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This article presents the results of experimental studies of local changes in the scattered light intensity and surface morphology in
Mn implanted single-crystal silicon samples with electron conductivity and [100] crystalline orientation. The manganese ion energy,
implantation dose, and phosphorus concentration in substrate were 40 keV, 5-10'3+1-10'7 ion/cm?, and ~ 9.3-10'* cm3, respectively.
Atomic force microscopy (AFM) and Raman spectroscopy, using the backscattering geometry of surface-scattered light, were
applied to analyze the surface morphology before and after implantation. AFM micrographs of the surface show characteristic
nanometer-sized roughnesses, the shape and size of which strongly depend on the implantation dose. These nanoscale objects are
not present on the non-implanted substrate surface. In the Raman spectra of the samples not subjected to implantation, the main
Lorentz-type peak is always observed, which is characteristic of single-crystal silicon and centered at 520.0£1.0 cm™,
corresponding to the phonon wave vector. Several peaks are observed in the Raman spectra of manganese ion-implanted silicon
samples (184, 291, 373, 468, 659, 798, and 804 cm™!), presumably associated with the formation of radiation defects and nanoscale
objects on the surface of single-crystal silicon during ion implantation with the participation of silicon, manganese, phosphorus,
and other impurity atoms. These structural defects in the silicon crystal lattice at the surface and near-surface caused by manganese
ion bombardment lead to the excitation of new vibrational modes not observed in the initial silicon. These modes are manifested in
Raman scattering spectra.
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INTRODUCTION

Recently, there has been significant interest in the development and study of silicon nanocrystals and their
nanostructures, particularly their optical, electronic, and other properties. This is due to their possible implementation in
different devices, such as high-performance solar cells, non-volatile memory devices, biomedical devices and sensors,
anode materials for lithium-ion batteries, active materials for thermoelectric devices, and efficient photon sources. Ion
implantation (I) is an advanced technique for forming nanoscale structures in the surface and near-surface regions of
semiconductors, enabling the design of nanoelectronic devices. The properties of nanoelectronic devices depend largely
on the size, shape, and concentration of nanoscale structures in the surface and near-surface layers of the semiconductor
substrate.

The study of nanoscale structure formation involving impurities in solids, especially semiconductors such as
silicon, is of significant scientific and practical interest. This interest stems from two factors: (1) these structures
significantly alter the physicochemical properties of the material, often imparting unique characteristics, and (2) these
materials enable the development of highly sensitive sensors for various external stimuli [1]. Impurities are introduced
into semiconductors primarily through diffusion, ion implantation, or doping during growth [2]. Impurities from
transition metals create deep energy levels in the silicon band gap, significantly altering its generation-recombination
properties. These deep levels modify the properties of silicon typically doped with shallow-level impurities, enabling
new phenomena with potential applications in modern electronics. Transition metal impurities are typically introduced
into the silicon volume via high-temperature diffusion. However, diffusion doping has a significant drawback: the
limited solubility of transition metal impurities in silicon restricts the practical use of diffusion-doped materials. lon
implantation overcomes this limitation [3]. It allows the introduction of impurities into the semiconductor at
concentrations far exceeding their maximum solubility [4]. By introducing sufficient impurities via ion implantation,
self-organized nanoscale structures can form, involving impurities and structural defects. This significantly modifies
the properties of the original material, imparting tailored characteristics that underscore the relevance of this work.
This article presents an experimental study of local variations in scattered light intensity on the surface of Mn implanted
monocrystalline silicon samples containing nanoscale structures. It also examines their surface morphology, geometric
dimensions, and shapes.
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MATERIALS AND METHODS

Bilaterally polished single-crystal silicon plates with electron conductivity and crystallographic orientation [100]
were chosen as the substrate material for the ion-implantation process. The electron concentration in the substrate was
approximately ~ 9.3-10'* cm ™. Implantation of manganese ions with an energy of 40 keV was performed on the ILU-3
linear ion accelerator at room temperature. The implantation dose varied in the 5,0-10" = 1,0-10"7 ion/cm? range.

In modern conditions, highly sensitive microscopic, X-ray, spectroscopic, and other methods are mainly used to
detect nanocrystals and nanostructures in solids or low-dimensional systems. In particular, the Raman (Micro Raman or
u-Raman) and AFM methods have recently become one of the generally accepted tools for studying bulk and low-
dimensional materials, especially single-crystal silicon and nanostructures based on it [5-9].

In this studies was used AFM and Raman spectroscopy to characterize the surface morphology and dimensions of
nanoscale structures. It is known that both of these methods are highly accurate and informative tools for studying the
formation of nanoscale structures in various materials. In addition, Raman spectroscopy provides valuable information
on local atomic ordering and phonon modes [10, 11]. For the effective practical application of ion-implanted materials, it
is necessary to know their physical properties in damaged surface layers: phase state, concentration of free charges, etc.
Recent studies by the authors of [10] have shown that Raman scattering is a powerful tool for determining the physical
characteristics of ion-implanted silicon layers. Our experiments recorded Raman spectra using a Renishaw InVia micro-
Raman spectrometer at room temperature in the wavenumber range of 50 to 1000 cm™. The spectra were recorded in the
backscattering geometry with a spectral resolution better than 2.0 cm™. The incident radiation was not polarized, and the
optical recording scheme also did not include polarizing filters. A Cobalt CW DPSS solid-state laser with a wavelength
of 532 nm and a nominal power of 50 mW was used as an excitation source. The exciting laser beam was focused on the
sample surface using a 100 objective. A similar procedure was used to collect scattered light. The obtained spectra were
processed using the Origin Pro 18 software package.

To study the surface morphology of monocrystalline silicon samples, a multifunctional AFM Core 300 was used in
the static force mode. AFM Core 300 is a device with a unique set of capabilities for studying various properties of
surfaces (and chips) of materials with high (up to atomic) resolution. The operating principle of this device is based on
scanning the surface with solid-state sharp probes (needles) in the process of their mutual movement according to
specified algorithms. A distinctive feature of the AFM, along with high resolution, is the ability to obtain a pseudo-three-
dimensional image of the surface with visualization of quantitative data on its electrical, magnetic, topographic and other
characteristics.

RESULTS AND DISCUSSION
The results of the experiments on Raman spectroscopy are shown in Figure 1. The measurements were carried out
at three different points on surface of initial and manganese ion-implanted monocrystalline silicon samples.
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Figure 1. Raman spectra for the original bulk sample (1) with thickness of 3 mm, (2) and (3) with thicknesses of 500 and 200 um,
as well as for a plate of single-crystal silicon doped with phosphorus

As shown in Figure 1, the Raman spectrum of the original (non-implanted) silicon samples contains the main peak
with a wave number of 520 cm™' and accompanying peaks (satellites) at frequencies of 301 cm™' and in the range of
900-971 cm . It is known that Raman spectroscopy is especially sensitive to the surface condition and thickness of the
samples. To clarify the effect of thickness on the appearance of the Raman spectra and the intensity of the peaks in them,
we measured the dependence of the Raman spectra on the thickness of the semiconductor substrate. Our experimental
results showed that increasing the thickness of non-implanted samples from 200 gm to 3 mm leads to an approximately
50% decrease in the intensity of the main Raman peak at 520 cm™, while its spectral position remains unchanged. The
measured full width at half maximum (FWHM) of this peak for the 3-mm-thick sample was 3.9 cm™, and for the
200-um-thick sample, it was 4.2 cm™'. Analysis of these results suggests that sample thickness significantly influences
the Raman spectra. This is due to the penetration depth of the exciting light, the energy of which Ey=1.95 eV is greater
than the band gap of single-crystal silicon equal to £,=1.12 eV, and energy scattering in the volume. Secondary radiation



508
EEJP. 4 (2025) E.U. Arzikulov, et al.

occurs only in a thin near-surface layer with a thickness of several microns. Thus, thicker samples result in greater
attenuation of secondary order scattered light, reducing its intensity, as observed in our experiments. This means that the
analysis of the Raman spectra provides information only on the near-surface layer. Thus, it can be argued that the observed
features of the Raman spectra, such as local intensity, position, and shape of the phonon band, etc., provide valuable
information about nanoscale objects, their composition and structure of both original and ion-implanted single-crystal
samples and thin silicon wafers.

The Raman spectra shown in Figure 1 (a), (b) clearly show the main Lorentzian peak characteristic of crystalline
silicon (c-Si). This peak is centered at approximately 520.0+1.0 cm™! and corresponds to the phonon wave vector. The
recorded Raman spectral parameters, such as peak position and intensity, are consistent with data reported in the [12, 13].
The long-range translational symmetry of crystalline silicon potentially allows the appearance of additional peaks in the
range of 100+1100 cm™!. Although their intensity is considerably weaker than that of the main first-order longitudinal-
transverse optical (LTO) phonon peak [14]. Additionally, these spectra (Figure 1a, b) contain a broad band in the range
of 925+985 cm™'. A similar broad band in the range of 900+1100 cm™' was previously reported in the spectra of
nanocrystalline silicon [11, 15], attributed to the scattering of multiple transverse optical (2TO) phonons and their
overtone states.

Figure 2 shows the Raman spectra of Mn implanted silicon samples. These spectra, acquired at three distinct surface
locations, reveal several additional bands of varying intensities. The number and intensity of these bands vary significantly
with implantation dose.
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Figure 2. Change in the local intensity of the Raman spectra of ion-implanted silicon samples measured at three different points on
the surface depending on the implantation dose, ion/cm?: (a) — 5,0-10"%, (b) — 5,0-10, (¢) — 1,0-10'7; ion energy 40 keV; T =300 K

Thus, for example, at relatively low (Figure 2, (a)) doses equal to 5,0-10'° ion/cm? in the Raman spectra, a
sufficiently intense main peak of the quasi-Lorentz shape, characteristic of crystalline silicon (c-Si), is still clearly
expressed and it retains its position relative to the center located at approximately a frequency of 520.0+1.0 cm™' and still
corresponds to the phonon wave vector. It should be noted that at low implantation doses, only a decrease in the intensity
of the Raman peaks is observed, associated with both fundamental and higher scattering orders, which probably
contributed to the formation of point defects. In addition, in the Raman spectra, a number of satellites are observed located
relative to the central peak corresponding to 520.0 cm ™! both toward low (184, 291, 468 cm™") and toward high frequencies
(659, 798 cm™!), which can probably be associated with the formation of nanosized defect structures of the silicon crystal
lattice that arose under the influence of the II process. As shown in Figure 2(b), increasing the implantation dose
significantly alters the Raman spectral profile and the intensities of its peaks.

Starting with a dose of 5,0-10'¢ ion/cm?, although the position of the central peak remains unchanged, its intensity
decreases approximately 2,6 times and new satellites appear located at frequencies of 262 and 807 cm ™! with very low
intensity, indicating a violation of the crystal lattice, and correlating with the one-phonon density of states. Further
increase of the implantation dose to 1,0-10'7 ion/cm? (Figure 2, (c)) leads to the virtual disappearance of the central peak
(its intensity is at the noise level), the low-frequency satellite shifts toward high frequencies (294 cm™), and the high-
frequency satellite is in the frequency range of 804+807 cm ™.
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Our previous studies [16] investigated the generation mechanisms of nanoscale structures in Mn implanted single-
crystal silicon. Using Raman spectroscopy and AFM, we obtained detailed information on both initial and ion-implanted
samples. According to [16], increasing implantation dose results in the formation of various phase states in the near-
surface layers of silicon. Their characteristics, such as the position in the spectrum and intensity, depend on the
implantation dose and the position of the laser radiation incidence point on the sample, which is confirmed by our results.
The experimental results on the dose dependence of Raman scattering in silicon samples implanted with manganese ions
can be explained as follows. At relatively low implantation doses, the damage to the silicon crystal lattice is insignificant,
which causes the existence of a peak with a frequency of 520.0 cm ™! corresponding to single-crystal silicon, and a decrease
in its intensity can be associated with partial destruction of the crystal lattice. It can be stated that the intensity of the peak
with a frequency of 520.0 cm™! corresponding to single-crystal silicon can be considered as an indicator of the substrate
crystallinity. The lower its intensity, the stronger the destruction of its crystallinity. The appearance of low- and high-
frequency satellites in the Raman spectra can be associated with nanoscale structural defects, as well as defects involving
manganese atoms (ions) and other impurity atoms. This assumption is also supported by the change in the position and
intensity of such satellites depending on the implantation dose. With an increase in the implantation dose, the substrate
surface begins to transform into an amorphous state, which in turn is characterized by a random arrangement of matrix
atoms (silicon), manganese ions and other foreign atoms. As was said above, the Raman spectroscopy method is sensitive
to the environment of the matrix (substrate) atoms. The presence and arrangement of impurities around silicon atoms
notably alter the Raman spectral profile, including the position of the high-frequency satellite peak (Figure 2(c)). We have
suggested that the detected peaks arise from radiation-induced defects in the crystal structure and nanoscale structures
formed primarily from silicon, manganese, phosphorus, and other impurities on the surface of single-crystal silicon during
ion irradiation. To test this hypothesis, we conducted additional studies of the surface morphology of the samples before
and after implantation using the AFM method. To analyze the surface morphology of single-crystal silicon samples before
and after implantation, an AFM from Nano Surf, Core AFM 300, was used. The obtained images of the surface topology
of the manganese-implanted single-crystal silicon samples we studied showed that they contain roughness with
dimensions of the order of nanometers (Figure 3).

In addition, the obtained AFM images revealed the presence of various types of nanosized objects on the sample
surface, presumably bound by silicon and phosphorus atoms, with embedded manganese ions and a number of other
impurity atoms, or the formation of nanosized structural radiation defects during II. To analyze changes in the surface
morphology of the samples before and after ion beam treatment, its surface was measured using AFM in the electrostatic
force mode. Figure 3 shows AFM images demonstrating the surface relief features of nanostructured silicon samples.
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Figure 3. AFM images of the surface of single-crystal silicon before (a) and after manganese ion implantation (40 keV, 300 K)
at doses of: (b) 5,0-10" ion/cm?, (¢) 5,0-10'¢ ion/cm?, (d) 1,0-10'7 ion/cm?.

Analysis of Figure 3 demonstrates that an increase in the implantation dose dramatically transforms the surface
topography, making it noticeably rougher. The surface roughness of the original, non-implanted samples is relatively
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smoother (Figure 3(a)) than that of those implanted with doses: 5,0-10'° ion/cm? (Figure 3(b)); 5,0-10'® ion/cm?
(Figure 3(d)) and 1,0-10'7 ion/cm? (Figure 3(c)). In parallel with this, the dimensions of the nanostructures formed on the
surface increase as the dose of implanted ions increases. In addition, the results of AFM studies confirm the presence of
silicon nanowires or nanocrystals on the substrate surface. The transverse dimensions of these formations increase
significantly depending on the concentration of implanted ions: from approximately 9 nm at a dose of 5,0-10'3 ion/cm?
(Figure. 3(b)) to ~ 200 nm at a dose of 1,0-10'7 ion/cm? (Figure. 3(d)). It is known that II causes the formation of various
radiation defects on the surface and near it, which significantly changes the properties of the material. The nature, type,
structure and composition of these defects change significantly with increasing energy and implantation dose. Examples
of such defects in silicon include vacancies associated with oxygen or phosphorus [17-20]. According to [21], ion
implantation leads to the appearance of structural defects. The appearance of new peaks in the Raman spectra of ion-
implanted samples is probably due to these radiation-induced structural defects. External defects may also be present,
such as impurity elements (non-silicon atoms) that may occupy interstitial or nodal positions (substitutional impurities).
As a result of the activation of these impurities under various external influences, they may lead to the formation of more
complexes, such as impurity-vacancy pairs, etc. [22].

CONCLUSIONS

In the Raman spectra of the studied samples of manganese ion implanted single-crystal silicon with an energy of 40 keV
and with different implantation doses, new peaks were recorded at frequencies of 184, 291, 373, 468, 659, 798 and 804 cm ™',
which are located relative to the central peak corresponding to the frequency of 520.0 cm™! both toward low (184, 291, 373,
468 cm™!) and toward high frequencies (659, 798, 804 cm™'), which can probably be associated with the formation of
nanoscale defect structures of the silicon crystal lattice that arose under the influence of the ion irradiation process.

Local variations in scattered light intensity and the Raman phonon band’s position and shape provide important
information insights into the structure and composition of nanoscale features in ion-implanted single-crystal silicon
samples.

Analysis of the first-order Raman spectral shift indicates that thickness-dependent differences are likely due to
variations in light penetration depth in the near-surface region and energy dissipation within the sample.

The occurrence of secondary peaks in the Raman spectra is associated with the formation of nanoscale objects
consisting mainly of matrix atoms (silicon), phosphorus, manganese ions and other impurity atoms, as well as radiation-
induced structural defects arising under the influence of the ion implantation process.

Analysis of AFM images of Mn implanted single-crystal silicon surfaces revealed silicon nanowires or nanocrystals,
with their sizes increasing with implantation dose. The transverse dimensions of these structures increase significantly
with ion dose, from approximately 9 nm at 5.0x10' ions/cm? to ~200 nm at 1.0x10'7 ions/cm?. Thus, ion implantation
induces significant structural changes in silicon, forming defects and nanoscale structures that can be characterized using
Raman spectroscopy and AFM.
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JIOKAJIBHA BAPTAIISI IHTEHCHUBHOCTI PO3CISIHOT'O CBITJIA B MOHOKPUCTAJIAX KPEMHIIO
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E.Y. Apsikyaos'*3, ®.A. Canakcitainos!, Ban I0iusine2, Iaoseii Jy3, Ten Jrod, Yxnmen Hyn3, M.JI. Tom6oes!
!Camaprandceruii deporcagruil ynisepcumem imeni Illapogpa Pawuoosa,
140104, 6ynveap Yuieepcumemy, 15, Camaprano, Pecnybnixa Y3b6exucman
2[lepacasna kniouoea 1abopamopis npeyusiiinozo 36apioéanis ma 3'conanns mamepianis i koncmpykyiti, Lllkona
Mamepiano3uascmea ma inxcenepii, Xapoincokuii mexnono2ivnuti incmumym, 8ya. Ikyan, paiion Hanean, Xap6in 150001, Kumaii

3IIxona mamepianosnascmea ma inoicenepii, Llenvancoruti aepoxocmiunuti ynieepcumem, npocnexm Hdaoi Caym, 37, Ilenvan, Kumaii
VY miif cTarTi mpencTaBieHi pe3yibTaTH €KCHEPHMEHTAIbHUX IOCIHIIKEHb JOKAIBHUX 3MiH IHTGHCHBHOCTI PO3CISIHOTO CBIiTJIA Ta
MOp}OJIOTii TOBEPXHi Yy 3pa3kaX MOHOKPHCTAIIYHOTO KPEMHIIO 3 €JIEKTPOHHOIO MPOBIAHICTIO Ta KPUCTANIUHOO opieHTarier [100],
iMmmranToBanux Mn. Emneprist ioHIB MapraHmio, mo3a iMIUIaHTaIii Ta KOHIEHTpanis ¢ocdopy B mimkiaamui craHoBwian 40 keB,
5-10"+1-10'7 ionis/cm? Ta ~9,3-10'* cM3 Bimmosinuno. Jlng aHanizy MopQoIIorii moBepXHi 10 Ta micis iMIIanTaii 6yJ10 3aCTOCOBaHO
aTOMHO-cHIIOBY Mikpockomito (ACM) Ta paMaHIBCEKY CHEKTPOCKOIIIO 3 BHKOPHUCTAHHSAM TI'€OMETPil 3BOPOTHOTO PO3CIIOBAHHS
NOBEPXHEBO po3cisiHoro ceitina. ACM-MikpodoTorpadii moBepxHi IOKa3y0Th XapaKTepHi HAHOMETPOBI IOPCTKOCTI, popma Ta po3mip
SIKMX CHJIBHO 3ajieXaTh Bif no3u iMrutanrtanii. Lli HaHOpo3MipHi 00'€KTH BiICYTHI Ha IOBEPXHI HEIMILIAHTOBAHOI IiJKIAIKH.
VY pamaHiBCbKHX CIIEKTpax 3pasKiB, 10 HE IMiAaBaIiCs IMIUIAHTALi], 3aBXK/H1 CIIOCTEPIraeThCsi OCHOBHU IMiK JIOPEHIIOBCHKOTO THILY,
XapaKTEPHUH JUIs MOHOKPUCTAIIYHOrO KPEMHIIO Ta 30cepemkenuii Ha 520.0+1.0 cM ™!, mo Bianosizae GOHOHHOMY XBHJILOBOMY
BEKTOpY. Y paMaHIBCHKHX CIIEKTpaX 3pa3KiB KPEeMHiI0, IMINIAHTOBAHOTO 10HAMH MapraHIlio, CIIOCTepiraeTbes Kinbka mikiB (184, 291,
373, 468, 659, 798 Ta 804 cM '), iIMOBIPHO MOB'A3aHUX 3 YTBOPEHHAM pafialiiiHuX ne(EKTiB Ta HAHOPO3MIPHUX 00'€KTIB HA IIOBEPXHI
MOHOKPHCTJIIYHOTO KPEMHIO Il 4ac 10HHOI iMIUTaHTamii 3a y4acTIO aTOMIB KpeMHilo, Maprasijo, (pocdopy Ta IHIINX JOMIIIOK.
LIi cTpykTypHi medekTH KpUCTaIidyHOI peNIiTKA KPEMHII0 Ha ITOBEPXHI Ta MOOIHN3Y ITOBEPXHI, CIIPUYMHEH] OoMOapayBaHHAM iOHaAMHU
MapraHiuio, MpU3BOAATH 10 30Y/KEHHsS HOBUX KOJMBAJIBHUX MOJ, SIKI HE CIIOCTEpiraloThesi y BuUXimHoMy kpemHil. L{i momum
MIPOSIBIISIOTHCS Y CHEKTpax KOMOIHAIIHOTO PO3CilOBaHHS.

KurouoBi ciioBa: okanvrna inmencuenicms, ionHa imnaanmayia; KomMOiHayitine po3cilo8anHA, KPeMHill, HAHOPO3IMIpHI 06'ckmiu;
X6UTbOBULL 6KMOP



