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Abstract. Short-circuit current, open-circuit voltage, and photoconversion efficiency of
silicon high-efficiency solar cells with all back contact (BCSC) with planar surfaces have
been calculated theoretically. In addition to the recombination channels usually considered
in this kind of modeling, namely, radiative, Auger, Shockley—Read—Hall, and surface
recombination, the model also takes into account the nonradiative trap-assisted exciton
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from the literature.
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1. Introduction

The vast majority of silicon solar cells currently used
have one or two textured surfaces [1]. This radically
reduces reflection of light at the air-semiconductor
interface. At the same time, there are non-textured
silicon-based SCs, in which reduction of light reflection
is achieved by applying antireflection coatings. A special
niche is now occupied by silicon SCs with back contact
(BCSC). Although they are also mostly textured, but the
physical basis of their operation is somewhat different
from that of the traditional SC design [2]. In particular,
these SCs must have long lifetimes of non-equilibrium
charge carriers (~1 ms), which brings them closer to
traditional highly efficient textured silicon SCs with two-
sided contacts. Second, the rate of surface recombination
at the illuminated surface in these SCs should be low
enough, which also brings them closer to highly efficient
textured silicon SCs. A separate issue for these SCs is to
describe the intrinsic quantum efficiency of the photo-
current in the long-wave absorption region. To date, it
has not been studied thoroughly enough.

In this work, a theoretical modeling of the key
characteristics of these BCSC is performed, which takes
into account all known components of the effective
lifetime in silicon and the peculiarities of the internal
quantum efficiency of photocurrent in the long-wave

absorption region. The obtained theoretical curves have
been compared to the experimental work [3], and a good
agreement between the theory and experiment is
achieved.

2. Effective recombination time in silicon

The general expression for the effective recombination
lifetime in Si with the n-type base has the form

-1

1 1 sso( AnJ
+T 1+— [+
o (M) = Torr () Texc—Auger(n; Ny . (1)
PR S Sy (1)
7.(n) T Auger (n) d
where n = ny + An is the total majority carrier

concentration, consisting of the equilibrium, ny, and
excess, An, contributions; tsry IS the Shockley—Read—
Hall (SRH) lifetime; Sgo — net recombination velocity on
the front and rear surfaces at a low injection level;
Texe-auger (N) = Tegr Ny /Ny — exciton Auger recombina-

tion time with n,=82:10%cm™ [4]; t — radiative
recombination time, Tayger band-to-band  Auger
recombination time [5], and d — the base thickness of SC.
SRH lifetime in an n-type base is given by
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T 0 (N + AN+ )+ 10(py + An)
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where t,0=(C,N,J* and 7,0 =(C,N,)* are electron

and hole lifetimes, n; and p; — equilibrium electron and
hole concentration values in the case when Fermi level is
the same as the deep-impurity energy. Depending on the
value of the latter energy, as well as the electron and hole
capture cross-sections, SRH lifetime as a function of
excess concentration may change between two extreme
values and may increase, decrease, or remain constant
with An. In what follows, we will assume that
TsrH = CONSt.

It is worthwhile to dwell on the question why most
today’s simulations do not take into account non-
radiative exciton recombination. In our opinion, the
answer is that it is masked by the SRH and surface
recombination. Indeed, redefinition of the SRH time as

Tern =Ty /(L+no/n,) and surface recombination velocity
as S* =S, +(Sq +dng /(tsry Ny ))AN/n, renders introduc-
tion of the non-radiative exciton Auger recombination

(ng +An)dx

Lifetime due to recombination in SCR tgcg IS
defined as

d

SC

(4)

Tscr =

where Sqc is the SCR recombination velocity.
In most materials used for the manufacture of

silicon SCs, the dependences teg (An) and T4 (An) in
the region of An < 10®°cm™® are saturated (see, for

example, the works [4,5]). At the same time, in the
finished silicon textured SCs in this area there is a

decrease in the value 1.4 (An) with a decrease An (see,

for example, the works [11, 12]). What is the difference
between these two cases? In crystalline silicon samples
used for measuring e (An), there is no p-n junction.
At both surfaces of the sample, bends of bands are
symmetrical and usually have a slight depletion. In this
case, recombination in SCR is absent. At the same time,
in the case of SC, a p-n junction is necessarily present. In
this case, the recombination in the near-surface SCR is
significant.

The SCR recombination velocity is given by the
general expression

Ssc(An)

[l S——

unnecessary. Note that for no= 4.9-10%° cm®, the value
of t&zy is smaller than tsgy by about 60%. It should be
also noted that an expression for the effective lifetime in
Si similar to the formula for tgg, was used in some
previous work [6] with n, = 7.1-10% cm™,

The inverse radiative lifetime at T = 300 K is
Y1, (n)= A(ny +An) with the radiative recombination

parameter

A
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where both the absorption coefficient o and refractive
index n, depend on the photon energy Eg, as tabulated in
[7]. In order to approximately take into account the
bandgap narrowing effect [8] by the amount AE,, the
argument of the absorption coefficient was shifted by the
size of bandgap narrowing energy (see [9]), i.e.
o(Epn) = 0(Epn + AEg), where ag is the absorption
coefficient from [10] at zero bandgap narrowing size.

K(n0 +An)e’™ 1, (T)exp (ED + b{( Po +An)e Y™ 4 n, (T)exp(

®)

t
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Here, the time of SCR recombination tz(X) is related to
the concentration of traps, N (X), as

rR(x):(\/pcpNt(x)yl, the ratio of the hole-to-electron
capture rate constants b, :(\/pcrp /\/ncn) is expressed in

terms of the electron and hole thermal velocities and
capture cross-sections, V, , and o, ,. The trap energy E;
is measured from the middle of the bandgap, p, —
equilibrium hole concentration, n; (T) — intrinsic charge
carriers concentration, and w — SCR thickness. Finally,
y(x) is the electric potential normalized to the thermal
voltage kgT/q.

To find the dependence of the non-dimensional
potential y(x) on the coordinate X, it is necessary to use
the solution of the Poisson equation

Lp

05 dyl . (6)

y+An
—y 8
Ny

J e 2

2.
where Ly =<8085i kT/2q2n0)l ?is the Debye length,
g — elementary charge, g — vacuum permittivity, and
ggi — dielectric constant of Si.
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The initial value of the potential, yo = y(x = 0), is
found by modeling the n-p* junction on the p*-side as a
thin negatively charged slab with the surface charge
density —qN, N being the surface concentration of
acceptor ions in that slab. Then, from the Poisson
equation, one can find

2

1/2
N:i[ j X
q

x [(n0 + An)(eyO —1)— NoYo +An (e‘y° —1)]1’2.

2kTepeg;
()

From the equation (6), one can obtain the following
expression for the SCR thickness w

[k

where vy, is the non-equilibrium dimensionless potential
at the SCR boundary with the quasi-neutral bulk.

Having the expressions (5)—(8), one can calculate
the dependence of the quantity Ssc on the excess
concentration of electron-hole pairs An.

As the analysis showed, in the approximation of the
constant lifetime in SCR, taking into account the fact that
TR << Tery , the calculated dependences of the value

Ssc(An) are much more inclined than the experimental
values, and agreement between theory and experiment is
not achieved.

A much better agreement between the experiment
and the theory can be obtained by assuming that the
distribution of the inverse lifetime in SCR is described by
Gaussian

Yw

o

Yo

Lo

oy 22y

No

0.5 dy !

TR (%) =rm1exp{ )

252

where 1, is the lifetime at the maximum point, X, —
position of the maximum, ¢ — dispersion.

In this case, a faster decline Ssc(An) occurs by
reducing the half-width of the Gaussian, and large
enough values Ssc(An) at small An can be achieved by
reducing the lifetime 1, .

As calculations showed, the value Sgc significantly
depends on the value of the excess concentration of
electron-hole pairs An. The smaller the value An, the
larger the value Ssc. Another factor that determines the
amplitude of Ssc is the SRH lifetime in SCR 1. The
smaller its value, the larger the value Ssc. In direct
bandgap semiconductors, where the SRH lifetime tgry IS
small (see, for example, [13]), the value Sgc is
sufficiently large and competes with the value of the
recombination rate in the neutral bulk at those values An
that are realized for SC in the maximum power operation
regime. Therefore, when modeling their characteristics,

recombination in SCR should be considered. Another
situation is realized in high-performance silicon SC, in
particular, in BCSC. Their SRH lifetime in the neutral
bulk tsgy is of the order of or higher than 1 ms [11, 12].
If to assume that <, oc ez , then, as estimates show, at

voltages that are realized for SC in the maximum power
operation regime, the value of Ssc <1072 cm/s and, at first
glance, it can be neglected in comparison with other
recombination components. But, as the analysis
performed in [14, 15] showed, the main difference
between recombination in SCR and recombination in the
neutral bulk in the case of silicon is that the lifetime in
SCR 1, can be several orders of magnitude less than the
SRH lifetime tsgy. FOr the cases analyzed in [14, 15], its
value in the order of magnitude was 1 ps. This primarily
indicates that the concentration of deep levels in SCR
responsible for SRH recombination significantly exceeds
the concentration of deep levels in the neutral bulk. The
reasons for the increase in the concentration of deep
levels in SCR, which lead to a decrease 1, may be due to
the presence of effects of saturation during high-
temperature diffusion to create a p-n junction, the
presence of boron complexes, which increases the
concentration of deep levels, with effects associated with
high values of electric field in SCR and with other
factors. In this regard, the area on the dependences of the
dark recombination current on the voltage applied to
silicon SC is determined by recombination in SCR, when
the factor of non-ideality inherent to the [I-V
characteristics is close to two, not only in the region of
sufficiently small V values (0.4 V). It can be realized up
to the voltage values at the point of maximum power
whenV =V, (V, = 0.55-0.65 V) (see [15]).

As a result, there is a situation when the
recombination rate of SCR of highly efficient silicon SCs
in the maximum power operation regime becomes
comparable with other recombination components, which
leads to the need to take into account recombination in
SCR in modeling the characteristics of SCs.

3. Photoconversion parameters of BCSC

If the minority carriers’ diffusion length Ly =,/Dyteq IS

much higher than one-quarter of the base thickness d/4,
and if the combined surface and SCR recombination
velocity  Sgc +Sgp << 2Dp/d , then the excess

concentration profile is practically uniform in the base
region. In that case, one can employ the narrow-base
approximation and express the |-V relation under
illumination as [8]

I(\/):IL—qASCdAn—V+IRS ,

Teff Rsn

(10)

where the first term is the light-generated current, the
second term — recombination current, Asc — SC area, and
Rs, Rsy are the series and shunt resistances, respectively.
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The excess carrier concentration is related to the applied
voltage by a modified acting mass law
J (A1)

where n; is the intrinsic concentration at low injection
[10], and AEg(no, An) is the magnitude of bandgap
narrowing in Si [9]. Eq. (11) can be solved for the excess
concentration

AE, +q(V - IR;)

(ng +An)(pg +An) = n? exp( T

2

n
+\/°
4

_No

An =

(12)

Equations (10)—(12) need to be solved numerically. The
photoconversion efficiency m, as well as the voltage Vp,
current 1, and output power P, in the maximum-power
operation regime are found by setting the derivative of
P = IV with respect to voltage tending to zero. The open-
circuit voltage and the short-circuit current are obtained
by setting in (10) | and V equal to zero. The value of the
excess concentration in the open-circuit mode Angc

when the condition Ly >>d ismetand 1 >>Voc/Rgy
can be found from the balance equation taken in the form

External quantum efficiency EQE(L) related to the
internal quantum efficiency IQE(A) and reflection
coefficient R(}) by

EQE(A) = f - IQE(M)(1-R(Y) ),

where the numerical coefficient f <1 has to do with the
fact that part of the incident radiation is absorbed by a
coating layer outside of the semiconductor. The simple
limit approximation for IQE of SC with specular flat
surfaces when the reflection coefficient of the rear
surface equal to 1 is

IQE(L) =1-exp (—2a(r)d).

A more accurate expression can be obtained by
solving the stationary diffusion equation for the excess
carrier concentration with the boundary conditions

i(x=0)

where Sy is the net recombination velocity on the front
surface. The solution of this equation is

(16)

(17

—SpAn(x=0), Ap(x=d)=0, (19)

X X

X alg
An=Cpe L +Cpel +—0

1—(aLy

[e—ax + Rd ea(—2d+x)], (18)

The internal quantum efficiency IQE(L) = j(x = d)

(20)

| B d A 13 where Ry is the reflection coefficient of the rear surface,
L/a= s 1, (Ao foc (13) the integration constants C, , are to be found from (19).

e

then becomes
I0E(L) = al - [(SOL/D)((l— Rye 2 )—e*“d*d’L(1+ R4 ))+ aL(l— Rde’z‘*d))+ e L1y Ry )] .
1-a?L? cosh(d/L)+(S,L/D)sinh(d/L)
L -a
+1_‘;—2L2[((1+ Ry )+aLll-Ry e ].

The expression for the dependence Voc(V) obtained
using (12) is as follows

ng ¥ n2
G
Voc =— 1|=
oc q nio(T )zeAEg/kT +
(14)
=k_T|n (Anoc + g )Anoe 1l
q nio(T )zeAEg/kT

4. Spectral dependences of the photocurrent of BCSC

In this approximation, the photocurrent generated by the
light is a fitting parameter. On the other hand, it can be
found by integrating the product of the incident photon
flux with the spectral distribution I(A) by the external
quantum efficiency SC EQE(}) as

J =q j EQE()I (L) di . (15)

Shown in Fig. 1 is the spectral dependence, if IQE
is in accord with (15) (curve 1) and (17) (curves 2—6) for
the special case Ry=1. As seen in this figure, when
L=1cmand Sy =0, (17) and (20) yield identical results.

1.00

29 NI —

0.98 1

W

0.96 1
m

IQE

0.944

0.921

0.90

500 600 700 800 900 1000

A, NM

Fig. 1. Theoretical spectral dependences of internal quantum
efficiency of BCSC for d = 300 um, Rg= 1. L (in pm) and S, (in
cm/s): 10%, 0 (2); 1640, 0 (3); 1640, 3 (4); 1640, 10 (5); 900,
0 (6). IQE is in accord with Eq. (15) (curve 1).

Sachenko A.V., Kostylyov V.P., Korkishko R.M. et al. Simulation and characterization of planar high-efficiency ...

322



SPQEO, 2021. V. 24, N 3. P. 319-327.

[
. "
T T

0.0

400 600 800 1000 1200

A, nm

Fig. 2. Experimental spectral dependences of EQE and R
(squares) of BCSC.

Upon decreasing L, the maximal IQE values get smaller
(see curves 3 and 6). Likewise, increasing Sy also results
in the smaller IQE maxima (curves 4 and 5).

Fig. 2 shows the experimental EQE(X) and R(L)
curves for BCSC from [3], as well as the theoretical
approximations (17), (20) for d =300 um, L =0.17 cm,
and Sy = 3 cm/s. The value of Ry was also slightly varied.
As seen in the figure, the theoretical EQE()) curve agrees
with the experimental one very well.

Once EQE(4) is known, the dependence of the light-
generated photocurrent on the base thickness d follows
immediately, see (17), allowing us to optimize SC with
respect to the base thickness.

5. Results and discussion

We first analyze the results obtained in [3] for BCSC
with the photoconversion efficiency 19.2%. To model its
key parameters, it is necessary to determine the
recombination parameters 1tz and b, from the
measurements of dark -V curves. In addition, it is
necessary to find the SRH lifetime and surface
recombination velocity. Fig. 3 shows the experimental
dependences of the dark current density for the studied
SCs on the applied voltage at the temperature 25 °C,

101: 16,
An, em”

1 10"

Wk mA/cm’

107”1

0.0

T T T T 1

0.2 0.4 0.6 0.8 1.0
v,V

Fig. 3. Experimental (symbols) and theoretical (solid line) dark
I-V curves. The insert shows a theoretical relationship Ssc (An).

40+
301
3 201
<
= 104
0 . ; . ;
0.0 0.2 0.4 0.6 0.8
Y

Fig. 4. Experimental (symbols) and theoretical (solid line)
I-V curve for BCSC under illuminatation.

T, ms

10"

An, cm”

Fig. 5. Experimental (symbols) and theoretical (solid lines)
bulk (1) and effective (2) lifetimes vs excess concentration.

while Fig. 4 shows the experimental dependences for the
light generated current density as a function of the
applied voltage under the AML.5 conditions. The
dependence Ssc(An) at the above parameters is based on
the insert in Fig. 3.

Fig. 5 shows the experimental effective and bulk
lifetimes for the freshly formed SCs (before
metallization) on the excess concentration of charge
carriers. Finally, Fig.6 shows the experimental
dependences of the light intensity on the open-circuit
voltage for the solar spectrum corresponding to the
conditions AML.5.

The SRH lifetime tsgy Can be determined from the
fit of the experimental bulk lifetime vs the excess
concentration t,(An) curve shown in Fig. 5. Given that its
maximum is at An = 10" cm™, tery can be found from
the magnitude of T, equal to 2.1-107 s. The values of Ty,
Xm» o and b, are found from fitting the experimental
dependences dark current vs voltage curve, whereas Sg
can be found by fitting the 1-V curve in the presence of
illumination. The value of the series resistance was
determined by fitting the experimental and theoretical
values photoconversion efficiency and proved to be equal
t0 0.64 Ohm-cm®.
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100+ NN 1 2 3 4
@ Voc expr MV 683.2 | 681.4 | 682.5 | 682.0
5 1o Voo teor, MV 683.2 | 6814 | 6825 | 682.0
f‘% FFexp % 78.2 | 804 | 794 | 805
= FFineor, % 78.2 | 804 | 794 | 805
=] 14
k= Nexpr % 187 | 191 | 189 | 192
2 Tineor, % 187 | 191 | 189 | 192
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0.68 070 072 0.74 0.76 >
Vv Rs exp, OM-cmi 1.3 | 09 1.1 0.8
_ _ _ o Rstheor, ONM-cm? | 1.09 | 0.67 | 0.74 | 0.64
Fig. 6. Experimental (points) and theoretical (line) dependences >
of illuminance vs open-circuit voltage. Rst theorn ONM-cm” | 1.03 | 0.65 | 0.71 | 0.63

A good fit is achieved by using the following
parameters: T, = 3.8:10°°s, Xm= 8.5 10°° cm, b,=0.1,
6=2410%m, tsry= 2.1-10%s, Sg =17.4 cm/s,
Rs = 0.64 Ohm-cm?.

As can be seen from Figs 3 and 4, the theoretical
dark and illuminated 1-V curves agree well with the
experimental ones.

With the above parameters, one can also plot the
theoretical curve for effective lifetime as a function of
An, shown in Fig. 5. As can be seen from this figure, in
the region An<10®cm?® the effective lifetime
decreases with decreasing An. This decline is associated
with the recombination in SCR. Incidentally, the point of
maximum power in this case happens to be 1.96-10* cm®,
and the effective lifetime at this point is 5.6:10™*s. When
An = 1.96:10" cm™, the value Ssc = 9.7 cm/s, and the
value Ss is 18.1 cm/s, i.e., they are commensurate with
each other.

Unfortunately, the dependences of t,(An) and
Terr (AN) shown in Fig. 5 are given not for the case of SC,
but for the material from which this SC is made. To
obtain the correct dependence of te(An), which takes
place for the studied SC, one needs to use the
dependence of illuminance vs the open-circuit voltage
shown in Fig. 6.

To do this, the expression (13) should be used,
which should replace J_ by illumination for the case of
the solar spectrum under conditions AM1.5. The
dependence of 1. (An) obtained using the above
parameters is shown in Fig. 5. The same figure shows the
dependence of 1, (An) calculated using expressions for
different components of recombination time. As can be
seen from the figure, the values of e (An) and T, (An)
differ for the cases of material and SC. From the
constructed dependence 1 (An), it is seen that, in the
region An < 10" cm?, the descending section is realized.
This decline is associated with recombination in SCR.

With the above parameters, the open-circuit voltage
calculated using the experimental value of the short-
circuit current density of 35 mA/cm? is 682 mV, which is
completely identical to the experimental value. The
calculation of the photoconversion efficiency using the
approach described above with the above parameters and

the value of the series resistance of 0.64 Ohm-cm’ gives
a value of 19.2%, which also coincides with the
experimental value. With the theoretical values of V,, and
Jm, the fill factor equals 0.805, which coincides with the
experimental value [3].

In the same way, the key parameters of the other
three SCs can be calculated. A comparison of the
experimental (see Table 1 of [3]) and theoretical
parameter values is given in Table.

In addition to the key parameters of SCs, Table
shows the value of Sgy and of the series resistance
calculated in two approximations. In the first
approximation, Rs was obtained from fitting the
experimental and theoretical photoconversion efficiency
curves (see the penultimate column in Table). In the
second approach (the last column in Table), the values of
the series resistance were calculated as

o

sl

As seen from Table, the theoretical values of the
key parameters agree with the experimental ones with the
accuracy better than 0.1%, which significantly exceeds
the experimental error. With respect to the experimental
and calculated series resistance values, the differences
are much larger. The smallest discrepancy between the
two theoretical methods above is about 3%. The biggest
difference between the theoretical and experimental Rs
values from Table is about 40%.

In [3], the method of measuring the series resistance
is not explained. Usually, the method of two intensities is
used for this purpose. This method does not take into
account the corrections associated with the bandgap
narrowing, which should lead to an increase in the series
resistance value. Note also that Eq. (21) is approximate,
whereas the most accurate value of Rs is found by fitting
the experimental photoconversion efficiency results.

Table also shows the low-signal values of surface
recombination velocity Sg in different SCs. As can be
seen from Table, there is a clear correlation between the
open-circuit voltage and the values of Sg;, namely: the
lower Sg, the higher the value of the open-circuit voltage.
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" FF(R, =0)
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m

Im
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| S 21
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Fig. 7. Theoretical photoconversion efficiency vs doping level
(solid line) and the base thickness (dashed line).

Shown in Fig.7 solid line demonstrates the
theoretical photoconversion efficiency vs the base doping
level curves for SCs with the efficiency close to 19.2%.
As can be seen from the figure, the maximum of the
photoconversion efficiency close to 19.3% is realized at
the level of base doping 1.2:10* cm™ The efficiency
value at ny = 4.9-10® cm® is lower than the maximum
one by 1%-rel.

Fig. 7 shows also the theoretical dependences of the
photoconversion efficiency for SCs with 1, = 19.2% as
a function of the base thickness (dashed line). As can be
seen from the figure, the maximum efficiency occurs at
the base thickness close to 95 um. The relative difference
between the maximal value and the value at the base
thickness of 300 um is 1%.

Thus, this approach allows both to theoretically
describe the key parameters of the high-performance
silicon SCs with flat surfaces, and to obtain optimal
values of their thickness and doping level.

6. Conclusions

The performance of silicon SCs with a flat surface [3]
has been analyzed within the thin base approximation. It
has been shown that near the absorption edge, their
internal quantum efficiency is described as 1-e>*®, The
calculations take into account all known recombination
mechanisms in silicon, namely: Shockley—Read-Hall
recombination, surface recombination, recombination in
SCR, radiative recombination, nonradiative excitonic
trap-assisted Auger recombination, and band-to-band
Auger recombination. An important parameter has been
determined: the recombination lifetime in SCR. It has
been shown that including the nonradiative exciton
recombination into consideration is equivalent to the
renormalization of the SRH lifetime. The difference
between the true and the effective SRH lifetimes
increases with the doping concentration. The proposed
approach allowed calculating the key photovoltaic
parameters: short-circuit current density, open-circuit
voltage, as well as the fill factor and photoconversion
efficiency. A comparison of the theoretical results with

the experimental curves for the four SC samples from [1]
showed almost perfect agreement and allowed
calculating optimal values of the doping level and
thicknesses for those SCs.
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CHMyJ’lﬂlIiﬂ Ta xapaKTepu3auiﬂ JIaHAPpHUX BI/ICOKOE(I)EKTI/IBHI/IX COHSTYHMX eJIEMEHTIB i3 THILHUM KOHTAKTOM

A.B. Cauyenko, B.II. KoctuisoB, P.M. Kopkimko, B.M. Baaciok, 1.O0. CokxonoBcbkuii, b.®. /IBepHikos,
B.B. YepHenko, M. €BcTirnees

AHoTanig. Y po0OTi 3MOJIENEOBAHO KITOYOBI MapaMeTpH KPEMHI€BUX BHCOKOS(EKTHBHHUX COHSYHHX CIEMEHTIB 3
TunbHOI Metanizanieto (CETM) 3 mIoCKUMH TOBEPXHAMH, TaKi, 30KpeMa, SIK CTPyM KOPOTKOI'O 3aMUKaHHsI, Halpyra
PO3IMKHEHOTO Kojla Ta e(eKTHBHICTh (oTomepeTBopeHHs. [Ipm MopjemoBaHHI JOZATKOBO BpaxOBaHO TakKi
pekoMOiHaliiiHI MeXaHi3MH, SIK 0e3BHIPOMIHIOBaJlbHa €KCUTOHHA peKoMOiHawis 3a MexaHizMoM Ojke 3a ydacTio
rMOOKOro peKoMOiHaliIWHOTO PIiBHS Ta peKkoMOiHalis B 00JlacTi MPOCTOPOBOrO 3apsiay. BcTaHOBiEHO, 110 BOHU
ictoTHi s pocuimkennx CETM B pexumi BiiOOpy MakCUMaibHOI MOTY)KHOCTI. Pe3ynbratn MozenroBaHHs 1o0pe
Y3TODKYIOTBCS 3 €KCIIEPUMEHTAILHUMH JJAHUMH 3 JIITEPaTypH.

KiirouoBi ciioBa: MOIE/IOBaHHS, COHSYHHIA €IEMEHT, KPEMHIil, pekoMOiHalist B 00JacTi IMPOCTOPOBOTO 3apsy,
KBaHTOBA €()ECKTHUBHICTb.

Sachenko A.V., Kostylyov V.P., Korkishko R.M. et al. Simulation and characterization of planar high-efficiency ...

327


mailto:dvernikov@isp.kiev.ua
https://orcid.org/0000-0002-7056-2573

