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ELECTROPHYSICAL PROPERTIES OF HETEROSTRUCTURES
WITH PHTHALOCYANINE LAYERS FOR PHOTOVOLTAIC APPLICATIONS

The article investigates the electrophysical properties of heterostructures based on porous silicon with
deposited layers of copper and lead phthalocyanines, which are promising organic materials for next-
generation photovoltaics. The relevance of the study is driven by the search for inexpensive, flexible, and
stable organic photoconverters capable of complementing or replacing traditional silicon solar cells. The
porous layer was obtained using metal-assisted chemical etching, after which solutions of CuPc and PbPc in
DMSO were applied to the prepared surface. The electrophysical characteristics were examined by impedance
spectroscopy and DC I-V measurements.

1tis shown that the heterostructures exhibit rectifying behavior, however, the conduction mechanisms strongly
depend on the type of central metal in the macrocycle. For the por-Si/CuPc structure, three characteristic
conduction regions were identified, corresponding to thermo—field emission, recombination processes in the
space-charge region, and current limitation by the series resistance. In the case of por-Si/PbPc, the dominance
of series resistance is observed already at ultralow voltages (above 0.006 V), indicating the formation of a
high-resistance interface and poorer transport properties compared to CuPc.

Molecular modeling of CuPc and PbPc presented in the article showed that the lead complex is significantly non-
planar due to the much larger ionic radius of Pb*, whereas CuPc retains a planar conformation. The non-planarity of
PbPc leads to an increase in internal strain within the molecule and worsens energy alignment at the heterojunction,
which correlates with the observed high value of series resistance. Analysis of the frequency dependence of conductivity
confirmed the dominance of the drift mechanism of charge transport up to frequencies of 10° rad/s for both structures.

The obtained results demonstrate the critical role of the central metal in forming energy barriers and
transport properties of por-Si/McPc heterostructures and identify CuPc as a more suitable material for
developing efficient organic—inorganic photoconverters.

Key words: metal-phthalocyanine films, macrocycle, organic heterojunction, porous silicon,
I-V characteristics.
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Enexkrponika

Formulation of the problem. Photovoltaics is
one of the most promising areas of modern energy
production, as it enables the generation of electricity
from a constant and free energy source—the Sun. The
use of solar panels makes it possible to increase the
energy independence of portable devices, individual
buildings, and even entire countries, while not pol-
luting the environment. The main challenges of mod-
ern silicon photovoltaics, which dominates terrestrial
applications, are related to the need to increase effi-
ciency and reduce the production cost of solar cells
in order to ultimately decrease the cost of 1 kWh of
energy [1, p. 2].

In addition, a current societal demand is the devel-
opment of lightweight and flexible photoconverters
capable of powering wearable electronic devices [2].
Therefore, a clear shift has emerged in the field of
photovoltaics—from monocrystalline silicon solar
cells toward devices based on organic analogues.
The use of organic materials in photovoltaic device
fabrication makes it possible to significantly reduce
the temperature of standard technological processes
(vacuum technologies [3, p. 1735; 4, p. 2]), employ
inexpensive synthesis methods (roll-to-roll printing,
solution processing [5, p. 17]), broaden the absorp-
tion spectrum of solar radiation (due to the ability to
modify chemical composition [6, p. 379]), enable the
fabrication of flexible panel designs [5, p.10], and
even achieve integration with textiles [7, p. 3872].

Thus, organic photovoltaic devices open up prom-
ising opportunities for the development of low-cost,
lightweight, flexible, and spectrally adaptable solar
energy systems.

Analysis of recent research and publications.
Modern literature presents studies on various types
of organic materials (electron donors and acceptors)
for use in the active layer of organic solar cells, where
light absorption, exciton generation, and their separa-
tion into free charge carriers occur, determining the
energy conversion efficiency [5, p. 3]. In particular,
the active layer of such a solar cell may include donor
materials such as conjugated polymers [5, p. 7],
merocyanines [8, p. 320], porphyrins [9, p. 20172],
phthalocyanines [10, p. 2], or small donor—acceptor
molecules [11, p. 4].

Among these, phthalocyanines represent one of
the most promising classes of organic semiconduc-
tors for use in organic photovoltaic devices due to
their relatively high thermal stability (they do not
decompose at 300400 °C), chemical stability (resist-
ant to oxygen, moisture, etc.), and photostability
(resistant to UV radiation) [12, p. 16; 13, p. 803]. In
other words, unlike polymers, this material can sig-

nificantly improve the stability of organic solar cells
and, consequently, their service life, which is one of
the main limitations of such devices.

Phthalocyanines are among the few organic
materials well-suited for vacuum deposition, which
ensures high-purity films, precise thickness control at
the nanometer level, and the possibility of obtaining
a crystalline structure [10, p. 5]. Polymeric materials,
which are mostly processed using solution-based
technologies, do not always provide such reproduci-
bility in chemical composition and structure.

Moreover, phthalocyanines allow flexible modi-
fication of their energy levels by incorporating dif-
ferent central metals (Cu, Zn, Co, Fe, Pb) [14, p. 3],
which determines their electrical and optical prop-
erties. Specifically, Cu-doped phthalocyanines have
absorption maxima in the visible range, whereas
Pb-doped phthalocyanines absorb in the infrared (IR)
range, where most polymers do not [15, p. 6]. Clearly,
combining both types of phthalocyanines can signif-
icantly broaden the spectral efficiency of such solar
cells (from UV to IR). Additionally, different central
atoms and synthesis conditions will provide varied
electron transport characteristics [10, p. 4]. Therefore,
establishing the influence of synthesis conditions and
substrate type on the electrophysical properties of
metal-phthalocyanine films requires more detailed
investigation.

Task statement. The aim of the article is to inves-
tigate the electrophysical properties of metal phtha-
locyanine layers on porous silicon and to model
the molecular structure of phthalocyanines in order
to determine the charge transport mechanisms in
organic—inorganic heterojunctions.

Outline of the main material of the study.

Sample preparation. The porous layer was
formed using a two-step metal-assisted chemical
etching method with the following solutions:

1. Silver deposition solution: 68 mg of silver
nitrate (AgNOs) was dissolved in 10 ml of distilled
water, then 4.42 ml of 40% hydrofluoric acid (HF)
was added, and the total volume was brought to 20 ml
with distilled water.

2. Etching solution: 11 ml of 40% HF was added
to 30 ml of distilled water, followed by the addition of
hydrogen peroxide (H20:), and the total volume was
adjusted to 50 ml with distilled water.

The samples were immersed in the first solution
for 20 or 40 seconds to deposit silver particles. After-
ward, all wafers were rinsed with distilled water. Both
groups of samples were then transferred to the second
solution for etching for 45 minutes. After etching, the
wafers were immediately rinsed with distilled water
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and dried in a centrifuge. The formation of porous sil-
icon was visually confirmed by the characteristic red
photoluminescence under UV light. Finally, residual
silver catalyst was removed from the surface by pro-
longed treatment (8 hours) in nitric acid.

Next, solutions of copper and lead phthalocya-
nines were applied to the surface of the porous sili-
con. 5-10™* M solutions of phthalocyanines in dime-
thyl sulfoxide (DMSQO) were prepared and applied
dropwise to the porous silicon surface (0.1 ml/cm?).
DMSO was chosen because it is one of the few highly
polar aprotic solvents capable of overcoming strong
intermolecular interactions (aggregation) between
phthalocyanine macrocycles and maintaining them
on the surface, followed by vacuum drying at room
temperature under 10> mmHg for 24 hours.

Impedance and I-V measurements. The electro-
physical characteristics of the samples were measured
using a modern LCR meter (ROHDE & SCHWARZ
LCX 200) and the Keithley 2450 SMU system, fol-
lowing the methodology described in [16]. For DC
-V and impedance measurements, the contact area
was formed using a thick rectangular indium (In) bar
(2 mmx2 mm). The overall measurement scheme
for the equivalent circuit was as follows: Bottom —
Ag/In/Al/por-Si/McPc/In/Au — Top.

Processing and visualization of experimental data
were performed using the OriginLab software envi-
ronment. The frequency dependence of AC conductiv-
ity was studied in the |Z|-phase mode with automatic
determination of all components of the complex imped-
ance in a parallel equivalent circuit configuration.

The total conductivity (c,,,) consists of DC and AC
components and was calculated using the formula [17]:

St (©) =0 + 0, () (M

For many disordered materials, including organic
semiconductors, the frequency dependence of AC
conductivity, c,(®), follows Jonscher’s universal
power law:

o, (0)= Ao’ 2)

where 4 is a temperature-dependent pre-exponential
factor, and s is a dimensionless exponent, usually in
the range 0 <s <.

Figure 1 shows the -V characteristics of the
investigated por-Si heterostructures in the geometry
Bottom — Ag/In/Al/por-Si/McPc/In/Au — Top with
copper and lead phthalocyanines, presented in linear
(a) and semi-logarithmic (b) scales. From Fig. 1a, it
is evident that the I-V curves are typical for a barrier
structure, and the por-Si/McPc heterojunction exhib-
its rectifying behavior.
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For the por-Si/CuPc structure, the forward-bias
I-V curve on the semi-logarithmic plot (Fig. 1b)
shows three distinct linear regions, indicating a
sequential change of conduction mechanisms. The
low-voltage region (I) corresponds to conduction
via the thermally assisted field emission mechanism
(the rectifying region). The transition to region (II) is
characterized by a decrease in slope, indicating the
dominance of charge carrier recombination in the
space-charge region of the heterojunction. At volt-
ages above 0.29 V, a significant downward bending
of the curve occurs (region III), resulting from current
limitation by the series resistance of the material.

For the por-Si/PbPc structure, the device exhibits
exponential conduction only within a narrow range up
to 0.006 V (linear portion of the [-V curve). At higher
voltages, the curve rapidly deviates from ideal diode
behavior, bending downward. This behavior indicates
a much higher series resistance in the por-Si/PbPc
structure, which becomes dominant even at very low
currents and voltages. This may be related to the poorer
intrinsic conductivity of lead phthalocyanine or to the
formation of a high-resistance layer at the interface.

Fig. 2 shows the AC [-V characteristics of the
investigated por-Si heterostructures in the geome-
try Bottom — Ag/In/Al/por-Si/McPc/In/Au — Top,
presented in the Jonscher projection. For the por-Si/
CuPc structure (Fig. 2a) and the por-Si/PbPc structure
(Fig. 2b), the DC component in Jonscher’s power law
is observed up to frequencies of 10° rad/s, indicating
the dominance of charge carrier drift over accumula-
tion processes at interfaces or traps.

Structural modeling. The molecular structures of
Cu and Pb phthalocyanines were built using Chem3D
through structure optimization by minimizing the
total potential energy of the molecule (MM2 mini-
mization). The HOMO and LUMO energy levels
were obtained using Chem3D’s built-in Extended
Hiickel computational algorithm. For CuPc, the val-
ues were: LUMO = —4.02 eV; HOMO = —4.452 eV.
For PbPc, the values were: LUMO = —4.526 €V;
HOMO = —-4.58 eV. The electronic structures of the
HOMO and LUMO of CuPc¢, ZnPc, FePc, TiOPc, and
PbPc are presented in [19], and CuPc alone was cal-
culated using the DFT method in Gaussian09 [18].

Figure 3 shows the three-dimensional models of
the copper and lead phthalocyanine macrocycles. For
PbPc, before energy minimization, the Pb atom was
manually placed at the center of the macrocycle to
preserve planarity during the initial structural setup.
However, after geometry optimization and energy
minimization, the calculation algorithm displaced the
Pb atom relative to the plane of the molecule.
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Fig. 1. Current—voltage characteristics of the investigated por-Si heterostructures with copper
and lead phthalocyanines in linear (a) and semi-logarithmic (b) representation
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Fig. 2. AC current—voltage characteristics of the investigated por-Si heterostructures with copper (a)
and lead (b) phthalocyanines, presented in the Jonscher projection
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Fig. 3. Three-dimensional models of the copper (CuPc) and lead (PbPc) phthalocyanine macrocycles
in different projections

The figure shows the resulting structures of CuPc
and PbPc obtained after minimizing the total energy
of each individual molecule. It is evident that the Pb
atom is positioned above the plane of the macrocycle.
This is due to the ionic radius of Pb?* (=119 pm) being
significantly larger than that of Cu*" (=73 pm), so the
lead atom cannot geometrically fit into the internal
cavity of the phthalocyanine macrocycle, which con-

sists of four indole fragments condensed into a flat
aromatic heterostructure. Due to the oversized Pb**
ion, the macrocycle cannot maintain planar coordina-
tion with the nitrogen atoms, resulting in pronounced
non-planarity (out-of-plane displacement) for the
PbPc complex.

Thus, the significantly larger size of the lead ion
induces considerable strain in the molecule, increas-
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ing the total energy of the complex and making the
planar conformation energetically unstable. In con-
trast, the smaller copper ion fits perfectly into the cen-
tral cavity, minimizing strain and stabilizing a planar
geometry. For PbPc, displacement out of the plane
and adoption of a non-planar conformation is ener-
getically favorable. This deformation relieves inter-
nal strain and achieves a more stable configuration,
despite weakening and elongating the Pb—N bonds
compared to the in-plane Cu—N bonds.

The planarity of the macrocycle determines the
degree of ideality of the Ag/In/Al/por-Si/McPc/In/Au
heterojunction, which directly affects charge trans-
port across the interface. A schematic representation
of charge transport in a p-type organic semiconductor,
based on the percolation model with variable-range
hopping and multiple trapping—release mechanisms,
is described in [18]. It is based on the relative posi-
tions of the LUMO and HOMO levels of the organic
semiconductor with respect to the conduction and
valence bands of porous silicon.

Considering that the structure uses porous silicon
with crystallite sizes not exceeding 2.8 nm (to observe
photoluminescence and ensure sufficient electron
transport through the porous layer), the quantum con-
finement effect becomes dominant [20]. This signifi-
cantly increases the bandgap and reduces the electron
affinity to values in the range of 3.0-3.5 eV (compared
to 4.05 eV for bulk Si according to tabulated data).

This critical factor alters the injection picture: the
LUMO levels of both CuPc (—4.02 eV) and PbPc
(—4.526 eV) are lower in energy than the reduced
electron affinity of PS (3.0-3.5 eV), creating favora-
ble conditions for electron injection from PS into the
LUMO of the organic layer. Meanwhile, the HOMO
levels of both macrocycles lie above the valence band
of porous silicon, forming a potential barrier for hole
injection.

This explains the observed non-ideal diode behav-
ior and the early dominance of series resistance (par-
ticularly for PS/PbPc), since charge transport in for-

ward bias is limited not by ideal Shockley diffusion
but by thermal activation over these injection barriers
and trap-controlled mechanisms.

Conclusions. A critical influence of the central
metal on the morphology and energy alignment of
the heterojunctions has been established. Modeling
showed that due to the large ionic radius of Pb*',
unlike Cu?', the lead phthalocyanine complex (PbPc)
adopts a pronounced non-planar conformation. Anal-
ysis of the DC I-V characteristics revealed that this
structural mismatch correlates with a significantly
higher series resistance in the por-Si/PbPc structure,
which dominates at voltages above 0.006 V, indicat-
ing the formation of a high-resistance interfacial layer
and/or poorer intrinsic conductivity of the organic
film compared to por-Si/CuPc.

The DC I-V analysis identified a sequential
change in conduction mechanisms for CuPc and a
limited diode behavior for PbPc. For the por-Si/CuPc
structure, the I-V curve shows three distinct linear
regions: (I) thermally assisted field emission (rectifi-
cation), (II) recombination in the space-charge region
(decrease in slope), and (III) current limitation by
series resistance. In contrast, the rapid deviation from
ideal diode behavior in por-Si/PbPc indicates early
dominance of series resistance, which, combined
with injection energy barriers (due to the reduced
electron affinity of PS, 3.0-3.5 eV), suggests that
charge transport is limited by thermal activation over
barriers and/or trap-controlled mechanisms, consist-
ent with the percolation model.
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Cemenenko M.O., OoyxoBa T.1O., KoBaas B.M., KpaBuenko C.O., Yonuk B.B., CapikoB A.B.
EJIEKTPO®I3ZUYHI BJIACTUBOCTITETEPOCTPYKTYP 3 HIAPAMU ®TAJIOIIAHIHIB
JIJISI ®OTOBAJIBTOIYHOI'O 3BACTOCYBAHHSA

Y cmammi Oocniooiceno enexmpoghizuuni eracmugocmi 2emepocmpykmyp HA OCHO8I NOPUCMO20
KPeMHII0 3 HAHeCeHUMU wiapamu Qmanoyianinie mioi ma ceuHylo, Wo € NePCneKMUGHUMU OPeaAHIYHUMU
mamepianamu 015 homosoIbMAaiKu HOB020 NOKOMIHHA. AKMYanbHICb 00CHIONCEHHS 3YMOBILEHA NOULYKOM
HeO0po2UX, eHYYKUX ma cmabilbHUX OpeaniuHux homonepemeopiosayis, 30amuux 00NoGHUMU ado 3aMiHUMuU
Mpaouyiiini Kpemuicsi consuni enemenmu. Ompumanis NOPUCmMo20 wapy 30IUCHIOBANU MeMOOOM Mema-
CIMUMYTbOBAHO20 MPABILEHHS, NICISA Y020 HA Ni020mosieHy nosepxtio Harocuiu posuunu CuPc ma PbPc y
JIMCO. Enexmpoghizuuni xapaxmepucmuku 00CAiodNcy8anu 3a 00NOM0o20i0 IMNeOaHCHOI cnekmpockonii ma
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sumiprosannsi DC BAX. Iloxazano, wo eemepocmpykmypu 0emoncmpyioms SURPAMIAIOYY NOGEOIHKY, npome
MexXanizmu npoioHOCMI ICIMOMHO 3A71eHCams 6i0 8UOY YEHMPATLHO2O MEMALY Y MAKPOYUKL. [l cmpykmypu
por-Si/CuPc susigneno mpu xapaxmepui oonacmi npogioHoCmi, wjo 6i0n06i0army MmepmiuHo-noIb08Il eMici,
PeKoMOIHayiHuM npoyecam y 001acmi npocmopo8oco 3apady ma JiMimayii cmpymy nOCAiO08HUM ONOPOM.
Y eunaoxy por-Si/PbPc 6cmanognieno 0oMiny8anus nociioo6H020 0Nopy ice 3a HAOHU3LKUX Hanpye (nonao
0.006 B), wo c6ioyums npo ¢opmysanns 6UCOKOOMHO20 iHmepghelicy ma 2ipuii mpancnopmui 1acmugocni
nopisnano 3 CuPc. Hasedene 6 cmammi monexynsapne mooenoganns CuPc i PbPc nokazano, wo komniexc
CBUHYIO € CYMMEBD HENIAHAPHUM Hepe3 3HAYHO Oinbuuil ionHuil padiyc Pb?', mooi ax CuPc 36epicae
niocky xougpopmayiro. Hennanapnicme PbPc 3ymosnioe 30invuieniss GHYmMpiHb0i Hanpyau 6 MOaeKy1i ma
NO2IPUIEHHS eHep2emUUHO20 BUPIGHIOBANHS HA 2emeponepexooi, W0 KOpenioe 3i CHOCMEPEeICeHOI0 BUCOKOIO
BEUYUHOIO NOCAIO08HO20 ONOPY. AHANI3 YACMOMHOL 3ANEHCHOCII NPOGIOHOCMI NIOMBEEPOUE OOMIHYBAHHS
opetighosozo mexarnizmy mpancnopmy 3apsoy 0o wacmom 10° pad/c onst 06ox cmpyxkmyp. Ompumani 6 cmammi
pe3ynomamu 0eMOHCMPYIOMb KPUMUYHY PONb YEHMPATbHO20 Memaiy y hopmMyeanHi enepeemuyHux oap 'epie
i mpancnopmuux enacmusocmetl cemepocmpykmyp por-Si/McPc ma euznauarome CuPc sk 6inow npuoammnuii
mamepian 015l CMEopenHs epeKmMUBHUX OP2aAHIUHO-HEOP2AHIUHUX homonepemeopiosauis.

Kniouosi cnoea: nnieku meman-gpmanoyuaninie, Makpoyuki, OpaHidHUll 2emeponepexoo, nopucmull
KpPeMHill, 80/IbM-AMNePH XapaKmepucmuKu.
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