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STRUCTURAL FEATURES OF DOPED SILICON SINGLE CRYSTALS
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The nature of the change in the Fermi level of silicon under the influence of dopants, point defects, and
dislocations has been determined. The parameters of the diffusion of impurities, the conditions for their appearance
and removal in the process of directional crystallization and the post-crystallization period have been established.
The expediency of doping silicon with boron and phosphorus was shown, and large single crystals were obtained.
The mechanisms of elimination of structural defects have been clarified. The mobility and lifetime of charge carriers
in perfect silicon single crystals under radiation exposure have been determined. The expediency of using p-type
silicon as a base material for solar modules for space purposes is shown.

INTRODUCTION

Energy supply is one of the basic factors of the
country's security and well-being. A promising basis for
alternative energy is the direct conversion of solar
radiation energy into electrical energy using
semiconductor materials [1, 2].

At a distance of 150 million km from the Sun, whose
luminosity is 3.8:10% kW, the Earth receives ~ 10" W
of solar energy. Average annual solar radiation falling
on the territory of Ukraine is 1000...1600 (kW-h)/m’.
With the help of heliostats or mirrors, you can increase
the flow of solar energy to the surface of solar
transducers). In low-temperature solar installations
(SPP), solar radiation of natural density (0.8 kW/m?) is
used, in high-temperature — the density is increased by
10°...10* times, using solar concentrators. The average
capacity of solar power plants (SPP) is 0.1...10 MW,
reaching 100 MW.

The distribution of alternative energy production by
different countries is shown in Fig. 1. In the next
decade, the share of alternative energy in the EU
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countries will increase to 40%. The predominant basis
of materials for solar energy is the most available
silicon in nature. Doped silicon with amorphous, film,
poly- and monocrystalline structures is used in
semiconductor technology.

When studying thin films of semiconductor
materials, manifestations of size effects (classical and
quantum) are possible, which have a significant effect
on the Kkinetic and thermoelectric properties of
semiconductor materials [3]. A high value of the carrier
mobility was found in A™BY  semiconductor
compounds (GaSh, AISb, AsGa, ...). A"B"! (CdTe)
semiconductors are used as radiation detectors. In
optoelectronics, A”BY! (PbSe) compounds are used,
quantum heterostructures are obtained in InAs/GaP
[3, 4].

The quality level of high-resistance silicon largely
determines the quality of devices and devices of solid-
state electronics, solar module elements, etc.
manufactured on its basis [5].
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Fig. 1. Distribution of alternative energy generation by different countries
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EXPERIMENTAL RESULTS
AND DISCUSSION

Silicon is an indirect-gap semiconductor that absorbs in
the frequency range of light with a quantum energy slightly
greater than the band gap E, = (1.21...3.6) - 107*T,
optimal E; ~ 1.3..14 eV) only due to indirect
transitions, the intensity of which depends on the
presence of phonons and, consequently, on temperature.

The cutoff frequency of indirect silicon transitions is
>3 eV, that is, it lies in the ultraviolet region of light
[2].

Literary sources indicate the degradation of the
properties of solar cells (SC), which is determined by
the method of their manufacture, structural-phase state,
coefficient of light reflection from the surface of solar
cell plates and the type of dopants affecting the mobility
of current carriers [6, 7]. For the successful production
of solar modules — a material for space and special
purposes, detailed macro- and microstructural, phase
studies are required. However, similar data are very
limited. This work is devoted to the study of the above
problems.

In the present work, silicon single crystals doped
with acceptor and other impurities with a perfect struc-
ture were obtained using the method of controlled phase
transformation (directional crystallization), which makes
it possible to control the macro- and microstructure,
morphology of structural components [2, 6].

The high purity of the initial matrix materials
(silicon) used to create SC is due to the low
concentration of dopants (1075...1077 wt. % ), sufficient
to change the electrophysical properties of
semiconductors. The specific resistance p of pure
silicon is p,;~10% Q-cm. The specific resistance of
doped silicon p; + 1072 at.% P is 0.006 Q-cm.

The energy losses of impurities in silicon have been
studied (Fig. 2). The electron energy distribution is
described by the Fermi-Dirac function:

f(E) = 5=, 1)

e KT +1

where Ep is the Fermi energy.
In a pure semiconductor with an equal concentration
of current carriers — free electrons and holes:

E;-Efp Ep—Eq
e KT = e KT , (2)
E{+E;

Thus, Ep = , the Fermi level lies in the middle

of the band gap, the concentration of electrons and holes
is n~p~eFa/KT,

In a semiconductor doped with a donor impurity, the
"tail" of the Fermi function (f) extends into the
conduction band, greater than the "tail" of the Fermi
function (1-f), extending into the valence band. That is,
in such a semiconductor, the Fermi level is located
closer to the conduction band. In contrast, in an acceptor
semiconductor, the Fermi level is located closer to the
valence band.

According to the literature, acceptor impurities of
subgroup A (B, Al, Ga, ...) and subgroup VA (P, As,
Sb, ..) have a smaller cross-section for capture of
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current carriers than impurities of heavy and noble
metals (Fe, Ni, W, ..., Cu, Ag, Au), which are used to
obtain wide-gap semiconductors (GaAs, InP, ...) doped
with Cr, Fe, Al [8].
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Fig. 2. Energy losses of impurities in silicon

As is known, the number of charge carriers changes
depending on the type of impurity and their
concentration. As can be seen from Fig. 2, impurities P
and B create single energy levels in silicon crystals —
donor, located in the upper half of the band gap, and
acceptor, in the lower half of the band gap. This
arrangement of the levels creates favorable conditions
for their relatively easy ionization. Therefore, in a wide
temperature range, impurities P and B are the main
sources of carriers that change the conductivity of
silicon.

The nature of the redistribution of impurities in the
process of directional crystallization of silicon has been
studied. The effective segregation coefficient of
impurities is determined [2, 14]:

K,y = — 3)

Ko+[1-Kg-e K9]
where R is the speed of movement of the solid-liquid
interface, R, is the characteristic growth rate constant,

which depends on the mixing of the melt and the

diffusion coefficient of impurities in the melt, R, = %,

where A is the length of the diffusion layer at the
interface.

It was determined that at R <100 mm/h, equation
(3) takes the following form:

R
Kef = Koe ng (4)
where K, is the equilibrium impurity distribution
coefficient.

The distribution of impurities N in the ingot obtained
by slow radial cooling of the sample is determined as
follows:

N = Kep - No(1 =D, ()

where N is the concentration of impurities in the solid
solution, [ is the relative fraction of the length of the
crystallized part, which is counted from the beginning
of the solidification boundary of the ingot, Ny is the
initial concentration of impurities in the melt.
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Fig. 3. Temperature dependence of the diffusion
coefficients of impurities in silicon

According to Fig. 3, it is possible to estimate the
maximum solubility of impurities in silicon at
T >1400...1600 K. It should be noted that impurities of
Cu, Au, Li, ... diffuse along the interstices of the crystal
lattice. The vacancy mechanism is characteristic of
acceptor and donor impurities [2, 15, 16].

Table 1 shows the values of the effective distribution
coefficients of impurities.

Table 1
Impurity distribution coefficients

Li | 202 |P |035 |Ni [1:10* |zr [2-10®
B | 08 S |1-10®° |Cu [1-10®* |Nb [5-107
c |7:10® | Ti |5-10% |zn [1-10° |Ta [2:10°
N [7:10°% |V [5-10° |Ga [8-10° |Ag [1-107
O |125 |Cr |[5-10° |Ge | 0.3 |cd [1-10°
Na [2:10° {Mn |1-10° |As | 0.3 |[Sb [2:107
Mg [2:10° |Fe [1-10° |[Mo |[5-10® [Sn [2-107
Al [2:10° [Co [1-10° |W [5-10® |Bi |7-107

According to the studies carried out, the most
effective purification in the process of directional
crystallization is observed for Zr, Mo, W, Ta, Nb, Cd,
Bi, it is quite effective for Ti, V, Cr, Mn, Fe, Co, Zn, Ni,
Cu, Ga, Ag, weaker — O,, C, N,.

It was found that the diffusion mobility of impurities
is determined by the concentration of acceptor
vacancies. Their acceptor level is located at a distance
of 0.15 eV from the bottom of the conduction band [9].

As a result of changes (Fig. 4) in the design and
composition of the growth unit assemblies (vacuum
P < 10°Torr, hydrogen or helium atmosphere), the use
of tungsten heaters and boron nitride crucibles, the
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content of difficult-to-remove impurities was: O, —
2:10"...2-10%, C - 2-10"...2:10"", N, < 1-10* cm™.

Fig. 4. Crucible and elements of the heating unit of the
growth unit

The impurity composition of silicon alloys used to
obtain single crystals is as follows: Si—99.999, B —
1.3 -10%cm™3 , P-6.8 -10%cm™3. Methods for
determining the composition of impurities and
structural-phase composition are given in [2, 10].

In order to increase the spectral susceptibility of the
surface of thin plates of SC, which were obtained by
cutting massive crystals, a technique for anodic etching
of n- and p-type silicon crystals was developed. It has
been determined that the participation of charge carriers
of different signs in the electrochemical reactions of a
semiconductor determines the different behavior of
n- and p-type single crystals.

On p-type silicon electrodes, in which holes are the
main current carriers, the anodic process is unimpeded
and the anodic behavior of the electrode is almost the
same as for metal. In n-type silicon, holes are not the
main current carriers and their concentration in the bulk
of the semiconductor is small. As a result, the rate of the
anodic process is determined by the rate of entry of
holes to the electrode surface, which are formed as a
result of generation in the space charge layer (Table 2).

Table 2
Etching modes
Current density, o Etching time
Samples mA/cm? T,*C 7, min
n-type 15...20 5...15 5..7
p-type 50...60 5...10 10...20

Fig. 5. Crystallization of silicon alloys

In the process of directional crystallization from the
seed, spiral growth of the crystal was observed, which is
consistent with the features of the outer surface of the
ingot and explains the distribution of impurities in the
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bulk of the crystal [2, 11]. Controlled parameters of
structure formation, such as the temperature gradient at
the interface R and the concentration of impurities G,
determine the shape of the crystallization front and the
size of the supercooled region. To prevent the
inhomogeneous redistribution of impurities in the
growing crystal, a magnetic field was applied (Fig. 5).

It was found that the concentration of acceptor and
donor impurities, one atom per million, is sufficient to
cover the grain boundaries of pure silicon with a layer
of impurity atoms (Fig.6). To eliminate large
recombination losses, the grain size of a silicon SC must
be several millimeters, which is important in the
technology of creating solar modules.

Fig. 6. Microstructure of silicon alloys (x400)

In the initial stage of crystallization, growth
dislocations were found (Fig. 7). The single crystal
topogram was determined by the Berg-Barrett method
(Fig. 8). The topogram of a silicon single crystal was
obtained when shooting in transmission under
conditions of extinction contrast, in which defects
(dislocations) are revealed as microvolumes with
increased reflectivity. Loops of individual dislocations
are clearly visible, evenly distributed over the volume.
Accumulation of dislocations in the center are lined up
in a dislocation grid. Fragments of the crystal
substructure form boundaries with small angles.

Fig. 7. Growth dislocations (x30000)

It was found that in the growing crystal there is a

supersaturation  with  vacancies, amounting to
10Y...10% cm® at premelting temperatures and
10" cm™ at 300 K. It was found that the supersaturation
with vacancies is eliminated by the formation of clusters

ISSN 1562-6016. BAHT. 2022. Ne1(137)

in the form of disks capable of flattening, forming
dislocation loops in silicon crystals (Fig. 9)

Loop formation energy ~ 4.0 eV. The loop regions
can represent stacking faults limited by partial
dislocations [16].

ram of a silicon single crystal (x50)

Fig. 8. X-ray topog

Fig. 9. Dislocation loops in silicon crystal

The conditions for the escape of dislocations from
the growing crystal are investigated. It was found that
due to the presence of anisotropy in the energy of the
dislocation line, the propagation of dislocations in
certain directions is minimized. According to Fig. 10, as
the crystal grows, there is a gradual increase in the
degree of perfection. The long, gently curving lines are
likely formed by plastic flow at temperatures several
hundred degrees below the melting point. Zigzag lines
are made up of segments, which alternately are edge or
screw dislocations. This indicates crawling and sliding
in the region of the growing interface between the liquid
and solid phases.

Fig. 10. Edge and screw dislocations (x25000)
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It was found that with an increase in the angle
between the density of the least slip and the direction of
growth, a dislocation emerges onto the crystal surface
without crossing the interface. In single crystals, the
[100] and [111] growth directions are energetically
more favorable than [110] and [211]. Single crystals
with orientations [100] and [111] have a dislocation
density pg ~ 10°cm™. Single crystals with orientations
[110] and [211] have a dislocation density pg~ 10?cm™.
A different character of motion of edge and screw
dislocations was found. It is energetically more
favorable for the regions of edge dislocations parallel to
the Burgers vector [111] to move in the slip plane and
dissociate. The complex structure of the screw
dislocation, which is the source of hexagons, makes it
difficult for them to leave the growing crystal. Thus, the
screw dislocation remains “bound”, and it is more
difficult to “break” bonds in the bulk of the crystal.
Therefore, in the most perfect silicon crystals
(ps = 10%cm), the “remaining" dislocations are screw
dislocations.

It should be noted that after the creation of a perfect
structure of single crystals, the subsequent change in the
growth conditions (growth of the crystal to a large size)
does not change the perfection of the structure, and
allows the use of large crystals for the production of
film solar cells.

The calculation of the mobility of nonequilibrium
charge carriers in doped silicon crystals is carried out
using an analytical approximation model that allows a
good description of the experimental data in a wide
temperature range 300 K<T <1400 K and doping
levels 10™cm™ < N < 10%°%cm™ in various direct-gap and
indirect-gap semiconductors [12]. The data for calcula-
ting the charge mobility in silicon are given in Table 3.

The mobility of charge carriers is defined as follows:
BN )P

T = et (T0) o P e ©)
N, n\Yi
Hmin, TH (-2
where B;(N) = | mas(F) 7 =1,
Hmin I ™M axi
To =300K; i=n,p for electrons and holes

respectively; N is the concentration of the dopant; T is
the temperature of the sample, the parameters x_ .
Momar @i B vi depend on the type of semiconductor
material; .. — mobility in lightly doped samples
(10° wt.%); u, ., — mobility under heavy doping
conditions  (~0.1wt%B, ~1wt%P), Ny —
concentration of charge carriers in an intrinsic
semiconductor.

Table 3

Charge carrier parameters

Charge Umaxs Wmin, Ng'
carrier typel  cm?/(V's) cem?®

y | o« | B

Electrons [1414.0, 68.5 [9.2:10%¢| 0.71 | 2.42 | 0.26

Holes 470.5| 445 (2.2-10'7|0.72| 2.20 | 0.36

The results of calculated and experimental data
based on measurements of the Hall effect and electrical
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conductivity show that the mobility of electrons is
3...3.5 times higher than the mobility of holes in the
range of carrier concentrations in 10'* ...10*°cm™3, at
temperatures T = 800...1500 K.

It is known that the action of cosmic radiation leads
to a decrease in the short-circuit current associated with
a decrease in the lifetime and diffusion length of carriers
[13]. The latter is due to the appearance of
recombination centers in photoconverters. It was found
that doping silicon with boron and phosphorus increases
the lifetime of current carriers from several
microseconds in undoped silicon to 9...10 s in doped
silicon.

It was determined that the diffusion length of
electrons generated by light in p-type silicon is greater
than in n-type crystals. Hole silicon is found to be more
radiation resistant than n-type silicon. Therefore, in
silicon photoconverters for space purposes, the base
< material must have hole conductivity.

CONCLUSIONS

The nature of the change in the Fermi level of
silicon under the influence of impurity elements is
determined. It is shown that the elements of groups IlI
and V, forming interstitial and substitutional solid
solutions, create electrically active centers, the local
levels of which are located closer to the boundaries of
the energy bands of the crystal. This arrangement of the
levels creates favorable conditions for their relatively
easy ionization.

The efficiency of doping silicon crystals with boron
and phosphorus as the main sources of carriers that
change the conductivity of silicon has been established.
The diffusion mechanism in doped single crystals is
determined, due to the difference in ionic radiuses and
valences of boron, phosphorus and silicon.

It is shown that a decrease in all types of energy
losses in photovoltaic converters with a directed
improvement in the properties of a semiconductor
material occurs as a result of the creation of a perfect
optimal structure and a change in the band gap.

Large p- and n-type silicon single crystals have been
grown by the method of controlled phase
transformations. It is possible to manufacture from them
defect-free SC for solar modules.

It is found that due to the anisotropy of the
dislocation line with an increase in the angle between
the density of the least slip and the direction of growth,
dislocations emerge onto the crystal surface without
crossing the interface. More perfect single crystals
(ps ~10%°cm™) obtained in the directions [100] and
[111].

It has been determined that under conditions of
radiation exposure, the lifetime of charge carriers in
silicon crystals doped with phosphorus and boron is
9...10s, which is much higher than that of undoped
crystals. An increase in the mobility of 2.5...3 times in
p-type crystals, with a carrier concentration of
10%5...10*® cm™3 shows the expediency of using
p-type crystals as a material for silicon solar modules
for space purposes.
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CTPYKTYPHBIE OCOBEHHOCTH JIETUPOBAHHBIX MOHOKPUCTAJIJIOB KPEMHUA

H.A. A3apenxos, B.E. Cemenenxo, H.I'. Cmepeoedos

OmnpeneneH xapakTep H3MCHEHHS ypoBHed DepMu KpeMHHS IO BIMSAHHEM JIETHPYIOIIAX IPUMECEH,
TOYCYHBIX Je(EKTOB W MAWCIOKAIMH. YCTaHOBIEHBI TapameTpbl anupQy3ud MpUMEcei, yCIOoBHUA UX
BO3HHKHOBEHHS W YAaJCHHSA B IpoIlecce HAMPABICHHOW KPHCTALIM3AIHA W B TOCTKPHUCTAIUTH3AIMOHHBINA
nepuon. [lokazaHa Ieeco00Opa3HOCTh JICTUPOBAaHUS KpeMHHs OopoM M (GochopoM, MOITYYEHBI KpPYITHEIC
MOHOKPHUCTAJLJIBI. BrisicHeHBI MeXaHU3MBbI JIMKBUJAIUN CTPYKTYPHBIX }Z[e(i)EKTOB. Onpe,ueﬂeHa IIOABUXXHOCTh U
BpEMS KU3HU HOCHUTEJIEH 3apsjia B COBEPUHICHHBIX MOHOKPUCTAJIaX KPEMHUA B YCJIOBUAX paJIUALMOHHOTO
BozfeiicTBus. [lokasana nenecooOpa3HOCTh MPUMEHEHHUS KpPEMHHUS p-TUIAa B KadyecTBe Marepuana 0asbl
COJIHCYHBIX MOI[yJ'ICﬁ KOCMHYECKOI'O HAa3HAYCHUS.

CTPYKTYPHI OCOBJIMBOCTI JIETOBAHUX MOHOKPUCTAJIIB KPEMHIIO
M.O. A3zapenkos, B.€. Cemenenko, M.I'. Cmepeocoos

Bmsnaueno xapakrep 3MiHA piBHI DepMi KPEeMHIIO i1 BITTHBOM JOMIIIOK, IO JIETYIOTh, TOYKOBUX Ae(eKTiB
i aucnokaniii. BeranosneHo mapamerpu audysii AOMILIOK, YMOBH 1X BHHUKHEHHS Ta BHJAJIEHHS B Mpoleci
CIPSIMOBAHOT KPUCTAJI3AIlil Ta B MOCTKPUCTATI3aIliiHuIA niepion. [loka3aHo MOUINbHICTh JIETYBAHHS COHSIYHOIO
KpeMHito OopoM Ta ¢ochopom. 3’scoBaHO MexaHi3MM JIKBimamii cTpykTypHux JnedekriB. BusHaueno
PYXJIUBICTh Ta 9ac >KHATTS HOCIiB 3apsly B JOCKOHAJIMX MOHOKPHCTajJaX KPEMHII0 B yMOBaxX pamiamiiHOTro
BIUIMBY. [lOKa3aHO MOWINBHICTE 3aCTOCYBAaHHS KPEMHIIO p-THITy SIK MaTepiany ©0a3u COHSYHHX MOIYIIB
KOCMIYHOTO TIpU3HAYEHHS.
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