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Sun energy conversion to electrical energy using nanostructured organic/inorganic hybrid semiconduc-
tors is one of the best solutions for today’s energy crisis. In particular, researchers are focusing on multi-
techniques to increase the power conversion efficiency of polymer solar cells, including thermal annealing
and the incorporation of metal or transition metal oxide nanoparticles (NPs) into the active layer of polymer
solar cells (PSCs). The design approaches for thermal annealing are to improve the nanoscale morphology
and optical properties of the active layer. The incorporation of metal NPs is based on localized surface
plasmonic resonance (LSPR) effect which can be used to enhance the optical absorption in photovoltaic
devices. Meanwhile, transition metal oxide NPs such as copper oxide (CuO) NPs in the active layer play a
key role as light harvesting centers, charged particle hopping centers, and surface morphology developer,
enabling a considerable reduction in the physical thickness of solar photovoltaic absorber layers. In this
study, thermal annealing was used to optimize the power conversion efficiency of bulk heterojunction
P3HT/PC70BM SCs synthesized by incorporating gold nanoparticles and copper oxide nanoparticles. Ther-
mal annealing increased the power conversion efficiency by up to 48.3 % compared to the reference cell.
The optimum short-circuit current (Js) of the cells was measured to be 8.704 mA/cm? compared to
5.838 mA/cm? in the reference cell; meanwhile, the external quantum efficiency (EQE) increased from

44 to 64 %.
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1. INTRODUCTION

Polymer solar cells (PSCs) are considered as the
third-generation solar cells having many advantages
such as light weight, flexibility, relatively low cost, easy
fabrication and so on [1-4]. In recent years, much effort
has been made to develop PSCs and increase the power
conversion efficiency (PCE) of single-junction and tan-
dem solar cells. The PCE has exceeded 14 % [5-7] and
17 % [8] of single-junction and tandem solar cells, re-
spectively. These improvements are the result of the
tuning of active layer materials, the development of the
surface morphology of thin films, reducing the series and
shunt resistances of devices, etc. A blend of Regioregular
poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-
bu-tyric acid methyl ester (PCBM) is one of the common
and promising materials for achieving high PCE because
of the high self-organizing ability [9, 10], high hole mo-
bility, and a broad absorption range in the red region of
the electromagnetic spectrum.

Many researchers have demonstrated different inde-
pendent approaches to improve the PCE of PSCs which
consist of PSHT and PCBM as active layer materials.
Some of the above approaches include metal/metal oxide
nanoparticles (NPs) incorporated in the active layer or
the hole transport layer [11], thermal annealing [12],
and slow growth of the active layer by controlling the
solvent evaporation rate. The slowly grown active layer
is a new approach which reduces the series resistance of
the device and improves optical absorption.

Illuminated metal NPs such as Au and other metallic
nanostructures can be used to increase light absorption
of polymer thin films due to the localized surface plas-
mon resonance (LSPR) effect, which can significantly en-
hance local electromagnetic fields [13, 14]. The LSPR of
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metallic NPs is referred to as the collective oscillation of
electrons located on metallic NPs, which are excited by
incident photons at the resonant frequency [15]. The
LSPR excitation of metallic NPs results in improved
electromagnetic fields, light absorption and scattering
due to their physical and elemental parameters, which
leads to enhanced device performance. Brown et al. [16]
showed that metallic nano-structures in the active layer
can scatter incident photons along a long propagation
path, resulting in higher light absorption and photocur-
rent generation in PSCs. Lu et al. [17] reported a 20 %
enhancement of PCE of Au and Ag incorporated PSCs
due to the LSPR effect. On the other hand, NPs of tran-
sition metal oxides, such as copper oxide nanoparticles
(CuO NPs), have gained special attention due to their
low cost, non-toxicity, and high optical absorption capa-
bilities. CuO is a p-type semiconductor with a direct
band gap energy of 1.5 eV which is close to the ideal en-
ergy gap of 1.4 eV for the manufacture of solar cells with
high optical absorbing [18-20]. In a previously reported
work by the author, it is shown that the incorporation of
CuO NPs in the active layer increases the PCE of solar
cells by 40.6 %.

Thermal annealing is a very important method for
improving the crystallinity of P3HT molecules, and
therefore, the molecular orientation and morphology of
films. Subsequent annealing of the devices encourages
aggregation of PCBM, forming continuous pathways in
the PSHT/PCBM active layer, and improves efficient
charge separation and transport. Furthermore, crystal-
linity of the structure, molecular orientation, and mor-
phology of the films strongly correlate with the charge
transfer process in organic semiconductor thin films. Li
et al. [21] and Wang et al. [22] reported, respectively, an
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increase in the PCE of 0.292 % and 4 % by thermal an-
nealing method. Park et al. [23] demonstrated that ther-
mal annealing affects the morphological changes of
P3HT thin films and hence enhances the PCE.

In this work, PSHT/PCBM based solar cells were fab-
ricated containing Au and CuO NPs in the active layer.
Also, the annealing effect on P3HT/PCBM/Au/
CuO NPs devices will be demonstrated through the na-
noscale morphology aspect and reveal its influence on
the PCE of the solar cells.

2. EXPERIMENTAL METHODS
2.1 Materials

Poly(3-hexylthiophene) (P3HT) (Rieke Metals), phe-
nyl-C70-butyric acid methyl ester (PC70BM) (SES Re-
search), NPs of gold (Au) (15 nm diameter) and NPs of
CuO (10-30 nm diameter) (nanocs.com), glass substrates
with a size of 24 x 80 x 1.2 mm (12 Q/cm?) with an In-
dium Tin Oxide (ITO) conductive layer of 25-100 nm
(nanocs.com) and aluminium coils with a diameter of
0.15 mm (Ted-Pella, Inc.) were used as received.
Poly(3,4 ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT/PSS) was obtained from Sigma Aldrich and
mixed with an equal amount of distilled water. All pro-
cessing and characterization work of the PSC devices
was conducted under same experimental conditions.

2.2 Device Fabrication

Conductive glass substrates were successively ultra-
sonically cleaned with ammonium hydroxide, hydrogen
peroxide, distilled water, methyl alcohol, and isopropyl
alcohol. The fabrication of polymer-based solar cells con-
taining Au NPs was carried out in a N filled glove box.
The P3HT-PC70BM blend was obtained by diluting
equal amounts of regioregular P3HT and PC70BM
(10 mg each) with 2 ml of chlorobenzene (C6H5CI) and
mixing for 14 h at 50 °C. 0.05 mg of Au NPs (15 nm di-
ameter) and 0.6 mg of CuO NPs (10-30 nm diameter)
were added to the mixture, so that the weight ratio of
P3HT/PCBM/Au NPs/CuO NPs in the final blends was
10:10:0.05:0.6.

The solar cell devices were spin coated in a glove box
with N2 atmosphere. A 40 nm thick PEDOT/PSS layer,
which serves as a thin hole-transport layer, was spin
coated at a rotational velocity of 4000 rpm, followed by
heating at 120 °C for 20 min in air. When the tempera-
ture of the samples reached the ambient temperature,
the PSHT:PC70BM:(0.05 mg) Au NPs:(0.6 mg) CuO NPs
solution was spin coated for 2 min at 1000 rpm. The ac-
tive layers had an average thickness of 120 nm and a
surface area of 0.12 cm?. A schematic illustration of the
layered structure of the fabricated devices is shown in
Fig. 1. All the fabricated devices were annealed at 150,
200 and 250 °C for 30 min. A series of solar cell devices
were tested under the same experimental conditions.

2.3 Characterization

The current density-voltage (J-V) characterization
was carried out for all PSCs using a UV solar simulator
with an AM 1.5G filter and a lamp intensity of
100 mW/cm2. A source meter (Keithley 2400) was used
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to obtain the J-V measurements. Device parameters
such as short-circuit current (Jsc), open-circuit voltage
(Voe), fill factor (FF) and power conversion efficiency
(PCE) were recorded under ambient conditions. A quan-
tum efficiency measurement kit (Newport-425) embed-
ded in the solar cell simulator was used to obtain exter-
nal quantum efficiency (EQE) values. A PerkinElmer
LAMBDA 650 spectrophotometer was used to obtain the
optical properties of the cells. The crystallinity studies of
the thin layers were performed by XRD with a Cu/K
source at a rate of 0.2° per minute. The recorded range
of the X-ray spectra was 4-7°. An Agilent 5420 atomic
force microscope (AFM) was used to analyze the surface
morphology. The Pico Image Basics and Gwyddion soft-
ware were utilized to determine the root mean square
(RMS) roughness (orms) of the surface under ACAFM non-
contact mode with set point 1.60, I-gain of 10 and
scanned area of 2 x 2 um. The layer structures of the
fabricated solar cells were analyzed using a scanning
electron microscope with an energy dispersive X-ray de-
tector (FEG-SEM Hitachi S-4800).
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Fig. 1 —Schematic illustration of Au and CuO NPs incorporated
PSCs
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3. RESULTS AND DISCUSSION

The observation of the surface morphology of the ac-
tive layer reveals the reorganization of P3HT nanoclus-
ters in the structure under different annealing tempera-
tures. Fig. 2 depicts the AFM images of PSHT/PCBM/
Au/CuO NPs thin films before and after thermal anneal-
ing. For PSHT/PCBM/Au/CuO NPs thin films before
thermal annealing, the surface was relatively smooth
with an RMS roughness of 0.90 nm. However, after ther-
mal annealing treatment at 150, 200 and 250 °C for
30 min, the RMS roughness values increased to 1.10,
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1.41 and 1.52 nm, respectively. This increased roughness
will lead to an increase in the interfacial contact area,
facilitating high charge collection at the electrodes. With
increasing annealing temperature, PSHT/PCBM phase
separation is encouraged and P3HT molecules can be re-
structured as small crystallites in the thin film. Also,
this increased surface roughness of cells with Au and
CuO NPs provides evidence of adequate space for PSHT
crystallites to form the active layer structure.

Fig. 2 — AFM images of the blended films at various annealing
temperatures: (a) as-cast film, (b) 150 °C, (c) 200 °C, (d) 250 °C

SEM images of the hybrid structure of the fabricated
PEDOT:PSS/PSHT:PCBM/Auw/CuO NPs device before
and after thermal annealing are shown in Fig. 3. The
P3HT/PCBM active layer with embedded Au and CuO
NPs had a thickness of about 100-160 nm. This helps to
minimize the charge recombination losses in devices.
The thickness of the PEDOT:PSS hole transport layer
was estimated as 40 nm.

With annealing treatment at different temperatures,
the P3HT molecules are well dispersed in the thin film,
forming charge hopping pathways for electrons and
holes to transport. Amorphous PCBM molecules are sur-
rounded by P3HT molecules disabling the continuous
pathways for charge transport in the thin film. Hence,
the photogenerated holes and electrons can be recom-
bined before transporting to the electrodes. Therefore,
the charge hopping process is one of the crucial factors
for smooth charge transfer.
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Fig. 3 — SEM images of the PSHT/PCBM/Au/CuO NPs hybrid
PSCs: (a) before annealing, (b) after annealing at 200 °C

65i

600
550
500
450
400
350
300

Counts per seconds

250
200
1504

100

4.8 2.0 2 2.4 5.6 5.8

Diffractisdn angle, 2 theta

Fig. 4 — XRD spectra for Au and CuO NPs incorporated
P3HT/PCBM thin films before and after annealing: (A) without
annealing and no NPs, (B) without annealing and with 0.05 mg
Au NPs + 0.6 mg CuO NPs, (C) with 0.05 mg Au NPs + 0.6 mg
CuO NPs and annealing at 150 °C, (D) with 0.05 mg Au NPs +
0.6 mg CuO NPs and annealing at 200 °C, (E) with 0.05 mg Au
NPs + 0.6 mg CuO NPs and annealing at 250 °C

Formation of PSHT crystals with annealing at higher
temperatures will be a solution for charge particles to
hop from one crystal to the neighboring crystal creating
better charge transfer. Fig. 4 depicts the XRD spectra of
active layers that have structurally changed due to high-
temperature annealing treatment. These XRD spectra
were obtained from 4 to 7° at a rate of 0.2° per minute
using automatic slits. The intensity increased with in-
creasing annealing temperature in the peak at 200 °C
for all PSHT:PC70BM:Au:CuO NPs layers that corre-
sponds to the enhanced crystallinity of PSHT molecules.
It is clear that the X-ray data shows the increase in the
crystallinity of PSHT main chains in the blend. On the
other hand, addition of Au and CuO NPs has also im-
proved the intensity of XRD peaks (B) which implies the
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enhanced crystallinity. This may be due to the encour-
aged PSHT and PCBM phase separation with Au and
CuO NPs. It is important to note that the results ob-
tained from the XRD peaks show a similar trend to the
data obtained from the AFM images.
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Fig. 5 — Optical absorption spectra of hybrid solar cells: (A)
without annealing and no NPs, (B) without annealing and with
0.05 mg Au NPs + 0.6 mg CuO NPs, (C) with 0.05 mg Au NPs +
0.6 mg CuO NPs and annealing at 150 °C, (D) with 0.05 mg Au
NPs + 0.6 mg CuO NPs and annealing at 200 °C, (E) with
0.05 mg Au NPs + 0.6 mg CuO NPs and annealing at 250 °C

The optical absorption spectra were recoded to exam-
ine the collective optical absorption effects raised from Au
and CuO NPs in the PSHT/PCBM thin film. Relevant UV-
Vis measurements of ITO/PEDOT:PSS/P3HT:PCBM:Au:
CuO NPs were performed as shown in Fig. 5. These opti-
cal absorption measurements can be a result of the plas-
monic effect due to Au NPs and enhanced crystallinity
due to thermal annealing and CuO NPs [11, 19]. The NPs
give an enhanced single peak compared to the reference
cell in the visible range at 450-550 nm wavelength based
on the shape, size, density, and surrounding NPs [19].
Generally, smaller Au NPs exhibit a dipolar pattern of a
uniform field in all directions due to optical absorption
compared to forward and backward scattering by larger
Au NPs. Also, the absorption spectra of Au NPs embedded
in polymer thin films clearly show evidence of the LSPR
effect due to Au NPs. The optical absorption spectra depict
that Au NPs contribute to the peak absorption resonances
at a wavelength of 525 nm which leads to the 7*- 7 transi-
tions. On the other hand, a significant increase in the
P3HT crystallinity, upon the addition of CuO NPs can be
attributed to the self-assembly of conjugated P3HT
chains, leading to ordered formation in the blend. This en-
hanced crystallinity due to the addition of CuO NPs and
thermal annealing significantly contributes to an increase
in optical absorption in thin films. The spectral diagrams
of optical absorption after annealing at 150, 200 and
250 °C show significant improvements due to the en-
hanced P3HT crystallinity. The photon absorption effi-
ciency determines the photon absorption capacity of the
solar cells. Light absorption of a semiconductor thin film
is controlled by the energy band structure, absorption co-
efficient, and the thickness of the photoactive layer. Ac-
cording to the spectral diagrams, the optical absorption of
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P3HT/PCBM solar cells was improved after incorporating
CuO and Au NPs in the devices and thermal annealing.

Absorption of a photon with an energy greater than
the E; value (1.99 eV) for PSHT generates an exciton
which diffuses to the PSBHT/PCBM interface. The Eg
value of CuO NPs incorporated P3HT/PCBM was calcu-
lated using Tuac formula: (ahv)m = B(hv — Eg), where hv
is the energy of incident photons in eV, m = 1/2 for indi-
rect and 2 for direct allowed transitions, B is a constant
related to the material, & is the Plank's constant, v is the
frequency of the photon, Eg is the optical band gap in eV
[24]. Assuming direct transitions between the valence
band and the conduction band, E; can be determined by
the plot of (ahv)? versus (hv) at a = 0. The estimated Eg
value for CuO NPs is approximately 2.14 eV. The esti-
mated Eg value of the PBHT/PCBM blend was 2.71 eV.
After incorporating CuO NPs into the P3HT/PCBM
blend, the Eg value was 2.64 eV. However, the E; value
did not change significantly with the addition of Au NPs
together with CuO NPs in the blend. The E; value of the
solar cell annealed at 200 °C was 2.58 eV. This reduced
band gap facilitated a smooth transition of free electrons
from the donor material to the acceptor material.

The EQE of a photovoltaic device is the ratio between
the incident photons and the free charge carriers gener-
ated by the device. Therefore, the EQE spectra of differ-
ent sets of solar cells were obtained for better under-
standing of the enhanced Jsc in the fabricated devices.
The EQE spectra of the devices are shown in Fig. 6. After
Au and CuO NPs were incorporated into the devices, the
relevant EQE spectra proportionally enhanced in the
wavelength range from 410 to 550 nm. Furthermore, the
EQE spectra were slightly increased in the same wave-
length range after annealing at temperature values of
150, 200 and 250 °C, and the peak EQE values were 60,
64 and 61 %, respectively. However, the optimum EQE
spectrum was obtained from the devices annealed at
200 °C, and the peak EQE value
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Fig. 6 — EQE of the hybrid solar cells: (A) without annealing
and no NPs, (B) without annealing and with 0.05 mg Au NPs +
0.6 mg CuO NPs, (C) with 0.05 mg Au NPs + 0.6 mg CuO NPs
and annealing at 150 °C, (D) with 0.05 mg Au NPs + 0.6 mg
CuO NPs and annealing at 200 °C, (E) with 0.05 mg Au NPs +
0.6 mg CuO NPs and annealing at 250 °C
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value was 64 %. This result shows that the EQE does not
follow a similar pattern of results obtained from AFM
analysis, XRD and UV-Vis spectroscopic data. This de-
creased EQE value of the sample annealed at 250 °C (de-
vice E) may be due to the agglomeration of Au and CuO
NPs at higher temperature values.

The EQE improvements coincide with the s and
PCE enhancement of the devices. Fig. 7 exhibits the J-V
characteristics of ITO/PEDOT:PSS/P3HT:PCBM:Au:
CuO NPs/Al solar cells before and after thermal anneal-
ing treatment. Also, the J-V characteristic of the refer-
ence device (without annealing and without NPs in the
active layer) was obtained for comparison purposes. The
electrical parameters of all the devices are listed in Ta-
ble 1. It is clear that Js increased from 5.838 to
6.790 mA/cm?2 by adding Au and CuO NPs in the active
layer. Furthermore, Jsc increased to 8.114, 8.704 and
8.294 mA/cm? after annealing the devices at 150, 200
and 250 °C, respectively. The highest s value
(8.704 mA/cm?) was exhibited by the PSC annealed at
200 °C. The FF values decreased from 58 to 55 %. How-
ever, the FF value remained unchanged at 56 % of the
devices annealed at 200 and 250 °C. The FF explains the
combination of the series (Rs) and shunt (Rsz) resistances
of the device. Rs represents the sum of the contact re-
sistance on the front/back surfaces and the ohmic re-
sistances. Shunt resistance is mainly due to the imper-
fections on the device surface [25]. Au NPs and CuO NPs
did not show a significant influence on the resistance of
the device. However, thermal annealing decreased the
FF of the devices as shown in Table 1 and it may be due
to the increased NPs agglomeration after annealing.
This clearly shows that the electrical parameter Jsc is
improved significantly with thermal annealing treat-
ment. However, before annealing the Vi of all fabricated
solar cells was almost a constant value around 0.65V.
The Vo values were slightly enhanced to 0.67 V after
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thermal annealing. The Vi of PSCs depends on the en-
ergy difference between the highest occupied molecular
orbital (HOMO) level of the donor (P3HT) and the lowest
unoccupied molecular orbital (LUMO) level of the recep-
tor (PCBM). This study reveals that the energy differ-
ence between the HOMO and LUMO levels of PSHT and
PCBM remains unchanged under the annealing treat-
ment at different temperature values. However, it can
be slightly improved compared to the devices with and
without the inclusion of Au/CuO NPs. Subsequently, the
improved Js, UV absorption, EQE, FF and morphology
enhanced the PCE from 2.201 to 3.266 %.

Voltage (V)
0 0.1 0.2 0.3 04 0.5 0.6 0.7

T (Alem’)

Fig. 7 —J-V characteristics of the hybrid solar cells: (A) without
annealing and no NPs, (B) without annealing and with 0.05 mg
Au NPs + 0.6 mg CuO NPs, (C) with 0.05 mg Au NPs + 0.6 mg
CuO NPs and annealing at 150 °C, (D) with 0.05 mg Au NPs +
0.6 mg CuO NPs and annealing at 200 °C, (E) with 0.05 mg Au
NPs + 0.6 mg CuO NPs and annealing at 250 °C

Table 1 — Performance parameters of the hybrid solar cells: (A) without annealing and no NPs, (B) without annealing and with
0.05 mg Au NPs + 0.6 mg CuO NPs, (C) with 0.05 mg Au NPs + 0.6 mg CuO NPs and annealing at 150 °C, (D) with 0.05 mg Au NPs
+ 0.6 mg CuO NPs and annealing at 200 °C, (E) with 0.05 mg Au NPs + 0.6 mg CuO NPs and annealing at 250 °C

Sample Jse (mA/cm?) Voc (V) FF (%) PCE (%)
A 5.838 0.65 58 2.201
B 6.790 0.65 58 2.559
C 8.114 0.68 55 3.035
D 8.704 0.67 56 3.266
E 8.294 0.67 56 3.112

4. CONCLUSIONS

In this study, both Au and CuO NPs were added to
the PSBHT/PCBM layer of the solar cells, and these de-
vices were annealed at three different temperatures
(150, 200 and 250 °C) to increase the PCE. The PCE in-
creased from 2.201 to 3.266 % in the cells annealed at
200 °C, which is equivalent to 48.3 % improvement in
efficiency. The higher performance is attributed to en-
hanced UV-Vis absorption, EQE, Js and surface mor-
phology.

The optical absorption spectrum changed signifi-
cantly after the presence of Au NPs in the PBHT/PCBM
active layer due to the strong field in the near zone
around Au NPs. EQE of the solar cells increased due to
increased hole and electron polaron mobilities in the
cells and increased P3HT crystallinity. AFM analysis
showed improved surface roughness of the P3HT/
PCBM active layer. Thermal annealing significantly
contributed to enhance UV-Vis absorption, EQE, Js and
surface morphology including P3HT crystallinity. Also,
SEM showed the wuniformity of the annealed
P3HT/PCBM/Au/CuO NPs active layer.
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Brnue Binmasny Ha OonTOE/IEKTPOHHI XapakTepuctuku cousuuux eaementise PSHT/PCBM, mo
MicTaTrs HaHodacTuHKU Au i CuO

Aruna P. Wanninayake

Department of Physics and Electronics, University of Kelaniya, Kelaniya, Sri Lanka

IleperBopeHHs COHSYHOI eHeprii B eJEKTPUYHY 34 JOIIOMOTOK HAHOCTPYKTYPOBAHUX OPraHIYHUX/
HEOPraHIYHUX TiOPUIHMX HAIIBIPOBIAHUKIB € OJHAM 3 HAMKPAIIAX PIIlleHb CHOTOAHIIIHBOI €HepreTHIHOI
Kpu3u. 30KpeMa, TOCTITHUKU 30CePeKYIThCS HAa MYyJILTUTEXHIKAX JIJIs MiIBUINEeHHS e(DEeKTUBHOCTI I1epeT-
BOPEHHSI eHepril MoJIIMePHHUX COHSYHUX €JIEMEHTIB, BRIIOUAIYN TePMIYHUN BIAIAJ Ta JT0JABAHHS HAHOUAC-
TuHOK (NPs) okcray merasny abo mepexigHOro MeTasy B aKTUBHUM IIap HOJIIMEPHUX COHSYHUX €JIEMEHTIB
(PSCs). KorcTpyxTrBHI IIi1X0/1¥1 10 TEPMIYHOTO BIIAILY CIPSIMOBAHI Ha IOKPAIIEHHS HAHOPO3MipHOI MOpdo-
JIOT1I Ta OIITMYHUX BJIACTUBOCTEN aKTUBHOIO mapy. Biposamxenns meranesux NPs 6asyernsest Ha edekri jio-
KaJTI30BAHOTO ITOBEPXHEBOro miasmMoHHoro pesonancy (LSPR), skuit moske OyTHM BUKOPHUCTAHUMA JJISI TIOCH-
JIEHHSI OITUYHOTO IOTJIMHAHHS y (DOTOEJIERTPUYHUX Ipmianax. Tum gacom NPs mepexigHoro merasy, Taki sk
NPs oxcuny mini (CuO) B akTrBHOMY Iapi, BIOIrpaioTh KJIIOYOBY POJIb SIK IIEHTPU aKyMyJIIOBAHHS CBITJIOBOL
eHeprii, IIeHTPH CTPUOKIB 3aps/IPKeHNX YACTHHOK 1 IIPOSIBHUKY MOpPQoJIorii IT0BEpXHi, 110 J03BOJISIE 3HAYHO
3MEHIIUTH (PISUYHY TOBIUHY IIAPIB, AKI IIOTJIMHAITH COHAYHY eHepriio. ¥ ITOCIIiIKeHH] TepMIuHAN Bigman
0yJI0 BUKOPUCTAHO [JIsA onTuMiadailii edexrusHoCcTI meperBoperHs eHeprii PSCs 3 06'eMHEMME reTepomepexo-
mavu P3HT/PC70BM, cuHTe30BaHMX IIJIAXOM BKJIIOYEHHS HAHOYACTHHOK 30JI0TA TA HAHOYACTHHOK OKCHIY
wmigi. TertoBumit Bigmast 301IbIINB e(PeKTUBHICTE mepeTBopeHHsa eHeprii PSCs mo 48,3 % mMopiBHAHO 3 €TaJIOH-
HuM esieMeHToM. ONTUMAJIBPHA TYCTUHA CTPYMY KOPOTKOro 3aMuraHus (Js) exemenTis criaana 8,704 MmA/cm?2
THOPIBHSHO 13 TyCTUHOIO 5,838 MA/cM2 B €TAJIOHHOMY €JIEMEHTI; THM 4aCcOM 30BHIIIHSA KBAHTOBA €(PeKTUBHICTD

(EQE) 3pocia 3 44 1o 64 %.

Kmouori ciiosa: Ilimasmonnnit edpexr, Tepmiunmii Bigmast, PSCs, PSHT, PCBM, PCE.
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