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This work reports how the solar conversion efficiency of dye-sensitized solar cells (DSSCs) depends
on the crystalline structure of both the compact TiO, blocking layer (BL) and homoepitaxially grown
porous TiO, mesoporous structure. The films were grown by simultaneous sputtering of titanium
targets by DC magnetron and by high-power impulse magnetron systems (HiPIMS). The deposition
conditions were managed to produce iz situ dense BLs and porous TiO, films. The only variable was the
polarization of the BLs (0 to -200V). The polarization caused phase transformations from pure anatase
phase through rutile-anatase mixed phases to rutile phase. The polarization results in decreasing intensity
of the anatase (101) peak of the porous layers. The latter promptly decreased linearly the value of the
short-current Isc and exponentially the open-circuit voltage Voc of the cells. Another inference is the
surface energy of the BLs, which follows an exponential decay as a function of the film polarization.
XPS study of the Ti 2p,,, — Ti 2p, , doublet reveals an appearance of a shake-up satellite, whose area
exponentially decreases as the polarization potential rises. This phenomenon is discussed and related
with other physical aspects of the homo-epitaxially grown films with different texture. The anatase
phase content and its purity predefined by the experimental conditions determine the quality of the
DSSC, as well as other components such as the dye type, the electrolyte, and the electrode materials.
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1. Introduction:

Many researchers have spent considerable efforts optimizing
the dye-sensitized solar cells (DSSCs) since their discovery'.
Naturally, these efforts have been divided between the many
elements of the cells, such as the photo-anode material and
its structure®, the nature of the dye (inorganic or organic),
and the transparent conducting oxide (TCO) type placed
on both the photo-anode and the counter electrode side>*.
The use of Blocking Layers (BLs) creates another important
branch of studies, as their use in the most cases enhances
the performance of the DSSCs”!°. The purposes of the BL
are to guarantee a smooth and defect-free hetero- or homo-
epitaxial growth of the next film and to prevent current
leakage’ when electrolyte with redox couple, or electron-hole
recombination (HTM) are used. Various BLs deposited by RF
sputtering, such as TiO,, Nb,O,, and ZnO were investigated
for possible application in DSSCs. The conversion efficiency
(n) and the short circuit current (Jsc) values of the DSSC
using Nb,O; as blocking layer achieve the best improvement
0f 26.9% and 35.5%, respectively'’.

Many researchers have studied how the nature, chemistry,
crystallinity, thickness, and phase purity of BLs influence
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the device performance. Sung'® related that inserting BL
between the FTO and the nano-porous TiO, layer lead
to 37% increased shunt resistance (Rg,) when the BL
thickness is greater than 60 nm and also established the
optimum BL thickness. Defect free and dense blocking
layer structure prevents electrolyte shortening and electron
leakage maintaining high cells shunt resistance. In addition,
the porosity of the sintered nanocrystal material, such as
TiO,, ZnO, and Al O, plays a central role in the solar cell
architecture, if electrolyte-based DSSC, ssDSSC, or perovskite
mesoporous scaffold structures are used'®. Optimising the
mesoporous TiO, structure enhances the connectivity and
diffusion through the mesoporous network as well as the
light harvesting'>'4,

Different deposition techniques aim to produce a
compact TiO, on the anode side and a porous nanocrystalline
TiO, acting as a skeleton semiconductor material where the
dye molecules would be fixed and a sufficient electrolyte
absorbed. Physical, morphological, and chemical peculiarities
arise from the use of different deposition techniques. In addition
to Magnetron Sputtering (MS) methods, spin coating or spray
pyrolysis and, recently, atomic layer deposition (ALD) are
methods that yield pin-hole-free and dense structure suitable
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for the purposes cited above. The BL influences the cell
performance through the quality of the mesoporous layers
and, in general, determines their resistivity'®. To increase
the cell performance, particularly its conductivity, some
authors'® have used graphene nano-flakes, which provide
good charge-collection.

From the physical vapour deposition (PVD) techniques, a
promising method is High-power Impulse Magnetron Sputtering
(HiPIMS), which is known as a versatile and powerful tool
for depositing thin film . Among the many papers concerning
HiPIMS, the work of Greczynski et al.'” describes a hybrid
HiPIMS/magnetron co-sputtering configuration used to
achieve high hardness and low residual stress of Ti, Al N
alloys. The transport processes occurring in HiPIMS was
studied in detail in Stranak's work.

Even though the use of BL has been the focus of many
studies, researchers have not unconditionally proven how
and to what extent the structure of the BL influences the
cell energy conversion capability. The BL is expected to
have a densely packed crystalline structure to prevent the
electrolyte from contacting the anode. As we shall see later,
the mentioned condition is far from sufficient. To assure a
different degree of film density, a negative polarization up
to 200 V was applied during BL film growth. In addition to
the XRD analyses, the XPS spectra were considered and the
effect of the plasmon-like shake-up satellite of Ti 2p,,, was
studied in respect the BL polarization. Furthermore, it was
shown how the BL film texture and phase composition
influence the quality of the nano-porous films, affecting the
electrical behaviours of the cell. Correlations between the
surface energy (SE) of the BLs and their phase content have
been discussed. A noticeable one-to-one dependence of the
short circuit current (I ) and the open voltage (V) on the
Anatase peak (101) intensity from the next grown porous
films were also shown and discussed.

2. Experimental details

BLs films were deposited by both dual DC and HiPIMS
magnetron systems onto (100) c-Si and FTO/glass substrates.
Then, without breaking the vacuum in the system, porous
TiO, films were deposited onto the BLs, using the same
power supplies. The samples were assembled with the
counter-electrode made from transparent Pt/FTO/glass, to
construct solar cells.

The choice of two magnetrons performing together comes
from the relatively low deposition rate (depending on the power
and pulse t ) characteristic for HiPIMS. Both magnetrons/
targets were placed in plane at an angle of 45 degrees facing
the substrate at distance of 12 cm.

The BL deposition was conducted for 90 min (plus 20 min
pre-sputtering) in argon and oxygen flow of 7.3 and 7.34 sccm,
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respectively, yielding a working pressure of 2.55 mTorr.
The HiPIMS experimental parameters were power — 180 W;
frequency —400 Hz; and pulse t - 60 us (duty cycle —2.4%).
The DC magnetron was powered by 150 W. The only variable
was the polarization of the substrate ranging from 0 to -200 V.

Further, the BLs were denoted as S1, S2, S3, and
S4 corresponding to 0 V, -50 V, -100 V, and -200 V bias,
the porous TiO, deposited in situ onto the BLs were denoted
as M1, M2, M3, and M4 for those with average thickness
of 225 nm, and as M1*, M2*, M3*, and M4* with average
thickness of 170 nm. Those abbreviations are listed in Table 1.

The nano-porous TiO, films were deposited by adding
a small amount of N, to the gas mixture (0.9 sccm).
Grigorov et al."” and Nakamura et al.?’ studied the effect of
N,-content on the narrowing of the TiO, bandgap, which
rendered it more transparent, consequently rising the cell
efficiency. The argon and the oxygen flows were kept similar
to the BL depositions. However, the HiPIMS power was
maintained at 140 W and the DC magnetron power at 250 W.
Two batches were deposited for 105 and 180 min, yielding
thickness of 170 nm (4 samples) and 225 nm (4 samples),
respectively. The working pressure was kept at 2.6 mTorr,
argon at 1.21 mTorr, oxygen at 1.24 mTorr, and nitrogen
at 0.15 mTorr. The exact film thicknesses were calculated
by ellipsometry and reflectometry (XRR).

The porous TiO, films were sensitized using Ruthenium
N-3 complex, in which 12 mg of the N3-dye were diluted
to 60 mL of ethanol (99.5%). Then the already prepared
samples (glass/FTO/BL/porous TiO,) were immersed
for 24 hours in room temperature. By the end of the dye
absorption process, the samples differed in colour saturation
according to the degree of its porosities. The electrolyte
used in this study was the ionic redox Iodolyte HI-30®
(purchased from Solaronix™) based on lodide/Triiodide
Redox couple /1" with concentration 30 mM in acetonitrile
with additives - ionic liquid, lithium salt, pyridine derivative,
thiocyanate??. The role of the electrolyte is to regenerate
oxidized ruthenizer® (purchased from Solaronix™).

The films were characterized by Scanning Electron
Microscopy with Field Effect Gun (SEM-FEG), X-ray
diffraction (XRD) measurements, atomic-force-microscope
(AFM), Contact Angle, and X-ray photoelectron spectrometry
(XPS). The morphology of the BLs and the porous TiO, films
was studied using a Shimadzu SPM-9500 J3 atomic force
microscope (AFM). The phase composition of the BLs
was characterized by Grazing Incidence X-ray diffraction
(GIXRD) with PANalytical Empyrean system equipped with
a multichannel detector (Pixel 3D) using (Cu Ka 45 kV-
40 mA) radiation. The energy-conversions efficiency of
the solar cells was measured by means of (~100 mW/cm?)
AM 1.5 solar simulators.

Table 1. Polarization values and associated abbreviations adopted for the BLs and the porous TiO, films used in Figures 5 to 10 and

Tables 2 to 4.
Cell # 1 2 3 5 6 7 8
Bias [V] 0 -50 -100 -200 0 -50 -100 -200
BL S1 S2 S3 S1 S2 S3 S4
Porous I M1 M2 M3 M4
Porous II MI1* M2* M3* M4*
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3. Results and Discussions

3.1. Morphological and structural peculiarities

In Figure 1, a SEM micrograph of BL deposited at bias of
-50 V is shown at a magnifcation of 20 kX. The sample has
a flat surface, as later confirmed by AFM, and the charging
effect made it difficult to obtain sharp images for most samples.
They were composed with a dense mixture of rutile-anatase
phases. Similar results for a BL, called compact layer, was
reported by the group of Chang et al.*>. Some structural
and physico-chemical parameters of the BLs are calculated
and summarized in Table 2. The porous titanium dioxide
presented different structure than the BLs, Figure 2a and 2D,
composed of well-defined randomly oriented grains with
dimensions between 200 and 400 nm. In accordance with
the data obtained by SEM and AFM, at least 25% of porosity
was achieved. The porosity depends strongly on the film
phase composition and allows them to efficiently absorb

Figure 1. SEM micrographs (20kX) of fine-grain structure BL (-50 V).

.0 KV
View field: 13.8 pm Det: In-Beam SE

the dye on their internal surface. The overall film thickness
is important for the final cell performance. Its maximum
thickness should vary depending on film transparency or
the light absorption coefficient of the structure.

The AFM scans were acquired in dynamic mode and areas
of 3x3 umand 1 X 1 um were selected. Figure 3 presents a
scan of porous TiO, deposited onto intact BL (0 V), together
with its grain-size distribution. The RMS roughness is 37.3 nm.

According to the SEM images in Figure 2b, the
TiO, microcrystals are grouped in well-distinguished grains
with 250 nm mean diameter randomly distributed in the
volume, which guarantees good degree of porosity. The grains
could be roughly approximated to a sphere shape, and even
if the greatest fraction of space occupied by spheres is m/
(3V2) = 0.74 in hep lattice, the calculations based on four
adjacent spheres indicate that 28% of its volume is due to
pores. In Figure 3 and Figure 4, the AFM scans of porous
TiO, onto BL(0) and compact only BL(-50 V) confirm the
huge difference of their morphology. The mean grain radius
was 110 nm and 10.5 nm for the porous and the compact
layers, respectively. Both scans were taken at different scaling
factors, and if equated, the differences in their morphology
appears strongest. Keep in mind that in sense of porosity or
“active” surface onto, which the dye sensitizing molecules
accommodate, the sphere shape surface increases with the
square of its radius, leading to 120 time greater surface for
sphere with radius 110 nm than 10.5 nm.

The BL (-50 V), shown in Figure 4, has 12.8 nm RMS
roughness and uniform grain radius distribution. On the other
hand, the AFM images of the BLs deposited by higher bias
are distinguished by their very flat surfaces with roughness
below 2 nm, and they could be considered as compact with
porosity below 5%.

The X-ray diffraction patterns for the as-deposited blocking
layers with substrate polarization - 0 V, -50 V, and -100 V,
called hereafter as S1, S2, and S3 are shown in Figure 5.
The porous TiO, films, deposited subsequently in situ onto
the BLs are denotes as M1, M2, M3, and M4 with 275 nm

MIRAS TESCAN

LAS - INPE

Figure 2. SEM micrographs of 225 nm thick porous TiO, layer deposited onto BL(0V) at different magnificent - a) at 20 kX and b) 100 kX.
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Figure 3. AFM on (3 x 3) um scan of the porous TiO, deposited onto BL (0 V) and the mean grain radius distribution.
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Figure 4. AFM on (1 x 1) um scan of the BL (-50 V) and the mean grain radius distribution.

thickness and with M1*, M2* M3*, and M4* with 175 nm
thickness (Table 1).

All BL thicknesses were about 100 nm. Such thicknesses
did not favor a strong signal reflected from the atom’s plans.
Moreover, lattice mismatch between the FTO and the BL
formed a disordered interface layer, whose thickness depended
on the deposition conditions and the substrate quality.
The strong reflection above 50° 26 presented in the spectra
was due to the total internal reflection (TIR) from a thin film
laying on a flat surface. This phenomenon, which occurs
at a specific critical angle of incidence is confirmed by the

lack of reflections at angles of incidence greater than 0.25°.
TIR is observed for all the spectra shown in Figure 5, but
they are not aligned with each other, as the latter depends
on small variations in the thickness of the layers.

The XRD spectrum of BL (S1) deposited at zero bias
is presented in Figure 5a. It was composed only by Anatase
phases, pdf numbers; 86-1157; 89-4203; and 71-1169,
with 38%, 60%, and 2% content, respectively (Table 2).
These compositions yield a mean density of p=2.48 g/cm’,
mean cell volume of V = 136.5 A3, and an average atomic
mass of N, =4.48.10" at/cm?A.
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Applying a bias, Figure 5b and 5c, caused partial
to almost total phase transformations from Anatase to
the high temperature Rutile phase. The BL deposited at
-50 V bias, in Figure 5b, was constituted of Anatase phases;
04-0477 and 71-1169 with phase concentrations 55%
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Figure 5. GIXRD spectra of blocking layers deposited with a) 0
Vb)-50V,c)-100 V bias. ¢ -Anatase phase; ¢ - Rutile phase; and
V - titanium oxide tetragonal phase.
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Figure 6. XRD spectra of porous TiO, films deposited onto BL
(OV = M1; -50 V —M2; -100 V — M3)/FTO/Glass. Anatase only
content - Ref. Pattern pdf N° 071-1169.

and 35%, respectively, and a Rutile phase 77-0446 — 10%,
in which p=23.89 g/cm?®, V = 113 A3, and the average atomic
mass was N, =7.10" at/cm?A. In Figure Sc, BL deposited
at -100 V bias is shown, which consisted of Rutile phases
pdf numbers (76-0321; 88-1174) — 34%, and titanium
oxide tetragonal phase 84-1750. Consequently, its density
reached p = 4.31 g/cm’, the mean volume of cell drops of
V =82 A3, and the atomic density — 7.8.10* at/cm¥A. The
Anatase phases disappeared or were transformed. The applied
substrate polarization led to an increased density of the ion
flux toward the growing film, increasing its temperature
and ad-atom mobility**?. Table 2 summarizes these results.
XRD spectrum of the porous TiO, (M1, M2 and M3)
deposited onto BL (0V) are presented in Figure 6 and refers to
one of the highest qualities of Anatase structures with 25.27°
and 48.03° reflection planes (101) and (200), respectively.
Other peaks are due to the crystalline TCO — the fluorine
tin oxide (FTO). The reflection (200) is shifted slightly to
higher 20 degree (0.01°), suggesting cell distortion. The latter
is due to of the incorporation of N, (~5%) as interstitials.
N, decreases the value of the semiconductor bandgap'®*.
Based on Bragg’s law and bearing in mind the Cu anode
in use, the cell parameter increased with 0.01 A for plane
(101) and decreased with 0.003 A for plane (200). This
increase in the volume affected the electronic structure in
a complex manner by reducing the band gap of TiO, and
raising the electron velocities. Nakamura et al.” explained
that the N-doping results in a mid-band gap energy level,
which reduces the energy of the entire transition process.

3.2. Film chemistry and phase composition

As previously described, Table 2 contains data about
the BL phase composition, density, cell volume, atomic
density, surface energy, energy of adhesion, and the ion-
dose received during the film growth. Table 2 refers only to
BLs as they define the quality of the next growth layer — the
porous TiO,. Only as a reference, the porous M1 grown onto
S1 BL exhibited values for the surface energy SE =25.2 mN/
m” and energy of adhesion W, = 137.2 mJ/m’, values close
to those of BL S1. The unbiased BL (S1) was build up by
anatase only phases with higher cell volume yielded porous
film with lower density. The decrease of the surface energy,
shown in Figure 7, obviously affects the adherence of the
adjacent films (M1...M4) leading to a poor crystallographic
orientation and vanishing the reflections from plane (101)
at 25.27° 20 (Figure 6). This behaviour was successfully

Table 2. Blocking layers; A- Anatase; R -Rutile; T-tetragonal, the average mass density, volume cell, atomic mass, surface energies (polar
components), work of adhesion (W, ), and the ion bombardment flux.

BL Bias [V]  Phases Pdf N° % p [g/em?] VIA’] N N [at/cm¥A] SE [mN/m] W, [mJ/m?] I, [107ion/cm?s]
86-1157 (A) 38

S1 0 89-4203 (A) 60 248 136.5 448 23.7 130.2 0.85
71-1169 (A) 2
04-0477 (A) 55

S2 -50 71-1169 (A) 35 3.89 113 7.0 12.1 110.5 1.4
77-0446 (R) 10
76-0321(R) 20

S3 -100 84-1750 (T) 65.7 431 82 7.8 8.8 101.2 3.0
88-1174 (R) 143
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correlated with the cell I(V) characteristics — 1. and V.
and shown in Figure 8 and Figure 9, respectively.

The Binding Energy (BE) of Ti 2p was considered for
all BLs, where the doublet Ti 2p,, — Ti 2p, , migrated to
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Figure 7. Surface energy dependence on the BL polarization.
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(101) peak intensity.
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lower energies ranging from 457.9 eV to 456.7 eV for S1 to
S4, respectively, due to Ti** reduction, but the spin-orbital
splitting remained constant (A= 5.69 V). Interesting behaviour
is followed by the shake-up satellite of Ti 2p,,,, precisely
its surface evolution as a function of the film polarization.
These results are illustrated in Figure 10. When a perfect
Anatase crystal is excited by Av, a photoelectron from
K-shell is ejected through the Fermi level to the Vacuum,
meanwhile an electron from one of the four O atoms is
drawn to substitute the photoelectron, leaving one O*. This
process ends up such as the Plasmon losses in metals where
collective vibration of the free electron gas is registered.
Even negligible, the positive generated charge (O") slows
down the priory emitted photo e. As the XPS detector
measures kinetics energies and /v is a constant parameter,
the resulting Binding Energy (BE) is higher, which is why the
shake-up satellites appear at higher BE than the characteristic
Ti 2p,, or Ti 2p, ,. By itself, the shake-up satellite surface
decrement means reduced Ti* states, descending into lower
homological states than TiO,. The latter is also proved by
the shift of the doublet Ti 2p,, — Ti 2p, ,, which migrates
to lower binding energies. The similarity of both derived
exponential decay constants (Figure 7 and Figure 10) (t)

BL $1=0 V] polarization

5k
shake-up satellite
(Ti2p,,)

4k

452 456 460 464 468 472 476 480 434
Binding Energy [eV]

S, = A+ B,cxp[_V/AG]

-

3k o

Tizpshake—up surface [a.u.]

2k

: T - T - -
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Figure 10. Ti 2p3/2 shake-up satellite surface dependence on BL
polarization. Inset; TiO, XPS spectrum of S1 (VP = 0V).

— 1-M1

Current Density (mA/cm’)

0.6
0.4+

0.2 4

00 T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Potential (V)

Figure 11. Current-voltage plot of the studied DSSCs.
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= 40 V demonstrates a common origin of the discussed
phenomena. This value suggests that ion flux in the range
0f 0.8.10'7 to 1.4.10"7 at/cm?/s contributed to the formation
of the optimal crystalline structure and surface energy with
respect to the already discussed context. lon bombardment
exceeding this limit results in reduction of Ti*" states and
oxygen deficiency followed by generations of sub-oxides.

The resulting BL films, even denser, have poor quality
from the chemical standpoint, as defect induced impurities
act as traps to split the valence band of the semiconductor.
Thus, the adhesion of the adjacent layers was poor and did not
promote oriented crystal growth of the consequent functional
layer. The I(V) characteristics, shown in Figure 11 clearly
depict the consequences of the different crystalline structure
and the different valence states of TiO, on their characteristics.
First, the increase of the serial resistance Rs of the cell led
to falling slope at Voc and was related with the porosity
volume and the quantity of chemisorbed dye on its surface,
whereas decreasing the shunt resistance R, states created
bad semiconductor or bad compact layers - shortening the
cell structure. Table 3 summarizes data on the I(V) curve
shunt, serial resistance of samples 3 and 6, their peak (101)
intensity, and FWHM. Both curves are characterized by
similar J. values, but have different FF and output power
(Figure 11).

Sample 6 has almost infinite shunt resistance, which
is much lower in sample 3. This unequivocally affirms in
sample 3 the flaws, such as structural defects, mismatches,
and higher metallic content than a perfect semiconductor
(Anatase in the case). Sample 3 contains BL polarized with
bias voltage — 100 V, whereas sample 6 — with -50 V. During
the magnetron deposition, negative bias accelerates positive
ions extracted from the plasma together with some heavy
radicals. Instead of causing structure densification of the
growing films, they lead to its destruction up to different
degree. The serial resistance of both samples was estimated,
and the summarized results are shown in the Table 3. The R
of sample 3 is almost double that of sample 6, which suggests
decreased porosity and bad interconnections (crystalline
alignments) impeding the charge flow. The latter obviously
affects the quantity of the adsorbed dye. Even though sample 3
represent a bit better peak intensity (Table 3) (coming from
the thicker porous film 225 vs 170 nm), its FWHM value
is greater than that of sample 6, suggesting better structure
alignment and all the consequences arising from that.

3.3. Peculiarities of the studied PV Solar Cells

In general, the open-circuit voltage (V) corresponds
to the inherent voltage of the cell generated by the sun light
causing a flow of photoelectrons, whereas the short current (I.)
describes the maximum drained current when the voltage applied
by the potentiostat and the cell-generated voltages become
equal. As previously confirmed, both measured parameters
are directly related to one-to-one dependence of the (101)
Anatase peak intensity. Comparing the I(V) characteristics,
it becomes obvious, that the thicker films (225 nm) adsorbed
more of the ruthenium dye and electrolytes than the thinner
one (170 mm). The cells with no bias applied, orup to -50'V,
were more efficient, for example the Fill Factor (FF) of 6-M2*
reaches 0.62. The maximum current density per cell with
equivalent thickness of 1000 nm should be 8.4 mA/cm? with
conversion efficiency of n =2.73%. The latter assumption is
based on a linear data extrapolation on the characteristics of
the electrical cells, remembering that the cell transparency
is not affected at thicknesses up to 1 pm.

Degradations of the cell electrical parameters are related
with power dissipation across internal resistances, which
was modelled as a parallel shunt resistance (Rg,) and series
resistance (Ry). When R, is not infinite, the (V) saturation
region drops in such manner that I . could vanish further.
These losses are due to poor electrical contact at electrodes
and shortening when electrolyte becomes into contact with
the electrodes resulting in charge leakage. The “permeability”
of the used BL and its well-defined Anatase structure is
important. The R increase slows-down the [, and in general
reflects poor porosity as those cavities accommodate the dye
and the electrolyte. The cavities should be interconnected,
which is a mandatory condition. Here, again the purity of the
Anatase phases maintain not only the desired porosity but
also contribute to charge exchanges in the most effective way.

Table 4 provides data on the grain dimensions of the porous
films together with the thicknesses of the films. The anatase
microcrystals are oriented and grouped in specific grains.
The bias refers only to the porosity of compact films deposited,
whose structure and chemistry predetermine the nature of the
porous TiO, film. The obtained results are coherent with the
I(V) characteristics, and the larger grain sizes are associated
with higher I, and V. parameters. The deduced grain size
(Scherrer’s equation) based on the reflections of planes
(101) of the anatase tetragonal structure coincide with those
shown in the histogram (Figure 3). As all reflecting plans
constitute half of the microcrystals size, these values (D [nm],
Table 4) should be doubled. Sample M6 with midsized grain
of 86.5 nm draws our attentions. Not by chance, M6 cell
has the highest FF (Table 3. and Figure 11) which indicates

Table 3. Summarized data based on the XRD patterns and I(V) cell characteristics for sample numbers 3 and 6.

Sample Peak counts (101) FWHM Ve [V] R, [©Q] Jo [mA/em2] FF
6 660 0.15 0.74 170 1.0094 0.615
3 730 0.17 0.66 312 1.063 0.45
Table 4. Grain size of porous TiO,/BL deduced by (101) anatase plane reflections
Thickness [nm] 225 nm 175 nm
Porous M1 M2 M3 M4(A+R) M5 M6 M7 M8
D [nm] 40 47.5 46.5 30 72.3 86.5 32 28.5
Bias [V] 0 -50 -100 -200 0 -50 -100 -200
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perfect shunt resistance (lack of slope in the region above [ ).
This structure ensures semiconductor with optimal porosity,
good interconnectivity, and charge throughput.

4. Conclusions

This work shows how and to what extent the structure of
the compact BL deposited between the FTO electrode and
the porous titanium dioxide film defines the nature of the
latter and plays a decisive role on the photoelectrochemical
parameters of DSSCs. The compact blocking layers and the
porous TiO, thin films were deposited in situ by dual DC/
HiPIMS, and the DSSCs were assembled and characterized.
The crystalline structure, the morphology, and the chemical
state of the BLs were investigated with respect to the
negative substrate polarization applied during the film
growth. The compact layer structure, managed mainly by
the substrate polarization, defined the quality of the adjacent
porous TiO, layers, which reflects on the characteristics
and efficiency of the I(V) solar cells. The compact BLs
exhibited exponential decay law of the surface energy
as a function of the polarization, with decay constant at
around 40 V. The XPS study of the compact layers found
that the surface of the shake-up satellite of the doublet
Ti2p,,—Ti2p,, follow exponential decay law as well as the
polarization rises. This shake-up satellite surface decrement
means reduction of the Ti* states or its descending to lower
homological states than the TiO,. The two obtained decay
constants were distinctly similar, which unambiguously
connect both phenomena — the film surface energy and
the Ti* oxidation state typical for the high quality Anatase
structure. Any ion flux in the range of 1-1.4.10'7 at/cm?*/s lead
to optimal crystalline structure with optimal surface energy.
The latter is required and a sufficient condition for efficient
cell formation by equal film chemistry, electrodes materials,
and thicknesses. Figure 8 and 9 unprecedently show the one-
to-one dependencies of I . and V. on the TiO, crystalline
structure and phase composition. These inferences are
largely applicable to the advanced photoelectrochemical
and perovskite-based solar cells.
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