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Abstract. The absorbing layer thickness is a crucial parameter that significantly impacts the
performance of perovskite solar cells (PSCs). In this study, we investigated the influence of
the thickness of absorbing layer on the performance of silver-doped NaZnBr; perovskite
solar cells using the one-dimensional solar cell capacitance simulator (SCAPS-1D)
software. The absorbing layer thickness was varied in the range of 0.1 to 1.3 um. The initial
solar cell after simulation gave an open-circuit voltage (Vo) of 1.174 V, short circuit
current density (Ji) of 14.012 mA/cm?, fill factor (FF) of 79.649%, and the power
conversion efficiency (PCE) of 13.101%. For the optimized thickness of the perovskite
layer of 1.0 um, the following solar cell characteristics were obtained: V,. = 1.197 V, Jg
18.184 mA-cm 2, FF = 79.110%, and PCE = 17.215%. A 31% and 30% increase of the
PCE and Jg, respectively, was observed for the optimized device parameters as compared
to the initial ones. Such finding confirms the premise for excellent photon management and
enhancement of PSCs performance by selecting the thickness of absorbing layer.
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1. Introduction

Perovskite solar cells (PSCs) absorbing layers exhibit
excellent properties such as high optical absorption
capacity [1], easy synthesis route, high power conversion
efficiency (PCE), low exciton binding energy, and long
electron and hole diffusion lengths [2, 3]. Due to these
advantages, PSCs attract great research interest in the
photovoltaic (PV) sector. PCE of PSCs as high as 25.5%
has been reported by some studies [4], indicating the
prospects of PSCs and making them comparable to
silicon-based solar cells.

In PSCs, the perovskite material plays a significant
role in photon absorption, photogeneration of charge
carriers and injecting them into the device structure. The
chemical structure of hybrid perovskites is AMX;, where
A is an organic cation (methylammonium or formamidi-
nium), M is a metal, and X is a halide atom. Perovskite
materials are ambipolar in nature, which allows them to
conduct both electrons and holes simultaneously [5]. The
photogenerated electrons and holes are collected by an
electron transport material (ETM) and a hole transport
material (HTM), respectively [6].

The best performance is demonstrated by PSCs
made of lead-based perovskites of inorganic-organic
hybrids. In 2018, the efficiency of 25.2% for a
perovskite/silicon tandem cell was achieved by Sahli
etal. [7]. However, lead-based PSCs are unstable and
toxic. Due to the toxic nature of lead, use of lead-based
materials that can be ingested or absorbed by humans has
been banned. Large-scale production of unstable lead-
based PSCs can induce health disasters, negative impacts
on the environment and ecosystems and threaten both
human and non-human lives [8]. Hence, it is paramount
to find materials with comparable or superior properties
compared with lead, which are at the same time non-
toxic and not prone to degradation in order to achieve
clean energy systems. Over recent years, research has
been geared towards lead-free perovskites with much
emphasis on inorganic derivatives [9].

In PSCs, titania (TiO,) is the most commonly used
electron transport material. However, its flexibility for
commercialization is limited by its deposition technique,
which requires high temperatures [10].

Zinc oxide (ZnO) has attracted attention as an
alternative to TiO, ETM for PSCs due to its unique
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properties such as stability against photocorrosion, large
exciton binding energy (60 eV), high electron mobility of
115 to 155 cm*V2-s%, and the same value of the band-
gap as that of TiO.,.

Aluminium (Al) impurity [11, 12] can be used to
extrinsically dope ZnO in order to improve its electrical
conductivity. The ionic radius of AI** (0.54 A) is smaller
than that of Zn®* (0.74 A). Therefore, a small amount of
AI®* substitutes Zn®* in the lattice sites acting as a dopant
and enhancing the conductivity of ZnO as ETM at the
same time maintaining its excellent transparency in the
visible light region [12]. Undoped ZnO as ETM in PSCs
induces a relatively low PCE due to the reaction of
organic cations (CHsNH;") of the perovskite material
with the ZnO ETM, which does not take place in the Al
doped ZnO ETM [13].

The PSC performance greatly depends on the
thickness of the absorbing layer as photoinduced charge
carriers are generated there. The diffusion length of
charge carriers is affected as the thickness of the
absorbing layer has direct influence on the photovoltaic
performance of the device. For too thick absorbing
layers, the series resistance increases and the charge
carriers have a high probability of recombining upon
drifting to the charge transport layers. However, too thin
absorbing layers will have poor photon absorption, which
will lead to low photocurrent values and reduction in the
overall device performance [14].

The charge collection efficiency, series resistance,
fill factor, and generally PCE of PSCs depend on the
perovskite layer thickness [15,16]. Therefore, the
appropriate thickness of the perovskite absorbing layer in
PSCs devices should be determined.

In this study, the influence of the thickness of
absorbing layer on the photovoltaic parameters such as
power conversion efficiency, fill factor (FF), short circuit
current density (Js), and open-circuit voltage (Voc) were
investigated using the SCAPS-1D software. The
following device configuration was considered:
glass/fluorine doped tin oxide (FTO)/aluminium doped
zinc oxide (ZnO:Al)/sodium-zinc-tribromide (NazZnBrs)/
copper iodide (Cul)/gold (Ag). The simulations were
done by varying the absorbing layer thickness from 0.1 to
1.3 um, while other device parameters presented in
Tables 1 and 2 remained constant.

2. Device modeling and simulation methods
2.1. Simulation methodology

As mentioned above, the latest-version of SCAPS-1D
software (3.3.10, developed by Prof. Marc Burgelman
and his co-workers from the Ghent University, Belgium)
was used for the study. This software was earlier used for
numerical simulations of similar PV devices [17-19]. It
implements standard numerical methods to solve the dif-
ferential equations, which model photovoltaic response
of any solar cell, similar to many other simulation
softwares. The equations can be classified as follows:

(i) Poisson equation

This equation describes the behaviour of the
electrical potential ¢ as a function of the distribution of
various types of electrical charges inside the solar cell. In
the equation, q is the electric charge, g, is the absolute
dielectric constant, ¢, are the relative dielectric constants
of each material layer, Np/N, is the donor/acceptor
dopant concentration, p,/pn is the hole/electron charge
density, and p(x)/n(x) is the hole/electron concentration
as a function of the thickness x, respectively. The Poisson
equation is thus defined as follows:

d%g(x)

> :L(p(x)—n(x)+ Np—Np+p, —pn).

€€y

o))

(ii) Continuity equations

These equations establish the relations between the
gradients of electron (J,) and hole current density (J,)
and  position-dependent  generation  (G)  and
recombination rate (R) of charge carriers. They can be
written as follows:

dJ,

—N_G-R, 2
dx (2)
de Ca

—L2 _G-R. 3)
dx

(iii) Charge transport equations

A PV cell is intrinsically a diode in nature.
Therefore, the diode charge transport equations may be
applied to it. These equations combine the total drift and
diffusion current of electrons and holes. Here, p,/p, and
D,./D, are the electron/hole mobility and diffusion
coefficient, respectively. Hence, the diode charge
transport equations can be written as follows:

J:Jn—Jp, (4)
dn d

Jn:Dn&mund—‘x", ()
dp do

Jpsz&—knpp&. (6)

(iv) Absorption coefficient equation

The other important parameter is the optical
absorption coefficient o()), defined as the average
penetration depth of a series of photons with the given
wavelength A permeating the semiconductor layers with
the bandgap E, before absorption. The SCAPS-1D
software operates various models for estimating the
absorption coefficient, which are applied to different
semiconducting materials. The mostly addressed optical
absorption coefficient model for perovskite solar cells is
formulated as follows:
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B
a(x)z(mmj [hv-E, , @)
where A and B are the arbitrary constants, h is the
Planck constant, v is the optical frequency of photons,
and Eg is the band gap energy of the absorbing layer,
respectively.

2.2. Simulation parameters

The semiconducting layer materials and their physical
parameters used in the simulations are listed in Table 1.
These parameters were carefully selected and have due
reference. As the considered materials are disordered
semiconductors in nature having defects in their bulk
regions, the total photovoltaic response of the device may
be hampered by the presence of these defects, especially
in the photo-absorbing perovskite layer [20-23].
Therefore, a neutral defect density was introduced into
the bulk region of each semiconducting layer. The defect
parameters, including the ones of two defect interfaces,
ZnO:Al/NaZnBr; and NaZnBrs/Cul, inserted to induce
carrier recombination are presented in Table 2. Finally,
all the simulations were carried out by setting the work
functions of the front and back contact to 4.4 and 5.1 eV,
respectively [24], the room temperature environment
(300 K), the standard illumination condition AM 1.5
(1000 W/m?) and a scanning voltage ranging from
0tol5V.

3. Results and discussion

3.1. Structure of the simulated PSC and the energy
level diagram of the PSC device

The modeled device alongside its energy band structure
obtained by simulation is presented in Figs la and 1b.
The interface offsets of the conduction and valence bands
are favorable for flow of charge carriers through the
interfaces thus reducing their recombination and
quenching losses and resulting in enhanced device
performance.

The obtained interface conduction band offset
(CBO) and valence band offset (VBO) at the
ZnO:Al/NazZnBr; interface are 0.34 and 1.97 eV,
respectively, while the respective values at the
NaZnBrs/Cul interface are 1.42 and 0.09 eV, as shown in
Fig. 1b.

The value of CBO blocks flow of electrons from the
ETM to the perovskite absorbing layer and to the Au
back contact for minimal recombination. The large VBO
value prevents drift of holes from the Au-back contact to
avoid its recombination with electrons in the perovskite
absorbing layer. Such CBO and VBO values have an
important effect on PSCs as they promote collection of
charge carriers, which results in higher photovoltaic
performance. The obtained results can form a basis for
the studies of PV devices with ZnO:Al, NaZnBr; and Cul
layers.
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Fig. 1. (a) Structure of the simulated perovskite solar cell and
(b) Energy band diagram of a ZnO:Al/NaZnBry/Cul PSC
device.

3.2. Performance study of the initial device

The simulated current  density—voltage  (J-V)
characteristic of the initial device is shown in Fig. 2a.
The values of 1.174 V, 14.012 mA/cm?, 79.649%, and
13.101% were obtained for V., Js, FF, and PCE,
respectively. Comparing these solar cell characteristics
with the reported experimental values [27], appreciable
values of V,. and PCE were obtained which are higher
than those from the research work. Such values are
expected due to the existence of point defects in the bulk
of the absorbing layer as well as recombination centers at
the interfaces between the charge transport layers and
perovskite absorbing layer [29]. Also, doping the ETM to
increase its conductivity and choice of different HTM
contributes as well. Fig. 2b shows quantum efficiency
(QE) and photon energy (PE) versus wavelength.
Nonzero QE values correspond to the wavelength range
of 300 to 900 nm. This range encompasses the visible
spectral region, which satisfies the device requirements.
The maximum QE value of 84% is obtained at the
wavelength of 360 nm. Strong absorption in the visible
region is a determining factor for the light absorption
strength. The cut-off value is 750 nm, which corresponds
to the band gap of 1.65 eV for NaZnBr; as shown by the
dependence of QE on PE in Fig. 2c.
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Table 1. The physical and material parameters for active perovskite layers, a hole-transport layer, and an electron-transport layer

are considered in the simulation by SCAPS 1-D.

Parameters FTO [25] ZnO:Al [26] NazZnBr; [27] Cul [28]
Thickness (um) 0.40 0.22 0.45 0.10
Bandgap E, (eV) 3.50 3.25 1.65 2.98
Electron affinity x (eV) 4.30 4.00 4.19 2.10
Relative permittivity &, 9.00 9.00 5.80 6.50
Effective conduction band density N (cm ) 2.20-10" 2.00-10" 1.00-10" 2.80-10%
Effective valance band density N, (cm™) 1.80-10" 1.80-10" 1.00-10% 1.00-10"
Electron thermal velocity (cm/s) 1.00-10° 1.00-10° 1.00-10° 1.00-10°
Hole thermal velocity (cm/s) 1.00-10’ 1.00-10’ 1.00-10’ 1.00-10’
Electron mobility p, (cm?/'V-s) 2.00-10* 3.00-10° 2.00-10" 1.69-10™*
Hole mobility p, (cm?/V-s) 1.00-10" 2.50-10" 2.00-10" 1.69-10°*
Donor concentration Np (cm ) 1.00-10"® 7.25-10" -

Acceptor concentration N, (cm ) - - 1.00-10" 1.00-10%

Table 2. Defect density values inside the layers and at interface of the device.

Parameters ETM HTM NaZnBr; NaZnBri/ETM HTM/NaZnBr;
Defect type Neutral Neutral Neutral Neutral Neutral
gzgtggﬁsczé’;fz)seaio” 10010 | 1.0010™ | 1.00-107° 100107 100107
capture closs section 1.00-10" | 1.00-10% | 1.00-107° 1.00-10% 1.00-10° %

oles (cm”)

Energetic distribution Single Single Gaussian Single Single
Fongzg(it')g‘\’;' ]‘:f‘:;t?es‘;'pe“ 0.6 0.65 0.6 0.60 0.60
Characteristic energy (eV) 0.1 0.1 0.1 0.1 0.1
Total density (integrated 1.00-10" | 1.00-10* | 1.00-10% 1.00-10" 1.00-10%
over all energies) (1/cm°)

3.3. Effect of absorbing layer thickness

The quality and morphology of the absorbing layer play a
vital role on the photovoltaic performance of PSCs. In
this layer, photogeneration of charge carriers occurs. The
performance parameters of PSCs are highly dependent on
the absorption layer thickness.

Collection of photoexcited charge carriers is
inhibited when the carrier diffusion length is less than the
thickness of the absorbing layer. This leads to the
increase in the recombination rate of the device and also
has a detrimental effect on the device performance
[30-32].

In this study, the absorbing layer thickness was
varied in the range of 0.1 to 1.3 um, while the thick-
nesses of the charge transport layers were fixed. The J-V
and the QE versus wavelength dependences for different
absorbing layer thicknesses are shown in Figs. 3a and 3b,
respectively. As can be seen from Fig. 3a, J increases
from 4.950 to 18.188 mA/cm?, increasing the absorbing
layer thickness from 0.1 to 1.3 um. This increase is attri-
buted to the enhancement of charge carriers photogenera-
tion and distribution within the absorbing layer [33, 34].

Fig. 3b shows the QE versus wavelength plots for
different thicknesses of the absorbing layer in the
wavelength range of 300 to 900 nm. As can be seen from
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Fig. 2. (a) J-V curve of PSC with the initial parameters,
(b) quantum efficiency and photon energy of the simulated
device versus wavelength and (c) quantum efficiency versus
photon energy.

this figure, QE rapidly increases first with the increment
in the absorbing layer thickness from 0.1 to 0.4 pm and
reaches steady state at the absorbing layer thicknesses of
0.4 to 1.3 um. This corresponds to the increment in Jg in
Fig. 3a related to the enhancement of photon absorption
by the absorbing layer.

The effects of the thickness of absorbing layer on
the device photovoltaic parameters FF, PCE and V., Js
are shown in Figs 3c and 3d, respectively.

It can be seen from Fig. 3c that FF of the device
rapidly increases from 78.828% to 79.610% increasing
the absorbing layer thickness from 0.1 to 0.2 pm. A
steady increase in the FF value to the maximum for the
thicknesses of the absorbing layer between 0.2 to 0.3 pm
is observed followed by its steady decrease beyond
0.3 um. This trend is attributed to resistive losses [31].
The increment of the resistance matches the increase in
the absorbing layer thickness, which leads to the
corresponding FF decrease [35, 36]. PCE of the device
increases sharply from 4.950 to 8.279 mA/cm? increasing
the absorbing layer thickness from 0.1 to 0.2 pm. A
slight increment in the thickness range of 0.2 to 0.4 um is
observed followed by a steady increase beyond 0.4 pm.
This trend is solely due to Ji, while the saturation of
PCE is as a result of the saturation of both photo-
absorption and Js [35]. At the thickness of 1.0 um, the
PCE value saturates at 17.215%. The low efficiency at
the thicknesses around 0.1-0.2 um is due to partial light
absorption and lower photogeneration. Hence, the
optimum PCE value was determined at the absorbing
layer thickness of 1.0 um. Beyond this value, PCE
remains quasi-constant.

It can be seen from Fig. 3d that V.. increases with
the increase in the thickness of the absorbing layer. This
effect is attributed to the absorption of more photons with
longer wavelengths [36]. It contributes to generation of
excitons as well. In semiconductor theory, V.. can be
obtained from Eq. (8), which explains the reliance of V.
on Js and dark saturation current Jo. It is evident from
Eqg. (8) that J, decreases with the increase in V,, which
can be expressed as follows [37]:

Msc

5

Here, k is the Boltzmann constant, T is the
temperature, and Jg is the saturation current density.

It can be seen from the Jg trend that increase in the
absorbing layer thickness causes more photons to be
absorbed in the device. Therefore, Jg rapidly increases at
the initial stage of increasing the absorbing layer
thickness from 0.1 to 0.2 um. A steep rise is observed
from 0.2 to 0.3 pm followed by a steady increase. When
the layer thickness is over 1 um and Jy; = 18.184 mA/cm?,
a quasi-constant increment is observed indicating the
optimum value. At this, the absorbing layer thickness is
sufficient to enable absorption of most of the incident
photons as shown in Fig. 3d. The value of J. may be
attributed to the reduction of back-contact recombination
current density with the increase of the absorbing layer
increases [38]. At ever thicker absorbing layers exceeding
the charge carrier diffusion lengths, charge carriers gene-
rated close to the perovskite layer center will recombine.
A quick and steady increment in J,. observed at this is
simply because of the energy gap of the absorbing layer
is less than the incident photon energy [39].
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Fig. 3. (a) J-V curves under illumination for different absorbing layer thicknesses, (b) QE versus wavelength, (c) FF and PCE
versus absorbing layer thickness, as well as (d) V. and Js versus absorbing layer thickness. (Color online.)

3.4. Study of the initial

performance

and optimized device

The simulated initial and optimized J-V characteristics
under illumination of the PSC device are shown in Fig. 4.
The performance parameters of the optimal device
obtained from the simulations are as follows:
Ve = 1.197 V, Jge = 18.184 mA-cm %, FF = 79.110%, and
PCE = 17.215%. A 31% increase in PCE and 30%
increase in J. are observed comparing the results for the
initial and optimized devices.

3.5. Effect of series resistance on the optimized device

The absorbing layer, the charge transport layers, and the
front (FTO) and back (Au) contacts make a significant
contribution to the electrical resistance of PSC devices.
Simulation for the optimized device was carried out
by wvarying the wvalues of the series resistance
from 0 to 10 Q-cm?, in order to study its effect on the
device performance. Fig. 5a shows J-V characteristics at

N
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—#— |nitial device

Current density (mA/cm?)

5 —e— Optimised device
0 T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

Fig. 4. J-V curves for the initial and optimized devices.

different series resistance values, while Figs 5b, 5c
present the solar cell parameters versus simulated series
resistance.
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Fig. 5. (a) J-V characteristics under illumination at different
series resistance values, (b) Vo, and Jg, as well as (c) FF and
PCE versus series resistance.

As can be seen from Fig. 5b, the device voltage gradually
increases when the series resistance grows from 0 to
10 Q-cm?. The other photovoltaic parameters such as
current density, PCE, and FF are greatly affected at this,
as shown in Figs 5b, 5c. The observed decrease in the
current density is due to optical transmission losses caused
by discoloration [39]. The likely factor conditioning the
decrease of the FF with the increase of the series resis-
tance is the transport limitations within the absorbing
layer, which results in internal voltage drop [40]. High-
efficiency devices have low values of series resistance
[41], which is supported by Fig. 5¢ showing a decrease in
the device performance as the series resistance increases.

3.6. Effect of shunt resistance on the optimized device

Shunt as well as series resistance cause the main losses in
photovoltaic devices, thus providing a relevant analysis
of device operation [41]. There are a number of charge
recombination pathways responsible for shunt resistance
in PSC [42]. The performance of the optimized device
was studied by varying the value of the shunt resistance
from 10° to 10* Q-cm?. Fig. 6a shows J-V characteristics
for different shunt resistance values, while Figs 6b, 6¢
present the solar cell parameters versus shunt resistance.
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Fig. 6. (a) J-V characteristics under illumination at different

shunt resistance values, (b) Vo and Jg, as well as (c) FF and
PCE versus shunt resistance.
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High values of the shunt resistance lead to improvement
of the device efficiency [41], as can be seen from
Figs 6b, 6c¢. In particular, increments in V. (from 1.1966
to 1.1967 V), FF (from 79.0716% to 79.1102%) and PCE
(from 17.2048% to 17.2148%) are observed as the value
of the shunt resistance increases from 10° to 10%° Q-cm?
with following saturation of these parameters up to
10* Q-cm? At this, however, J. does not change with
the simulated value of the shunt resistance.
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Fig. 7. (a) J-V characteristics under illumination at different

temperatures, (b) Js. and V., as well as (c) PCE and FF versus
temperature.

3.7. Effect of temperature on the optimized device

Photovoltaic device installations are greatly influenced
by the ambient conditions, especially temperature [41].
Generally, PSCs operate at the temperatures exceeding
300 K in outdoor conditions [43]. The photovoltaic
properties of the optimized device were explored by
simulating the device operation at different temperatures
ranging from 290 to 360 K.

Increase of the temperature resulted in a significant
reduction in FF and PCE, while increase in the J;. and V.
values was observed. The recombination of electrons
and holes is enhanced at high temperatures as the
electrons gain more energy before being collected at
the electrodes [43].

At extreme temperatures, the band gap, electron and
hole mobilities, and carrier concentration in the device
become affected. This lowers the device performance
[44, 45], as can be seen from Fig. 7c by the decrease in
the PCE value. On the other hand, Jg. increases, as shown
in Fig. 7b, due to the reduction of the band gap and
carrier thermal generation rate [46]. The simulated device
attains the metastable nature at high temperatures [47].

4. Conclusions

In this study, silver-doped NazZnBr; perovskite solar cells
were numerically investigated using SCAPS-1D
simulation software. The effect of the absorbing layer
thickness in the range of 0.1 to 1.3 um on the PSC
efficiency was studied. Our study revealed that the
optimal photovoltaic  parameters were obtained
at the absorbing layer thickness of 1.0 um. For the
optimized device (FTO/ZnO:Al/NaZnBry/Cul/Au),
PCE = 17.215%, Ji. = 18.184 mA-cm %, Vo, = 1.197 V,
and FF = 79.110%. The optimized device had a 31% and
30% upturn in PCE and Jg, respectively, as compared to
the initial device. The optimized device was also shown
to be affected by series and shunt resistance and
temperature. The numerical simulations carried out have
paved a way to a better understanding of the way to
choose the absorber thickness parameter in order to
improve the performance of NaZnBr; based PSC devices.
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BnuuB TOBIIMHY NEPOBCKITY HA e()eKTHMBHICTH NEPOBCKITHMUX COHSYHUX ejieMeHTIiB Ha ocHOBi NaZnBr;,
JIErOBAHOI0 CpPidJIOM, T0C/IiAKEHUH 3 BUKOPUCTAHHAM NporpamMHoro 3adesneyeniss SCAPS

M.O. Abdulmalik, E. Danladi

AHoTanis. ToBIIMHA MOTJIMHAIOYOTO IIapy € HAWBAKIIMBIIINM ITAPaMETPOM, SIKMH 1CTOTHO BIUIMBA€E Ha €(pEeKTHBHICTD
nepoBcKiTHUX coHsuHUX eneMeHTiB ([ICE). V miif po6oTi HOCHiIKEHO BIUIMB TOBIIWMHH IOTJIHHAIOYOTO IIapy Ha
e(eKTHUBHICTh TEPOBCKITHUX COHSYHHX CJIEMECHTIB Ha OCHOBI NaZnBrs, ieroBaHoro cpiGioMm, 3 BHKOPHCTaHHSIM
CUMYJISITOpAa €EMHOCTI OJTHOBHMIipHOTO COHsSYHOTO enemeHTa SCAPS-1D. ToBmKHY NOTJIMHAIOYOTO MIapy BapiroBad
B miamazoHi Bim 100 mo 1300 mm. Ilpm MonemroBaHHI Oyl0 BHKOPHUCTAHO TaKi IOYATKOBI 3HAYCHHS MHapameTpiB
COHSYHOTO eNeMeHTa: Hampyra xojoctoro xoay Vo = 1,174 B, rycTuHa CTpyMy KOPOTKOTO 3aMUKAaHHSA Jg =
14,012 MA-cm 2, koedinient 3anosuenns FF = 79,649% Ta edexrupHicTs neperopenns notyxkHocti PCE = 13,101%.
3a onTHMi30BaHOI TOBUIMHHM MEPOBCKITHOTrO Imiapy, 1o JopiBHioBama 1000 HM, OyJao OTpUMaHO Taki 3HA4YEHH:
XapaKTePUCTUK COHsYHOTO enemenrta: Vo, = 1,197 B, Ji = 18,184 MA-em 2, FF = 79,110% ta PCE = 17,215%.
3uayennss PCE Tta Jg 30imbimminck BianoBiauo Ha 31% Ta 30% mist MPUCTPOIO 3 ONTHUMI30BAHUMH MapaMeTpaMu
MOPIBHSHO 3 MOYAaTKOBUM NpUCTpoeM. Llei pe3ysbraT miaTBepIrKy€e MOTEHIIHHY MOXKIIMBICTh BIIMIHHOTO KepyBaHHS
(doToHaMH Ta TOKpamleHHS e(EeKTHBHOCTI NEPOBCKITHUX COHSYHHX €JIEMEHTIB LUIIXOM BHOOPY TOBIIMHH
MOTJIMHAIOYOTO Iapy.

Katouosi cioBa: SCAPS-1D, nepoBckiTHI COHSUHI €IEMEHTH, IOTJIMHAIOYNH IIap, TYCTHHA CTPYMY, €()eKTHBHICTD
NIepETBOPEHHS EHEepTii.
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