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Abstract

The purpose of this study is to analyze the photovoltaic (PV) parameters of TiO,/CN-i/SiO,/p-Si and TiO,/SiO,/p-Si semi-
conductor/insulator/semiconductor (SIS) solar cells (SCs). The organic semiconductor selected was the phenanthroimidazole-
imine derivative (CN-i). The TiO, thin film showed the anatase phase, with (101) and (004) characteristic reflections in
x-ray diffraction (XRD) measurements. The optical bandgaps of TiO, and CN-i thin films are calculated as 3.38 eV and 2.
76 eV from UV-Vis spectra. To characterize the PV properties, the samples are irradiated through the transparent TiO,/CN-i
double layers, and the parameters are obtained from J-V (current density—voltage) measurements in dark and under different
illumination intensities; 10 mW/cm?, 15 mW/cm?, 25 mW/cm?2, 50 mW/cm?2, 100 mW/cm?2. The current density increased
considerably, ensuring a good PV conversion. Fill factor (FF) also increased from 55.12% to 69.10 % after inserting the CN-i
dye under 100 mW/cm? illumination. Also, the ionization energy level, electron affinity, and photoconductivity values are
obtained by photoemission yield spectroscopy and photoconductivity measurements. Transient photocurrent plots are ana-
lyzed and the device illuminated at 100 mW/cm? demonstrates an outstanding power conversion efficiency (PCE) of 18.24%
with supported incident photon-to-current efficiency (IPCE) data and transient photocurrent traces in the same conditions.

Keywords Phenanthroimidazole-imine derivatives - organic solar cell (OSC) - photoelectrical characterization - SIS

structures

Introduction

Organic n-conjugated compounds have recently attracted
significant interest in optoelectronic research owing to their
easily tunable photophysical and electrochemical character-
istics as well as the availability of practical synthetic routes.'
Establishing clear correlations between molecular structures
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and resulting properties is essential to developing materials
that exhibit desirable optical, electrochemical, and thermal
behaviors, which are crucial for applications in organic light-
emitting diodes (OLEDs),>? organic photovoltaics (OPVs),°
organic field-effect transistors (OFETS),7 molecular sensors,
and nonlinear optical devices.® Although phenanthroimi-
dazole derivatives have been extensively investigated for
OLED applications, their potential for photovoltaic purposes
has been largely overlooked, with the majority of research
remaining OLED-centered.” !

In this study, we introduce a new semiconductor—insula-
tor—semiconductor (SIS) solar cell (SC) design that inte-
grates organic semiconductors with inorganic counterparts.
Compared with Schottky or MIS architecture, SIS structures
are more stable and typically provide superior performance.
This improvement arises from the suppression of majority
carrier tunneling, the elimination of thin metallic layers that
not only absorb incident light but also degrade mechani-
cally, and the ability to select wide conductivity ranges
and suitable bandgaps in the top layer. Moreover, the top
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semiconductor thin film functions simultaneously as an
antireflection coating, a transparent window with low series
resistance, and an effective charge-collecting layer. '

The diffusion process commonly employed in conven-
tional solar cell production is complicated, requiring both
high processing temperatures and significant costs. In con-
trast, Schottky solar cells can be fabricated at relatively low
temperatures and with reduced expenditure. In such devices,
two critical factors govern performance: the difference in
work function between the base semiconductor and the
metal or TCO contact, and the thickness of the interfacial
layer, since electron transport across this interface proceeds
mainly by tunneling.!” The operating principle of the SIS
structure is depicted in Fig. 1, where the thickness of the
front layer—here titanium dioxide (TiO,) and the organic
dye 4-(1-butyl-1H-phenanthro[9,10-d]imidazol-2-yl)-N-
(4-cyanobenzylidine)aniline (CN-i)—plays a decisive role
in the extent of solar radiation absorption, being governed by
both absorption and reflection phenomena. Optimal thick-
ness values must be chosen for these front layers so as to
minimize reflectance in the spectral region corresponding to
the highest sensitivity of the TiO,/Si0,/Si solar cell.

The overall performance of SIS devices depends strongly
on the thickness of the insulating SiO, film located at the
TCO-Si interface. This interlayer enhances the barrier
height of the junction while simultaneously lowering the
saturation current. To enable efficient tunneling of charge
carriers, the SiO, film must be sufficiently thin and electri-
cally transparent; in practice, its thickness should not exceed
a few tens of angstroms.'®"?> The choice of SiO, as a buffer
layer is motivated by three advantages: (i) thermally grown
Si0O, on silicon forms a natural oxide with low interface
state density (<1 X 10" cm™2 eV, (ii) the Si0O, surface
provides an excellent template for the deposition of organic
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thin films such as CN-i, and (iii) the insulating properties
of SiO, help suppress carrier recombination at the interface
while enhancing the device’s photoconductive response.

Within this framework, TiO, is widely utilized as a
wide-bandgap semiconductor in ultraviolet photodetec-
tors; however, its use in visible photodetection remains
limited.?>?* Several strategies have been reported to reduce
the bandgap of TiO,, including dye or quantum dot sensi-
tization,? cation/metal/anion doping,26 ion implantation,27
and heterojunction engineering.?® Silicon, with its narrow
bandgap of 1.1 eV, and TiO,, with a wide bandgap of about
3.2 eV,? form a contact that effectively reduces the over-
all optical bandgap. This aligns with the general principle
that efficient solar absorbers should have a bandgap in the
1.0-1.7 eV range to capture a broad portion of the solar
spectrum. Beyond bandgap considerations, however, effec-
tive solar absorbers must also support conduction pathways
that minimize recombination losses.

In this context, the organic dye CN-i** was chosen for its
ease of synthesis, structural stability, and favorable opto-
electronic properties. CN-i exhibits strong intermolecular
n—r stacking, a rigid coplanar backbone, and a symmetric
molecular configuration, all of which enhance charge trans-
port, reduce recombination, and stabilize carrier lifetimes.
The cyano group acts as an effective bridge between donor
and acceptor units, decreasing torsional angles and finely
tuning the electronic properties of the chromophore.

When incorporated as the third layer in the SIS structure,
CN-i provides an energy alignment mechanism by serving
as a “staircase,” guiding electron transfer across the device
with improved control. With highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels of 5.44 eV and 2.67 eV, respectively, CN-i
enhances absorption and charge mobility while reducing
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Fig.1 Energy band diagram of (a) TiO,/SiO,/p-Si (b) TiO,/ CN-i/SiO,/p-Si heterojunction device.
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recombination losses. Furthermore, the close work function
compatibility of TiO, (3.38 eV) and CN-i (2.76 eV, both
values derived from the onset of UV—Vis absorption spectra
using Planck’s relation)'>!® establishes favorable band bend-
ing and improved carrier transport, leading to higher current
conduction and better efficiency. This integration suppresses
drawbacks such as insufficient absorption and short carrier
lifetimes, resulting in a more robust photovoltaic response.

In the past few decades, the development of novel
organic semiconductors incorporating long alkyl chains has
advanced rapidly, enabling the design of new optoelectronic
devices.>'73* Among these, heteroaromatic five- and six-
membered rings are particularly attractive as n-conjugated
building blocks, acting as donors or acceptors and improv-
ing overall polarizability. ™% Within this context, imida-
zole-based systems are especially relevant owing to their
intriguing optical and electrical properties arising from their
conjugated chromophores. The imidazole ring contains two
distinct nitrogen atoms that create chemically stable hetero-
cycles with tunable electronic structures, allowing straight-
forward synthesis and functionalization.’*=*! In the present
study, we employ a phenanthroimidazole-imine derivative
(CN-1) as the donor material in SIS solar cells, which has
been proposed as a cost-effective route for photovoltaic
energy conversion.

Following more than two decades of limited exploration,
SIS-type solar cells have regained attention as crystalline Si
technologies approach their practical limits. In parallel, two-
dimensional materials such as graphene have emerged as
promising candidates for SIS devices, leading to demonstra-
tions of graphene-based*? and ZnO-based** SIS solar cells.
Theoretical calculations predict that ZnO/Si0,/Si devices
could achieve efficiencies as high as 25%,* stimulating
the pursuit of advanced architectures including core—shell
SIS configurations® and dye-sensitized approaches.*®*’
Jiang and co-workers, for example, reported significant
improvements in ITO/ITOH/Si heterojunction solar cells
fabricated by radio frequency (RF) magnetron sputtering,
where hydrogen incorporation reduced resistance after
annealing and raised the fill factor, yielding a maximum
efficiency of 17.5%.*% Similarly, efficiencies of 10.8% and
12.2% under AMO and AM2 illumination, respectively, have
been reported for ITO-SiOx—n-Si SIS devices.* Untila and
colleagues>®3 further demonstrated bifacial SIS/Si homo-
junctions with efficiencies up to 16.6%. More recently, an
upper efficiency limit of 23.6% has been proposed for car-
rier-selective ITO/SiO,/Si SIS structures.>*

Despite these advances, SIS solar cells are often limited
by the relatively short lifespan of transparent conducting
oxides and the large bandgaps of candidate materials. To
overcome these barriers, researchers have sought to tune
bandgaps in materials such as ZnO’> and graphene,>®-’
while surface engineering techniques have been applied to

reduce recombination velocities and extend minority car-
rier lifetimes.*® For instance, Kumar et al. (2020) reported
MoS,/AIN/Si heterojunctions in which an ultrathin AIN
layer boosted device efficiency from 2.92% to 3.53% by sup-
pressing static charge transfer and enabling improved Fermi
level alignment. In parallel, strategies involving advanced
TiO,-based electrodes and molecular light collectors have
introduced new design paradigms for next-generation
photovoltaics.%-6?

As reflected in these studies, fabrication of MIS and SIS
devices is often simpler than that of diffused junctions.
Nevertheless, these processes remain more complex than
standard p—n junction technologies, and MIS/SIS configu-
rations are not necessarily cost-effective unless fabricated
using nonvacuum approaches. Moreover, their commercial
viability depends on achieving device efficiencies competi-
tive with diffused cells. Although theoretical efficiencies for
MIS/SIS designs slightly exceed those of diffused junctions,
experimentally reported values remain modest. Therefore,
consistent realization of high efficiency remains a primary
challenge. Further research into degradation mechanisms,
interfacial oxide properties, conductive oxide reactions, and
large-scale fabrication methodologies is essential to advance
this field.

In the present work, we report a new phenanthroim-
idazole-imine dye (CN-i) designed for integration in SIS
solar cells to enhance charge mobility, accelerate electron
transport, and improve extraction efficiency. Our device
configuration, TiO,/CN-i/Si0,/Si, is compared against a
reference TiO,/SiO,/Si structure to assess the influence of
CN-i on photovoltaic performance. We investigate how the
HOMO-LUMO levels of CN-i alter charge transport under
dark and illuminated conditions and evaluate their impact on
key device parameters including fill factor, power conversion
efficiency, incident photon-to-current conversion efficiency
(IPCE), transient photocurrent, photoemission yield spec-
troscopy, and photoconductivity.

Experimental
Preparation of CN-i /SiO,/Si Heterojunction

The Si substrate (size 7 mm X 7 mm) used in this work is a
p-type semiconductor with resistivity of 10.4 Q cm meas-
ured by Four-Point probes and a thickness of 500 pm. Before
preparing the CN-i film, the molecular structure, given in
Scheme 1, of the Si substrate was ultrasonically cleaned in
sequence with acetone, ethanol, and deionized water, which
retains the native oxide layer (~1.0 nm) over the Si surface.
Then CN-i obtained from a homogeneous solution in chlo-
roform (~10 mg/ml) organic film was deposited on the SiO,
layer by the spin-coating method (1000 rpm, 60s) and dried
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n-Bu
Scheme 1 Molecular structure of CN-i compound, data from Ref.30.

in a vacuum oven at 50°C for 24 h. The CN-i layer thickness
was directly measured by spectroscopic ellipsometry prior
to TiO, deposition. Ellipsometric measurements were per-
formed on CN-i films deposited on Si/SiO, substrates under
identical spin-coating conditions. In addition, the spin-coat-
ing process was monitored in situ using the built-in thickness
monitoring system to ensure high reproducibility between
samples. While ellipsometry provides effective optical thick-
ness rather than a purely geometric one, this approach is
well suited for ultrathin organic interlayers and is commonly
employed in SIS device studies. The CN-i layer thickness
(~3 nm) was kept approximately constant to emphasize its
interfacial role rather than bulk absorption, and the selected
deposition conditions were found to yield reproducible and
near-optimal device performance.

TiO, thin films were deposited onto CN-i film (CN-
i-Ti0,) by re-active magnetron sputtering in the High-
Power Impulse Magnetron Sputtering (HiPIMS) mode
in a single stage process from a 99.5% pure Ti target
(300 mm x 100 mm) in an argon/oxygen atmosphere (3.0
sccm O, and 50 sccm Ar) at a pressure of 0.5 Pa. The oxy-
gen flow rate was controlled by optical emission monitoring
to provide stoichiometric TiO, (~60 nm thickness obtained
with spectroscopic ellipsometry) coatings. The HiPIMS
power was operated at 700 Hz pulse frequency with a 40 ps
duration pulse and the voltage was set to 500 V. This resulted
in a time averaged power at~1.5 kW. The coatings were
deposited on the CN-i film, which were ultrasonically pre-
cleaned in propanol prior to deposition. The substrates were
mounted on a rotating drum substrate holder (1 m circum-
ference) that was electrically floating. The deposition time
was ~1 h for the samples. Al back and Au (~700 nm) front
contacts were obtained with reactive magnetron sputtering.
The energy band diagrams of TiO,/SiO,/p-Si and TiO,/ CN-i
/Si0,/p-Si heterojunction devices are shown in Fig. 1a, b.

Current density—voltage measurements were carried out
in ambient air under AM 1.5G illumination using a self-
calibrating Scientech model solar simulator, SL-60A-WS
(On N6N1R3, Canada). An X200 source meter (Ossila,
Sheffield, UK) was used to evaluate solar cell performance
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(scan speed 100 mV s71). A mask was used to limit the
active solar cell area to 0.16 cm”. Transient photocurrent
measurements were performed at 293 K on an optimized
device at short circuit and at an applied bias of —1 V.

Results and Discussion
Structural and Morphological Characterization

In order to investigate the structural properties of TiO,
thin films, the XRD measurements was performed over the
range 20°-80° and the spectra are presented in Fig. 2. It
can be seen that the pure TiO, thin film was in the anatase
crystal plane with (101) and (004) reflections, exhibit-
ing characteristic peaks consistent with the JCPDS card
no: 21-1272 (anatase TiO,); (101) preferred orientation
at 20=26.41° and 20=36.33°. According to Scherrer’s
Equation (D= 0.94/Cos0),** the crystallite sizes (D) were
obtained as 24.36 nm and 19.38 nm. The relative peak
intensity shows a good crystallinity and planar organiza-
tion to enable a good film growth over it. The inset shows
the scanning electron microscopy (SEM) images (see
Fig. 2) confirming that CN-i organic addition achieved a
controlled all blended structural (TiO,/CN-i) arrangement
and uniform film morphology by inhibiting the disordered
crystal growth and providing homogeneous nucleation
sites. As we see from the SEM images, as the magnifica-
tion ratio increases, the granular formation becomes more
evident and more compact. The size of the crystallites
seem to be in the sub-micrometer range and of the same
order as was estimated by the x-ray diffraction (XRD)
peaks. While this formation increases regularity, the film
quality also increases. This will ensure better performance
of the layers in device fabrication.
Phenanthroimidazoles containing an amino group
form phenanthroimidazole imine compounds through the
condensation of this amino group with various aldehyde
derivatives. These compounds can be easily synthesized in
a single step and obtained with high yields. The presence
of donor and acceptor groups in the CN-i molecule, along
with the high = electron density of the phenanthroimida-
zole ring used as the donor group, increases the electron
mobility in the structure. Additionally, the high photosta-
bility of these compounds under UV light and their high
Stokes shift values provide an advantage for their use in
solar cells. The fact that they can be synthesized in a single
step with simple aldehyde derivatives also reduces pro-
duction costs. These features make phenanthroimidazole
derivatives more attractive compounds compared with
other phenanthroimidazole-based molecules in literature.
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Fig.2 X-ray diffraction patterns of TiO, thin films with inset scanning electron microscopy (SEM) image.

Photovoltaic Properties

The optical bandgaps of TiO, and CN-i thin film layers were
obtained from the onset of UV—Vis absorption spectra by the
Planck hypothesis formula as 3.38 eV (367 nm) and 2. 76 eV
(450 nm), respectively (see Fig. 3). These values are key
parameters to set an ideal energy balance for the structure
of SIS SC device as exhibited in Fig. 1.

TiO, is an active material with high electron mobility
and high photonic performance. PV performance is mostly
promoted by its power-conversion efficiency (PCE) which
is determined by many essences including light harvesting,
the exciton diffusion length, and separation/transportation/
collection by defined electrodes in SC design. Energy gap
values mostly depend on the crystal structure of the film and
also the positions and alignment of atoms in the crystal lat-
tice and are inevitably affected by crystal disorder.

On the other hand, another issue we expect is CN-i to
show a similar absorption compared with TiO,. With their
ideal optical properties, these two TiO, and CN-i contribute
to the charge transmission by completing their works in this
multi-structure correctly, and this is supported by detailed
data below (Table I). By adding CN-i, the current density
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Fig.3 Absorption spectra of CN-i and TiO, thin films.

|
475 500

@ Springer



S.F.Varol et al.

Table| Comparison of TiO, and TiO,/ CN-i double films

Material p (Q.cm) n (cm’3) u (cmz/Vs)
TiO, 4.451x1072 7.385x 108 2.8
TiO,/ CN-i 1.983x107° 5216x 10" 16.4

was increased considerably, ensuring a good photovoltaic
conversion.

This finding suggested that electron transfer is becoming
better and faster through binary structure (TiO, and CN-i)
when compared with single film (TiO,). The closely stacked
binary layers showed a synergetic effect by adjusting the
Fermi levels by leading more electrons to pass easily. To a
large extent, the performance of the SCs is dictated by their
efficiency in extracting the photogenerated charge, which is
related to the charge carrier mobility in the photoactive layer.

In addition, Hall effect measurement (Accent HL5500pc)
were obtained at room temperature. The resistivity (p) of the
TiO,/CN-i double films (1.983 x 107> Q.cm) is much lower
than that of TiO, film (4.451 x 1072 Q.cm) (Table I). Carrier
concentration (n) and mobility (u) values also show that the
double layer device construction is completely in favor of
the device in terms of performance.

Table I also compares the electrical properties of pris-
tine TiO, and TiO,/CN-i double-layer films. The reference
TiO, film exhibits a resistivity of 4.45x 1072 Q-cm, a carrier
concentration of 7.38 x 10'® cm™3, and electron mobility of
2.8 cm>V~!.s7! which fall well within the typical ranges
reported for spin-coated or sputtered TiO, electron transport
layers in thin-film photovoltaic applications.®>%8

Upon the incorporation of the ultrathin CN-i inter-
layer, the resistivity decreased dramatically by more than

three orders of magnitude to 1.98 x 107> Q-cm, accompa-
nied by a significant increase in carrier concentration to
5.21x 10" cm™ and an enhancement of electron mobility
to 16.4 cm?V~1.s~!. Such simultaneous improvements in
carrier density and mobility are comparable to, or exceed,
values reported for TiO, modified with organic interlayers
(e.g., PEI, conjugated molecules) or doped TiO, systems,
where interface engineering has been shown to reduce
transport barriers and suppress interfacial recombination.

The closely stacked binary layers showed a synergetic
effect by leading more electrons to pass. A CN-i deriva-
tive, chosen as an organic semiconductor, includes a phen-
anthroimidazole ring as an electron donor and a cyano
group as an electron acceptor, which are connected to
each other by an imine bridge. The effects of the electron
donor—acceptor groups and the long-conjugated system led
to enhanced electron mobility, resulting in more efficient
power output and higher efficiency.

In addition to these findings, ultra-high vacuum and
complex equipment is not needed in photoelectron emis-
sion spectroscopy (PES) and photoconductivity measure-
ments were also conducted (Fig. 4a, b). We conducted the
measurements carried out in a vacuum (2 x 10™> mbar)
using a self-constructed system involving a laser-driven
light source, white light source, monochromator, and
Keithley electrometer (used as a voltage source and for
electric current measurements). The same equipment was
employed for photoconductivity measurements as in pho-
toelectron emission spectroscopy.

The ionization energy was determined from the spectral
dependence of photoelectron emission yield, identified as
the threshold energy at which the yield increases rapidly.
Photoemission yield Y(hv) can be derived as:

6.5E-4 0.06
(b)
5.5E-4 0.05
v
‘@ 4.5E-4 oL 0.04
£ =
= =
—_— hv] L
g 3.5E-4 f) 0.03
Ly L
N 0
> 2.5E-4 S 0.02
(<ol
1.5E-4 0.01 - i
5.0E-5 0 ‘ ‘ ‘
35 4 45 5 55 6 65 7 15 1.5 2 2.5 3 3.5 4 45
hv (eV) hv (eV)

Fig.4 The spectra for CN-i. (a) Photoelectron emission and (b) photoconductivity.
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Y(h) = Pi) e))

where N(hv) is the number of emitted electrons and P(hv)
is the number of incident photons with energy hv. Close to
the threshold energy, the photoemission efficiency is directly
related to the difference between the photon energy and

the value of the ionization energy level; Y(h) o (hv — 1)2.
To obtain the ionization energy level value of the CN-i
dye, the Y(hv)*” dependence on photon energy was plot-
ted (see Fig. 4a). It was found that after 5.44 eV, the pho-
toemission yield increased linearly. This value is subse-
quently regarded as the ionization energy (/) level of CN-i
(HOMO = -1=-5.44¢V).

When the energy gap and the ionization energy (I) level
value was known, it was possible to calculate the electron
affinity level value®-°:

EA = 1-Eg. )

The actual energy difference between the ionization
energy level of the donor molecule and the electron affin-
ity level of the acceptor molecule was found with the
photoconductivity measurement of the bulk heterojunc-
tion (donor:acceptor) structure. To obtain the E, value of
the CN-i dye, the f(hv)*> spectral dependence was plot-
ted, as seen in Fig. 4b. The bandgap energy E, value was
determined by extrapolating the straight line portion of
B(hv)?” versus hv plot as the threshold energy. Photo-
conductivity efficiency, f(hv) is nonlinearly proportional

In dark

AN
llllllllllllllllllllllllllllllll
g

to the difference between the photon energy and gap
energy: (hv) « (hv — Eg)*°. In this case, the gap value
was determined to be 2.77 eV, placing the electron affin-
ity at 2.67 eV. This also refers to the LUMO energy level,
LUMO =-2.67 eV. This obtained bandgap is too close to
the value obtained from the UV—Vis absorption spectra
at2.76 eV.

A black tape mask under standard global AM 1.5 solar
conditions (see Fig. 5) was used to measure current den-
sity—voltage (J-V) characteristics (see Fig. 6) and the inci-
dent photon-to-current conversion efficiency (IPCE) spectra
(see Fig. 7). The device at 100 mW/cm? showed the best
performance, with a maximum photocurrent density (J ) of
27.5 mA/cm?, an open circuit voltage (V) of 0.96 V, and a
fill factor (FF) of 69.10 %, yielding an overall cell efficiency
(PCE) of 18.24%. For a precise comparison, TiO,/SiO,/p-
Si and the illuminated devices were also fabricated under
the same conditions; performance tests of TiO,/SiO,/p-Si
resulted in the following respective values: J ., 11.52 mA/
cm? and V,,, 0.48, as summarized in Table IL.

The efficiency of the the illuminated devices indicate
that the phenanthroimidazole unit is an efficient electron
donor. The short-circuit photocurrent density increased in
the order of illumination at 100 mA/cm*> 50 mA/cm*> 25
mA/cm?> 15 mA/cm? > 10 mA/cm? because of the better
light-harvesting ability of high illumination compared with
low illumination. The TiO,/Si0O,/Si device seemed to have
the lowest photoconversion performance when we control
the CN-i effect. The current of the TiO,/CN-i/Si0,/p-Si
heterojunction exhibited more carrier transport through the

i

lllllllllll’lllll-

Under illumination

Fig.5 Schematic setup of I-V measurement of SIS solar cells in dark conditiond and under illumination.
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Fig. 6 Effect of illumination intensity on J-V characteristics of TiO,/
Si0,/Si and TiO,/CN-i/SiO,/Si SIS solar cells (The dark J-V charac-
teristics are included to highlight rectification behavior and interface-
controlled transport in SIS devices).
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Fig. 7 Incident photon-to-current efficiency (IPCE)-wavelength char-
acteristics of TiO,/CN-i/SiO,/Si under different illumination intensi-
ties.

ultrathin organic layer (CN-i) via direct tunneling phenom-
enon under AM 1.5 solar conditions according to the TiO,/
Si0,/p-Si device. As long as it is exposed to light, sample
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Table Il Photovoltaic parameters of TiO,/CN-i/SiO,/Si and TiO,/
Si0,/Si devices under different illumination intensities

SIS device Ilumination Jo V. FF PCE
intensity mW/  (mA/em®) (V) (%) (%)
cm?)

10 14.8 0.53 60.31 4.73

TiO,/ CN-i/SiO,/ 15 16.8 0.65 60.21 6.57

Si
25 21.7 0.76 75.36 12.42
50 23.8 0.84 66.04 13.20
100 (1 sun) 27.5 0.96 69.10 18.24
In dark 0.34 0.17 26.53 1.54
TiO,/Si0,/Si 100 (1 sun) 11.52 0.48 55.12  3.04

areas covered with the transparent photoresist were capped
by a shadow mask to prevent charge carrier generation out-
side the active area.

The meaningful change in the V. value of the SIS hetero-
junction can be attributed to the built-in potential increase,
as confirmed by the increase in the threshold voltage under
100 mW/cm? illumination. This change in J,, could be attrib-
uted to a reduction in the static charge carrier recombination
and carrying out a better carrier transport with the CN-i
contribution. Fill factor (FF) also increased from 55.12%
to 69.10% after inserting the CN-i organic layer at the same
illumination intensity; 100 mW/cm? (see Table II). The FF
of the devices was calculated using Eq. 3 below!:

- ISCVDC (3)
where P, is the maximum power delivered by the

device. The efficiencies of the SIS heterojunction device
are calculated as in Eq. (4):

VoctscFF
n= %xloo% 4)

in

Where P;,, input power; a particular value of current
and voltage, respectively. The PCEs for illumination at 10
mW/cm? and 100 mW/cm? in the TiO,/CN-i/SiO,/Si and
Ti0,/Si0,/Si devices were 4.73% and 18.24%, respectively.
The significant difference for PCE could be ascribed to the
improved FF, J.., and V. for the SIS heterojunction com-
pared with the conventional TiO,/Si0,/Si junction.
Although the literature on experimental SIS devices with
ultrathin insulating interlayers remains limited compared
with conventional p—n and heterojunction PV technologies,
both experimental and simulation studies indicate that SIS-
and tunnel-oxide-based structures can support moderately
high efficiencies when designed for optimized interface ener-
getics. For example, simulation work on TiO,/insulator/Si
SIS structures reports that careful control of the insulating
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layer and band alignment can yield projected efficiencies
in excess of 20-30% under ideal conditions, with high
open-circuit voltage and fill factor resulting from favorable
energy-level offsets and reduced recombination.”? It should
also be noted that other advanced silicon-based technolo-
gies such as tunnel oxide passivated contact (TOPCon) and
heterojunction technology (HJT) cells—which also leverage
ultrathin interfacial and passivating layers—have achieved
certified efficiencies in the mid-20% range (e.g.,~26-27%
for high-performance crystalline silicon cells in recent
reports).”?

Wenas et al., demonstrated a remarkable efficiency for
a Zn0-Si0,-Si SIS-type SC at 25%,** in addition to some
SIS-type solar cells’ efficiencies recorded as: 6.979% for
n+1TOSi0,-n-Si, 10.8% for ITO-Si0O,-n-Si devices. Untila
and his coworkers reported many studies on SIS-type solar
cells. In their studies recorded between 2015 and 2020,
they achieved an efficiency of 8.3% for a AZO/(nn+ )Cz-Si/
In,O5:F bifacial heterojunction solar cell and an efficiency
of 16.6% for the ITO/SiO,/n-Si heterojunction solar cell.
These are motivating figures for SIS-type SCs and undeni-
able values on a laboratory scale. The 100 mW/cm? value
we obtained is far above the average, based on the reported
studies,***?°? and is a solar cell that should be evaluated
by making evaluating modifications for the possibility of
achieving higher efficiency. In 2022, Kumar et al. reported
an SIS-type SC of n-MoS,/p-Si and n-MoS,/AIN/p-Si het-
erojunctions-based photodetectors. The recorded responsivi-
ties for both n-MoS,/p-Si and n-MoS,/AIN/p-Si heterojunc-
tions were found to be 0.3378 AW~! and 1.865 AW~! for
visible radiation (532 nm) and 0.1245 AW~! and 1.4743
AW~! for near infrared (NIR) radiation (1064 nm), respec-
tively. A drastic decrease in response time (rise time and
decay time) was observed with the insertion of an ultrathin
insulating AIN layer. The higher current in the SIS heter-
ojunction evaluated was ascribed to the carrier tunneling
mechanism through the ultrathin insulating layer.”* The
role of tunneling through ultrathin insulating layers in solar
cell architectures has been extensively discussed in the lit-
erature. For example, modeling studies of semiconductor/
insulator/semiconductor and tunnel-oxide passivated contact
(TOPCon) solar cells show that the tunneling current across
nanometer-scale oxide layers increases sharply as the insula-
tor thickness decreases, and that efficient carrier collection
with high fill factors requires sufficiently high tunneling
probability through ultrathin oxide barriers.”> Additionally,
experimental investigations of carrier transport through
ultrathin silicon-oxide layers demonstrate that for oxide
thicknesses below about 1.2 nm, tunneling provides a domi-
nant transport channel with reduced resistance, while thicker
barriers lead to high series resistance and poor device per-
formance, consistent with tunneling-dominated transport.’®
Similar tunneling effects have also been reported in other

thin-film optoelectronic devices, where ultrathin insulating
interlayers enhance photocurrent due to quantum tunneling
of carriers across the barrier.”” For example, early experi-
mental SIS works using transparent conductive oxides on
Si0,/Si substrates have achieved moderate conversion effi-
ciencies under AM 1.5G conditions, including 12.8-13% for
ITO/SiO,/p-Si and ITO/Si0,/n-Si devices,”® approximately
14.1% for Sn0,/SiO,/n-Si heterojunctions,’® around 8.5%
for ZnO/Si0,/n-Si,”® and roughly 6.8% for AZO/SiO,/p-Si
structures.”® These values are consistent with experimen-
tally realized SIS cells employing TCO layers and intrinsic
oxide barriers. In addition to these experimental reports,
simulation studies indicate that optimized ZnO/SiO,/Si SIS
configurations can theoretically reach efficiencies above
25% under ideal device parameter regimes,’® although such
high values have yet to be widely realized experimentally.
In this context, the 18.24% efficiency obtained in the present
work with relatively simple interfacial engineering using a
molecular CN-i layer and native oxide tunneling barrier is
significantly above many traditional experimental SIS results
and approaches the upper range predicted for optimized
SIS designs. This comparison highlights the effectiveness
of our interfacial energy level alignment and tunneling-
assisted transport strategy in achieving high photovoltaic
performance without requiring complex doping or multilayer
processing.

The remarkably high V. value obtained here suggests that
the CN-i interlayer effectively modifies the interfacial dipole
and enhances the built-in potential beyond what is typically
achieved in conventional TCO/Si0,/Si SIS structures.

With this study, we can also say that CN-i are regenerat-
ing a sufficient built-in electric field for carrier separation
and carrier transmission blocked by the insulating layer. For
the TiO,/CN-1/SiO,/p-Si heterojunction photovoltaic device,
the improved J-V curves due to well organized energy levels
are probably enabling a smaller work function difference
between the TiO, and Si substrate, which results in sufficient
bending of the energy band of the silicon. Therefore, a built-
in electric field is created to quickly separate the photogen-
erated carriers, which results in the improvement in FF and
PCE values. Our results indicate that CN-i does not act as
the primary photoactive absorber but rather plays a dual role
as an interfacial electronic modifier and an efficient charge-
transport/photoconductive layer.

Based on optical absorption, photoemission yield spec-
troscopy, photoconductivity measurements, and photovol-
taic performance analysis, when CN-i does not primarily
function as the main photoactive absorber. Instead, it acts
predominantly as an interfacial electronic modifier and
photoconductive charge-transport layer, improving energy
level alignment, enhancing carrier mobility, suppressing
interfacial recombination, and thereby enabling the high
V_ ., FF, and overall PCE observed in the SIS solar cells.

oc?
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Such simultaneous improvements in V., FF, and carrier
mobility strongly suggest that CN-i modifies the interfacial
dipole and reduces recombination losses at the TiO,/SiO,/p-
Si interface.

On the other hand, incident photon-to-current conversion
efficiency (IPCE) is the second most important analysis after
current density-voltage (J—V) measurement for testing solar
cells. The IPCE values show a significant upward trend and
support the J-V characteristics within the 80-90% range and
between 350 nm and 700 nm (Fig. 7). This phenomenon may
be owing to the ideal energy gap between the LUMO level
of the CN-i and the conduction band edge of TiO,, resulting
in an increase in electron injection efficiency. Especially at
10 mW/cm? illumination, the IPCE graph is dominant in
the 400-600 nm range, while at 100 mW/cm? illumination,
two major peaks (530 nm and 620 nm, in the infrared range)
stand out (Fig. 7). The IPCE spectra (see Fig. 7) exhibit a
broad and high photoresponse extending well beyond the
absorption range of CN-i (x350-420 nm), indicating that
CN-i is not the dominant photoactive absorber in the device.
If CN-i were the primary absorber, the IPCE enhancement
would be restricted to the near-UV region; however, the
observed broadband response confirms that the main photon
harvesting originates from the Si substrate. The enhanced
IPCE over the entire visible spectrum demonstrates that
CN-i improves carrier collection efficiency rather than act-
ing as an additional light absorber.

The other measurement to analyze photovoltaic perfor-
mance, transient photocurrent measurements, performed
on the device under different illuminations yielded con-
siderable changes in the charge extraction dynamics (see
Fig. 8). Where all normalized photocurrent transients dis-
play an extraction of the mobile charge carriers after about
5.0 ps, the device illuminated at different illuminations (as
seen in Fig. 8) exhibited a much higher fraction of slower
charge carriers. As the extraction photocurrent was notably
extended to longer times, it can be concluded that a larger
fraction of the trapped charge carriers is present in the low
illuminated device.

The transient photocurrent as a function of the time
and illumination-dependent current density measurements
to investigate the mechanisms of charge dissociation and
recombination process (details in Table II) showed that an
organic additive in nanoscale thickness reconstructs the
active layers with enhanced crystallinity, charge mobility,
and carrier lifetime of organic semiconductors in the SIS
device, which leads to improved photovoltaic performance
(Figs. 6, 7, and 8).

The observed dependence of V. and FF on illumination
intensity is interpreted as a signature of interface-limited
transport rather than bulk-dominated nonideal recombina-
tion. At low illumination levels, carrier densities are insuf-
ficient to fully activate tunneling-assisted charge transfer

@ Springer
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Fig. 8 Transient photocurrent traces of TiO,/ CN-i/SiO,/Si under dif-
ferent illuminations.

across the ultrathin interfacial layers, making interface
recombination more pronounced and reducing both V. and
FF. As the illumination intensity increases, enhanced carrier
population promotes field-assisted tunneling and improves
selective carrier extraction, leading to a systematic increase
in V. and FF. The concurrent improvement of V., FF,
IPCE, and PCE with illumination intensity confirms that
performance enhancement is governed by activated interfa-
cial transport rather than bulk recombination losses.

This behavior is characteristic of SIS architectures and
supports the dominance of interfacial transport and tun-
neling processes rather than uncontrolled recombination
losses.

Conclusions

Herein, we introduce a new organic class of SIS solar cells
to tailor the crystal growth of CN-i films from an inor-
ganic content to an organic content design and accordingly
increase the charge carrier mobility to accelerate electron
transport and extraction. The mobility value of the double
layer is eight times higher than that of TiO,. This finding
alone convinces us that this duo works well.

Introducing the 4-CN-phenyl group in the core unit serve
as heteroatomic bridges for covalent planarization and this
provides stronger electron-withdrawing character and allows
for charge carrier mobility in contrast to core structural unit
of the sole -imine group, thus increasing the HOMO energy
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levels by tailoring the energy levels and enabling more effi-
cient tunneling and more controlled current transport.

The SIS solar cells we obtained with this type of renewed
design, using CN-i dye and tunneling dominant, phenan-
throimidazole-imine compound containing amino groups
and condensed with different aldehydes, were produced and
tested in order to recognize and demonstrate in more detail
the differences in their performance and carrier mechanisms
compared with the TiO,/Si0,/Si solar cells we used as ref-
erence. In general, CN-i dye-containing cells show better
optical absorption and when compared with TiO,/Si0,/Si
solar cells: we found that it has higher absorption density
and higher performance. This is an indicator of better charge
transfer.

The results proved that it could perform better compared
with standard SIS cell efficiency. As a result, there is a sig-
nificant increase in the development of such OPV technolo-
gies, and we hope that this work will contribute to the cur-
rent body of literature, which provides interesting and useful
results with relatively low costs.
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