 and C2 increased,
and a new depression, C3, appeared around island B3 (Figure 1b). At the same time, the
height of nanoclusters A increased by approximately 5 nm. The depth of depression C2
grew to 0.8 nm, and its diameter nearly doubled, reaching 855 nm. Additionally, new
nanostructures (labeled D in Figure 1b) emerged along one of the step edges.

Following 24 h of air exposure (Figure 1c), new nanostructures appeared at the edges
of depressions C1, C2, and C3, which had formed on the smooth surface, as well as on step
edges Bl and B2. The height and diameter of the newly formed structures at the depression
boundaries ranged from 3 to 5 nm and 100 to 120 nm, respectively. The nanostructures that
developed along the step edges roughly doubled in size, reaching heights of up to 40 nm
and diameters of 700 nm.

In this work, surface depressions are defined as localized height minima of at least
0.5 nm relative to the surrounding terrace, with lateral dimensions exceeding 100 nm.

In contrast, the lateral dimensions of the nanostructures formed on the smooth surface
remained nearly constant. At this stage, interactions between the nanoformations were
observed, leading to their coalescence and sintering into larger cluster aggregates (denoted
as C in Figure 1c).

Figure 1d presents AFM images of the same surface region of Cdl, after 32 h of air
exposure. New nanoclusters appeared on the step edges, while on the smooth surface, new
nanopores (E1, E2) emerged, surrounded by additional nanostructures. Simultaneously,
the previously formed nanoformations continued to grow.

Nanopores here are defined as stable, approximately rounded depressions with lateral
dimensions significantly exceeding those of atomic steps and persisting over time. This
definition is based solely on AFM topography and does not imply a fully perforated or
bulk-connected pore geometry.

After seven days (168 h) of air exposure, an ensemble of nanostructures developed
across the Cdl, surface (Figure le). The numerical characteristics of the nanoclusters” sizes,
which form on the Cdl, surface during prolonged exposure to an air atmosphere, are
summarized in Table 1.

Table 1 is based on AFM images of the same 6 x 10 um surface area of a single Cdl,
crystal, which was reimaged over time without moving the sample. Nanoclusters were
counted using the same criteria at all stages. The observed increase in cluster number
and decrease in nearest-neighbor distance therefore represent therefore time-dependent
surface evolution.

To establish the growth mechanism, the temporal dynamics of the size change in the
same nanocluster was studied (Table 2, Figure 2). The nanocluster analyzed in Table 2 was
identified across consecutive AFM scans using its fixed position relative to step edges and
neighboring nanostructures within the same surface region. The non-monotonic change in
radius and volume observed at intermediate times (e.g., between 32 h and 48 h) is attributed
to local surface restructuring and redistribution of material, which can temporarily modify
the apparent cluster geometry without implying a change in object.
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Table 1. Time dependence of the size of nanoparticles formed on the surface of Cdl, during its

exposure to air.
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8 20 0.33 38 238 92 12 34 23 922
24 37 0.62 31 253 81 4 45 20 721
32 82 1.37 31 275 79 4 57 18 474
48 81 1.35 31 240 66 9 64 23 507
54 109 1.82 31 241 58 8 62 21 434
120 143 2.38 31 234 51 8 78 23 342
144 175 2.92 31 236 49 6 77 20 309
168 344 5.73 31 258 48 6 82 18 242

Table 2. Time dependence of the size of one nanocluster.

Characteristics of the Nanocluster

No t, Hours
Radius, nm Area, nm? Height, nm  Volume, nm3

1 1 66 353 15 1765
2 66 351 23 2691
3 8 73 429 29 4147
4 24 88 624 35 7280
5 29 110 976 34 11,061
6 32 117 1093 33 12,023
7 48 88 624 45 9360
8 54 82 546 47 8554
9 120 76 468 48 7488
10 144 82 546 48 8736
11 168 85 585 49 9555

At least two stages are distinguished in the time dependence of the volume of one
nanocluster (Figure 2). At the first stage (0 50 h), a rapid growth of the volume is observed,
which reaches a maximum at approximately 32 h. At t >100 h, a monotonic growth of the
volume is observed, which is described in the V/t coordinates by a linear dependence.
This behavior is consistent with diffusion-limited growth in the late-stage regime.

For this reason, the kinetic analysis below focuses on the late-stage regime (t > 100 h),
where monotonic growth is observed and phenomenological scaling can be meaning-
fully applied.
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Figure 2. Time dependence of the nanocluster size parameters on the crystal exposure time in the

2

air atmosphere (upper panels); late-stage growth of an individual nanocluster: r~ as a function of

exposure time (lower panel). The orange shaded region represents the confidence interval of the
linear fit.

This stepwise formation of nanostructures highlights the dynamic processes occurring
on the surface of Cdl; crystals as they age in air, with the gradual evolution from nanopores
to the development of nanoclusters. The presence of these distinct features in the AFM
images further emphasizes the role of the crystal surface in the formation of nanophases
and their aggregation over time.

During the initial stage of air exposure (1 h) at room temperature, island-like nanos-
tructures begin to form on the surface. With prolonged exposure, these nanostructures
progressively aggregate into nanoclusters, while the nucleation of additional nanostructures
continues over time. Similarly, in Cdl, crystals grown from the gas phase, extended air
exposure exceeding 30 days results in the development of both nanopores and nanoclusters.

To determine the phase composition of nanostructures or nanoclusters obtained on
the surface of Cdl, crystals, as well as to study the chemical process of their formation,
studies of the photoluminescence (PL) spectra of freshly cleaved and aged in air (over
168 h) Cdl; crystals (grown from the melt and gas phase for comparison) were carried
out. AFM analysis of CdlI, crystals grown from the gas phase and aged in ambient air
for over 30 days (Figure 3) reveals the characteristic surface morphology after long-term
atmospheric exposure.

Figure 4a shows the maximum-normalized photoluminescence spectra of freshly
cleaved and air-aged CdI, samples grown from the melt (T = 160 °C). To identify detailed
features, difference spectra were constructed, revealing an intense band with a maximum
at 3.1 eV, as well as several bands in the low-energy part of the spectrum with distinct
maxima (Figure 4b).

https://doi.org/10.3390/ cryst16020152


https://doi.org/10.3390/cryst16020152

Crystals 2026, 16, 152

70f13

0 50 100 150 200 250 300 350
nm

Figure 3. AFM images of the surface morphology of CdlI, crystals grown from the gas phase,
aged in an air atmosphere for a long time (30 days or more); (a) nanostructures: A—nanopore;
B, C—nanoclusters; (b) nanocluster formed in a nanopore; respective profiles (¢,d). Profile (c) is
recorded along the white line shown in panel (a). (Area sizes: (a) 2 x 2 um; (b) 320 x 350 nm. Height
range for (a,b) is 3 nm).
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Figure 4. Photoluminescence spectra of freshly cleaved and aged in air (over 168 h) CdI, crystals
grown from melt, T = 160 K (a), excitation length A = 337 nm; (b) difference spectra.

By comparing the experimental difference spectra with literature data [57,58], we can
associate the observed features with the luminescence of nanophases of cadmium oxide
(CdO) and cadmium hydroxide (Cd(OH);). The band with a maximum at 3.1 eV (Figure 4b)
corresponds to interband electronic transitions in cadmium oxide, while additional bands
with maxima at 1.88, 2.12, and 2.27 eV are linked to electronic transitions to deep levels
caused by defect centers [57]. The bands with maxima at 2.40 and 2.50 eV are associated
with electronic transitions to deep levels in cadmium hydroxide (Cd(OH);) and interband
electronic transitions in this material, respectively [58].

For comparison, Figure 5 presents the luminescence spectra of Cdl, crystals grown
from the gas phase. In addition to the intrinsic luminescence of the matrix (at 2.7 eV),
a narrow band with a maximum at 2.45 eV (508 nm) is observed. As the temperature
decreases, the intensity of the intrinsic luminescence increases, and its maximum shifts
to the longer-wavelength region of the spectrum. However, the intensity and spectral
position of the band at 508 nm remain unaffected by temperature variations. The spectral
characteristics of the band with a maximum at 2.45 eV correlate well with the luminescence
of CdO nanostructures [57].
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Figure 5. Temperature dependence of photoluminescence of air-aged Cdl, crystals grown from the
gas phase (measurements were carried out at 100-170 K).

Figure 6 illustrates the time evolution of the spectral luminescence of Cdl, crystals
obtained from the melt during prolonged exposure to air (e.g., 168 h and several years).
In the spectra of freshly grown crystals, an intense band with a maximum around 2.48 eV
(501 nm) (G-band) is observed. On the long-wavelength tail of this band, a weakly pro-
nounced component at 2.15 eV (578 nm) (Y-band) is recorded (curve 1). The spectral
composition of this luminescence is independent of the wavelength of the exciting light in
the fundamental absorption region and is associated with the radiative recombination of
self-localized excitons in the molecular complex [Cdy* T2 14~ [59,60].

Figure 6. Luminescence spectra of freshly cleaved (curve 1) and aged in air over 186 h and over
4 years (curves 2, 3) Cdl, crystals grown from the melt, T = 8 K (excitation length A = 100 nm).

After prolonged exposure of the Cdl, crystals to air, their spectra undergo significant
changes. Figure 6 (curves 2 and 3) presents the spectra of Cdl; crystals aged for more than
168 h (curve 2) and for over four years (curve 3).

Notably, both the G- and Y-bands shift to the longer-wavelength region: the maximum
of the G-band moves to 2.42 eV (514 nm) (curve 2), and the maximum of the Y-band shifts
to 2.04 eV (609 nm). Additionally, the intensity ratios between these bands vary, reflecting
alterations in the luminescence characteristics of the aged crystals.

In a freshly grown crystal, the G-band is dominant (curve 1). However, during the
aging process in air, the intensity of the Y-band becomes comparable to that of the G-band
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(curves 2 and 3). It is noteworthy that similar changes were observed in the luminescence
spectra of Cdl; films after annealing at T = 420 K. In addition to the initial G-center band,
intense luminescence appeared in the region around 2.2 eV (565 nm) [61].

For comparison, as Cdl, continues to age (curve 3), a narrow band with a maximum at
1.87 eV (665 nm) appears, along with long-wavelength luminescence in the region around
1.68 eV (740 nm). The transformation of the PL spectra of Cdl, during exposure to air, when
considered alongside the AFM study results, may be linked to the formation of nanoscale
structures on the surface of the crystals and their subsequent aggregation into nanoclusters.

Let us analyze the possible nature of the radiation with a maximum in the region
at 1.87 eV. Its characteristic feature is a small half-width of 0.05 eV, which is significantly
smaller than the half-widths of other bands (Figure 6). It appears in the spectra of Cdl,
when they are aged in air (curves 2, 3 in Figure 6), which indicates the connection of this
band with nanoformations that are formed on the surface of cadmium iodide.

The phase composition of the surface nanostructures was previously identified by the
authors using Raman spectroscopy [45], indicating the formation of CdO and Cd(OH),
during air exposure. The PL spectra observed here are consistent with reported emission
features of these phases and thus provide complementary, but not standalone, evidence for
their presence.

Now, let us consider the mechanism of formation of the cadmium hydroxide and
oxide nanophases obtained. The valence of cadmium is 2 (oxidation state +2), meaning it
forms two chemical bonds. These bonds are formed by two electrons from the outermost
energy level of cadmium, which participate in bonding with iodine, which has 7 electrons
in its outer shell. To complete its shell, iodine needs one more electron, which it “accepts”
from cadmium, resulting in the formation of CdI,.

On the other hand, cadmium possesses a vacant 5f orbital that can participate in the
formation of coordination (donor-acceptor) bonds. In this case, iodine acts as the electron
donor, while cadmium provides the available 5f orbital to accommodate the donated
electron density.

At the edge of the I-Cd-I structural layer, the electron donor is likely to be water,
specifically the oxygen atom in the water molecule. The oxygen atom has 6 electrons in its
outer energy level, two of which participate in forming bonds with hydrogen to create a
water molecule. The remaining four electrons can engage in the formation of a coordination
bond, with cadmium acting as the acceptor through its free 5f orbital in Cdl,.

Thus, on the surface of the crystal, the first step is the coordination of water molecules.
Over time, the crystal gradually undergoes hydrolysis, leading to the formation of cadmium
hydroxide:

Cdl, + H,O = Cd(OH)I + HI,

CA(OH)I + H,0 = Cd(OH), + HL.

Since the interaction of cadmium with unsaturated (broken) bonds directly with
oxygen molecules is unlikely (as cadmium in the Cdl; compound is in the highest oxidation
state of +2), it can be inferred that cadmium hydroxide serves as the “building material” for
nanostructures that include cadmium oxide. This suggests that the formation of cadmium
hydroxide on the crystal surface might be a precursor step in the creation of cadmium
oxide nanophases, where the hydroxide undergoes further transformation or dehydration
to form cadmium oxide structures (Cd(OH), = CdO + H,O).

Before moving on to the conclusion, it is necessary to note that the results of this work
are of particular interest for a more in-depth study of similar processes in other promising
halides [62-77], that have gained new interest for light detection and imaging.
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4. Conclusions

The time evolution of nanoscale structure formation on the surfaces of Cdl, crystals
grown from the melt and from the gas phase was investigated. The AFM method revealed
that at the initial stages of keeping the samples in an air atmosphere (for 1 h) at room
temperature, island-shaped nanostructures begin to form. With increasing exposure time,
these structures undergo aggregation and eventually form nanoclusters, while the persis-
tence of nanostructure formation continues. This process of nanostructure development is
observed both in Cdl; crystals grown from the melt and in those grown from the gas phase.
In particular, for the gas-phase-grown crystals, after exposure to air for more than 30 days,
nanopores and nanoclusters are observed to form on the surface.

Photoluminescence spectroscopy further confirms the composition of these formed
nanoclusters, showing that they contain cadmium hydroxide (Cd(OH),) and cadmium
oxide (CdO). The formation of these nanostructures plays a crucial role in the time evolution
of the low-temperature luminescence spectra of CdlI, crystals. Additional luminescence
bands with maxima at 1.87 eV and a long-wavelength emission near 1.68 eV emerge during
air ageing. These features indicate the appearance of new electronic transitions associated
with the evolving surface of nanostructures. This suggests a dynamic relationship between
the structural evolution of the material and its optical properties over time.
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