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In this work, samples of single-crystalline silicon doped with tin were studied using X-ray diffraction and electron microscopy. It has
been established that at a scattering angle of 26 = 36.6° in the X-ray diffraction patterns of n-Si and Si<Sn> samples, structural
reflections (110) of the corresponding SiO2 nanocrystallites with lattice parameters @ = b = 0,4936 am 1 ¢ = 0,5212 nm and ¢ = 0.5212
nm, belonging to the hexagonal crystal lattice and space group P321. The formation of tin nanocrystallites with sizes of 9.1 and 8§ nm
in the near-surface regions of the Si<Sn> matrix crystal lattice was discovered.
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INTRODUCTION

As is known, a number of physical properties of semiconductor materials can change as a result of doping with
various doping atoms [1-4]. In this case, it is important that the input atoms are evenly distributed throughout the volume.
But with traditional doping methods, in particular, in the process of growing bulk single crystals, it is difficult to control
a sufficient distribution of input atoms over the volume. This is why it is especially relevant to study how the input atoms
are arranged in the crystal structure [5,6]. In addition, it is known that the degree of mono- and polycrystallinity of the
silicon structure depends on the impurity composition, the perfection of the defect structure, the distribution of impurities
and the lattice mismatch parameters of the matrix and alloying elements [7-10].

In connection with this, the purpose of this work was to study various structural parameters of Si doped with tin
atoms using modern methods of X-ray diffraction studies.

EXPERIMENTAL TECHNIQUE

The initial material was samples in the form of wafers made of single-crystalline n-type silicon with a resistivity
of 40 Q-cm, grown by the Czochralski method. The main disadvantages of growing single-crystal silicon using the
Czochralski method include the increased content in the resulting crystals of background impurities of oxygen and carbon
atoms with concentrations of up to 2:10'® cm™ and up to 5-10'® cm=, respectively. Among background impurities, the
problem of the presence of oxygen atoms in silicon has remained very relevant for many years [11-14].

Doping silicon with tin atoms was carried out by diffusion from the gas phase at a temperature of 1100°C in quartz
ampoules under a vacuum of 1 mTorr for 2 hours, followed by rapid cooling.

The structural and phase states of the samples under study were monitored using an Empyrean Malvern X-ray
diffractometer. The OriginPro2019 program was used to determine the peak maximum. X-ray diffraction measurements
were carried out in the Bragg—Brentano beam geometry in the scattering angle range 26, = from 10° to 90° continuously
at a scanning speed of 0.33 degrees/min with an angular step of 0.0200 (deg).

RESULTS AND DISCUSSION

In Figure 1a shows the X-ray diffraction pattern of the n-Si sample (p=40 Q-cm), from which it follows that at small
scattering angles (in the range 26 = 12°+20°) there is a wide and low-intensity diffuse reflection on the X-ray pattern, as well
as above the level of inelastic background, structural reflections with different intensities are observed. Typically,
low-intensity diffuse reflection is due to the presence on the surface of n-Si samples of amorphous clusters with dimensions
of 1+1.5 nm, consisting of silicon oxide [8]. The silicon oxide layer on the surface of silicon samples reforms over time, so
the amorphous layer is usually removed by chemical etching before the process of doping impurity atoms [15].

In the given X-ray diffraction patterns at scattering angles of 26 = 28,52° with d/n = 0.3138 nm and 26 = 95,2° with
d/n =0.1045 nm (n is the serial number of the plane and d is the interplanar distance) there are two structural reflections
from lines of a selective nature with a main (111)Si peak with high intensity and a (333)Si peak with weak intensity,
respectively. The structure line (333) is the third order of the high-intensity reflection (111). At a scattering angle
of 20 = 25.68°, the [ reflection component (111) is observed. Analysis of the above structural results showed that the
surface of the n-Si sample wafers corresponds to the (111) crystallographic orientation.

Splitting of the structural reflection (111) into ¢; and ¢» components, having the values I(a.) = 2I(0.,), as well as its
half-width (FWHM = 4.1-103 rad) and high intensity (3-10%imp-sec’!) indicates a high degree of perfection of the lattice
of n-Si silicon samples (Fig. 2a).
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Figure 1. X-ray diffraction patterns of n-Si (a) and Si<Sn> (b) samples
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Figure 2. Shapes of the main (111) selective reflections (a), as well as structural (200), (101) and (110) lines (b) on the X-ray
diffraction pattern of n-Si and Si<Sn> samples

From the experimental data of the main reflection (111), it was determined that the average size (L) of subcrystallites
(blocks) in n-Si samples is determined by the Selyakov—Scherrer formula:

L=K-/3Cosb, )

where K is the dimensionless particle shape factor (Scherrer constant, which is equal to 0.94), 4 is the x-ray wavelength
(0.154 nm), Sis the reflection width (111) at half maximum (in radians) and @ is the diffraction angle (Bragg angle), and
the average size L = 6.5 nm.

Also, the lattice parameter of blocks in n-Si samples was determined from (111) reflections using the extrapolated
Nelson-Riley function (x) [15]

x = 1/2(Cos?0/Sin6+Cos?6/0), 2)

using the following relationship:

y=kx + b, 3)

where y is the lattice parameter, k is the slope of the linear trend. When extrapolating x—0 (8 = 90°), the value y=b
corresponds to the “true” value of the lattice parameter, the value of which is 0.5439 nm.

In addition, at a scattering angle of 26 = 58.68° with d/n = 0.1546 nm, the X-ray diffraction pattern of the n-Si sample
contains the second (222) Si order of the main structural line (111). In [16], the reason for the appearance of diffraction
reflection (222) in an X-ray diffraction pattern in a distorted lattice of single-crystal silicon was reported, and this
reflection is a forbidden reflection according to the selection rules. The value is determined to be 15-10* using the ratio
1(222)/1(111) and this value is partially greater than 10-*. This indicates the appearance of an unsaturated bond under a
nonuniformly distributed oxygen atom in the silicon lattice. Additional confirmation of the presence of inclusions of
oxygen atoms in the silicon lattice is provided by the SiOx (amorphous) and SiO, (crystalline) forms formed in locally
and defect-prone regions of the n-Si crystal lattice. Diffuse reflection related to the SiOx form is caused by amorphous
phases of silicon oxide [17], and diffraction reflection (110) related to the SiO» form is observed at a scattering angle of
20 = 36.6° (with d/n = 0.247 nm) of the X-ray diffraction pattern. This indicates the formation of SiO, nanocrystallites at
the interfaces between blocks in n-Si samples. The average size of these nanocrystallites was experimentally determined
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by formula (1), which is 17 nm. The lattice parameter of quartz nanocrystalites at room temperature was also determined
from the analysis of experimental results of (110) reflection using the expressions [18]:

1 4 [h%+hk+k? 12
dz(hkl) §[ a? ] tao )
A
and c = s ®)

Here, taking into account h=1, k=1 and 1 = 0 from reflection (110), the last term of expression (4) is equal to
zero, and from this expression a and b are determined by the following relation:

a=b=2d /%(h2+hk+k2). (6)

The lattice parameters are a = b = 0.4936 nm and ¢ = 0.5212 nm, respectively, which in turn showed that the unit
cell of these nanocrystalites belongs to the hexagonal crystal lattice and space group P3,1. Knowing the matrix lattice
parameters of silicon and quartz nanocrystalites, it is possible to determine their specific volume, which differs by almost
23%. This, in turn, indicates that the elastic energy associated with structural defects arising at the local boundaries of
silicon crystal matrix lattices as a result of the inhomogeneous distribution of oxygen is spent on the formation of
nanocrystalites at the interfaces between blocks of n-Si samples. Therefore, a forbidden diffraction reflection of the second
order (222) appeared in the X-ray diffraction patterns of n-Si samples under the influence of this process [16]. Low-
intensity (222) reflection indicates the presence of minor local defects in the matrix lattices surrounding the formed
nanocrystalites. If these nanocrystalites are not formed at the interfaces of blocks of n-Si samples, then in the diffraction
pattern there is an expansion of the main structural line (111) and an increase in the second-order structural line (222), as
well as defects leading to a change in the level of the inelastic background of the X-ray diffraction pattern, would be
formed in the matrix lattice [19].

In Fig. 1-a and Fig. 1-b shows X-ray diffraction patterns of n-Si and Si<Sn> samples, which are very different from
each other. Analysis and comparison of these drawings show that the intensity of the main reflection (111) in Si<Sn>
samples at a scattering angle of 260= 28.63 with d/n = 0.3144 nm decreased by 2 times and shifted towards larger angles
(A6 = 0.11°), also the appearance of its f-component was observed at a scattering angle of 26 = 25.75, respectively. This,
in turn, indicates that due to the fact that silicon and tin are isovalent atoms, they are partially interchangeable in the
matrix lattice of Si<Sn> samples, since the X-ray scattering intensity is proportional to the atomic number (Z) of the
constituent elements [18].

The sufficiently maximum intensity and half-width (FWHM = 9.6 10-rad) of the main reflection (111) means that
the Si<Sn> samples have a fairly perfect crystal structure and the direction of the surface of these samples corresponds to
the crystallographic orientation (111). From the experimental data of the main reflection (111), it was determined that the
lattice parameter of the blocks in the Si<Sn> samples according to formulas (2) and (3), which is equal to
asi<sp> = 0.5435 nm. The mismatch of the crystal lattice parameters of the blocks in the n-Si and Si<Sn> samples was
0.00037 when determined using the following expression [20]:

_ o 8si—asi<sn>
§=2 asit+asicsns> )

The average block size in Si<Sn> samples, estimated by formula (1) from the experimental results of this reflection,
was 29.9 nm. However, although this structural reflex shifts towards larger angles and exhibits its asymmetry, it is not
completely separated into its component ¢ and ¢ emissions (Fig. 2-b). This indicates that, as the authors of [21] note,
elastic microdistortions of a growth nature arise during the diffusion of impurity atoms into the silicon crystal lattice in
the temperature range 800°C + 1200°C. As we noted above, due to the formation of such microdamages in the crystal
lattice of Si<Sn> samples, a forbidden second-order reflection of the (222)Si main reflection is observed in the X-ray
diffraction pattern at a scattering angle of 260= 58.75" with d/n = 0.1570 nm. In addition, the ratio 1(222)/1(111) of I(111)
intensity to 1(222) intensity is 7.8x10* and this value is 2 times less than the value determined for n-Si samples. This, in
turn, indicates that the number of oxygen accumulations in tin-doped silicon samples is two times less than the number
of accumulations in the crystalline form of n-Si samples.

In addition, due to the chemical treatment to remove the oxide layer from the n-Si surface before doping with tin
atoms, which have the amorphous properties of silicon oxide, no diffusion reflection was observed in the X-ray diffraction
patterns of the Si<Sn> samples. However, the authors of [17] showed that oxygen atoms do not have a large effect on the
distortion of the silicon crystal lattice, but on the contrary, the formation of localized microdistortions in the silicon crystal
lattice occurs due to the difference in the ionic radii of silicon (0.42 nm) and tin (0 .71 nm), located at the nodes. Note
that in Fig. 2-a and 2-b, on the right side of the main reflection, a diffusion slope was observed, which, in turn, indicates
the formation of stacking faults in the silicon crystal lattice, which are often encountered in many cases. In most cases,
due to the difference between the covalent radius of a tin atom (RSn = 1.40A) and the covalent radius of a silicon atom
(RSi=1.14A), they prefer to be located at nodes at the interfaces of silicon subcrystallites [23]. This, in turn, allows the
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formation of new types of small tin nanocrystals of various sizes and crystallographic orientations in these places,
preventing the occurrence of a large number of microdistortions in the silicon crystal lattice [24].

In addition, three more structure lines are observed above this diffusion reflection of the X-ray diffraction pattern at
scattering angles of 260=30.67", 26=131.84"u 26 = 36.57 nm, respectively (see Fig. 2-a and 2-b). These structure lines
are caused by tin nanocrystallite phases with crystallographic orientation (200) and (101) between the d/n = 0.2948 nm
and d/n = 0.2814 nm planes. Also, a narrower (1.58x10rad) reflection (110) with d/n = 0.2469 nm, which belonged to
silicon dioxide nanocrystallites with an average size of 14 nm. From these half-width values (1.65x10? rad) and
(1.88x1072rad) (200) and (101) reflections, it was determined that the average sizes of these tin nanocrystallites, calculated
by formula (1), were 9.1 nm and 8 nm respectively. This, in turn, indicates that the formation of tin nanocrystallites in the
(101) and (200) crystallographic planes occur under the influence of the oriented matrix lattice of Si<Sn> (111) samples.
This case leads to an increase in the consistency between tin nanocrystallites and silicon matrix lattices, as well as to an
increase in the hardness of samples based on them [22].

In addition, tin nanocrystallites with sizes of 9.1 and 8 nm, formed on the matrix lattice of Si<Sn> samples, can
exhibit quantum-size effects, which are of great interest in modern nanotechnologies. Therefore, using the expression

1 [eeokT
/1D=; SSOT (3

The value of the Debye length (Ap) of screening for the samples under study was calculated, which is equal to
13.2 nm. Here, ¢ is the relative dielectric constant of Si<Sn> samples (¢ =11.7), g is the dielectric constant, k is
Boltzmann’s constant, T is temperature, ¢ is the electron charge, n is the concentration of current carriers, in this case
equal to 10'7 cm?. The average size of tin nanocrystallites determined from experimental data is less than the Debye
electron length.

Thus, we can conclude that tin atoms partially (in low concentrations) exchange places with silicon atoms, and the
rest combine in the near-surface regions of the Si<Sn> samples, forming tin nanocrystallites. If tin atoms were replaced
by homogeneous silicon atoms in the matrix crystal lattice, then the intensity of the main (111) and its third order (333)
reflections should increase. However, in the X-ray diffraction patterns of Si<Sn> samples, a decrease in the intensity of
structural reflections (111) and (333), as well as reflections related to tin nanocrystallites in other crystallographic
orientations, was observed. This, in turn, indicates that tin atoms accumulate in defective regions of the silicon crystal
lattice. Since in these regions of the lattice there is no saturation of the chemical bonds of the constituent atoms, they are
considered high-potential nodes and are formed at the boundary sections of blocks belonging to the category of near-
surface sections. The authors of the study [25] predicted that since the rate of diffusion of tin atoms through the surfaces
and border regions of silicon is twice the rate of bulk diffusion, the penetrating atoms will easily move and accumulate in
defective regions of the matrix lattice. Such diffusion processes cause the rapid formation of tin nanocrystallites in
defective regions and block interfaces in Si<Sn> samples. The formation of such nanocrystallites at block boundaries in
silicon samples may also be due to the fact that Esn-sp™>Esi-sn ¥ Esn-sn>Esi-si.

1 h2+k? 12
d2(hkl)  a? @ c2’ ®)
1 2
and c = ﬁm (10)

Here, taking into account that h =1, k = 0 and | = 0 from reflection (200), the last term of expression (9) is equal to
zero, and from this expression a is determined as follows;

a=d-h (1n)

and the lattice parameters are as, = 0.5831 nm and cs, = 0.3412 nm, respectively. The unit cell of tin nanocrystallites
has a body-centered tetragonal system corresponding to the space group 14;/amd.

CONCLUSIONS

Thus, it was found that in the X-ray diffraction patterns of n-Si and Si<Sn> samples, structural reflections (110) of
the corresponding SiO» nanocrystallites (quartz nanoinclusions) are observed at scattering angles of 20 = 36.6° with sizes
of 14 nm and 17 nm in the boundary regions of the samples. It has been established that the lattice parameters of the unit
cells of these nanoinclusions belonging to the hexagonal crystal lattice and space group P3,1 are a=b =0.4936 nm and
¢ =0.5212 nm. It was found that the intensity of the main reflection (111) at a scattering angle of 26=28.63° with
d/n = 0.3144 nm decreases by 23% and shifts toward larger angles (A8 = 0.11°) due to a decrease in the parameters of the
matrix crystal lattice samples of Si<Sn>, due to the interchangeability of silicon and tin atoms. It has been established
that the sizes of tin nanocrystallites are 9.1 and 8 nm in the near-surface regions of the matrix lattice of Si<Sn> sample
wafers. The unit cell of tin nanocrystallites has a tetragonal system with lattice parameters as, =0.5831 nm and
csn = 0.3412, corresponding to the space group 14;/amd.
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OCOBJMBOCTI BY10OBHU KPEMHIIO 3 JOMIIIIKAMH OJIOBA
lapida b. YTamypanosa, Baxoaip b. Bokies, [linopom C. IlynaTtosa
Incmumym ¢hizuku nanienpogionuxie i mikpoenekmponiku Hayionanvnoeo ynisepcumemy Yz6exucmany, Tawkenm, Y36exucman

VY naniif po60Ti METOIOM PEHTI€HIBCHKOI AN PAKIIii Ta eNEKTPOHHOT MIKPOCKOTIT JOCIiIKEHO 3pa3Kd MOHOKPUCTAIIYHOTO KPEMHIIO,
JIETOBAHOTO OJIOBOM. BcraHoBIeHO, mo mpu KyTi po3citoBaHHS 20 =36.6° Ha nudpakrorpamax 3paskiB n-Si Ta Si<Sn>
CrHoCTepiraroTecst cTpykTypHi peduiekcn (110) Biamoimumx HaHokpucrtaniTiB SiO2 3 mapamerpamu Ipatku. a=b =0,4936 um i
¢=0,5212 um i ¢=0,5212 HM, 10 HaNEXaTh JO IeKCArOHAJIBHOI KPUCTAIYHOI IpaTKu Ta HpocTopoBoi rpymu P321. Bussieno
YTBOPEHHS HAHOKPUCTAIIITIB 0j10Ba po3MipoM 9,1 Ta 8 HM y IPUIIOBEpXHEBUX 0OJIACTAX KPUCTAIIYHOT PELIiTKY MaTpull Si<Sn>.
KurouoBi cnoBa: xpemniii; 01080, penmeeniecoka oupparyis, cyoOKpucmanrimua Kpucmaniuna Ipama; HaHOKpUCmaiiim





