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Characteristics of silicon back side contact solar cells are investi-
gated theoretically and experimentally at low illumination levels
in the presence of a floating p* — n junction on the front surface.
It is established that, under these conditions, the short-circuit
current, open-circuit voltage, and internal quantum efficiency of
photocurrent can significantly decrease due to the influence of re-
combination in the near-surface space charge region. The interval
of irradiances, in which these reductions are essential enough, is
determined.
intensities corresponding to a decrease of the open-circuit voltage
Voc is significantly wider than that corresponding to a reduction of
the short-circuit current Jgc. The experimental results agree with

In particular, it is shown that the interval of light

those of calculations. The obtained results allow us to conclude
that the floating pT — n junctions on the front surface of silicon
back side contact solar cells are appropriate for the use only at sig-

nificantly large levels of illumination intensities (> 1000 W/m?).

1. Introduction

Commercial samples of up-to-date silicon back side con-
tact (BSC) solar cells (SC) with n-type base, as well as
modules produced on their basis, are characterized by
the highest efficiency of photoelectrical energy conver-
sion 1 achieved till now that amounts to 22.4% for cells
and 20.1 % for modules [1]. As a rule, the thickness of a
quasineutral base in such BSC SCs is much lower than
the diffusion length of minority carriers, whereas the ef-
fective surface recombination velocity Sef on the front
(nonmetallized) surface referred to the inner boundary
of the near-surface space charge region (SCR) is mini-
mized to the level that practically does not influence the
value of 7.

A detailed theoretical analysis of the factors that
determine the effective surface recombination velocity
Ser in silicon-based solar cells, where nonequilibrium
electron-hole pairs recombine mainly via surface recom-
bination centers, is performed in [2]. With the use of the
self-consistent approach, it was demonstrated that, de-
pending on the charge state of the near-surface SCR and
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the concentration of doping agents in the emitter and
base region, the effective surface recombination velocity
Set can either grow or fall with increase in the concentra-
tion An of nonequilibrium charge carriers in a quasineu-
tral volume. Moreover, at sufficiently high injection lev-
els, the velocity Se¢ saturates and is determined solely
by parameters of surface recombination centers.

As is known, the most effective way to eliminate sur-
face recombination losses in BSC SCs is the generation
of isotype n™ — n or pt — p junctions on their front
surface that limit the supply of nonequilibrium minority
carriers to surface recombination centers [3,4]. In the
presence of such junctions, the effective surface recom-
bination velocity Ser is minimized due to a decrease of
the true recombination velocity of nonequilibrium charge
carriers via surface recombination centers [2], though, at
high doping levels of the surface layer, the velocity Set
can rise due to an increase of the velocity of Auger re-
combination in this layer [3]

A number of works [5, 6] used another way of min-
imization of the negative influence of surface recombi-
nation losses on the efficiency of BSC SCs 7, namely
the formation of floating p* — n or n™ — p junctions on
their front surface that limited the supply of nonequilib-
rium majority carriers to surface recombination centers.
However, the experimental researches performed in [6]
demonstrated that, though the formation of a floating
nt — p junction really resulted in an increase of the ef-
ficiency of BSC SCs n under the standard spectral con-
ditions AM1.5 at the irradiance P, = 1000 W/m?, a
considerable (tens-fold) rise of the effective surface re-
combination velocity Ser was simultaneously observed.
Such an anomalous behavior of the dependence 7(Set)
could not be logically explained in the framework of the
physical model of BSC SCs proposed in [6].

In the given work, it is shown that, in the presence
of a floating p* — n or nt — p junction on the front
(illuminated) surface, the recombination in the SCR of
the floating junction becomes the dominant recombina-

783



A.P. GORBAN, V.P. KOSTYLYOV, A.V. SACHENKO et al.

10°
.
10T
a 2
10°T
. 3
s 102_ 4
Q
> 101_ 5
10°1
6
1 1 N 1 N 1 N 1 . 1 .
10 5 10 15 20 25 30

¥s

10* 10°

T, S

Fig. 1. Effective SCR recombination velocity Vgc as a function of the dimensionless energy band bending near the illuminated surface
ys (a) and the bulk lifetime 7 (b); ng = 1015 cm™3, pg = 10% cm ™2, Ap = 0 (1), 107 (2), 10° (3), 10! (4), 1013 (5), and 10'® cm~3 (6)

tion mechanism in BSC SCs at small light intensities. It
is known that, in silicon solar cells of the common type,
this recombination mechanism practically does not influ-
ence the magnitude of the short-circuit current, because
the photogeneration and the collection of nonequilibrium
electron-hole pairs take place mainly within the SCR, of
the collector junction, where nonequilibrium electrons
and holes are separated by a strong electric field without
recombination. But, in BSC SCs where the quasineutral
base separates the regions of photogeneration and collec-
tion of nonequilibrium electron-holes pairs, the recombi-
nation in the SCR of a floating p™ —n or n™ — p junction
must essentially influence both the short-circuit current
and the form of its spectral dependence measured at low
light fluxes with the use of a monochromator.

2. Theoretical Analysis of the Mechanisms of
Influence of SCR Recombination on
Photoenergy Parameters of BSC SCs

In order to calculate the effective SCR recombination ve-
locity and its dependence on the dimensionless potential
on the illuminated surface of a BSC SC y, the bulk re-
combination lifetime 7, and the excess concentration of
pairs at the interface of the SCR and the quasineutral
region Ap, we use the model of one deep recombination
center located close to the middle of the energy gap. It
will be considered that the recombination in the SCR
takes place via the same recombination center responsi-
ble for the bulk recombination. For an n-type semicon-

784

ductor, we can write
0

Vae(ap) = 22 [ () ( [n + 2+ Bp) ] x

Ys

X\/—y+(ey—1)+(p°+Ap)e—y>dy, (1)

no

where Vg denotes the effective SCR recombination ve-
locity, Lp = (e0eskT/2¢?n0)® is the Debye length,
7 is the bulk recombination time, ng and pg stand for
the equilibrium concentrations of electrons and holes,
respectively, while C,, and C,, are their capture efficien-
cies.

Figure 1,a shows the theoretically calculated effec-
tive SCR recombination velocities Vgc as functions of
the dimensionless potential on the illuminated BSC SC
surface ys in the case where ng=10' cm=3, py = 10°
cm ™3, 1075 s, and C,, = Cp. The curves are
plotted for different excess concentrations of holes Ap
at the boundary of the SCR and the quasineutral re-
gion. One can see that, with increase in the band
bending ys, the value of Vgc rises, being saturated at
—ys > (1/2) In(no/(po+ Ap)). An increase in Ap results
in a fall of the velocity Vsc¢ in the saturation region and
the widening of the latter. The figure also demonstrates
that, at Ap ~ 10*® cm~3 (which is typical of the AMO
or AM1.5 conditions), the value of V¢ decreases by five
orders of magnitude as compared with the case where no
photogeneration is present. In the case of BSC SCs, it is

T =
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Fig. 2. Dependences of Ap (a) and the total effective surface recombination velocity Sy, = (Sef + Vsc (M) + d/27) (b) on the concen-
tration degree of solar radiation M; ng = 10'® cm™3, pp = 10° cm™3, S¢t + d/27 = 102 cm/s, Vgc(0) = 10° (1, 2) and 106 (3, 4)

cm/s

important to minimize the summary velocity of recom-
bination via surface centers and SCR recombination to
the level < 1 cm/s, at which surface recombination losses
become an order of magnitude lower than bulk ones.

The velocities Vg¢ as functions of the bulk recombi-
nation lifetime 7 calculated for the case y; = —15 are
presented in Fig. 1,b. One can see that, at Ap = 10'°
cm~3 and 7 > 107° s, the SCR recombination can be
neglected really as compared with the bulk one, be-
cause the velocity of the former approximates 1 c¢m/s
at 7 = 107 s. Thus, the SCR recombination can affect
the short-circuit current in BSC SCs and its spectral
dependences only under the conditions where the opti-
cal generation intensity I becomes much lower than its
value under the usual AMO conditions Iy correspond-
ing to the value of 3.37 x 10'7 quanta/cm?s in the case
of silicon.

Let us perform a self-consistent analysis of the de-
pendence of the excess hole concentration Ap on I =
M Ian, where M is the numerical coefficient character-
izing the attenuation degree of the solar radiation flux
that can vary in the interval between 0 and 1. In the
region of small I at Ap < ng, both surface and bulk
recombinations do not any more depend on the opti-
cal generation intensity. That is why the equation of
generation-recombination balance in BSC SCs can be
presented in the form

d
<Sef + Vsc(Ap) + 2T> Ap = MIxwmo. (2)
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The first term in the parentheses of expression (2) de-
scribes the contribution made to the total recombination
flux by recombination via surface centers Se¢, the second
one — by the SCR recombination, and the third — by
the bulk one.

Figure 2,a presents the dependences Ap(M), while
Fig. 2,b shows the dependences Vsc(M) (curves 1, 3)
and Sy M = Set + Vs (M) +d/27 (curves 2, 4) resulting
from the self-consistent solution of Egs. (1) and (2) at
two values of V5¢(0). One can see from Fig. 2,a that the
dependences Ap(M) consist of three regions correspond-
ing to different recombination mechanisms — linear at
Ap < pg, ultralinear at Ap > pg and Vsg > Set + d/27,
and one more linear at Ap > pg and Vs < See+d/27. It
is worth expecting that the short-circuit current of BSC
SCs in the ultralinear region of the dependence Ap(M)
will also increase ultralinearly. Moreover, the value of M
corresponding to a change of the dominant recombina-
tion mechanism depends on the initial value of the SCR
recombination velocity Vsc(0) (Fig. 2,b).

The internal quantum efficiency @ in silicon BSC SCs
in the case of monochromatic illumination can be found
from the solution of the diffusion equation with the fol-
lowing boundary conditions:

J(x =0) = —(Set + Vsc(M))Ap(z = 0), (3)
Ap(z =d) =0. (4)
785
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Fig. 3. Spectral dependences of the internal quantum efficiency in
the BSC SC at M = 1077 (1, 2) and M = 1072 (8, 4); no = 10'°
ecm™3, pg = 10° ecm ™3, Se¢ + d/27 = 102 cm/s, L = 4 x 102 cm,
d=14x10"2 cm; Vgc(0) = 10° (1, 8) and 10°% (2, 4) cm/s

As a result, one obtains the internal quantum effi-
ciency @ in the form

B al
1 —a2L2X

Q

+

{_ [S;L (1- e—ad—d/L) +al + e—ad—d/L]
X

cosh (%) + S;L sinh (%)

+(1+al) e_o‘d}, (5)

where L = (D7)'/? stands for the diffusion length of
holes, D is their diffusion coefficient, « is the light ab-
sorption coefficient in silicon at 7 = 300 K [7], and
S* = St + Vsc(M).

The spectral dependences of the internal quantum ef-
ficiency @ in BSC SCs in two cases where M = 1077
(curves 1, 2) and M = 1072 (curves 3, 4) are plotted
in Fig. 3. One can see that the shapes of these curves
considerably differ. Moreover, curves I and 2 in Fig. 3
are typical of solar cells with a high effective velocity of
surface recombination Ser. In this case, the dominant
contribution to S* is made by the SCR recombination
(see Fig. 2,b). In the other case shown in curves 3, /,
the spectral dependences of the internal quantum effi-
ciency are typical of solar cells with comparatively low
effective velocities of surface recombination S*. This sit-
uation corresponds to relatively high irradiances in Fig.
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2,b (M > 1072), where recombination mainly takes place
via recombination centers.

Denoting the spectrum-averaged coefficient of light re-
flection from the BSC SC surface by r, and multiplying
(5) by (1—7s)I, we obtain the spectral dependence of the
short-circuit current at the optical generation intensity
I. In this case, the density of the short-circuit current
of a unit square silicon BSC SC (mA /cm?) as a function
of M for the AMO spectral conditions can be obtained
from the expression

654.7TMQ
exp (%) 1]

1.13
JSC(M) = (1 - Ts) / )\4 [ d/\7 (6)
0

where the illumination wavelength A is measured in mi-
crometers.

Expression (6) was derived in the assumption that the
solar radiation spectrum under the AMO conditions rep-
resents the spectrum of a black body with a temperature
of 5800 K.

Figure 4,a presents the short-circuit current density
Jsc as a function of M normalized to the current den-
sity at M = 1. One can see that the largest deviations
from the linearity (curve 1) are observed for M lying in
the interval between 1078 and 107> at Vsc(M = 0) =
105 cm/s (curve 4) and somewhat smaller ones — at
Vsc(M = 0) = 10° cm/s (curve 3). If Vso(M = 0) = 103
em/s (which corresponds to 7 &2 1072 s), then the de-
pendence Jsc(M) appears to be practically linear at
M > 1075 (curve 2). It is essential that, at the param-
eters used in our calculations, the dependences Jsc(M)
are linear at M > 1072.

It is worth noting that the SCR recombination char-
acterized by the ideality factor of VACs = 2 can con-
siderably influence the open-circuit voltage Voc both in
common solar cells and in BSC SCs. In the general case
where one takes both the recombination and diffusion
mechanisms of current passage into account, the voltage
Voc is usually calculated with the use of the expression

\% 1%
J s (exp <quc> — 1) + Jis (exp (q%f;?) — 1) =

= qMIanmo- (7)

The effective SCR recombination velocity and the recom-
bination saturation current density are connected by the
following relation

1/2
Vsc(Ap) = Irs ((Ap + 1) - 1) Ap~, (8)

q Do
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Fig. 4. Dependences of Jsc (a) and Voc (b) on the concentration degree M. The set of parameters is the same as in Fig. 3. Vg (0) =0
(1), 103 (2), 10° (3), and 10° (4) em/s (a); Jgs = 2 X 10713 A/em?, Jis = 0 (1), 3.2 x 10711 (2), 3.2 x 1079 (9), and 3.2 x 1078 (4)

A/cm? (b)

where ¢ is the electron charge, k is the Boltzmann con-
stant, T is the temperature, while Jys and J,5 are the
densities of diffusion and recombination saturation cur-
rents, respectively. Expression (8) allows one to de-
rive the relation between Vsc(Ap = 0) and Js. For
example, at Vsc(Ap = 0) = 10 cm/s, one obtains
Jrs = 3.2 x 1078 A /em?, whereas at Vso(Ap = 0) = 10°
cm/s, Jys amounts to 3.2 x 1079 A /em?.

The dependences Voo (M) calculated with the use of
expression (7) are plotted in Fig. 4,b. Our calcula-
tions were carried out for the diffusion saturation cur-
rent density Jgs = 2 x 10713 A/em? corresponding to
the bulk recombination velocity approximating 10 cm/s
at 7 = 1073 s. Curve I describes the case where SCR
recombination is absent. Curve 2 is plotted with the
use of the value Jg = 3.2 x 10711 A /em?, which cor-
responds to Vsc(Ap = 0) = 10° cm/s. Curve 3 is
plotted for the current density J,s= 3.2 x 1072 A /cm?,
while curve 4 — for 3.2 x 1078 A/cm?. One can see
from Fig. 4,0 that an increase of the SCR recombina-
tion velocity Vsc(Ap = 0) results in a decrease of the
open-circuit voltage Vpoc of the BSC SC at low light
intensities, whereas the effect of the SCR recombina-
tion on the voltage Voc appears at larger M. Com-
paring Figs. 4,a and 4,b, one can also conclude that the
SCR recombination influences the open-circuit voltage
stronger than the short-circuit current. For example,
at Vsc(Ap = 0) = 10® cm/s, the SCR recombination
practically has no effect on the short-circuit current at
M > 107?, though it influences the open-circuit voltage
even at M ~ 1.

ISSN 2071-0194. Ukr. J. Phys. 2010. Vol. 55, No. 7

In order to estimate the effect of SCR recombination
on the efficiency of photoelectrical energy conversion in
BSC SCs, we consider the ratio of the products of the
short-circuit current by the open-circuit voltage in the
presence and in the absence of SCR recombination. De-
noting this ratio by K, we write the expression for it in
the form

JscVoc
D= s Y

where the index “0” means that the SCR recombination
is absent.

Figure 5 shows the dependences K (M) calculated for
different values of the parameter Vsc(Ap = 0). One can
see that, at sufficiently low levels of irradiance, the SCR
recombination considerably influences the efficiency of
photoelectrical energy conversion if Vsc(Ap = 0) > 10*
cm/s.

Thus, the results of the theoretical analysis performed
in the given work allow us to conclude that the use of
floating p™ — n or nT — p junctions as antirecombina-
tion barriers on the front (illuminated) surface of sili-
con back side contact solar cells can represent an effec-
tive way to decrease surface recombination losses only
under the condition of their use at high irradiances of
the surface (P > 1000 W/m?). Otherwise, their use
is unreasonable, because it can lead to an essential de-
crease of the efficiency of photoelectrical energy conver-
sion.
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Fig. 5. Dependences K (M) plotted with the use of the same pa-
rameters as in Fig. 3. Vgc(0) = 10* (1), 10° (2), and 106 (3)
cm/s

3. Experimental Results and Their Discussion

Comparative experimental investigations of antirecom-
bination properties of isotype and floating junctions
were performed for BSC SC samples with the n—type
base produced on the basis of KBE-2 zone-melting sili-
con plates with a resistivity approximating 2 Ohmxcm.
These BSC SCs were produced using the same tech-
nology except for high-temperature operations related
to the creation of phosphorus-doped isotype nt —n or
boron-doped floating p* — n junctions on the front sur-
face. In order to reduce optical losses, we formed a 110-
nm SiO, film on the front surface of the doped layers
with the help of thermal oxidation at a temperature of
900 °C. Aluminum ohmic contacts on the back surface
of the BSC SCs were created by means of the vacuum
deposition of aluminum on the surface of doped n and
pT regions through the windows in the SiOs film cre-
ated by photolithography techniques. The resistivity of
the contacts was reduced by means of the heating of the
BSC SC samples in vacuum at a temperature of 400 °C
after photolithography.

The phototechnical and spectral characteristics of
the BSC SCs were measured with the help of a
control-measuring equipment of the Center for test-
ing photoconverters and photoelectric batteries of the
V.E. Lashkaryov Institute of Semiconductor Physics of
the National Academy of Sciences of Ukraine certified
by the State Committee of Ukraine for Technical Regu-
lation and Consumer Policy. In the course of measuring
the spectral dependences of the short-circuit current, a
constant level of the light flux power was maintained au-
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Fig. 6. Dependences of the open-circuit voltage Vo on the short-
circuit current Igc for the BSC SC samples with an isotype (curve
1) and floating (curve 2) junctions on the front surface

tomatically, whereas phototechnical parameters of BSC
SCs (short-circuit current, open-circuit voltage) were
measured under the AM1.5 spectral conditions at solar
illumination. The irradiance of the BSC SC surface was
changed in a wide range with the help of neutral filters.

Figure 6 presents the experimental dependences of the
open-circuit voltage Voc on the short-circuit current Isc
obtained for the BSC SCs with an isotype n™ —n (curve
1) and floating p™ — n (curve 2) junctions on the front
surface at different intensities of the solar illumination.
As a rule, the form of these dependences is determined
by the saturation current density and the ideality fac-
tor of collector p* — n junctions located (in this case)
on the BSC SC back surface. Omne can see from the
figure that, at sufficiently high levels of the irradiance
Pr(M > 1072), these dependences coincide, while they
are parallel to each other at low ones. Moreover, one
observes two regions in the dependences Voo (Isc) that
have different slopes and correspond to the VAC ideal-
ity factors § =~ 1 at high levels of the irradiance Pj, of
the front BSC SC surface and § ~ 2 — in the region of
low Pr. As nonequilibrium electron-hole pairs diffuse
to the collector junction from the front surface in the
case of BSC SCs, this means (according to formula (2))
that surface recombination losses in the collector p™ —n
junction on the back surface at high V¢ are practically
absent, whereas the main recombination mechanism is
the bulk recombination at high injection levels. At the
same time, the divergence of the dependences Voc(Isc)
at low Vo is explained according to (7) by the fact that
the values of J,, in BSC SCs with a floating p™ — n
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Fig. 7. Dependences Voc (a), Isc (b), and P* = Isc x Voc (¢)
on the concentration degree M of ground solar radiation under
the AM1.5 spectral conditions (Pr, = 1000 W/m?) obtained for
the BSC SC samples with isotype nt — n (curves 1) and floating
pT —n (curves 2) junctions on the front surface
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Fig. 8. Spectral dependences of the short-circuit current Isc nor-
malized to the maximum value obtained at low injection levels
(Ap < mp) for the BSC SC samples with isotype nt — n (curve
1) and floating pt — n (curves 2, 3, 4) junctions on the front sur-
face. The irradiance of the stationary illumination of the BSC SC
surface Prg =0 (1, 2), 6.0 (8), and 13.5 (4) W/m?

junction are larger as compared with BSC SCs with an
isotype n* — n junction.

Figure 7 shows the quantities Voc, Isc, and P* =
Isc x Voc as functions of M obtained for the same sam-
ples as in Fig. 6. One can see that, with decrease in
M, the BSC SC sample with a floating p™ — n junction
manifests a more abrupt reduction of the short-circuit
current, open-circuit voltage, and output electric power
as compared with the sample with an isotype n™ — n
junction. According to the results of the performed the-
oretical analysis [formulas (7), (8), and Fig. 4], regular-
ities of this kind should be expected in the case of BSC
SCs with a floating p™ —n junction, where the dominant
recombination mechanism at low irradiances of the front
surface is the SCR recombination, while this recombina-
tion mechanism is absent in BSC SCs with an isotype
nt —n junction.

The importance of a contribution made to the general-
ized effective surface recombination velocity on the front
BSC SC surface by the recombination in the SCR of a
floating p* —n junction at low injection levels is also con-
firmed by the measurements of the spectral dependences
of the short-circuit current for the samples with isotype
and floating junctions given in Fig. 8. Indeed, the de-
pendences Isc(A) in these two cases measured at low
irradiances considerably differ (curves 1 and 2), whereas
the presence of a sharp maximum in the long-wavelength
region of the BSC SC with a floating p* — n junction
(curve 2) testifies to the high (> 10* cm/s) effective sur-
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face recombination velocity on its front surface. If the
dominant recombination mechanism responsible for sur-
face recombination losses on the front surface of such a
BSC SC is the recombination in the SCR of a floating
pt —n junction, then (according to the results of the pre-
vious section) its velocity must decrease by many orders
of magnitude with increase in the level of injection of
nonequilibrium electron pairs in the near-surface region.
Moreover, the form of the spectral dependences of the
internal quantum efficiency also must essentially change
in the way shown in Fig. 3. Indeed, the stationary illu-
mination of the front BSC SC surface by low-intensity
white light in the process of measuring the spectral de-
pendences of the short-circuit current resulted in a sub-
stantial increase of the internal quantum efficiency in the
region A < 900 nm (curves & and 4 in Fig. 8) caused by
a considerable decrease of the effective surface recombi-
nation velocity on this surface. At the same time, the
shape of the spectral characteristic Isc(A) in the BSC
SC with an isotype n* — n junction (curve I in Fig. 8)
that is typical of samples with relatively low recombi-
nation losses of nonequilibrium electron-hole pairs via
surface recombination-active centers is not changed due
to a stationary illumination of the front surface. It is
worth noting that small values of the quantum efficiency
@ in the region A < 600 nm testify to the presence of the
Auger recombination in highly doped p™ and n™ regions
of solar cells of both types, which requires the optimiza-
tion when developing high-efficiency silicon-based BSC
SCs.

4. Conclusions

The results of theoretical and experimental investiga-
tions demonstrate that the use of floating p* —n or n™—p
junctions as antirecombination barriers on the illumi-
nated surface of silicon back side contact solar cells is ef-
fective only under the condition of their operation at suf-
ficiently high injection levels of nonequilibrium electron-
hole pairs, where the energy band bendings in the float-
ing junction considerably decrease under the action of
light. At low injection levels, the recombination veloc-
ity in the space-charge region of a floating junction in
such cells abruptly increases, which results in a signifi-
cant reduction of the short-circuit current and the open-
circuit voltage as compared with solar cells, in which
surface recombination losses on the illuminated surface
are minimized due to the formation of an isotype p™ —p
or nT — n junction. That is why the use of floating
pT —n or nT —p junctions as antirecombination barriers
in silicon photoelectric devices (solar cells, photodetec-
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tors, and photosensors) operating at low irradiances of
the photodetecting surface is inappropriate.
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BILJIUB IINTABAIOYUX p — n IIEPEXO/IB
HA EOEKTHUBHICTb KPEMHIEBUX COHAYHNX
EJIEMEHTIB I3 TWJIOBUMHN KOHTAKTAMMU

A.Il. Topbanw, B.I1. Kocmuavos, A.B. Cauenko, O.A. Cepéa,
1.0. Coxonaoscoruti, B.B. Yepnenxo

Pezmowme

ITpoBeieHo TeopeTuyHuil aHAJI3 Ta €KCIIEPUMEHTAIbHI JTOCIiI2Ke-
HH$ XapaKTE€PUCTUK KPEMHIEBUX COHSYHUX €JIEMEHTIB i3 THJIOBOIO
Meranizaniero (CETM) B ymMoBax HHM3BKOI OCBITJIEHOCTI Ipu Ha-
aBHOCTI mTaBatouoro pt — n-mepexony Ha dbpoHTaNLHIN MOBEPX-
Hi. BcraHoBJIeHO, IO Yy JAHUX yMOBaX BEJUYHHU CTPYMY KOPO-
TKOI'O 3aMUKAHHS Ta HAIPYIHd PO3IMKHEHOIO KOJIA, a TAKOX BHY-
TPIlIHIM KBAHTOBUI BUXil POTOCTPYMY MOXKYTh iCTOTHO 3MEHIILY-
BaTHCh 3aBJdKH BILUIUBY PEKOMOiHAIl y IPUIIOBEPXHEBiN obJsiacTi
npocroposoro 3apsay (OII3). Hocmimkeno mexki 3MiHU eHepre-
TUYHOI OCBITJIEHOCTI, B SIKUX BKa3aHe 3MEHIIEHHS JOCTATHbO CyT-
reBe. Ilokazano, 30kpema, 0 AJIsS HAIPYTH PO3IMKHEHOTO KOJIa
Voc Aiana3oH eHepreTUyYHOl OCBITJIEHOCTI, B SIKOMY BiJIOYBa€TbCs
3MeHIIeHHsl VOC, 3HAYHO IIMPIINM, HiXK /ISl CTPYMY KOPOTKOI'O
3aMuKaHHs Jgo. EKcriepuMeHTaIbHI pe3yabTaT y3roaKyoThCs 3
BHKOHAHUMH PO3PaxyHKaMU. 3 OTPUMAaHUX Pe3yJIbTaTiB 3po6JeHO
BUCHOBOK IIPO Te, IO IIaBaiodi pT — n-mepexoay Ha BpoHTAIbHIH
noBepxui kpemuieBux CETM noniibHO BUKOPUCTOBYBATH JIHIIIE 3a
YMOBH, KOJIM €HEePreTUYHa OCBITJIEeHICTh cTaHOBUTH >1000 BT/M2.
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