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In response to the current challenges of organic photonics and the demand for organic photodetectors
(OPDs) with a broadened spectral range and enhanced sensitivity, this work proposes hybrid non-
fullerene systems that combine nickel (I1) phthalocyanine (NiPc) metal complexes with boron-
dipyrromethene (BODIPY)-based dyes. In this study, a heterostructure based on NiPc and a newly
synthesised BODIPY derivative sensitiser (bThBODIPY) was developed and comprehensively
evaluated. The bThBODIPY dye, belonging to the BODIPY family, exhibits an absorption maximum
around 510 nm, whereas the newly synthesised BODIPY sensitiser demonstrates an absorption
maximum near 600 nm. Both dyes form stable dark-red solid compounds that are readily soluble in
common organic solvents (toluene, chlorobenzene, dichloromethane, chloroform, ethyl acetate),
enabling the fabrication of homogeneous thin films resistant to subsequent thermal treatment. The
photosensitivity of the fabricated devices was assessed on thin-film OPDs with the architecture
ITO/PEDOT:PSS/NiPc: sensitiser:bThBODIPY/BCP/AI. The active layer was deposited by spin-
coating, employing a pre-optimised NiPc-to-sensitiser ratio followed by post-deposition thermal
annealing. Under illumination with the standard solar spectrum AM 1.5G (100 mW cm™), the
fabricated device demonstrated stable photoelectrical parameters. Specifically, the fill factor (FF)
reached 16.4 %, while the power conversion efficiency (PCE) was 0.32 %. The obtained results confirm
the high potential of non-fullerene NiPc—-BODIPY hybrid systems for extending the spectral sensitivity
and improving the performance of organic photodetectors. Promising directions for further research
include interface modification with selective buffer layers, the design of multi-sensitiser systems
employing complementary dyes, and the development of architectures capable of harvesting the entire
visible and near-infrared spectral regions. Promising directions for further research include interface
modification with selective buffer layers, the design of multi-sensitiser systems employing comple-
mentary dyes, and the development of architectures capable of harvesting the entire visible and near-
infrared spectral regions.
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Introduction

Organic solar cells based on bulk heterojunction (BHJ) architectures have attracted significant
attention due to a number of advantages, including compatibility with solution-processing techniques,
relatively low cost, and the possibility of large-scale manufacturing. In organic semiconducting materials,
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the phenomenon of photoconductivity is realized, which underlies the operation of organic photovoltaic
devices. For most of these materials, the bandgap lies in the range of 1.5-3 eV, ensuring photosensitivity in
the visible and near-infrared regions of the spectrum.

The mechanism of photoconductivity in organic semiconductors significantly differs from that in
inorganic systems. In inorganic semiconductors, photogenerated electrons and holes are delocalized and
freely migrate to the respective electrodes, forming an electrical current in the external circuit. In contrast,
in organic materials, photoexcited electrons and holes are not fully delocalized, which leads to the
formation of bound electron—hole pairs known as excitons. Their dissociation into free charge carriers
occurs at phase boundaries or potential barriers and requires additional energy, known as exciton binding
energy (Eb), which for most organic semiconductors is about 0.1-0.2 eV. This factor accounts for the
lower power conversion efficiency (PCE) of OPVs compared to their inorganic counterparts.

Nevertheless, despite their lower energy performance, organic solar cells remain highly promising
due to their cost-effectiveness, light weight, flexibility, and scalability for large-area fabrication. These
advantages make OPVs a competitive technology for practical applications in renewable energy.

BODIPY derivatives [1, 2] exhibit strong absorption in the near-infrared region and emit narrow
fluorescence bands with high quantum yields [12]. These dyes attract considerable interest owing to their
unique molecular architecture, straightforward synthesis, strong absorption coefficients, delocalized
molecular orbitals, and good solubility in a wide range of organic solvents [13]. BODIPY molecules are
widely applied in organic electronics [14-16].

Nickel phthalocyanine (NiPc) is a promising photosensitive material for photovoltaic applications
[5, 6]. Its derivatives are used as donor components in bilayer organic solar cell architectures, including
dye-sensitized solar cells [17]. NiPc exhibits strong optical activity in the visible and near-infrared spectral
regions, along with high thermal and chemical stability, making it suitable for hybrid organic—inorganic
systems [18]. Furthermore, NiPc can be integrated into perovskite solar cell (PSC) architectures as an
alternative to expensive and unstable materials such as Spiro-OMeTAD and PTAA [19].

BODIPY derivatives also play an important role as light-harvesting components in solar cells [20].
The combined application of BODIPY and NiPc-based components in solar cell structures facilitates
efficient energy transfer from excited BODIPY fragments to the phthalocyanine center [24, 25]. The
integration of boron-dipyrromethene derivatives with phthalocyanine frameworks enables the development
of materials with extended spectral coverage, efficient energy transfer, and potential for multifunctional
applications ranging from photovoltaics to biosensing [21].

In this study, a novel nickel phthalocyanine-BODIPY (NiPc-BODIPY) solution was prepared
containing three iodine-substituted groups on the phthalocyanine macrocycle and one BODIPY fragment
attached via an amide linkage. The photoactive properties of the conjugate were tested in a solar cell
structure of the type: ITO/PEDOT:PSS/NiPc: sensitiser:bThBODIPY/BCP/AI [29].

2. Experimental part

Organic photodetectors were fabricated on glass substrates coated with a transparent conductive
indium tin oxide (ITO, Ossila; sheet resistance <15 Q/cm?). Before the deposition of functional layers, the
substrates were cleaned by sequential ultrasonic treatment in deionised water, acetone, and isopropanol
(10 min each), followed by drying under an argon stream [18].

On the cleaned surface, a PEDOT:PSS (Ossila) layer was deposited by spin coating
(https://www.ossila.com/products/spin-coater) at 4000 rpm for 60 s, followed by thermal annealing at
120°C for 15 min. The thickness of the resulting layer, measured using a profilometer (Precision
Measurement — S lynx 2 Compact 3D Optical System), was 50 nm.

The active layer consisted of three components: nickel(ll) phthalocyanine (NiPc) [5], a BODIPY
sensitizer, and the dye bThBODIPY. Solutions were prepared in toluene with a molar ratio of
NiPc:BODIPY:bThBODIPY = 1:1:1, which was found to be optimal in terms of spectral sensitivity and
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photocarrier generation. The films were deposited by spin coating at 2000 rpm for 60 s, followed by
thermal annealing at 100 °C for 10 min. Profilometric analysis confirmed an active layer thickness of
400 nm, ensuring efficient absorption in the 300-800 nm range.

To form the exciton blocking and electron-transporting layer, bathocuproine (BCP) was deposited
by thermal vacuum evaporation under a base pressure of ~10~° Torr [7]. The BCP layer thickness was
70 nm, which satisfied the energy-level alignment requirements at the cathode interface.

The final step involved deposition of the aluminum cathode by thermal vacuum evaporation through
a shadow mask, defining electrodes with an active area of 0.04 cm2. The aluminum layer thickness was
200 nm, ensuring a stable ohmic contact [15].

As a result, a multilayer structure with precisely controlled parameters was fabricated:

ITO/PEDOT:PSS (50 nm)/NiPc:BODIPY:bThBODIPY (400 nm)/BCP (70 nm)/Al (200 nm).

Electrical characteristics of the fabricated photo-
detector structure were measured using a Hewlett Glass
Packard 4145A semiconductor parameter analyzer (see
Fig. 2). Measurements were performed both in the dark
and under illumination using a solar spectrum simulator
(AM 1.5G standard, 100 mW/cm?). Current-voltage (I-
V) characteristics were recorded in the voltage range PEDOT:PSS

from -5 V to +5 V. Data acquisition was performed at
100 measurement points with a constant scan rate of 0.1 _
V/s, ensuring high resolution and minimizing noise

contribution. This approach allowed investigation of the

ima

conductivity features under both forward and reverse o

bias, as well as comparison of dark and photocurrent

responses with respect to applied voltage symmetry [24, Al

25]. The obtained results enabled the determination of

key photosensitivity parameters and assessment of Fig. 1. Schematic structure
device stability under external illumination. of the organic photodetector

The spectral properties of the active layer were characterized using an AvaSpec-NEXOS™ optical
spectrometer (Avantes) based on a symmetric Czerny—Turner configuration with a focal length of 75 mm.
Measurements were carried out in the 300-1100 nm range, covering the ultraviolet, visible, and near-infrared
regions.

Samples were prepared on transparent ITO substrates without the metallic cathode, which allowed
direct transmission of light through the active layer. Transmission spectra were measured using a fiber-
optic probe connected to a white light source and the spectrometer. A reference substrate without the active
layer was used for calibration [27].

Absorbance A(L) was determined as the negative decimal logarithm of the ratio between the
transmitted light intensity through the sample and the intensity through the reference channel:

Al) = —Iogloé%%
0

where A(l) - absorbance at wavelength A;, | (I) — transmitted light intensity through the sample at A;

I, (1) - reference intensity at A.

The AvaSpec-NEXOS™ spectrometer provides an integration time down to 9 s, a signal-to-noise
ratio of ~375:1, and stray light levels below 0.1 %. This enables highly accurate spectral measurements
even for thin organic films. To improve data reliability, each spectrum was averaged over three indepen-
dent samples, and the results were normalized to the maximum intensity [12].
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3. Results and discussion

The investigation of the electro-optical characteristics of the fabricated hybrid photodetectors was
focused on studying the absorption spectral properties and electrical parameters of the structures under
dark and illuminated conditions [23, 24]. Particular attention was given to analyzing the influence of
BODIPY derivatives on device photosensitivity and comparing them with NiPc-only systems. This ap-
proach enables the evaluation of the effectiveness of molecular design of the active layer, the identification
of key factors affecting photocarrier generation, and the justification of the proposed architecture for
application in modern optoelectronic systems [8-10].

The absorption spectra of the fabricated hybrid sample containing a BODIPY derivative were
measured in the wavelength range of 300-1100 nm (Fig. 2, a). The overall spectral profile indicates bro-
adband photosensitivity, enabled by the molecular design of the active layer. Such a characteristic is highly
promising for next-generation optoelectronic devices, including organic photodetectors, spectroscopic
sensors, and energy conversion systems. The fabricated hybrid OPDs exhibited pronounced sensitivity in
the 510-600 nm region, attributed to the absorption maxima of BODIPY and bThBODIPY dyes. This
resulted in an extended absorption spectrum compared to pure NiPc (Fig. 2, b) [28], thereby enhancing
photocarrier generation. Composition optimization revealed that a NiPc:sensitizer ratio of 1:2, combined
with thermal annealing (100 °C, 10 min), provided the best performance.
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Fig. 2. Absorption spectra of the experimental structures ITO/PEDOT:PSS (50 nm)/NiPc:BODIPY:bThBODIPY
(400 nm)/BCP (70 nm)/Al (200 nm) (a) and pure NiPc (b)[29]

The current-voltage (I-V) characteristics of the hybrid photodetector were investigated in the
voltage range from -5 V to +5 V under dark conditions and illumination with a simulated AM 1.5 solar
spectrum (100 mW/cm?) (Fig. 3). The dark current showed low values across the entire bias range, from
10 A to 10° A, confirming effective suppression of thermally generated carriers and minimal leakage
losses. The symmetry of the dark -V curves indicates balanced charge transport and the absence of
significant internal asymmetry.

Under illumination, a significant photocurrent increase was observed, reaching ~10* A at reverse
bias. The nonlinear current growth with voltage confirms efficient photogeneration and extraction of
charge carriers. The photocurrent-to-dark-current ratio exceeded 10° at —6 V, highlighting the high
sensitivity and low noise level of the device [15].
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Fig. 3. Current-voltage characteristic demonstrating
the dependence of photocurrent on applied bias

The fill factor (FF) is a critical parameter characterising the quality of photovoltaic conversion in
organic solar cells. It is defined as the ratio of the maximum extractable power (P_max) to the product of
the short-circuit current density (J_sc) and open-circuit voltage (V_oc)[30]

P V

F F — max — _ MmaX max

V. | V

oc

SC oc

The FF can be affected by several factors, including carrier mobility limitations, non-ideal active
layer morphology, contact losses, or charge recombination [21]. In the investigated device, based on
BODIPY derivatives and nickel phthalocyanine, the fill factor was found to be 16.4 %.

The power conversion efficiency (PCE) is the key performance metric of photovoltaic devices and is
defined by the equation:

h=fxAxFF eV, /hn,

where J_sc — short-circuit current density (mA/cm?); V_oc — open-circuit voltage (V); FF - fill factor, %;
P_in —incident light power density (100 mW/cm? under AM 1.5 G illumination) [30].

For the organic solar cell based on the NiPc-BODIPY solution, the PCE reached 0.32 %. The Table
demonstrate main parameters of prepared experimental device

Photoelectric parameters of the reference device

Parameter Value Unit
Current at maximum power(l_m) 64.9 mA
Voltage at maximum power(U_m) 0.2 \Y
Short-circuit current density (J_sc) 3.30 mA/cm?
Open-circuit voltage (V_oc) 0.6 V
Fill factor (FF) 16,4 %
Power conversion efficiency (PCE, n) 0,32 %

The obtained results confirm the potential of the proposed structure for application in low-light
optoelectronic systems. Further optimization of the active layer morphology and interface engineering may
enhance the spectral selectivity and photosensitivity of the device
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I'IlbPU/IHI AKTUBHI IAPHU
JJIA OPTAHIYHUX COHAYHUX EJIEMEHTIB
HA OCHOBI HOXITHUX BODIPY TA ®TAJTOUIAHIHY HIKEJIO

Haranis Ky3uk, Xpucruna IBaniok, IlaBino Craxipa

Hayionanvuuii ynisepcumem ““Jlvgiscoxa nonimexnixa”, eya. C. Banoepu, 12, Jlveis, 719013, Vrpaina

VY BIANOBIOP HAa CydacHI BHKJIMKH OpraHiqHOl (OTOHIKM Ta moTpeOy B OpraHivyHMX (OTOJETEK-
topax(OPD) i3 po3IIMpeHUM CHEKTPATBHUAM MAiana30HOM i BHCOKOK YYTIMBICTIO Y poOOTI 3ampo-
TIOHOBaHO TiOpHIHI Oe3(dynepeHoBi cucTeMH, 10 00’ €HYIOTh METAIOKOMIUIEKCH (TalOIiaHIHy 3
ioHoM Ni?*" Ta GapBHHUKIB Ha 0CcHOBI GopoH-mumipoMereny (BODIPY). ¥V mpoMy mociimkeHHi po3poo-
JICHO Ta BCEOIYHO OMIHEHO reTepocTpykTypy Ha ocHoBi Hikenb (Il) dramomianiny (NiPC) i HOBO-
cuHTe30BaHOrO cencutaiizepa BODIPY ta bThBODIPY. Bapsuuk bThBODIPY, 1o Hanexuts 10
kiaacy BODIPY, xapakTepu3yeThcsi MAaKCHMyMOM TIOTJIMHAHHS On3bko 510 HM, TOi SIK HOBOCHH-
Te3oBaHui cencuraiizep BODIPY mae makcumym morsmHanss B o6nacti 600 am. O6uiBa GapBHUKH
YTBOPIOIOTH CTAOLTHHI TBEpAl CHONYKA TEMHO-YEPBOHOTO KONBOPY, SKI J0OOpe PO3UHHSIOTHECS B
OpraHiYHUX PO3YMHHHUKAX (TONMyeH, XJIOPOSH30J, TUXJIOPMETaH, XJIopodopM, eThalerar), 3adesme-
4qyioul ()OPMYBaHHS OJHOPITHUX TOHKHUX IUTIBOK, CTIMKHX JI0 IMOJAJBIIOT TepMiuHOI 00poOku. doto-
YyTIHMBICT BUTOTOBJICHHX MPUCTPOIB OLIHIOBAIM HA TOHKOIUTIBKOBHX OPraHiYHUX (POTONETEKTOpax 3
apxitekrypoto ITO/PEDOT:PSS/NiPc:sensitizer:bThBODIPY/BCP/AIl. AxrtuBHuii map ¢dopmyBaiu
METOJIOM LEHTpH(YTyBaHHs, onTuMisyBaBim criBBigHomennss NiPC 1o ceHcuraiizepa Ta 3 Mmicis-
TepMoo6pobKoro. ITix ocBiTieHHsAM cTaHmapTHUM coHsuHMM crektpoM AM 1,5G (100 mBt/em?)
BUTOTOBJICHUH TPUCTPiil NPOJEMOHCTPYBAB CTaOLIbHI (POTOSNEKTPHYHI MapamMeTpy. 30Kpema, 3aroB-
uroBasteHuiA kKoedirtient (fill factor, FF) cranosus 16,4 %, a eheKTHBHICTS MEPETBOPEHHS MOTY)KHOCTI
(power conversion efficiency, PCE) — 0,32 %. Otpumani pe3yIbTaTy MATBEPIKYIOTh BUCOKHIA TOTCH-
mian 6e3dynepernoBux TibpumHux cronyk NiPc-BODIPY s po3uimpeHHst CrieKTpaibHOI 4y TIIHBOCTI
Ta MiABUIICHHS e(EKTUBHOCTI OpraHivHuX (oTomeTekTopiB. Cepel MepCIeKTUBHUX HATIPSMIB 01T
[IAX JOCHIKEHh — MoAM(iKalis MDKIIAPOBUX IHTEP(EHCIB CENCKTUBHUMH Oy(EpHUMH IIapaMH,
PO3pOOICHHST MYJIbTHCEHCHTAH3EPHUX CHCTEM 3 OapBHHKAaMHM, LIO JIOMOBHIOKOTH OJWH OJHOIO, Ta
IHTeTparis CTPYKTYp, 3AaTHUX 3aXOIUTIOBATH BECh BHMMHUM 1 OMIDKHIN iH(padepBOHII CIICKTPH.

Kiro4oBi ciioBa: cemepocmpykmypa, COHAUHI KOMIPKU, OP2aHIYHI hOomooemeKmopu, OpeaniyHi
domoenexmpuuni npucmpoi, noxioni BODIPY, ¢manoyianin nixeno.
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