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An inverted ZnO/P3HT:PbS bulk-heterojunction
hybrid solar cell with a CdSe quantum dot interface
buffer layert

Ajith Thomas,?® R. Vinayakan® and V. V. Ison {2 *2

An inverted bulk-heterojunction (BHJ) hybrid solar cell having the structure ITO/ZnO/P3HT:PbS/Au was
prepared under ambient conditions and the device performance was further enhanced by inserting an
interface buffer layer of CdSe quantum dots (QDs) between the ZnO and the P3HT:PbS BHJ active layer.
The device performance was optimized by controlling the size of the CdSe QDs and the buffer layer
thickness. The buffer layer, with an optimum thickness and QD size, has been found to promote charge
extraction and reduces interface recombinations, leading to an increased open-circuit voltage (Voc),
short circuit current density (Jsc), fill factor (FF) and power conversion efficiency (PCE). About 40%
increase in PCE from 1.7% to 2.4% was achieved by the introduction of the CdSe QD buffer layer, whose
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Introduction

Third-generation solar cells such as conjugated polymer solar
cells, quantum dot (QD) based organic and inorganic solar cells,
dye-sensitized solar cells and perovskite solar cells have received
considerable research interest in the past few decades due to their
advantages like mechanical flexibility and cost-effectiveness in
fabricating large-area solar cells from solution phase."” Among
these, the polymer based bulk-heterojunction (BHJ) solar cells, in
which the fullerene derivatives are replaced with QDs, grabbed
much attention because of their exceptional features like tunable
band gap, low specific weight, wide spectral range absorption and
excellent photostability.* Cadmium chalcogenide QDs are the first
material to replace the fullerene derivatives in polymer-based BHJ
hybrid solar cells.”® This, along with the device optimizations
resulted in significant improvement in the power conversion
efficiency (PCE) and long term stability of these devices.>** But,
a bottleneck with the cadmium based QDs is their absorption
window, limited to the UV-visible region of the solar spectrum,
that further led to the exploration of NIR absorbing lead chalco-
genide QDs. Lead chalcogenide QDs have an additional scope for
multiple exciton generation (MEG) by solar photons and a result-
ing hot carrier extraction.””™*
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major contribution comes from a 20% increase of Voc.

Lead sulphide (PbS) QDs in combination with poly(3-
hexylthiophene) (P3HT) is one of the most studied BH]J systems
by several research groups.” In a typical stack, a P3HT:PbS active
layer is sandwiched between a hole transporting poly(3,4-
ethylenedioxylthiophene):poly(styrenesulfonate) (PEDOT:PSS))
layer on indium doped tin oxide (ITO) and a low work function
metal cathode.’*™® But, the cell stability issues caused by the
inherent acidic and hygroscopic nature of PEDOT:PSS demanded
new structures avoiding its use. An alternative technique emerged
then was an inverted architecture employing a cathode buffer
layer, for example a zinc oxide (ZnO) layer. Though the inverted
structures were widely explored in organic solar cells,** only few
attempts were performed in polymer/QD hybrid solar cells.***

In this paper, we report the fabrication of an inverted
P3HT:PbS BHJ hybrid solar cell with the structure ITO/ZnO/
P3HT:PbS/Au. A layer of ZnO nanocrystals is used as an elec-
tron transporting medium in the cell structures fabricated. ZnO
has been used as an electron transport layer in QD solar cells
(QDSC), organic solar cells and hybrid solar cells extensively.
Features like high electron mobility, chemical stability, ease of
synthesis and good transparency across the visible spectral
range make ZnO an electron acceptor, a hole blocking layer and
a buffer layer in photovoltaics.**** But ZnO has a major disad-
vantage that it possess a large density of surface trap states,
which deteriorates the cell performance through interface
carrier recombination.'*?® In the device structure that we have
explored, since ZnO makes junctions with both P3HT and PbS
in the BH] active layer, the effects of the interface recombina-
tion of electrons through the interband trap states of ZnO to the
valence band of both P3HT and PbS is a major concern. The
possible strategies to overcome the issue would be like the
doping of the ZnO layer, introduction of an interface buffer
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layer between the active layer and ZnO, etc.>***"** In this work,
we have explored the second option, ie., the introduction of
a buffer layer. A cadmium selenide (CdSe) QDs layer was found
to be ideal in our case because of its energy band structure that
lie intermediate between ZnO and the BH]J active layer. The
CdSe QDs layer would then act as an energy relay in the active
layer/ZnO interface mediating an efficient electron transfer to
the ZnO layer.>>*® Optimizations were done for the QDs size and
the buffer layer thickness for improving the cell performance.
The QDs were characterized using optical absorption, photo-
luminescence (PL) and High-Resolution Transmission Electron
Microscopy (HR-TEM). The performance of the cell structures
were evaluated using a source meter utilizing a solar simulator
and the external quantum efficiency (EQE) measurements.
Fourier Transform Infrared Spectroscopy (FTIR), Ultraviolet
Photoelectron Spectroscopy (UPS) and Cross-sectional Scanning
Electron Microscopy (Cr-SEM) were carried out to complement
the primary characterizations.

Experimental
Materials

Regioregular P3HT was obtained from Rieke Metals. ITO coated
glass substrates (8-12 Q sq '), lead(n) oxide (PbO, 99.999%,
trace metals basis), cadmium oxide (CdO, =99.99%, trace
metals basis), trioctylphosphine (TOP, technical grade, 90%),
hexamethyldisilathiane (TMS, Synthesis Grade), selenium (Se,
99.99%, trace metals basis), oleic acid (OA, technical grade
90%), 1-octadecene (1-ODE, technical grade 90%), 1,2-ethane-
dithiol (EDT, =98% GC), zinc acetate dihydrate (ACS reagent,
=98%), potassium hydroxide (KOH basis = 85%), n-octane
(anhydrous, =99%) were purchased from Sigma Aldrich.
Reagents and solvents were purchased from Merck. All the
chemicals were used as such without further purification.

Synthesis of ZnO nanocrystals

Zinc acetate dihydrate (1.515 g, 6.9 mmol) was dissolved in
methanol (65 ml) in a 100 ml three-necked round bottom flask
and was heated to 60 °C under argon atmosphere. After 30
minutes, KOH (0.726 g, 12.9 mmol) in methanol (34 ml) was
injected drop-wise into the mixture in a time interval of 10
minutes. The solution turned translucent initially during the
injection and became transparent slowly. 90 minutes after the
completion of the injection, ZnO nanocrystals (NCs) started
precipitating and the solution became turbid. After 2 hours of the
injection, the mixture was cooled down to room temperature and
was kept undisturbed for 6 hours for the ZnO nanocrystals to
sediment at the bottom. After removing the supernatant, 30 ml
methanol was added to the precipitate and stirred again. The NCs
were precipitated by centrifuging at 1000 rpm for 4 minutes and
redispersed in 30 ml methanol. The centrifugation was repeated
further at 4000 rpm and finally after removing the residual
methanol, the ZnO NCs were dispersed in chloroform with
a weight concentration of 30 mg ml™" and filtered through a 0.2
pum polytetrafluoroethylene (PTFE) filter.
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Synthesis of PbS and CdSe QDs

PbS and CdSe QDs were synthesised by hot-injection method.
For synthesising PbS QDs capped with OA, a pot mixture of PbO
(1.2 g, 5.4 mmol), OA (11 ml, 35 mmol) and ODE (32.3 ml, 101
mmol) was loaded into a 3-neck round bottom flask equipped
with a thermometer, condenser and a rubber septum. The
mixture was heated to 150 °C and kept for stirring for 1 hour
followed by degassing at 100 °C before the temperature reaches
150 °C. An injection mixture was also prepared simultaneously
by mixing TMS (500 ul, 2.37 mmol) with ODE (19 ml, 59 mmol)
in a round bottom flask. After 1 hour, the temperature of the pot
mixture was reduced to 130 °C followed by a swift injection of
the degassed injection mixture to initiate the growth of the PbS
QDs. It was then held for a minute to attain the required size
and cooled down to room temperature using a cold water bath.
15 ml hexane was added to the crude solution containing QDs
to disperse them and was precipitated with acetone followed by
centrifugation. The QDs, dried under vacuum were dispersed in
hexane again and were further precipitated with methanol and
the steps were repeated twice. The purified QDs were finally
dispersed in a 2:1 chloroform-chlorobenzene mixture at
a concentration of 50 mg ml ™.

The pot mixture for synthesizing OA capped CdSe QDs was
prepared by dissolving 400 mg of CdO (3.1 mmol), 55 ml ODE
(170 mmol) and 4.8 ml OA (15.3 mmol) in a three-necked round-
bottom flask. The injection mixture was prepared by dissolving
80 mg (1 mmol) of Se powder in 770 ul (1.7 mmol) TOP and
6.7 ml (21 mmol) ODE. Rest of the procedures were similar to
that for PbS QDs, except the injection temperature and the
growth time. CdSe QDs of three different sizes viz., 2.9 nm, 4 nm
and 7 nm were synthesized by adjusting the growth temperature
at 280 °C, 300 °C and 320 °C, respectively. The growth time was
maintained 3 minutes in all the cases. 6 ml hexane was added to
the crude solution to disperse the QDs and was precipitated by
adding excess methanol followed by centrifugation at 6000 rpm.
The QDs were dried under vacuum and dispersed in 3 ml of
hexane again. The precipitation procedures were repeated
thrice and the vacuum-dried powder of QDs was dispersed in
chlorobenzene (CB) at a concentration 30 mg ml~"' for spin
coating.

The PbS and CdSe QDs dispersions were filtered through
a 0.22 pm PTFE filter. The characterizations of the QDs are
shown in the ESI (Fig. S1 and S27).

Device fabrication

Patterned ITO coated glasses were cleaned following our
previously reported procedure.”” A 60 nm ZnO layer was formed
on it by spin-coating the ZnO solution for 30 seconds at
3000 rpm. The film was then annealed at 230 °C for 20 minutes
on a hot plate. On ZnO, the CdSe buffer layer was grown by spin-
coating the CdSe dispersion for 30 seconds at 2000 rpm. The
parameters of spin-coating, the spin speed and the concentra-
tion of the coating solution, were initially optimized to get
a CdSe film thickness around 20 nm. 200 ul EDT solution
(0.02% volume in acetonitrile) was applied to the spin-coated
film for the ligand exchange process for 30 seconds. The film

This journal is © The Royal Society of Chemistry 2020
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was then rinsed with pure acetonitrile for removing excess
ligands while the substrate was spinning (for 10 seconds at 500
rpm). Acetonitrile was again applied to the film and dried by
spinning at 3000 rpm. CdSe buffer layers were also grown for
thicknesses 40 nm and 60 nm by repeating the deposition cycle.

For the fabrication of the BHJ active layer P3HT:PbS, the PbS
dispersion was blended with P3HT solution (10 mg ml™'in2: 1
chloroform-chlorobenzene) to form a 1 : 9 (w/w) polymer-QDs
solution. Before spin coating, a small amount of octane (10%
v/v) was added as a solvent additive to the casting solution based
on our earlier work on optimizing BHJ morphology of
P3HT:PCBM solar cells.””

The active layer was spin-coated for 40 seconds at 1500 rpm
to get a film of thickness 140 nm. The device structures were
heated at 120 °C for 10 minutes before the final Au electrode
deposition. All the fabrication procedures were carried out
under ambient conditions.

Characterizations

The absorption spectra of the QDs dispersions in hexane were
recorded using an Agilent Cary 5000 UV-Vis-NIR Spectropho-
tometer. The absorptances of the active layers were measured
from the devices prepared without electrode deposition. Pho-
toluminescence (PL) spectra of CdSe QDs were recorded using
a HORIBA Fluorolog-3 spectrometer. Fourier Transform
Infrared Spectra (FTIR) of CdSe QDs (4 nm) layer with and
without EDT treatment were obtained with a Nicolet iS20 FTIR
Spectrometer in the ATR mode. The EDT capped CdSe sample
was prepared by spin-coating CdSe QDs (4 nm size) layers on
a glass substrate 6 times with EDT treatments in between. High-
Resolution Transmission Electron Microscope (HR-TEM)
images of the QDs were recorded using a JEOL JEM-2100
microscope. For HR-TEM studies, the QDs dispersions in
hexane were drop-casted on copper grid. Cross-sectional Scan-
ning Electron Microscope (Cr-SEM) images of the devices were
taken using a Zeiss Sigma 300 SEM. The thicknesses of all layers
in the devices were measured using the Cr-SEM. Photovoltaic
performances of the devices were recorded using a Keithley
2400 source meter under ambient conditions. An Oriel Sol3A
Class AAA solar simulator was used to provide a 100 mW cm ™"
(ref. 2) light illumination. A series of neutral density filters were
used to study the illumination intensity dependence of Jsc and
Voc. External quantum efficiency (EQE) spectra of the devices
were taken using a BENTHAM PVE300 IPCE measurement
system. Ultraviolet Photoelectron Spectroscopy (UPS) analysis of
EDT capped CdSe QDs film was performed using a Kratos AXIS
ULTRA system equipped with a He I radiation source (21.22 eV).
The sample for the UPS analysis was prepared by coating two
layer of EDT treated CdSe QDs films on a silicon wafer.

Results and discussion

In this communication, we report a novel inverted P3HT:PbS
BH]J hybrid solar cell with the structure ITO/ZnO/P3HT:PbS/Au
employing ZnO as the electron transporting layer. The device
performance was further improved by integrating a CdSe QDs

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Cross-sectional SEM image of the inverted structure ITO/
ZnO/CdSe/P3HT:PbS/Au and (b) schematic of the device.

Table 1 Average photovoltaic parameters of the devices versus CdSe
QD size

QD size (nm)  Voc (V) Jsc (mAcem™2)  FF (%) PCE (%)
2.9 0.63 £0.02 6.20 £ 0.9 43.5+£2.2 1.7+£0.2
4 0.60 + 0.01 7.40 £ 0.5 47.0 £ 1.8 2.1 +0.2
7 0.58 £0.01 7.00+0.3 47.6 £1.3 19=+£0.1

interface buffer layer to form the structure ITO/ZnO/CdSe/
P3HT:PbS/Au. The CdSe and the BHJ layers were subjected to
post-deposition ligand exchange processes to replace the long
and insulating OA ligands with shorter EDT ligands. The ligand
exchange process was validated by FTIR studies. A nearly
complete removal of OA was seen after EDT treatment indicated
by a significant reduction of the characteristic vibrations at
2920 em ™! (asymmetric C-H) and 2850 cm ™' (symmetric C-H)
in the FTIR spectra (Fig. S31).2

Fig. 1a shows the Cr-SEM image of a device grown with CdSe
buffer layer. A schematic of the device is shown in Fig. 1b.

Initially, CdSe QDs of three different sizes (2.9 nm, 4 nm and
7 nm) were explored for fabricating cell structures at a buffer
layer thickness around 40 nm and it was found that the device
grown with 4 nm QDs gave the maximum photo conversion
efficiency (PCE). Now, using the 4 nm CdSe nanoparticles, cells
were grown at three buffer layer thicknesses, ~20 nm, ~40 nm
and ~60 nm and the device with a 20 nm buffer layer provided
the best results. A summary of the photovoltaic (PV) parameters
of the devices with QDs size and the buffer layer thickness is
given in Table 1 and 2 respectively. The parameters tabulated
correspond to average of 4 devices each having 8 cells. A
photograph of our typical device is shown in the inset in Fig. 2.

Fig. 2 shows the current density-voltage (J-V) characteristics
of the best-performed devices, with and without the CdSe buffer
layer (20 nm layer formed of 4 nm QDs).

The charge transport mechanism in inverted BHJ hybrid
solar cells is well understood." In the bulk of a P3HT:PbS active
layer, the photo-generated electron-hole pairs in P3HT and PbS
QDs are separated at the P3HT:PbS interfaces and get collected
at PbS QDs and P3HT respectively due to the favourable band
alignment between them. At the active layer/ZnO interface, the
electrons collected in PbS along with some of the excited elec-
trons in the P3HT are transferred to the ZnO layer since the
electron transfer from the PbS and the P3HT to the ZnO is
efficient.”**® The mechanism is also similar in PbS quantum dot

RSC Adv, 2020, 10, 16693-16699 | 16695
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Table 2 Average photovoltaic parameters of the devices versus buffer layer thickness
CdSe layer thickness (nm) Voc (V) Jsc (mA em™2) FF (%) PCE (%)
20 0.61 &+ 0.02 7.75 £ 0.7 50.2 + 2.2 2.4 £0.2
40 0.60 £ 0.01 7.40 + 0.5 47.0 £ 1.8 2.1+£0.2
60 0.57 + 0.01 7.18 £ 0.6 449 £ 1.4 1.8 £ 0.1
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Fig. 2 J-V characteristics under illumination for the devices with and
without CdSe buffer layer. Inset shows photograph of a typical device.

solar cells and P3HT based inverted BH]J solar cells, where ZnO
acts as an electron transport layer. But, since the ZnO/active
layer (PbS QDs in QDSCs and BHJ layer in P3HT based poly-
mer solar cells) interface is prone to interface recombination
due to the surface states present at the ZnO surface,”** a dete-
riorated device performance results mainly from an inferior Vpc
and a lower FF. The present study is centred on overcoming this
issue by growing a CdSe QDs surface passivation buffer layer to
reduce the interface recombination.”>*® Significant improve-
ments are reflected in the performance of the devices grown
with the buffer layer (CdSe/P3HT:PbS), especially a 20%
increase in Voc, as compared to the devices grown without
buffer layer (P3HT:PbS). A comparison of the PV parameters of
the devices grown with and without the buffer layer is given in
Table 3.

The reason for utilising CdSe QDs as the interface buffer
layer is its well-matched conduction band edge to ZnO and the
BH]J active layer components, providing an intermediate energy
level between them, promoting electron transport to ZnO. The
enhanced electron transport reduces the interface charge

5.1

Trap states

N
=
(®)

7.5
Fig. 3 Energy band diagram of the device with CdSe buffer layer.

density that further results in a reduction of the interface charge
recombination.*** To illustrate the charge carrier trans-
portation and recombination pathways, an energy band
diagram is constructed, which is shown in Fig. 3.

All energy level positions were taken from the previously
reported studies except the one for EDT capped CdSe QDs. For
CdSe QDs, since the energy level positions depend very much on
their surface capping ligands and the band gap, the energy level
positions were obtained from UPS and PL measurements.* The
UPS characterization details are provided in Fig. S4.t

The energy level positions of all constituting layers of the
device are given in Table S2.} In the energy band diagram, the
green and the blue arrows denote the electron and hole trans-
portation pathways respectively and the red arrows depict the
major interface recombination pathways. The recombinations
to PbS and P3HT are mediated by the trap states on the ZnO
surface. The deep-lying HOMO level of CdSe prevents holes in
the HOMO of both P3HT and PbS from getting in contact with
the ZnO surface.

To get more information on the recombination kinetics in
the devices, we analysed how Jsc and V¢ depend on the light

Table 3 Comparison of average photovoltaic parameters with and without CdSe buffer layer

Devices Voc (V) Jsc (mA em™2) FF (%) PCE (%)
ZnO/P3HT:PbS 0.51 &+ 0.01 6.90 + 0.5 46.9 £ 1.8 1.7 £ 0.2
ZnO/CdSe/P3HT:PbS 0.61 + 0.02 7.75 £ 0.7 50.2 £ 2.2 2.4 £0.2
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Fig.4 Dependence of Jsc on light intensity for the devices grown with
and without CdSe buffer layer.

intensity I. Fig. 4 shows the dependence of Jsc on light intensity
(the curve is plotted on a double logarithmic scale). The data
was then fitted with a power-law based on the proportionality
JscI", where v is an exponential factor, whose value can be
used to interpret the carrier recombination mechanism in the
devices under short circuit condition. If the vy value is close to 1,
it suggests that the carrier extraction is faster than recombina-
tion in the devices and so that it possess very little bimolecular
recombination under short circuit condition or may be domi-
nated by monomolecular recombination. A lower value of y
(~0.5) is indicative of bimolecular recombination processes in
the device.*"** In our study, we have obtained a vy value equal to
0.78 for the device grown with buffer layer and a value 0.74 for
the one without buffer. A higher value of v for the device with
buffer layer as compared to the device without buffer is in
favour of our argument that there occurs a reduction in the

¢ ZnO/P3HT:PbS
= ZnO/CdSe/P3HT:PbS —
0.6} " ]

04— :

10 100
Light intensity (mW/cm?)

Fig. 5 Dependence of V¢ on light intensity for the devices grown
with and without CdSe buffer layer.
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Fig. 6 EQE spectra of devices grown with and without CdSe buffer
layer.

interface charge carrier density and the associated bimolecular
recombination with the introduction of the buffer layer.>*>>**

Determination of ideality factor 7 is another route to assess
the recombination processes in solar cells. Fig. 5 shows the
variation of V¢ on light intensity plotted on a logarithmic scale.
The ideality factor can be obtained by fitting the data using the
relation Voo = (nkT/q)In(I") + C where, k is the Boltzmann
constant, T is the absolute temperature, g is the elementary
charge and C is a constant. The ideality factor gives the value 1
when there is only band-to-band recombination in the open-
circuit condition. Its value will be in the range 1 to 2 when
the trap assisted recombination from interface or mid-gap
states dominates.>*?** The ideality factor calculated for our
cases with (1.76) and without buffer (2.22) indicates that the
trap assisted recombinations play a role in the two devices but
there occurs a significant reduction after the growth of the
buffer layer.

Our arguments on the role of CdSe layer based on the energy
band diagram is further supported by the EQE plot shown in
Fig. 6. The integrated EQE spectra give a short circuit current
density that agrees well with the measured Jsc with an error
percentage less than 5. We can see an improvement of EQE in
almost the entire region of absorption after the CdSe layer is
inserted. But the absorptance of the active layer didn't change
much in this region by the introduction of the CdSe layer as
shown in Fig. S5.1 This is suggestive of the fact that the CdSe
layer has negligible or no role in the charge generation part. The
overall improvement in EQE is therefore attributed to an
improvement in the charge collection rather than the charge
generation.

Variation of the photovoltaic parameters with respect to the
QDs size (Table 1) can be explained as follows. QDs of lower size
degrade the mobility*>*® of the buffer layer resulting in an
increase of device series resistance, bringing down the cell
parameters Jsc, FF and PCE. An enhancement of V¢ in this case
can be attributed to the more closely aligned conduction bands

RSC Adv, 2020, 10, 16693-16699 | 16697
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of CdSe and PbS. QDs of higher size can result in an energy level
mismatch between ZnO and the CdSe buffer layer due to the
reduced band gap of the QDs. This can act as a barrier for the
charge carriers in the ZnO/CdSe interface resulting in a reduc-
tion of V¢, Jsc and the PCE.>®

Our result that the PCE decreases with increase of buffer
layer thickness is in agreement with the previous reports.
Higher thickness of the buffer layer can be result in a weakening
of electric field that will reduce the drift velocity, enhancing the
carrier recombination in buffer layer.>*** Hence a reduction in
PCE of the devices with increase of buffer layer thickness is
caused by the enhanced recombination and the additional
series resistance offered by it.

Conclusions

P3HT:PbS bulk-heterojunction inverted hybrid solar cells having
the structure ITO/ZnO/CdSe/P3HT:PbS/Au were developed
utilizing ZnO as an electron transporting layer and CdSe QDs as
the interface buffer layer. The buffer layer promotes electron
transport in the device by providing an intermediate energy band
relay between ZnO and the active layer. It also reduces the
recombination at the ZnO/active layer interface by passivating the
ZnO surface states. The enhanced electron transport by the buffer
layer reduces the interface carrier density that also helps in
decreasing the interface recombination.
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