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Abstract This work focused on studying the effect of
cadmium sulfide (CdS) interfacial layer on the performance
of titanium dioxide (TiO;)/poly (3-hexylthiophene) (P3HT)
solar cells and finding out its effect on charge recombination
dynamics of hybrid TiO,/P3HT solar cells. FESEM images
confirm the uniform distribution of chemical bath deposited
CdS layer on TiO, nanoparticles. Insertion of CdS layer at
the nanocrystalline TiO,/P3HT interface broadens quantum
efficiency spectrum of the solar cells with peak values over
80 and 40 % at the wavelengths of maximum absorption of
CdS and P3HT respectively and hence enhances short-circuit
current density (Jsc) from 3.5 to 5.9 mAcm 2 under
simulated illumination (70 mWem ™ 2) with an AM 1.5 filter.
CdS layer further improves open circuit voltage (Voc) from
0.35 to 0.57 V, which is consistent with higher built-in
voltage in CdS/P3HT than in TiO,/P3HT due to relatively
lower laying conduction band edge of CdS. Photovoltaic
transient measurements show that the carrier life-time in
Ti0,/CdS/P3HT solar cell is an order of magnitude longer
than that in TiO,/P3HT solar cell. Optimized TiO,/P3HT
solar cells with CdS interlayer yield power conversion effi-
ciencies over 1.5 %, which is three times greater than that for
similar solar cells without CdS layer.
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1 Introduction

Main text paragraph Hybrid metal oxide/polymer solar
cells are currently under intensive focused due to their
relative ease of fabrication by cost-efficient methods and
materials. The use of stable metal oxides such as ZnO [1],
SnO, [2], and TiO, [3] as the electron acceptor in multi-
layered photovoltaic (PV) devices has been widely studied
since they offer good electron transport properties, fabri-
cation via simple techniques, nontoxicity, and heterojunc-
tion morphology control. However, the power conversion
efficiencies (PCEs) of metal oxide—polymer solar cells are
limited by poor matching of polymer’s absorbance with the
solar spectrum, increased recombination of carriers in the
irregular donor—acceptor interfaces during the transport,
and low open circuit voltages. The active layer thickness to
absorb the light in the cell structure is also limited by ex-
citon diffusion lengths and mobility of polymers. Several
recent studies are focused on eliminating these issues to
fabricate highly efficient hybrid solar cells. It has been
reported that use of oriented nanostructures [1, 4], weakly
absorbing interface modifiers [5, 6], multilayers [3, 7, 8]
and tandem structures [9, 10] helped to improve the PCEs
of hybrid PV devices.

Interface modifiers are widely used in the donor—ac-
ceptor interface to improve the Voc and fill factor by
suppressing surface recombination. Weakly absorbing in-
terface modifiers such as Al,O3; were also used to improve
the Jgc by controlling the recombination kinetics [11].
Multiple sensitizers were used to improve the spectral re-
sponse. It uses multiple photon absorbing materials as
sensitizers in a cascaded device structure. Many inorganic
materials especially metal sulfides including PbS, CdS, SbS
and ZnS were used as co-sensitizers with polymer photon
absorbers. Studies have also done on multiple inorganic
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materials which complementing the absorption of each
other. PbS—CdS [12, 13], CdS-CdSe [14], CdSe—ZnS bi-
naries, and PbS—CdS-ZnS [15] and CdS—CdSe-ZnS [16]
ternary systems as co-sensitizers were reported with con-
siderable PCEs but using liquid electrolytes.

CdS is a II-IV material which is widely known as the
window layer for the popular cadmium telluride thin film
solar cells with a wide band gap of 2.42 eV, which fa-
cilitates strong absorption in the UV region and transparent
in the infrared region. Due to its moderate optical band gap,
it can also be used as a sensitizer. The use of CdS as the
sensitizer is particularly promising, since it can be fabri-
cated as zero-dimensional quantum dots with diameters
<10 nm. Promising PCEs were reported for solar cells
made with CdS sensitized with ZnO nanotubes [17] or
nanorods [1]. It can be specially noted that the TiO,/CdS
and ZnO/CdS quantum dots sensitized solar cells (QDSSC)
with conversion efficiencies of over 1 % were reported in
the recent past. CdS is also used as the acceptor in many
PV devices with conjugated polymers such as MEH: PPV
[18, 19] and P3HT [20, 21].

P3HT sensitized porous CdS based solar cells with
PEDOT:PSS/Au top contact showed a conversion effi-
ciency of around 0.3 %, and improved up to 1.2 % with
N719 dye as the interface modifier [22]. Additionally, well
aligned CdS nanorods with MEH:PPV showed maximum
efficiency of 0.6 % [19]. PCE of 0.87 % was reported for
TiO, nanocrystalline solar cells with CdS, 2-amino-1-
methyl-benzimidazole, and P3HT with silver top contact
[23].

In this work, we deposited CdS nanolayer on nanopor-
ous TiO, using chemical bath deposition (CBD) technique
to study the use of CdS layer as an interface modifier and
co-sensitizer on improving the performance of hybrid
TiO,—P3HT PV devices.

2 Experimental procedure

Samples were prepared on indium tin oxide coated glass
substrates (ITO, 12 x 12 mm, 10-15 Q/square), which
were first cleaned by ultrasonic agitation in acetone and
2-propanol. Cleaned substrates were then covered with a
dense layer of TiO, (thickness ~50 nm) by spray py-
rolysis. Porous layer of TiO, nanocrystalline film of
thickness about 600 nm was deposited onto the dense layer
by spin coating commercially available TiO, paste (DSL
18NRT, Dyesol) diluted with tetrahydrofuran (THF) fol-
lowed by sintering at 450 °C for an hour.

The CdS layer was deposited by chemical bath deposi-
tion (CBD) using aqueous solutions of cadmium chloride
(CdCl,), thiourea ((NH,),CN), ammonium chloride (NH,4
Cl) and ammonium hydroxide (NH4OH). 0.033 M of
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cadmium chloride and 0.066 M of thiourea were used as
cadmium and sulfur ion sources, respectively. 1 M of
ammonium chloride and NH,OH were used as buffer so-
lution and complex agent, respectively to control the re-
action rate. The reaction bath contained 250 ml of de-
ionized and de-gassed water heated at 80 °C and stirred at a
constant rate of 240 rpm with the help of a magnetic stirrer.
The substrates were kept vertically so that the TiO, de-
posited surface facing the center of the reaction bath. The
prepared solutions; 8 ml of NH4OH, 4 ml of cadmium
chloride, and 2 ml ammonium chloride were added in an
interval of 1 min and the temperature of the bath was raised
up to 85 °C. Thereafter, the thiourea solution was titrated
by 1 ml doses for four times in an interval of 1 min. The
system was kept at a constant temperature of 85 °C for
8 min and continuously stirred.

The CdS deposited samples were then removed from the
bath and rinsed by de-ionized water followed by a sintering
at 320 °C for 20 min to ensure the removal of chemical
residues and water. The samples were then dipped into
1 mg/ml of P3HT polymer (Merck Chemicals Limited,
Darmstadt, Germany) solution for 12 h. Another layer of
P3HT was deposited by spin coating with precursor con-
centration of 25 mg/ml at 1250 rpm for 30 s. Again the
samples were dried and annealed at 110 °C in nitrogen
environment. The top contact was made by thermal
evaporation of gold after deposition of a poly (ethylene
dioxythiophene): polystyrene sulfonate (PEDOT:PSS)
layer, as reported by Ravirajan et al. [24]. Six devices were
fabricated in a single substrate and the control devices with
TiO, and P3HT were made without CdS deposition. All
other fabrication methods were carried out in the same
condition for both control and CdS deposited devices.

UV-Vis spectrometer (JENWAY) was used to measure
the optical absorption spectra of active layer prior to metal
deposition. The surface morphology of the spin coated
TiO, and CdS deposited on TiO, layers were analyzed by
field-emission scanning electron microscope (FESEM,
Auriga, Zeiss Ultra-60). Photovoltaic performance of the
devices was studied by measuring photocurrent spectra and
current density and voltage (J-V) characteristics under
light illumination. For electrical characterization, the de-
vices were housed in a home built sample holder with a
glass window. The sample holder was evaluable to a
pressure of <10~' mbar and all the measurement were
taken under vacuum. External quantum efficiency (EQE)
spectra were calculated from short circuit photocurrent
spectra by comparison of the photo response with that of a
calibrated silicon photodiode (Newport). Current—voltage
(I-V) characteristics in the dark were measured before and
after the illuminated I-V characteristic in order to confirm
that the device behavior had not changed. I-V character-
istics were also measured under simulated sunlight using
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Keithley 2600 source measure unit and a solar simulator
(SCIENCETECH) with AM 1.5 filter. For PV transient
measurements, a digital storage oscilloscope (Tektronix,
TDS1012B) and a pulsed laser (Big Sky Laser, Ultra-
having illumination cycle—6nS, power—10 mJ and
wavelength—532 nm) were used.

3 Results and discussion

Figure 1 compares FESEM images of nanoporous TiO,
film and CdS coated TiO, film after thermal annihilation.
These images confirm that CdS is uniformly coated on the
surface of nanocrystalline TiO, films and is reduced the
pore size of the TiO, film.

Figure 2 shows optical absorption spectra of CdS,
P3HT, CdS/P3HT coated TiO, films and bare TiO, film.
CdS film was coated by chemical bath deposition while
P3HT on TiO, or TiO,/CdS films were coated by dipping
the respective electrodes in P3HT/chlorobenzene solution.
CdS layer broadens absorption of active layers
(350-650 nm) with an additional absorption peak at
450 nm (see Fig. 2). This observation is consistent with
reports in the literature [25]. Combined TiO,/CdS/P3HT
thin films show wide response to the visible spectra and its
absorption is reduced with the addition of CdS due to lower
polymer uptake as the pores of the films were filled with
CdS (Fig. 1b). This may also be due to the reduced re-
flectance of CdS coated TiO, film [26].

Figures 3a, b show that a significant improvement was
observed in the performance of TiO,/CdS/P3HT cell in
comparison with similar device without having CdS layer.
Short circuit current (Jsc) of 5.91 mA/cm? and an open
circuit voltage (Voc) of 0.57 V with a fill factor of 36 %
were observed for TiO,/CdS/P3HT cells, which showed the
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Fig. 2 Absorption spectra of TiO,, TiO,/CdS, TiO»/P3HT and TiO,/
CdS/P3HT films

overall average power conversion efficiency over 1.5 %
with a champion cell efficiency of over 2.2 %. However,
the device without CdS showed nearly 0.5 % of conversion
efficiency with Jgc of 3.5 mAcm 2 and Voc of 0.35 V with
a fill factor of 27 %. The three fold increase in the PCE of
TiO,/CdS/P3HT cell could be ascribed to the significant
improvement in the Jsc, Voc and fill factor.

The improved fill factor can be attributed to the avoided
device shunting and closely filled cell stack. The im-
provement in Voc could be due to the presence of CdS
layer in the cell structure and its involvement in free carrier
generation [27, 28]. As reported by Brabec et al. [29], the
Voc of polymer based solar cells are limited by the dif-
ference between the HOMO of the donor and the LUMO of
the acceptor. In TiO,/polymer hybrid solar cells, it has
been shown that Vqc is limited by the difference between

Fig. 1 FESEM images of a spin coated porous TiO,, and b CdS coated TiO, films after thermal annihilation at 320 °C
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Fig. 3 a The current density—voltage (J-V) characteristic curves of
the ITO/TiO/P3HT/PEDOT:PSS/Au and ITO/TiO,/CdS/P3HT/PED-
OT:PSS/Au solar cells under dark (dashed lines) and under illumi-
nation of intensity 70 mW/cm? (solid lines) with A.M 1.5 filter, and

HOMO of the polymer and the conduction band (CB) edge
of TiO, [30].

Figures 4a, b illustrate the proposed electronic energy
level diagram of ITO/TiO/P3HT/PEDOT/Au and ITO/
TiO,/CdS/P3HT/PEDOT:PSS/Au, respectively. It shows
that the energy separation between the HOMO of P3HT
and CB edge of TiO, is nearly 0.7 eV. With the addition of
CdS interlayer, which may acts as both donor and acceptor
in the cell, the separation between the donor’s HOMO and
acceptor’s CB edge of acceptor is increased from 0.7 to
1.0 eV, which is consistent with the improved V¢ found
in TiO,/CdS/P3HT devices. The improved V¢ can also be

Fig. 4 Proposed electronic
energy level diagram of a TiO,/
P3HT, and b TiO,/CdS/P3HT
solar cells with ITO and
PEDOT:PSS/Au as bottom and
top electrodes, respectively
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b the same graphs replotted in semi-log scale with clear evidence of
improved Voc and reduced short circuited dark current density

explained by the involvement of CdS in carrier generation
[31].

Figure 5 shows the external quantum efficiency spectra
of TiO,/P3HT and TiO,/CdS/P3HT solar cells and their
corresponding absorbance spectra of the corresponding
active layer without top contact. External quantum effi-
ciency spectra of TiO,/CdS/P3HT resemble the absorbance
feature of CdS and P3HT as well as of TiO,. Insertion of
CdS layer at the nanocrystalline TiO,/P3HT interface,
broadens quantum efficiency spectrum of the solar cells
with peak values over 80 and 40 % at the maximum ab-
sorption of CdS and P3HT, respectively. This further
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Fig. 5 External quantum efficiency spectra of ITO/TiO,/P3HT/
PEDOT/Au (Square) and ITO/TiO,/CdS/P3HT/PEDOT:PSS/Au (cir-
cle) solar cells and absorbance spectra of the corresponding TiO,/
P3HT and TiO,/CdS/P3HT thin films

confirms the involvement of CdS in the process of free
carrier generation and the safe passage of charge carriers to
the electrodes assisted by P3HT layer. The presence of CdS
also improves the transport of electrons from the polymer
to TiO,, and holes from TiO, to P3HT by providing an
intermediate level [32].

Photovoltaic transient measurement is one of the efficient
methods to study the charge carrier recombination kinetics
in thin film PV devices. Figure 6 shows the PV transient
measurements of TiO,/P3HT and TiO,/CdS/P3HT cells. An
excitation laser with 532 nm wavelength was used to se-
lectively excite the polymer and study the effect of CdS
inter-layer on the life time of charge carriers induced in
polymer layer. As there is no optical absorption by the CdS
at 532 nm, it can be assumed that the CdS layer would not
contribute any free carriers during the illumination and the
total energy from the laser pulse will be transferred to the

TiO5/CdS/P3HT
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TiO,/P3HT
0.1+ z

Normalised photovoltage

60 ps: 800 ps

10p 100y 1m 10m
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Fig. 6 Double logarithmic normalized photovoltaic transient decay
patterns of ITO/TiO,/P3HT/PEDOT/Au and ITO/TiO,/CdS/P3HT/
PEDOT:PSS/Au cells

P3HT film. The carrier life time in the CdS modified devices
was found to be 800 ps, which is more than an order of
magnitude greater than that in TiO,/P3HT devices. This
study reveals that the recombination of carriers generated in
polymer layer is slower in the devices with CdS interface
layer. The CdS also prevents the recombination of free
carriers and ensures better charge collection at the elec-
trodes. Similar observation was reported by Loheeswaran
et al. [33] using an insulating alumina monolayer at the
TiO,/P3HT interface.

4 Conclusions

In conclusion, we find that insertion of cadmium sulfide
(CdS) layer at the nanocrystalline TiO,/P3HT interface
broadens quantum efficiency spectrum of the solar cells
and controls recombination kinetics. TiO,/P3HT solar cells
with CdS interlayer yield PCEs over 1.5 %, which is three
times greater than that for similar solar cells without CdS
layer. A cascade structure with proper channels is more
effective to improve the performance of P3HT based hy-
brid PV devices. The possible applications of CdS as the
interface modifier and co-sensitizer in organic solar cells
are verified and the results show the multifunction of P3HT
as the photon absorber and hole conductor in solid state
hybrid PV devices.
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