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Abstract

The evolution of surface morphology and structural parameters in ZnS and ZnSe crystals under high-
energy electron irradiation was investigated using a phenomenological modeling approach based on
experimentally obtained irradiation-dependent structural and morphological data. The analysis fo-
cused on the fluence dependence of the surface roughness parameters R, and R,, coherent-domain
size, and lattice parameter in the electron fluence range of (0—2.5) - 10!7 electrons/cm?. It was found
that the surface roughness parameters R, and R, decrease according to an exponential law, indicating
the occurrence of radiation-induced surface smoothing. A phenomenological kinetic equation describ-
ing roughness relaxation as a function of electron fluence was proposed and solved analytically. The
obtained model demonstrates that the smoothing rate is proportional to the excess surface roughness
relative to the limiting relaxed state. In contrast, the coherent-domain size generally increases with
increasing fluence, whereas the lattice parameter decreases nearly linearly, indicating radiation-induced
structural relaxation, lattice compaction, and defect rearrangement processes. Comparative analysis of
ZmS and ZnSe crystals revealed differences in the smoothing kinetics and structural evolution param-
eters, which may be associated with differences in defect mobility and irradiation-assisted relaxation
processes. Correlations were observed between the fluence-dependent evolution of surface roughness
and bulk structural parameters, indicating concurrent morphological and structural changes under
electron irradiation. The proposed phenomenological description provides a framework for comparing
these irradiation-induced responses in ZnS and ZnSe crystals.
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1. Introduction

ZnS and ZnSe are important II-VI wide-bandgap semiconductor materials that attract con-
siderable attention due to their optical, luminescent, and electronic properties. These materials
are widely used in infrared optics, photodetectors, electroluminescent devices, phosphors, op-
tical windows, and radiation-resistant optoelectronic systems [1-3|. ZnS possesses a relatively
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wide bandgap and high optical transparency in the visible spectral region, while ZnSe is charac-
terized by high transparency in the infrared range and good optical performance for COs-laser
applications [2, 3]. Owing to their favorable physical properties, ZnS and ZnSe crystals are con-
sidered promising materials for operation under extreme environmental conditions, including
radiation exposure.

The structural and surface properties of ZnS and ZnSe crystals play a crucial role in deter-
mining their optical and mechanical performance. In particular, surface morphology, coherent-
domain size, defect structure, and lattice stability significantly affect light scattering, optical
absorption, and mechanical reliability of semiconductor devices [3, 4]. High-energy electron
irradiation can modify these characteristics through the generation, migration, and recombina-
tion of radiation defects, leading to changes in crystal structure and surface state. Therefore,
investigation of irradiation-induced structural and morphological evolution in ZnS and ZnSe
crystals is of both fundamental and practical importance for the development of radiation-
tolerant semiconductor and optical materials.

Numerous studies [5-8] have investigated the influence of irradiation on the structural,
optical, and morphological properties of ZnS and ZnSe materials under various irradiation
conditions. Electron, gamma, and ion irradiation were reported to induce lattice distortions,
point defects, dislocation formation, and modifications of crystallinity in II-VI semiconduc-
tor compounds [5-8]. These radiation-induced processes strongly affect the lattice parameter,
coherent-domain size, microstrain, and surface roughness of ZnS and ZnSe materials.

Particular attention has been devoted to the evolution of coherent-domain size and lattice
parameters under irradiation. In ZnS thin films irradiated with high-energy electrons, a re-
duction in coherent-domain size accompanied by increased defect density and lattice disorder
was observed, indicating significant irradiation-induced structural degradation [6]. Similar ef-
fects were reported for ZnSe thin films and nanostructures, where electron irradiation modified
grain morphology, defect distribution, and local lattice strain through defect migration and
recombination processes [7]. At sufficiently high irradiation doses, however, defect annihila-
tion and radiation-stimulated diffusion may partially restore structural ordering, promoting
coherent-domain enlargement and reduction of microstrain [8]. Such competing processes be-
tween defect generation and defect relaxation play an important role in determining the final
structural state of irradiated semiconductor materials.

The lattice stability of ZnS and ZnSe under irradiation is also of considerable interest because
lattice deformation directly influences the electronic band structure and phonon properties of
these materials. Previous investigations [5, 8] demonstrated that electron irradiation can lead
to contraction of the lattice parameter as a result of defect redistribution and relaxation of
local elastic stresses. Such structural relaxation processes are commonly associated with the
migration and recombination of Frenkel defects, vacancies, and interstitial atoms generated
during electron-lattice interactions [9]. In addition, radiation-enhanced diffusion provides a
physical basis for defect-assisted atomic redistribution in irradiated solids [10].

Surface morphology evolution under irradiation has been actively studied using atomic
force microscopy (AFM). Several authors reported that irradiation can significantly modify the
surface roughness and topography of ZnS and ZnSe crystals and films [5, 7, 8]. In particular,
irradiation-induced defect migration and radiation-stimulated diffusion processes can enhance
surface relaxation through atomic redistribution mechanisms, resulting in smoothing of surface
asperities and a decrease in roughness parameters [10, 11]. This interpretation is also consistent
with classical surface relaxation models, in which surface curvature and capillarity-driven atomic
transport lead to gradual flattening of initially rough surfaces [12|. Such morphological changes
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are important because surface roughness strongly affects light scattering, optical transparency,
and the functional stability of optical and semiconductor devices [13].

Recent studies have also demonstrated that structural and morphological modifications in
ZnS and ZnSe are closely related to radiation-induced defect dynamics and electron—phonon
interactions |8, 14|. Radiation-induced point defects can alter local lattice polarization, defect-
related phonon scattering, and electron—phonon coupling processes, thereby influencing Raman
spectra, optical absorption edge behavior, and Urbach energy [14, 15]. In addition, irradiation-
induced defect evolution and surface morphology transformations are directly connected with
changes in mechanical properties such as microhardness, fracture resistance, and structural
stability [5, 8, 16].

Although considerable progress has been achieved in understanding irradiation effects in
ZnS- and ZnSe-based materials, most previous studies have mainly focused on thin films, nanos-
tructures, or optical characteristics separately. Comprehensive investigations combining surface
morphology evolution, coherent-domain enlargement, lattice relaxation, and their mutual cor-
relation in bulk ZnS and ZnSe crystals under high-fluence electron irradiation remain relatively
limited. In particular, the relationship between irradiation-induced surface smoothing and bulk
structural relaxation has not been systematically analyzed using a unified phenomenological ap-
proach.

Therefore, further investigation of the concurrent surface and structural transformations
in electron-irradiated ZnS and ZnSe crystals is necessary for understanding their irradiation-
induced evolution and relaxation behavior. Such studies are important for the development of
radiation-resistant wide-bandgap semiconductor and optoelectronic materials operating under
extreme irradiation environments.

2. Materials and methods

ZnS and ZnSe single crystals were used as the objects of investigation in this work. Bulk
ZnS and ZnSe crystals were grown by the chemical vapor deposition (CVD) technique under
optimized growth conditions described in previous studies [5, 8, 14]. The obtained crystals
exhibited high structural quality and homogeneous morphology, making them suitable for in-
vestigations of irradiation-induced structural and surface transformations.

The crystals were irradiated with accelerated electrons using the “Elektronika U-003" elec-
tron accelerator at the Institute of Nuclear Physics, Academy of Sciences of the Republic of
Uzbekistan [17, 18]|. The electron energy was 2 MeV, while the irradiation fluence (®) varied in
the range from 0 to 2.5 - 107 electrons/cm?. The fluence values used in the experiments were
0.5-10%7, 1.0-10'7, 1.5-10'7, 2.0-10%7, and 2.5 - 10'7 electrons/cm?. Irradiation was carried out
at room temperature under atmospheric conditions.

The structural properties of the irradiated and non-irradiated crystals were investigated by
X-ray diffraction (XRD) using a PANalytical Empyrean Series 3 diffractometer with CuK,, ra-
diation. Diffraction patterns were recorded in the 26 scanning mode at room temperature.
The phase composition and structural parameters of the crystals were analyzed using the
Rietveld refinement method implemented in the FullProf software package [19]. During the
Rietveld refinement, the scale factor, background, zero shift, lattice parameter, site occupan-
cies, preferred-orientation parameter, and profile/microstructural broadening parameters were
refined.

The lattice parameter (a), coherent scattering domain size (D), and lattice microstrain (¢)
were determined from the diffraction data, while an indirect dislocation-density estimate (§)
was subsequently calculated from D.
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The instrumental contribution to diffraction-line broadening was determined using a LaBg
standard reference material measured under identical instrumental conditions and was incor-
porated into FullProf as the instrumental resolution function. The diffraction profiles of the
ZnS and ZnSe samples were subsequently refined over the whole 26 range using the Thompson—
Cox—Hastings (TCH) pseudo-Voigt profile function (Npr = 7) within an isotropic size-strain
broadening model [19]. After accounting for the instrumental resolution function obtained from
LaBg, the sample-dependent size- and strain-related contributions were separated simultane-
ously during whole-pattern refinement according to their different angular dependences. For the
size- and strain-related contributions, the corresponding Gaussian and Lorentzian components
were combined within the TCH formalism to obtain the pseudo-Voigt FWHM H and mixing
parameter 7, from which the respective integral breadths (s,. and Bgrain Were obtained. The
volume-averaged coherent scattering domain size, D, was then estimated from the size-related
integral breadth using the Debye—Scherrer relation [20, 21|,

K\

D=——"_ 1
Bsize cOs 0’ (1)

where K is the Scherrer constant, A is the X-ray wavelength, (. is the integral breadth of the

size-related diffraction-line broadening component obtained from the TCH pseudo-Voigt profile

after instrumental correction and size—strain separation, and 6 is the Bragg diffraction angle.
An indirect estimate of the dislocation density, d, was calculated from the coherent-domain

size according to [22]

1
while the lattice microstrain ¢ was determined from the separately resolved strain-related inte-
gral breadth (Sstrain) using the Stokes—Wilson equation [23]

Bstrain
= ) 3
© 4tan6 (3)

Because ¢ is derived solely from D through Eq. (2), it should be regarded as a size-derived
dislocation-density estimate rather than as an independently measured dislocation density. This
relation does not account for the spatial distribution, configuration, or possible rearrangement
of dislocations. The obtained microstrain ¢ represents a volume-averaged measure of local
lattice distortions associated with elastic strain fields arising from dislocations and other crystal
defects.

The lattice parameter a for the cubic structure was determined from the interplanar spacing
relation

a=dViZ+ K+, (4)

where d is the interplanar spacing and h, k, and [ are the Miller indices of the corresponding
diffraction plane.

The surface morphology of the crystals before and after irradiation was studied using a Shi-
madzu SPM-9700HT atomic force microscope. For the AFM investigation, the same specimen
was used throughout the irradiation experiment. The surface morphology of the non-irradiated
specimen was first characterized by AFM. The specimen was then successively irradiated with
2 MeV electrons to cumulative fluences of 0.5-10'7, 1.0-10'7, 1.5-10'7, 2.0-10'7, and 2.5-10'7 elec-
trons/cm?. After each irradiation step, AFM measurements were performed on the same speci-
men to monitor the progressive evolution of the surface morphology. AFM images were recorded
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at room temperature with a scan area of 30 x 30 ym?. The average surface roughness (R,)

and maximum profile height roughness (R,) were extracted from the AFM topography images
using the standard software package supplied with the microscope. The evolution of the sur-
face morphology with increasing electron fluence was analyzed comparatively for ZnS and ZnSe
crystals.

The experimentally obtained fluence dependences of the surface roughness parameters were
analyzed using a phenomenological relaxation model. Since the AFM results demonstrated
a gradual saturation behavior of the roughness parameters with increasing electron fluence,
the surface smoothing process was considered within the framework of a first-order kinetic
relaxation approach.

The fluence dependences of the coherent-domain size and lattice parameter were analyzed
with linear and nonlinear regression models. In particular, the roughness parameters were fit-
ted using an exponential relaxation function, while the structural parameters were analyzed
applying polynomial and linear approximation models. Numerical fitting and statistical anal-
ysis of the experimental data were performed with Wolfram Mathematica and Origin software
packages. The quality of the fitting models was evaluated using the coefficient of determination
(R?) and residual analysis.

3. Results

3.1. Fwvolution of surface morphology under electron irradiation

Figures 1 and 2 show the three-dimensional AFM surface topography images of ZnS and
ZnSe crystals irradiated with electron fluences ranging from 0 to 2.5 - 1017 electrons/cm?. For
both materials, the AFM images reveal progressive surface smoothing, manifested by a reduc-
tion in surface relief amplitude and suppression of high-curvature topographic features with
increasing electron fluence.

For the non-irradiated ZnS crystal, the AFM images reveal a morphologically heterogeneous
surface characterized by pronounced surface asperities, irregular height distribution, and large-
amplitude topographic inhomogeneities. As the electron fluence increases, both the height and

Figure 1. Three-dimensional AFM images of the ZnS crystal surface: a) non-irradiated; b) irradiated
with electron fluences of 0.5-1017, 1.0-1017 (¢), 1.5-10'7 (d), 2.0-10'7 (e) and 2.5-10'7 electrons/cm? (f).
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Figure 2. Three-dimensional AFM images of the ZnSe crystal surface: a) non-irradiated; b) irradiated
with electron fluences of 0.5-1017, 1.0-10'7 (¢), 1.5-10'7 (d), 2.0-10'7 (¢) and 2.5-10'7 electrons/cm? (f).

density of surface irregularities decrease significantly. At fluences of 1.5-10'7 and 2.0- 107 elec-
trons/cm?, the surface becomes noticeably smoother, while at 2.5-107 electrons/cm? a relatively
homogeneous and flattened surface morphology is observed.

The same qualitative evolution is observed for ZnSe crystals (Figure 2). Compared with the
non-irradiated state, electron irradiation progressively suppresses prominent surface features,
resulting in a more homogeneous surface topography at higher electron fluences.

The qualitative changes observed in the AFM images indicate a progressive evolution of the
surface morphology with increasing electron fluence. To quantify these changes, the average
roughness (R,) and maximum roughness height (R,) parameters were analyzed as a function
of electron fluence, as presented in the following section.

3.2. Fluence dependence of roughness parameters

To quantitatively characterize the irradiation-induced evolution of the surface morphology,
the fluence dependences of the roughness parameters R, and R, were analyzed for ZnS and ZnSe
crystals. Figure 3 presents the experimental data together with the corresponding phenomeno-
logical fitting curves. For both materials, the roughness parameters decrease monotonically
with increasing electron fluence and exhibit a pronounced non-linear behavior approaching
saturation at higher fluences.

For ZnS crystals, the R, parameter decreases from 191 nm for the non-irradiated sample to
34 nm at a fluence of 2.5 - 107 electrons/cm?, corresponding to a reduction by approximately
5.6 times. For ZnSe crystals, R, decreases from 168 to 21 nm, corresponding to an approxi-
mately 8-fold reduction over the same fluence range. These results indicate that the reduction
of the average surface roughness is more pronounced in ZnSe than in ZnS.

The maximum roughness height parameter R, exhibits a similar evolution with increasing
electron fluence. For ZnS crystals, R, decreases from 1929 to 399 nm, whereas for ZnSe crystals
it decreases from 1628 to 219 nm between 0 and 2.5-10'7 electrons/cm?. Compared with R,, the
reduction of R, is more pronounced, particularly at low and intermediate irradiation fluences.

To quantitatively describe the experimentally observed relaxation behavior, the fluence
dependences of the roughness parameters were approximated using an exponential saturation
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Figure 3. Fluence dependences of the surface roughness parameters R, (a) and R, (b) for ZnS and
ZnSe crystals under electron irradiation. Symbols represent the experimental data, while solid curves
correspond to the results of exponential fitting.

function derived from the phenomenological model:
R(F) = Roo + Ae ™, (5)

where F' = ®/(10'7 electrons/cm?) is the normalized electron fluence, R, is the limiting
roughness value corresponding to the relaxed surface state, A is the relaxation amplitude
(A = Ry — Ry), and k is the exponential relaxation coefficient characterizing the efficiency
of irradiation-induced surface smoothing.

The fitting results demonstrate excellent agreement between the phenomenological model
and the experimental data. For ZnS crystals, fitting of the R,(F) dependence yielded R?* =
0.990, while for ZnSe R?* = 0.984. Similarly, the R.(F) dependences showed even better
agreement with the exponential relaxation model, with R? = 0.994 for ZnS and R? = 0.998 for
ZnSe. The corresponding fitting parameters, including the limiting roughness R, relaxation
amplitude A, and smoothing coefficient k, are summarized in Table 1. The high coefficients
of determination indicate that the proposed phenomenological model provides an excellent
description of the experimentally observed roughness evolution within the investigated fluence
range.

The experimental dependences of R,(F) and R.(F') are therefore well described by the
proposed phenomenological exponential relaxation model.

Table 1. Exponential fitting parameters for the fluence dependences of the roughness parameters
R,(F) and R,(F) in ZnS and ZnSe crystals according to Eq. (5).

Crystal Parameter R, nm A, nm k R?

7nS Ro(F) 284 16260 0.82 0.990
ZnSe  Ru(F) 179 150.10 0.96 0.984
ZnS R.(F) 3476 1570.66 1.45 0.994
ZnSe  R.(F) 183.7  1447.23 151 0.998
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3.8. Irradiation-induced structural and microstructural evolution

Figure 4 shows the X-ray diffraction patterns of non-irradiated and electron-irradiated ZnS
and ZnSe crystals at the maximum investigated fluence of 2.5 - 107 electrons/cm?. For both
crystals, the diffraction patterns confirm preservation of the cubic crystal structure (space group
F—43m) after electron irradiation.

For a more detailed analysis of the structural state of the non-irradiated and electron-
irradiated ZnS and ZnSe crystals, full-profile Rietveld refinements of the X-ray diffraction
patterns were performed using the FullProf software package. Figure 4 also presents the ex-
perimental diffraction profiles, calculated patterns, difference curves (Yops — Yeare), and Bragg
reflection positions for ZnS and ZnSe crystals before and after electron irradiation with a fluence
of 2.5 - 107 electrons/cm?. As can be seen from Figure 4, the calculated profiles reproduce the
experimental diffraction patterns well for both materials. The absence of additional diffraction
peaks confirms the preservation of the cubic crystal structure of ZnS and ZnSe after electron
irradiation.

The agreement factors obtained from the refinements are at an acceptable level. For the
non-irradiated and irradiated ZnS crystals, the corresponding values are Rp = 3.27 and 3.83%,

14000 (220) Unirradiated ZnS | 400001 (220) Upirradiated ZnSe
12000+ * Yo I * Yo
i calc — Tcale
. 10000 i — Yobs — Yealc . 30000 — Yobs — Yealc
= 8000k I Bragg position | ~ (111) I Bragg position
& i &
£ 6000 £ 20000
0w B n L
§ 4000F  (111) b § L0000 ' (311)
= B 311 g -
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Figure 4. X-ray diffraction patterns of ZnS and ZnSe crystals before and after electron irradiation
with a fluence of 2.5 - 10!7 electrons/cm?. Red symbols correspond to the experimental data (Yops),
black lines represent the calculated profiles (Ycac), blue lines show the difference curves (Yopns — Yealc),
and vertical ticks indicate the positions of the Bragg reflections.
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Rp = 2.26 and 4.28%, and x? = 3.68 and 3.21, respectively. For ZnSe, the corresponding
values are Rp = 3.94 and 2.90%, Rr = 5.07 and 4.24%, and x? = 2.07 and 2.31. These results
confirm the satisfactory quality of the Rietveld refinements and the reliability of the determined
structural parameters.

At the same time, slight shifts and modifications of the diffraction peak shapes are ob-
served after irradiation [5, 8|, indicating changes in the structural state of the crystals. The
observed evolution of the diffraction peaks suggests irradiation-induced lattice relaxation and
modification of the microstructural parameters, including coherent-domain size and local lattice
strain [5, 8].

The decrease in the FWHM of the (111) reflection with increasing fluence indicates a reduc-
tion in the overall diffraction-line broadening, consistent with the coherent-domain enlargement
and reduced lattice microstrain obtained from the whole-pattern analysis [5, 8, 14].

Slight variations in the relative diffraction peak intensities are observed after electron irradi-
ation. However, no additional diffraction peaks are detected, and all reflections remain indexed
to the cubic zinc-blende structure, indicating preservation of the crystalline phase throughout
the investigated fluence range. The relative intensities were accounted for within the whole-
pattern Rietveld refinement through the refined structural and profile parameters, including
site occupancies and preferred orientation. The microscopic origin of these small intensity
variations cannot be uniquely determined from the present XRD data alone.

In addition to surface morphology modification, electron irradiation also affects the struc-
tural parameters of ZnS and ZnSe crystals. The evolution of the lattice parameter (a) and
coherent-domain size (D) as a function of electron fluence was analyzed in order to clarify the
relationship between surface smoothing and bulk structural relaxation. The fluence depen-
dences of the a and D for ZnS and ZnSe crystals are presented in Figure 5.

For ZnS crystals, the lattice parameter decreases from 0.54413 nm in the non-irradiated
state to 0.54256 nm at a fluence of 1.5 - 10'7 electrons/cm? (Figure 5, a). At higher fluences, a
slight increase to approximately 0.54305-0.54306 nm is observed. Such a behavior suggests that
the initial stage of irradiation is dominated by lattice contraction associated with formation
and redistribution of radiation-induced point defects. At higher fluences, competing relaxation
processes including defect migration, recombination, and partial release of local elastic stresses
may lead to weak recovery of the lattice parameter. For ZnSe crystals, the lattice parameter
decreases more monotonically from 0.56863 to 0.56811 nm as the electron fluence increases
from 0 to 2.5 - 10'7 electrons/cm?. The observed decrease in the lattice parameter indicates
radiation-induced lattice compaction, which may be associated with defect redistribution, local
structural relaxation, and suppression of nonequilibrium lattice distortions.

The coherent-domain size also changes under electron irradiation, as shown in Figure 5, b.
In ZnS crystals, the coherent-domain size increases from 19.88 nm in the non-irradiated state
to 26.68 nm at 2.5 - 10'7 electrons/cm?. Although the intermediate values exhibit weak non-
monotonic behavior, the overall tendency indicates irradiation-assisted coherent-domain en-
largement. This behavior is consistent with irradiation-assisted defect rearrangement, improved
structural coherence, and reduction of microstructural fragmentation. In ZnSe crystals, the
coherent-domain size increases more systematically from 32.00 to 37.03 nm over the same flu-
ence range. The more monotonic evolution of D in ZnSe suggests a more regular irradiation-
induced structural response compared with ZnS. The increase in coherent-domain size may
be associated with irradiation-assisted defect redistribution and a reduction in microstructural
disorder.
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Figure 5. Fluence dependences of the lattice parameter (a) and the coherent-domain size (b) for ZnS
and ZnSe crystals under electron irradiation. The decrease in the lattice parameter indicates radiation-
induced lattice compaction and structural relaxation, whereas the increase in coherent-domain size
reflects irradiation-assisted coherent-domain enlargement and microstructural ordering.

The simultaneous decrease in the lattice parameter and increase in coherent-domain size in-
dicate that electron irradiation does not simply induce structural disorder in ZnS and ZnSe crys-
tals. Instead, within the investigated fluence range, irradiation activates competing nonequilib-
rium processes: generation of radiation defects on the one hand, and defect migration, recombi-
nation, and structural relaxation on the other. The dominance of relaxation-related processes
at high fluences can promote lattice compaction, reduction of local strain fields, and enlarge-
ment of coherent scattering regions. These results demonstrate the dual role of high-energy
electron irradiation as both a source of lattice defects and a driving force for irradiation-assisted
structural relaxation.

The structural relaxation process is accompanied by an increase in coherent-domain size and
a decrease in lattice microstrain () under electron irradiation up to a fluence of 2.5 - 1017 elec-
trons/cm?. The size-derived dislocation-density estimate (4), calculated using Eq. (2), decreases
from 25.3 - 10 to 14.05 - 10'° cm™2 in ZnS and from 9.77 - 10%° to 7.29 - 10'° cm~2 in ZnSe.
Since 0 is derived directly from D, its evolution reflects the corresponding change in coherent-

10
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domain size rather than an independent determination of the dislocation density. At the same
time, the microstrain decreases from 7.11 - 1073 to 5.29 - 1073 in ZnS and from 4.62 - 1073
to 3.99 - 1072 in ZnSe. The concurrent evolution of coherent-domain size and microstrain is
consistent with a reduction of microstructural distortions and possible rearrangement of the
defect and dislocation structure under irradiation. These structural changes are consistent
with irradiation-assisted defect migration and relaxation processes in the crystal lattice.

These structural changes occur concurrently with the observed surface-morphology evolu-
tion: the reduction in surface roughness is accompanied by coherent-domain enlargement and
changes in the lattice parameter, indicating correlated morphological and structural evolution
under electron irradiation.

3.4. Correlation between surface and structural evolution

To clarify the relationship between surface morphology evolution and bulk structural mod-
ifications, correlation analysis between the roughness parameters (R,, R,) and the structural
parameters (D, a) was performed for ZnS and ZnSe crystals. The obtained results reveal sys-
tematic correlations between the fluence-dependent evolution of surface roughness and the
structural parameters of both crystals.

Figure 6 shows the dependences of the average surface roughness parameter R, on coherent-
domain size (D) and lattice parameter (a) for ZnS and ZnSe crystals. For both ZnS and
ZnSe crystals, the reduction of R, is accompanied by an increase in coherent-domain size
(Figure 6, a). This behavior indicates that irradiation-induced surface smoothing occurs si-
multaneously with enlargement of coherent scattering domains and partial structural ordering
of the crystal lattice. The obtained relationship indicates that surface smoothing proceeds
concurrently with enlargement of coherent scattering domains as the electron fluence increases.

In ZnS crystals, the increase in coherent-domain size from approximately 20 to 27 nm is
accompanied by a significant decrease in R, from 191 to 34 nm. A similar tendency is observed
for ZnSe crystals, where the coherent-domain size increases from 32 to 37 nm while the rough-
ness decreases from 168 to 21 nm. The observed trend is consistent with irradiation-induced
microstructural relaxation and enlargement of coherent scattering regions. The simultaneous re-
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Figure 6. Dependences of the average surface roughness parameter R, on coherent-domain size (a)
and lattice parameter (b) for ZnS and ZnSe crystals. The observed correlations illustrate the concurrent
evolution of surface roughness and structural parameters under electron irradiation.
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Figure 7. Dependences of the maximum roughness height parameter R, on coherent-domain size D (a)
and lattice parameter a (b) for ZnS and ZnSe crystals.

duction in surface roughness indicates that the morphological and structural parameters evolve
in parallel with increasing fluence.

Figure 6b presents the dependence of the roughness parameter R, on the lattice param-
eter (a). It can be seen that the decrease in surface roughness is accompanied by gradual
reduction of the lattice parameter for both crystals. This tendency shows that the reduction
in surface roughness occurs concurrently with the irradiation-induced changes in the lattice
parameter. The reduction of the lattice parameter may result from redistribution and partial
annihilation of radiation-induced point defects, leading to relaxation of local elastic strain fields
within the crystal lattice.

A similar tendency is also observed for the R, parameter, as shown in Figures 7, a and 7, b,
which present the dependences of R, on coherent-domain size and lattice parameter. The
decrease in R, with increasing coherent-domain size and decreasing lattice parameter are
consistent with the preferential suppression of large-amplitude surface asperities and highly
nonequilibrium topographic defects. Since R, is particularly sensitive to isolated large surface
features and maximum height variations of the surface profile, the obtained behavior indicates
that large-amplitude surface irregularities relax more efficiently during the initial stages of
irradiation-assisted structural evolution.

The obtained relationships demonstrate that surface morphology and structural parameters
evolve concurrently under electron irradiation. The simultaneous decrease in surface roughness,
increase in coherent-domain size, and change in lattice parameter reveal a consistent fluence-
dependent correlation between the morphological and structural responses of both ZnS and
ZnSe crystals. These correlations provide a useful phenomenological basis for considering the
surface and bulk evolution together, without implying a direct causal relationship between
them.

4. Discussion

4.1. Phenomenological model of radiation-induced surface smoothing

The AFM results demonstrate that high-energy electron irradiation induces a pronounced
reduction of the surface roughness parameters R, and R, in both ZnS and ZnSe crystals. The
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experimentally observed roughness evolution exhibits a distinctly non-linear behavior: rapid
smoothing occurs at the initial stage of irradiation, whereas at higher fluences the relaxation
process gradually slows down and approaches a saturation-like regime. Such behavior is charac-
teristic of nonequilibrium relaxation processes in which the driving force decreases progressively
as the system approaches a more energetically stable surface state. Similar relaxation-type
surface evolution has previously been reported for irradiation-assisted surface smoothing and
capillarity-driven relaxation processes in irradiated materials [10-12].

The AFM images (Figs. 1 and 2) provide additional qualitative evidence for this behavior.
During the early stages of irradiation, the most pronounced surface asperities are preferentially
suppressed, whereas at higher fluences the remaining topographic irregularities become pro-
gressively smaller and more uniformly distributed. This observation is fully consistent with the
quantitative evolution of the roughness parameters. In particular, the larger reduction of R,
compared with R, indicates that electron irradiation preferentially eliminates high-amplitude
surface features before affecting the average surface roughness. Since R, is considerably more
sensitive than R, to isolated peaks and valleys, its faster relaxation suggests a progressive
reduction of the highest-energy morphological features of the surface.

To describe the observed smoothing behavior quantitatively, the irradiation-induced relax-
ation process is represented by a phenomenological kinetic model in which the electron fluence
serves as the external parameter governing the evolution of the surface morphology. Assuming
that the relaxation rate is proportional to the remaining excess roughness of the nonequilibrium
surface leads to the first-order kinetic equation

dR
o5 = —h(R = Re), ()
where R represents the roughness parameter (R, or R,), F' is the normalized electron fluence,
k is the phenomenological relaxation coefficient, and R., represents the limiting roughness
corresponding to the relaxed surface state.

According to Eq. (6), the relaxation rate naturally decreases as the surface approaches
its limiting morphology. At low electron fluences, where the excess roughness R — R, is
large, smoothing proceeds rapidly. As irradiation continues, progressively fewer high-amplitude
surface features remain, resulting in slower relaxation kinetics and gradual saturation of the
roughness evolution.

Equation (6) can be solved analytically by separating the variables:

dR

——— = —kdF.
(R - Roo)

Integration gives
In|R— Ry|=—kF+C,

where C' is the integration constant. Applying the initial condition R = Ry at F' = 0, where
Ry is the roughness of the non-irradiated crystal, gives the final expression

R(F) = Ry + (Ry — Ryo) e ™. (7)

This expression represents a saturating exponential relaxation law for irradiation-induced
surface smoothing. Here, Ry — R, is the initial excess roughness that can be relaxed under
irradiation, while k£ characterizes the efficiency of the smoothing process. The obtained solution
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describes a saturation-type relaxation process in which the roughness decreases rapidly at low
fluences and gradually approaches a limiting value at higher irradiation fluences.

For practical fitting of the experimental data, Eq. (7) can also be written in the form com-
monly used in Origin software:

R(F) = yo + Ae™*, (8)

where 1o = R, and A = Ry — R..

The obtained fitting parameters (Table 1) provide additional quantitative support for the
proposed phenomenological description. For both ZnS and ZnSe, the relaxation coefficients
determined for R, are consistently higher than those obtained for R,, indicating that high-
amplitude surface irregularities relax more rapidly than the average surface roughness. This
conclusion agrees well with the AFM observations, which show preferential suppression of the
largest asperities during the early stages of irradiation. Moreover, the excellent agreement
between the experimental data and Eq. (7), reflected by the high coefficients of determination
(R? = 0.984—0.998), demonstrates that the exponential relaxation law provides an adequate
phenomenological description of the observed surface evolution over the investigated fluence
range.

The physical interpretation of this behavior is consistent with irradiation-induced defect
processes occurring in the near-surface region. High-energy electrons generate nonequilibrium
point defects, primarily vacancies and interstitial atoms, whose redistribution enhances local
atomic mobility. Under these conditions, surface regions possessing higher local curvature and
excess surface energy relax preferentially through irradiation-assisted atomic rearrangement,
resulting in progressive suppression of large surface asperities and subsequent reduction of the
overall surface roughness [10-12]. The experimentally observed evolution of R, and R, is
therefore consistent with a defect-mediated surface relaxation process. However, the present
work does not directly observe atomic-scale defect migration; consequently, this interpretation
should be regarded as being supported by the observed experimental correlations rather than
as direct experimental proof of the underlying microscopic mechanism.

It should be emphasized that the phenomenological relaxation coefficient k is a fitting pa-
rameter describing the rate at which the surface roughness approaches its limiting value with
increasing electron fluence. It should not be interpreted as a diffusion coefficient or a direct
measure of defect mobility. Instead, k& provides a convenient phenomenological parameter for
comparing the relative efficiency of irradiation-induced surface relaxation under identical irra-
diation conditions.

Finally, the proposed model has been validated only within the investigated electron fluence
range of (0—2.5) - 1017 electrons/cm?. Although Eq. (7) accurately reproduces the experimen-
tal observations within this interval, its applicability at substantially higher fluences has not
been verified. Under more intense irradiation, additional processes, including accumulation
of complex defect clusters, enhanced lattice damage, or changes in the dominant relaxation
mechanisms, may become significant. Therefore, the present model should be regarded as a
phenomenological description applicable to the investigated irradiation conditions rather than
as a universal model for arbitrary electron fluences.

4.2. Radiation-stimulated defect dynamics and structural relazation

The structural evolution of ZnS and ZnSe crystals under 2-MeV electron irradiation reflects
the competition between radiation-induced defect generation and subsequent defect-assisted
relaxation processes. Elastic collisions between energetic electrons and lattice atoms produce
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nonequilibrium point defects, including vacancies, interstitial atoms, and Frenkel pairs [9, 16,
24]. These defects locally distort the crystal lattice and modify the structural state of both
the bulk and near-surface regions. As the electron fluence increases, however, the accumulated
defect population also provides conditions for enhanced defect redistribution and partial defect
annihilation, gradually driving the crystal toward a lower-energy structural configuration.

It should be emphasized that the present interpretation is based on experimentally ob-
served structural correlations rather than on direct observation of defect migration. No in situ
measurements of defect diffusion or atomic-scale defect evolution were performed in this work.
Therefore, the proposed radiation-assisted relaxation mechanism should be regarded as a phys-
ically consistent interpretation supported by the combined evolution of the structural and
morphological parameters together with previous studies of irradiated II-VI semiconductors |5,
8, 25].

The X-ray diffraction results provide quantitative evidence of progressive structural relax-
ation. For both ZnS and ZnSe, the lattice parameter decreases systematically with increas-
ing electron fluence, from 0.54413 to approximately 0.54305 nm for ZnS and from 0.56863 to
0.56811 nm for ZnSe. The monotonic character of this evolution suggests gradual relaxation of
irradiation-induced lattice distortions rather than random accumulation of structural disorder.
Such behavior is consistent with partial redistribution and annihilation of metastable defect
configurations, leading to reduction of local elastic strain fields [6-8].

Simultaneously, the coherent-domain size increases from approximately 20 to 27 nm in ZnS
and from 32 to 37 nm in ZnSe. Since the coherent-domain size represents the average dimension
of coherent scattering domains, its increase indicates improved structural coherence within the
irradiated crystals. Rather than implying formation of new grains, this evolution suggests
partial recovery of defect-rich regions and reduction of internal lattice fragmentation, resulting
in larger coherent diffraction domains. Similar irradiation-assisted increases in coherent domain
size have been reported for irradiated semiconductor materials undergoing defect relaxation |10,
26-28|.

The concurrent decrease in lattice parameter and increase in coherent-domain size are mu-
tually consistent with the structural evolution observed in the present study. Although these
quantities characterize different aspects of the crystal structure, both evolve monotonically with
electron fluence and indicate progressive reduction of the nonequilibrium state. Together with
the decrease in lattice microstrain discussed in Section 3.3, these trends suggest that struc-
tural relaxation gradually becomes more significant as irradiation proceeds. It should be noted,
however, that the estimated dislocation density and lattice microstrain are correlated descrip-
tors of defect-induced lattice distortion and therefore should not be interpreted as completely
independent evidence of structural relaxation.

The electron energy was fixed at 2 MeV throughout the present study in order to investi-
gate the fluence-dependent structural and surface evolution under unchanged electron-transport
conditions. According to the NIST ESTAR database, the CSDA range provides an estimate
of the average path length traveled by electrons as they lose their energy in a material [29].
Thus, the selected electron energy enables substantial energy deposition within the bulk of the
investigated ZnS and ZnSe crystals rather than restricting the irradiation effect exclusively to
the near-surface region. At other electron energies, the electron range and energy-deposition
profile would differ, potentially affecting the spatial distribution of irradiation-induced defects
and the resulting structural and morphological evolution.

Comparison of the two materials reveals that ZnSe exhibits a more uniform evolution of
both lattice parameter and coherent-domain size together with a higher relaxation coefficient
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obtained from the surface-smoothing model (Section 4.1). Although the present experiments
do not directly determine defect mobility, this combination of structural and morphological
observations suggests that irradiation-assisted relaxation proceeds somewhat more efficiently
in ZnSe than in ZnS under identical irradiation conditions. Such differences may originate from
variations in bonding characteristics, defect formation energies, and defect migration behavior
between the two II-VI semiconductors.

Overall, the structural results indicate that, within the investigated fluence range, electron
irradiation does not lead to continuous accumulation of structural disorder. Instead, the exper-
imental observations are consistent with the coexistence of two competing nonequilibrium pro-
cesses: continuous generation of radiation defects and simultaneous irradiation-assisted struc-
tural relaxation. The balance between these processes results in progressive reduction of lattice
distortion, enlargement of coherent scattering domains, and increasing structural equilibration
as the electron fluence increases.

4.8. Comparative analysis of ZnS and ZnSe crystals

Although ZnS and ZnSe exhibit the same overall irradiation-induced tendency toward sur-
face smoothing and structural relaxation, the magnitude and regularity of these changes differ
between the two materials. A direct comparison of the experimental data shows that ZnSe
undergoes a more pronounced morphological response within the investigated fluence range.

The difference is particularly evident in the AFM roughness parameters. At a fluence of
2.5 - 1017 electrons/cm?, R, decreases from 191 to 34 nm in ZnS, corresponding to a reduction
of approximately 82%, whereas in ZnSe it decreases from 168 to 21 nm, corresponding to
approximately 88%. Similarly, R, decreases from 1929 to 399 nm in ZnS (approximately 79%)
and from 1628 to 219 nm in ZnSe (approximately 87%). Thus, both the average roughness
and the large-amplitude topographic irregularities are suppressed more strongly in ZnSe under
identical irradiation conditions.

The fitting parameters provide an additional quantitative basis for this comparison. For R,
the relaxation coefficient k increases from 0.82 for ZnS to 0.96 for ZnSe, while for R, the
corresponding values are 1.45 and 1.51, respectively. The consistently higher k values for
ZnSe indicate a somewhat faster approach toward the limiting roughness state. Moreover, in
both materials k(R,) > k(R,), showing that high-amplitude topographic features relax more
rapidly than the average surface roughness. The larger overall roughness reduction together
with the higher relaxation coefficients therefore identifies ZnSe as the more responsive of the
two materials in terms of irradiation-induced morphological evolution.

Differences are also evident in the structural evolution. The lattice parameter decreases from
0.54413 to approximately 0.54305 nm in ZnS and from 0.56863 to 0.56811 nm in ZnSe, while
the coherent-domain size increases from approximately 20 to 27 nm and from 32 to 37 nm,
respectively. However, the significance of these changes should not be assessed solely from
their absolute magnitudes, because ZnS and ZnSe have different initial lattice parameters and
coherent-domain sizes. More importantly, ZnSe exhibits a comparatively smooth evolution of
the structural parameters with fluence, whereas ZnS shows weak non-monotonic variations at
intermediate fluences. This difference suggests that the irradiation-induced structural response
follows somewhat different relaxation kinetics in the two materials.

The distinct responses of ZnS and ZnSe may originate from differences in their intrinsic
lattice and defect properties. Substitution of S by the heavier and larger Se anion results
in a larger lattice parameter and different bonding characteristics in ZnSe [1-3|. Differences
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in defect formation and migration energetics, lattice dynamics, and electron—phonon interac-
tions may consequently influence the relative rates of defect accumulation, redistribution, and
annihilation. Previous studies of irradiated II-VI semiconductors have likewise shown that
radiation-induced structural evolution is strongly material-dependent and governed by the na-
ture and mobility of the generated defects [6-8, 26-28]. In the absence of direct measurements
of defect migration in the present study, however, these microscopic factors should be regarded
as plausible contributors to the observed ZnS—7ZnSe differences rather than as experimentally
established mechanisms.

Differences in electron interaction with the two materials may also contribute to their dis-
tinct responses. ZnS and ZnSe differ in density, elemental composition, and electron stopping
characteristics; consequently, the spatial distribution of deposited energy and radiation-induced
defects is not expected to be identical [24, 28|. Although both materials were irradiated under
the same nominal conditions, these material-dependent interaction characteristics may influence
the quantitative evolution of their morphological and structural parameters.

Overall, the comparative results reveal a common direction of irradiation-induced evolu-
tion in both materials but different relaxation kinetics and magnitudes. ZnSe exhibits a larger
reduction in surface roughness, slightly higher phenomenological relaxation coefficients, and a
comparatively regular structural evolution, whereas ZnS shows a somewhat weaker and less uni-
form response. These observations demonstrate that the magnitude and kinetics of irradiation-
induced relaxation are material-dependent, while the common trends observed in both crystals
are consistent with a shared phenomenological framework of defect-mediated nonequilibrium
relaxation.

4.4. Physical interpretation of correlated surface and structural evolution

The correlation analysis presented in Section 3.4 provides an experimental basis for com-
paring the concurrent surface and structural responses to electron irradiation. In both ZnS and
ZmSe, decreasing surface roughness is systematically accompanied by an increase in coherent-
domain size and a decrease in the lattice parameter. Thus, three independently determined ob-
servables — AFM roughness, coherent-domain size, and lattice parameter — evolve concurrently
with increasing electron fluence. Although these correlations do not by themselves establish
a unique microscopic mechanism, their systematic character indicates that the morphological
and structural responses develop simultaneously under the same irradiation conditions.

The R,—D and R.—D relationships show that progressive surface smoothing accompanies
enlargement of coherent scattering domains. In ZnS, the decrease in R, from 191 to 34 nm
occurs together with an increase in coherent-domain size from approximately 20 to 27 nm,
whereas in ZnSe R, decreases from 168 to 21 nm while the coherent-domain size increases from
approximately 32 to 37 nm. The corresponding R, correlations exhibit the same tendency.
These observations indicate that suppression of surface irregularities proceeds concurrently with
increasing structural coherence within the irradiated material. Importantly, this correlation
should not be interpreted as evidence that coherent-domain enlargement directly causes surface
smoothing, or vice versa; rather, both trends may represent parallel responses of the material
to irradiation-induced nonequilibrium processes.

The correlations between roughness and lattice parameter provide a complementary struc-
tural relationship. For both materials, decreasing R, and R, are accompanied by a reduction
of the lattice parameter. Within the investigated fluence range, the lattice parameter a de-
creases from 0.54413 to approximately 0.54305 nm in ZnS and from 0.56863 to 0.56811 nm in
ZnSe. Because no additional diffraction peaks or phase transformations are observed, these
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relatively small lattice changes are more consistently interpreted as modifications within the
existing zinc-blende structure rather than formation of a new crystalline phase. Their concur-
rent evolution with surface roughness is consistent with progressive relaxation of the irradiated
crystal structure.

A plausible microscopic framework for these correlated changes involves the generation and
subsequent redistribution of irradiation-induced point defects. Energetic electron—atom interac-
tions can produce vacancies, interstitials, and Frenkel-type defect configurations [9, 16, 24, 25].
Their subsequent redistribution and partial recombination may modify local strain fields and
structural coherence, while irradiation-assisted atomic rearrangement in near-surface regions
may contribute to the reduction of nonequilibrium topographic features. Within this frame-
work, the AFM and XRD trends can be interpreted as parallel manifestations of irradiation-
induced nonequilibrium evolution.

This interpretation is consistent with the conceptual model of radiation-induced defect evo-
lution previously proposed for electron-irradiated ZnS and ZnSe crystals [25]|. However, the
present experiments do not directly resolve defect migration pathways or establish a causal
atomic-scale connection between surface smoothing and bulk structural relaxation. Accord-
ingly, the present results are described in terms of correlated surface and structural evolution
rather than a directly demonstrated microscopic coupling mechanism. The microscopic origin
of these parallel responses requires further defect-sensitive investigation.

Taken together, the AFM-XRD correlations demonstrate concurrent fluence-dependent
changes in surface morphology and structural parameters. The simultaneous decrease in R,
and R,, enlargement of coherent scattering domains, and variation of the lattice parameter pro-
vide evidence of correlated morphological and structural evolution under electron irradiation.
The microscopic relationship between these responses remains beyond the scope of the present
measurements.

5. Conclusion

In the present work, the evolution of surface morphology and structural parameters in ZnS
and ZnSe crystals under high-energy electron irradiation was investigated using a phenomeno-
logical modeling approach based on the experimental data obtained within the electron fluence
range of (0—2.5) - 10'7 electrons/cm?.

Atomic force microscopy revealed pronounced irradiation-induced surface smoothing in both
materials. For ZnS, the average roughness R, decreased from 191 to 34 nm (= 5.6-fold), while
R, decreased from 1929 to 399 nm (& 4.8-fold). In ZnSe, R, decreased from 168 to 21 nm
(= 8-fold) and R, from 1628 to 219 nm (=~ 7.4-fold). The experimental roughness evolution was
successfully described by a first-order phenomenological relaxation model with high coefficients
of determination (R? = 0.984—0.998), confirming the applicability of the proposed exponential
relaxation approach.

X-ray diffraction analysis demonstrated irradiation-induced structural relaxation accom-
panied by coherent-domain enlargement. The lattice parameter decreased from 0.54413 to
0.54305 nm in ZnS and from 0.56863 to 0.56811 nm in ZnSe, whereas the coherent-domain size
increased from 19.88 to 26.68 nm for ZnS and from 32.00 to 37.03 nm for ZnSe. In addition,
the size-derived dislocation-density estimate decreased from 25.31 - 10'° to 14.05 - 10'° cm™2
in ZnS and from 9.77 - 10'° to 7.29 - 10!° cm™2 in ZnSe, as expected from the corresponding
increase in D, while the independently refined lattice microstrain decreased from 7.11-1073 to
5.29 - 1073 and from 4.62 - 1073 to 3.99 - 1073, respectively.
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Correlation analysis revealed that the irradiation-induced reduction in surface roughness
occurs concurrently with changes in the bulk structural parameters. These trends demon-
strate parallel morphological and structural evolution with increasing electron fluence, without
establishing a direct causal relationship between the two responses.

Comparative analysis showed that ZnSe exhibits stronger and more regular relaxation be-
havior than ZnS, characterized by greater surface smoothing, larger relaxation coefficients, and
more monotonic structural evolution, indicating a more pronounced and regular irradiation-
induced relaxation response in ZnSe under the investigated conditions.

The main scientific contribution of this work is the quantitative phenomenological compar-
ison of irradiation-induced surface smoothing and structural evolution in ZnS and ZnSe crys-
tals. Unlike previous studies that considered morphological and structural changes separately,
the present work analyzes their fluence-dependent correlations within a common experimental
framework.

Future work may include quantitative defect-kinetics modeling based on diffusion and rate-
equation approaches, atomistic simulations, and complementary Raman spectroscopy, optical
absorption, TEM characterization, and density functional theory (DFT) calculations to provide
deeper insight into the microscopic mechanisms governing irradiation-induced relaxation.
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