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IN CRYSTALS IRRADIATED WITH 25-MeV PROTONS

The photo-Hall effect is studied in specimens of n-Si single crystals with the electron concen-
tration N = 6 x 10" ¢m™ irradiated with 25-MeV protons at a temperature of 300 K. The
irradiated specimens revealed an anomalously high value of the electron Hall mobility, which
can be explained by the formation of highly conducting inclusions in the crystal bulk with ohmic
junctions at their interface with the crystal matriz. At some temperatures of the isochronal
annealing, the specimens demonstrated an anomalously high electron scattering, which can be
reduced by the monochromatic IR illumination with a given photon energy. The illumination
deionizes electrostatically interacting deep secondary defects, which are formed in the course
of isochronal annealing around the highly conducting inclusions, and screen them. A- and
FE-centers are shown to dominate among the screening defects.
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1. Introduction

A number of researches have been carried out con-
cerning electric inhomogeneities created by high-ener-
gy radiation in crystalline silicon. For example, the
features in the processes of accumulation and anneal-
ing of primary radiation-induced defects (RIDs) in
almost dislocation-free silicon crystals can be inter-
preted [1] with regard for the presence of the bulk
inclusions of interstitial atoms. In this case, the get-
tering properties of those inclusions depend in a com-
plicated manner on the content of the main back-
ground impurity, oxygen, in a crystal. In particular,
the study of the electric properties of silicon irradi-
ated with electrons and thermally treated at 530 °C
revealed a microscale-inhomogeneous spatial distri-
bution of oxygen-containing thermodonors [2]. While
studying the influence of the irradiation with elec-
trons on the formation of electrically active centers
in silicon, it was also found [3] that the anneal-
ing at 450 °C gives rise to the formation of regions
with n- and p-types of conductivity. The concentra-
tion of charge carriers increases in the regions of both
types of conductivity, as the irradiation dose and the
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annealing time grow, which testifies to the forma-
tion of not only thermodonors, but also thermoac-
ceptors. Nonuniformities in the distributions of those
centers correlate with the concentration fluctuations
of background impurity atoms, oxygens. The results
of researches of the electron states and electric param-
eters in p-Si specimens grown up by the Czochral-
ski method, irradiated with high-energy neutrons,
and isothermally annealed were explained [4] by the
appearance of oxygen microprecipitates in the form
of crystalline (cristobalite) or amorphous (quartz)
phase, depending on the neutron flux. At the inter-
faces between those inclusions and the Si matrix, a
bulk charge is accumulated, and a potential barrier
emerges.

The researches of silicon irradiated with boron
ions, BT, and annealed at a high temperature [5] re-
vealed that, at a high boron concentration exceed-
ing the solubility threshold of boron in silicon, there
emerge the additional maxima in the boron distri-
bution profile. This clusterization is associated with
the displacement of boron atoms from crystal sites
by own interstitial Si atoms leaving disordered re-
gions (DRs). The character of the boron precipita-
tion in silicon at high-dose implantation depends on
the concentration of boron atoms that were prelimi-
nary placed at the crystal lattice sites [6]. At boron
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concentrations close to the equilibrium value, the pre-
cipitation is mainly observed in the regions with a
reduced content of RIDs, whereas, in the regions
with the enhanced boron content, the boron atoms
are involved into the clusterization with interstitial
silicon atoms. By comparing the formation condi-
tions of shallow acceptor centers in silicon irradiated
with electrons, neutrons, and high-energy ions in the
course of high-temperature annealing, it was shown
[7] that the emergence of thermoacceptors is a result
of the interaction between the boron atoms playing
the role of acceptor impurities and the vacancies accu-
mulated in multivacancy clusters. It was also demon-
strated [8] that the level of preliminary doping of sili-
con crystals with boron considerably affects the distri-
bution profile of another impurity, phosphorus, intro-
duced into the material using the ionic implantation.

The features in the electric properties of ~-
irradiated p-silicon can be explained [9] by the in-
teraction between DRs and RIDs. More specifically,
this is a result of the irradiation-induced growth of
the potential barrier between the regions with rel-
atively high and relatively low resistances, as well
as the quick capture of primary RIDs by additional
drains, whose role is played by DRs. The combined
research of the processes of isothermal and isochronal
annealings of divacancies in silicon irradiated with 8-
MeV protons using the methods of IR and positron
spectroscopies brought about a conclusion [10] that
there exist two processes associated with the material
inhomogeneity: the recombination with aggregates of
interstitial atoms and the formation of vacancy ag-
glomerates. Irradiation of silicon by Ge™, Ar™, and
Ne™ ions in extreme doses results in the almost total
amorphization of the material, which contains, nev-
ertheless, nano-crystalline inclusions [11]. At the in-
terface between the nanocrystals and the amorphous
matrix, there are numerous broken bonds giving rise
to an enhancement of the EPR signal.

The dependences of DR sizes and configurations in
a Si crystal on the energy of a primarily knocked-
out atom was demonstrated in work [12]. From the
dependence of the number of interactions on the pro-
ton energy, it follows that the majority of interactions
have a Coulomb nature, and, under those conditions,
isolated point-like RIDs are mainly formed. If the re-
coil energy exceeds ~2 keV, one-cascade or subcas-
cade destructions appear in the crystal. As the en-
ergy of protons grows (E > 20 MeV), subcascade de-
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structions transform into multicascade ones, i.e. the
formation of DRs begins. The DR core consists of va-
cancies, divacancies, and various vacancy associates,
whereas defects of the type “impurity + vacancy” take
part in the formation of its periphery, the shell.

DRs are characterized by the conductivity of the
p-type in n-Si crystals and by the conductivity of the
n-type in p-Si crystals, i.e. DRs are isolated from the
matrix by a potential barrier for the majority charge
carriers. Accordingly, they are “dielectric” inclusions
and stimulate a reduction of the effective value of Hall
mobility peg both in the region of phonon scatter-
ing and in the region of scattering by charged defects
[13-17].

The authors of works [16, 17] supposed that DR
cores in silicon mainly consist of intrinsic intersti-
tial atoms. We proved experimentally [18-20] that,
in n-Si crystals irradiated with 25-MeV protons, the
“metallic”(i.e. highly conducting, if compared with
the matrix) inclusions with an ohmic junction at
the interface with the semiconductor matrix are pre-
dominately formed. As a result, pog drastically im-
creases. In the course of isochronal annealing, a shell
composed of negatively charged acceptor RIDs and
opaque for conduction electrons is formed around the
“metallic” inclusions (probably, the latter may be ag-
gregates of interstitial atoms). This scenario can ex-
plain a drastic reduction of peg after the annealing
of irradiated specimens at T,,, = 110 °C or in the
course of their natural aging for 30 days at 300 K.

In work [20], the assumption was made that E-
centers are responsible for the screening of “metal-
lic” inclusions in the high-temperature interval (200
300 K). At low temperatures, these are E-centers and
A-centers; the latter start to charge below 200 K. Af-
ter the annealing of E-centers (Ton, = 160 °C), the
screening shell apparently consists of only negatively
charged A-centers at low temperatures (7 < 200 K).
It should be noted that, due to the Coulomb attrac-
tion between positively charged phosphorus atoms
and negatively charged vacancies, the efficiencies of
the introduction of A-centers, 75, and E-centers, ng,
under conditions when the oxygen concentration is
two orders of magnitude higher than the phosphorus
one are almost identical: na ~ ng [21,22].

If A- and E-centers are really formed around the
“metallic” inclusions and if just they are responsible
for a drastic reduction of peg for electrons in n-Si
crystals irradiated with 25-MeV protons, then, using

ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 6



Influence of IR Illumination on Conduction Electron Scattering

the monochromatic selective illumination, it would
be possible to substantially affect the behavior of
the dependence peg(7") by deionizing some of those
centers.

This work aimed at studying the influence of the
selective photoexcitation of some A- and E-centers
in n-Si specimens with the use of the IR illumination
On fleft-

2. Experiment

In our researches, we used phosphorus-doped n-Si
single crystals with the electron concentration N =
= 6 x 10'3 em™3. The crystals were fabricated by the
zone melting. The oxygen concentration in them was
No ~ 10'® cm™2, and the density of growth disloca-
tions Npis ~ 103+10* cm~2. The specimens were cut
out in the form of bars 1 x 3 x 10 mm? in dimensions,
with the surface (111) being the largest one.

Some of the researched specimens were irradiated
only with 25-MeV protons (to the dose ® =~ 8.1 x
x 102 em~2), and the others first by protons to
a small dose (® ~ 5 x 10" ecm™2 at ¢ ~ 1.5x
x 10* em~2s71) and then by 2-MeV electrons (to
® ~ 10 cm2 at p =~ 5 x 1012 em~2s71). The spec-
imens were irradiated at a temperature of 300 K.

The influence of the deep center deionization on
teg Was studied with the help of the photo-Hall ef-
fect. Electrons from the levels of the given type were
excited into the conduction band using IR light and
with the help of an IKS-21 monochromator. A-centers
were excited by light with the quantum energy hvy =
= 0.17 eV (the wavelength A; = 7.3 pym), and E-cen-
ters by light with the quantum energy hv; = 0.44 eV
(the wavelength Ay = 2.8 pum). To obtain light rays,
a LiF prism was used in the former and a NaCl one
in the latter case. The injection level AN was esti-
mated from the intensity of their illumination and did
not exceed AN = 5 x 10'° cm™3. In log coordinates,
the curves of the dependence lg N(10%/T) obtained
in dark and under illumination are practically super-
imposed on each other. Therefore, in Fig. 1, they are
plotted together (the influence of illumination can be
clearly seen from the plots for the mobility).

The temperature dependences of the charge carrier
concentration N, specific resistance p, and effective
Hall mobility peg were analyzed in the interval T' =
= 77300 K. The concentration N was measured
using the compensation method in a magnetic field
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Fig. 1. Temperature dependences of the electron concen-
tration in m-Si crystals irradiated with 25-MeV protons at
300 K: (1) before irradiation, (2) after irradiation to a dose
of 8.1 x 10'2 cm~2, (8) after annealing at 110 °C, (4) after
annealing at 160 °C, (5) after annealing at 110 °C together
with IR illumination with 0.44-eV photons, (6) after annealing
at 160 °C together with IR illumination with 0.17-eV photons,
and (7) after annealing at 350 °C

with the strength H = 10 kOe, p was measured us-
ing the two-probe method, the Hall factor was taken
equal to 1, and peg was calculated by the formula
tet = 1/(eNp), where e is the electron charge. In
order to reorganize the environment of point defects
formed around “metallic” inclusions, the isochronal
annealing was applied in the temperature interval
from 80 to 550 °C with a step of 10 °C and the 10-
min period of specimen holding at every fixed tem-
perature.

3. Research Results and Their Discussion

Figure 1 exhibits the dependences N = f(103/T)
for the initial crystal (curve 1), after its irradia-
tion with 25-MeV protons to an integrated dose of
8.1 x 10'2 cm~2 (curve 2), and after the annealing
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Fig. 2. Temperature dependences of the electron mobility
in n-Si crystals irradiated with 25-MeV protons at 300 K:
(1) before irradiation, (2) after irradiation to a dose of 8.1 x
1012 cm™2, (8) after annealing at 110 °C, (4) after annealing
at 160 °C, (5) after annealing at 110 °C together with IR illu-
mination with 0.44-eV photons, (6) after annealing at 160 °C
together with IR illumination with 0.17-eV photons, (7) after
annealing at 350 °C, and (8) after annealing at 550 °C

of irradiated specimens at temperatures of 110, 160,
and 350 °C (curves 3, 4, and 7, respectively). Curves
5 and 6 correspond to annealing temperatures of 110
and 160 °C, respectively, and the IR illumination with
0.44-eV and 017-eV photons, respectively. Curve 2 in
Fig. 1 corresponds to defects of the acceptor type with
the ionization energy Ec — (0.38 £0.01) €V, i.e. di-
vacancies [23].

Right after irradiation, all conduction electrons are
located at deep levels (E-centers, divacancies, and so
on). After the thermal treatment of irradiated spec-
imens at T,,, = 110 °C, some of the E-centers be-
come annealed. The annealing of one E-center gives
rise to the appearance of two electrons in the con-
duction band. Free electrons charge some of the A-
centers. The result of all those processes is shown
in Fig. 1 by the nonmonotonic curve &, which cor-
responds to the exhaustion of A-centers. However,
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the deionization energy of A-centers turns out a lit-
tle changed, which may be associated with the elec-
trostatic interaction between various charged RIDs
[19, 24].

The matter is that DR shells contain not only A-
centers, but also a number of other centers, which
are also charged in a wide temperature interval.
Therefore, the average distance between all charged
defects is definitely shorter than the average dis-
tance between A-centers. Accordingly, the variation
of the A-center ionization energy owing to the elec-
trostatic interaction is larger. The proton irradiation
increases the fraction of electrostatically interacting
centers (A- and FE-centers, divacancies, and so on),
because it creates primary RIDs located along the
proton tracks and capable to condense with the for-
mation of closely located vacancy complexes and clus-
ters [22]. According to our estimations, the distance
between electrostatically interacting RIDs changes
within the interval from 10~7 to 1075 cm.

If the energy of electrostatic interaction ¢ >
> 0.17 eV, electrons seem to transit from the levels
corresponding to A-centers into the conduction band
at lower temperatures than usually (Fig. 1, curve 3).
The electrostatic interaction stimulates the electron
transition into the conduction band not only from A-
centers, but also from deeper levels. As a result, the
slope of curve 8 in Fig. 1 grows, and the concentra-
tion of electrons at T' = 200 K exceeds the equilibrium
one (9x10'2 cm™3). After the thermal deionization of
A-centers (at temperatures T > 200 K), the forces of
electrostatic interaction between various RIDs dimin-
ish, and, at 250 K, only equilibrium electrons remain
in the conduction band (4 x 10'2 cm~=3). If the mea-
surement temperature increases further, the concen-
tration of equilibrium electrons starts to grows, which
gives rise to the appearance of a minimum in curve 3.

In Fig. 2, the temperature dependences of the Hall
mobility, pp(T), in the initial crystal (curve 1) af-
ter its irradiation with 25-MeV protons to a dose of
8.1 x 102 em™2 (curve 2) and after the annealing
at Tann = 110, 160, 350, and 550 °C (curves 3, 4,
7, and 8, respectively) are shown. Curve & demon-
strates a drastic reduction of peg with a formation of
a minimum at 7" = 180 K. An analogous minimum
in curve 4 is observed at T = 100 K. The photo-
excitation of electrons into the conduction band from
the levels at 0.44 eV (A = 2.8 um) in specimens
annealed at T,,, = 110 °C increases the peg value
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by shifting the dependence toward lower tempera-
tures (Fig. 2, curve 5). After the annealing at T,,, =
= 160 °C, the excitation of electrons from the lev-
els at 0.17 eV (A = 7.3 pm) stimulates the growth of
the maximum in the dependence peq(T") and shifts
it toward lower temperatures (Fig. 2, curve 6). From
Fig. 2, it follows that the illumination affects the be-
havior of the dependence peg (1) not only at low tem-
peratures (~100 K), i.e. in the interval of the scatter-
ing by charged centers, but also in the interval of the
scattering of charge carriers by phonons (at temper-
atures T' > 180 K).

The energy of an electron at the local level equals
E = Ep + ¢, where Ep is the thermal energy, and
€ the average energy of electrostatic interaction be-
tween negatively charged defects in the environment
around “metallic” inclusions. If £ = FE;, where FE; is
the center deionization energy, the electron transits
from the local level into the conduction band. In the
temperature interval of 230-300 K, the electrons seem
to transit from the level E = E; = 0.44 eV corre-
sponding to E-centers into the conduction band, the
degree of “metallic” inclusion screening decreases, and
the Hall mobility, in accordance with the results of
work [25], can be described by the expression

g LT3N (1)
Heft MHl_Gfla

where pp is the Hall mobility in the undamaged ma-
trix, and f7 the total volume fraction of interstitial
atom aggregates. Formula (1) testifies that peg is an
increasing function of the inclusion volume fraction
f1, which is confirmed by the behavior of the depen-
dence peg(T) in the interval of 230-300 K (Fig. 2,
curve 3). As the temperature decreases, E diminishes,
and E-centers begin to charge. As a result, the degree
of “metallic” inclusion screening increases. The inclu-
sions become opaque for electrons, and, according to
the results of work [14], the Hall mobility decreases
following the law

1-fa/4
1+ fo/2

where uy, as above, is the Hall mobility of electrons
in the initial specimen, and fy is the volume frac-
tion occupied by quasidielectric inclusions (see Fig. 2,
curve 3).

It should be noted that, in this case, the quantities
f1 and fo depend not only on the energy and the

(2)

Heff = UH
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radiation dose, but also on the screening degree -y
of “metallic” inclusions. If v grows, the value of f;
decreases, and that of fo increases, and vice versa.

The dependence e (T') reveals a minimum at 7' ~
~ 180 K. Its existence was explained in work [19] by
the temperature-induced variation of the “metallic”
inclusion screening degree in the course of measure-
ments, although there is no common opinion on this
issue at present [24-27].

The growth of peg in the interval of 140-230 K,
when the electrons are excited into the conduction
band from the level E¢ — 0.44 eV by means of the
IR illumination, is explained by a reduction of the
screening degree of atomic clusters and, respectively,
the increase of the volume fraction of “metallic” inclu-
sions f; (see formula (1)). In the temperature interval
of 230-300 K, E-centers around “metallic” inclusions
are exhausted owing to the electrostatic interaction
and high temperatures. Therefore, the IR illumina-
tion does not affect the magnitude of effective mo-
bility pesr. A-centers are almost electrically neutral in
the interval of the phonon scattering (200-300 K) and
cannot change substantially the degree of “metallic”
inclusion screening and, hence, peg. As to divacan-
cies, they are mainly formed in the course of irradi-
ation following the cascade mechanism and are un-
doubtedly present in the crystal bulk. The formation
of divacancies in the course of isochronal annealing
following the diffusion mechanism is hardly proba-
ble owing to the electrostatic repulsion between neg-
ative monovacancies. Therefore, it seems that only a
small number of them are present in the environment
around “metallic” inclusions.

The reduction of peg in the low-temperature in-
terval (= 130 K) after a complete annealing of E-
centers (Tann = 160 °C) was explained in work [20]
by a change in the charge state of A-centers. At tem-
peratures T' < 130 K, the A-centers are charged neg-
atively and increase the degree of “metallic” inclusion
screening. In this temperature interval, the “metallic”
inclusions with the negatively charged shell strongly
scatter the conduction electrons and, hence, diminish
pet (Fig. 2, curve 4).

The excitation of electrons into the conduction
band from the level Ec — 0.17 €V with the help of
the IR illumination gives rise to a reduction of the
“metallic” inclusion screening degree . As a result,
the influence of the electron scattering by negatively
charged inclusions on p.g decreases. Hence, peg con-
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Fig. 3. Temperature dependences of the electron mobility in
n-Si crystals firstly irradiated with 25-MeV protons to a dose
of 5 x 10! ¢cm™2 and then with 2-MeV electrons to a dose
of 10 cm~2: (1) before irradiation, (2) after the proton ir-
radiation, (3) after the electron irradiation in dark, (4) after
the electron irradiation at the IR illumination with 0.17-eV
photons, and (5) after the electron irradiation at the IR illu-
mination with 0.44-eV photons

tinues to grow almost to 100 K, and, as one can see,
the minimum is shifted to the left, toward low tem-
peratures (T' < 77 K, Fig. 2, curve 0).

After the complete annealing of A-centers at
Tonn = 350 °C, the dependence pieg(T") becomes non-
monotonic in the temperature interval from room
temperature to the nitrogen boiling point (Fig. 2,
curve 7). At Tonn = 550 °C, the “metallic” inclusions
are annealed completely (Fig. 2, curve 8).

A drastic reduction of peg with a minimum at
T =~ 100 K is also observed in specimens firstly irra-
diated with protons to small doses (@ ~ 5x
x 101" ¢cm~2) and then with electrons (to ® =
~ 10 ecm™2) (see Fig. 3, curve 3). It seems that,
after the specimens were irradiated with protons
to the dose ® ~ 5 x 10! cm™2, a small number
of “metallic” inclusions, besides point-like RIDs, is
formed in the crystal bulk. Those inclusions prac-
tically do not affect the electron mobility (Fig. 3,
curve 2), but generate local elastic stresses in the
crystal lattice. After the irradiation with electrons,
primary RIDs-vacancies and interstitial atoms—emer-
ge in the crystal. Nonequilibrium vacancies probably
move to “metallic” inclusions [28]. Some of them re-
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combine with interstitial atoms in “metallic” inclu-
sions, whereas the others create shells around those
inclusions, which are opaque for conduction electrons
and consist of negatively charged A-centers, F-cen-
ters, divacancies, and other RIDs. As a result, the
metal-like inclusions are transformed into quasidie-
lectric ones, which scatter conduction electrons, and
et drastically diminishes (Fig. 3, curve 3).

Under the IR illumination with a photon energy of
0.17 eV in the course of Hall measurements, A-centers
are deionized. Accordingly, the degree of “metallic”
inclusion screening decreases, which results in an in-
crease of e in a vicinity of T = 100 K (see Fig. 3,
curve /). The photoexcitation of electrons from the
level Ec — 0.44 €V into the conduction band results
in an increase of s in a wider temperature inter-
val (Fig. 3, curve &), because E-centers are charged
negatively in the interval of 77-300 K.

The obtained experimental results confirm the opi-
nion stated earlier in work [20] that it is A- and E-
centers that are mainly responsible for the screening
of “metallic” inclusions.

The minimum in the dependence peg(T) (see
Fig. 3) is explained by the dependence of the charge
state of the screening shells around the atomic clus-
ters on the measurement temperature 7' and the en-
ergy ¢ of electrostatic interaction between charged
RIDs in those shells. As the measurement tempera-
ture T' decreases, RIDs around atomic clusters begin
to charge negatively. Accordingly, the screening de-
gree of atomic clusters becomes lower, and the latter
are transformed into quasidielectric inclusions, which
results in that p.g decreases. At a certain temper-
ature, the energy e of electrostatic interaction be-
tween negatively charged RIDs in the shell becomes
larger than their ionization energy, and RIDs begin to
deionize [19,29]. Accordingly, the screening degree of
atomic clusters by charged RIDs decreases. Quasidie-
lectric inclusions are transformed again into atomic
clusters with a high conductivity, peg increases, and
there appears a minimum in the dependence peg (7).

4. Conclusions

To specify which radiation-induced defects are re-
sponsible for a reduction of the effective Hall mobil-
ity peg in m-Si crystals irradiated with 25-MeV pro-
tons at various temperatures, the photo-Hall effect
was studied. The researches demonstrated that the
selective excitation of E-centers (F¢ — 0.44 €V) af-
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fects the minimum at about 180 K in the dependence
tefr (T'). At the same time, the excitation of A-centers
(Ec —0.17 eV) varies the minimum at about 100 K
in the same dependence.

The obtained results confirm the conclusion made
earlier that the screening of “metallic”, i.e. relatively
highly conducting, inclusions in proton-irradiated n-
Si crystals is performed by E-centers only in the tem-
perature interval of the phonon scattering and due to
the common action of A- and F-centers at low tem-
peratures. After the complete annealing of F-centers
(Tann = 160 °C), only A-centers are responsible for
the minimum in the dependence pog (7).

In general, the minimum in the dependence g (7T')
is explained by the dependence of the screening degree
of atomic clusters on the measurement temperature
and the energy of electrostatic interaction between
charged RIDs that compose a screening shell around
atomic clusters.
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BIIJINB 149 IJCBIYYBAHHS

HA PO3CIIOBAHHA EJIEKTPOHIB ITPOBIJHOCTI
B OITPOMIHEHUX ITPOTOHAMMU 3 EHEPTIEIO

25 MeB KPMCTAJIAX N-Si

Peszmowme

HocnimzKyBani 3pa3sku MOHOKPHUCTAJIB N-Si 3 KOHIIEHTPAII€io
enexkrponis N = 6-10'3 cm~3 onpominoBasmces mporonamu 3
enepriero 25 MeB npu 300 K. ist mocitigkeHHsT 3aCTOCOBY-
Basin MeTos], poTo-Xour-edekTy. B onpoMiHeHUX 3pa3kax CIo-
cTepiraeTbCs aHOMAJIBHO BUCOKE 3HAYEHHHA XOJLIIBCHKOI PYXJIH-
BOCTi €JIEKTPOHIB, 1110 TOSICHIOETHCSI YTBOPEHHSIM B 00’€Mi Kpu-
cTaJjla BUCOKOIIPOBIIHMX BKJIIOYEHb 3 OMIYHUM IIEPEXOJOM Ha
Mexi 3 Marpuneo kpuctaia. [Ipu neskux temueparypax izo-
XPOHHOT'O BiAmajy CIIOCTEPIra€ThbCsi aHOMAJIbHO BHCOKE PO3Ci-
IOBaHHs €JIEKTPOHIB, sSIKE 3MEHIIYETbCsI MOHOXpoMaTuyHuM 1Y
mifcBiuyBaHHAM 13 3a7aHO0 eHeprieto doronis. IligcBiuyBan-
He fgeionizye BropunHi riuboki gedekTH, siKi eJIeKTPOCTATUIHO
B3aEMO/IIIOTh Ta YTBOPIOIOTHCS B IIPOLECi i30XPOHHOTO BiamaJry
HABKOJIO BUCOKOIIPOBI/THUX BKJIIOUEHb i eKpaHyIoTh ix. [lokaza-
HO, 1[0 TAKUMU €KPAHyIYnMu JedeKTaMu €, B OCHOBHOMY, A-
i E-ueHTpH.
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