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Abstract

Roll-to-roll lamination is one promising technique to produce large-area organic electronic
devices such as solar cells with a large through output. One challenge in this process is the
frequent electric point shorting of the cathode and anode by the excess or concentrated applied
stress from many possible sources. In this paper, we report a method to avoid electric point
shorting by incorporating insulating and hard barium titanate (BaTiO3z) nanoparticles (NPs)
into the active layer to work as a spacer. It has been demonstrated that the incorporated BaTi0O5
NPs in poly(3-hexylthiophene):[6,6]-phenyl-C-6 | -butyric acid methyl ester (P3HT:PCBM)
bulk heterojunction solar cells cause no deleterious effect to the power conversion process of
this tvpe of solar cell. The resulting laminated devices with NPs in the active layer display the
same efficiency as the devices without NPs, while the laminated devices with NPs can sustain
a ten times higher lamination stress of over 6 MPa. The flexible polymer solar cell device with
incorporated NPs shows a much smaller survivable curvature radius of 4 mm, while a regular
flexible device can only sustain a bending curvature radius of 8 mm before fracture.

{Some figures may appear in colour only in the online journal)

1. Introduction

The polymer solar cell (PSC) is a promising new type of
photovoltaic device with the advantages of ecasy fabrication,
flexibility, light weight, large-area and low cost production
using convenient thin film deposition technology; it also has
considerable potential in renewable energy resources [ 1-3].
Bulk heterojunction (BHI) based PSCs have an active layer
consisting of conjugated polymer donor and soluble fullerene
derivative acceptor. Recently, power conversion efficiencies
(PCLs) of 8%—10% for the new donor or new acceptor
materials BHI solar cells have been reported which brings
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PSCs closer to the market [4-8]. For massive production
of PSCs, it is desirable to fabricate PSCs by a fast
and economical process with high-throughput. such as the
continuous roll-to-roll manufacturing process [9—11]. The
lamination fabrication process is one possible technique
for fulfilling these requirements [12, 13]. This process has
been previously used by us and other groups to form a
transparent electrode made of indium tin oxide (ITO) [12].
semitransparent Ag nanowire [14] and graphene [15] for
polymer solar cells which avoids the step of high vacuum
metal deposition for metallization. Furthermore, a Ag
clectrode on a flexible PEN substrate has been used in
laminated poly(3-hexylthiophene) (P3HT):[6, 6]-phenyl-C-
61-butyric acid methyl ester (PCBM) solar cells with a PCE
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{a). (b) The illustration of the formation of a laminated polymer solar cell with and without incorporation of NPs as a spacer.

Concentrated stress can deform the soft active layer causing the shorting of cathode and anode. and the incorporated hard NPs can prevent
the shorting of cathode and anode: (¢) the device structure and lamination process to form the polymer solar cells: (d) diagram of the energy

level of the materials used in this study.

up to 4.0% [16].
there is still one critical issue in the roll-to-roll lamination

Despite all of this promising progress,

process which might dim its advantages: how to form
both good electronic contact and mechanical contact at
the polymer/electrode interface for high PCE as well as
for good stability and high durability. One
possible problem with fabricating devices by lamination is
the formation of electric short points caused by concentrated
stress, The electric shorting points form because the polymer
active layer is relatively soft and concentrated stress on the
flexible electrodes generates spikes or protuberances on the
electrodes creating a direct electric contact between them [ 17].
This problem is magnified in all-flexible PSC devices because
frequent bending of the flexible device inevitably generates
cracks which are also sources of short points.

In this study, the insulating barium titanate (BaTiOsz)
nanoparticles (NPs) were introduced into the active layer of
the PSCs as spacers for a high vield lamination process. The
concept is illustrated in figures 1(a) and (b). Acting as a spacer
between the two electrodes, the hard BaTiOz NPs, with a
Young's modulus much higher than that of the soft polymer
active layer. helps to maintain the integrity of the active layer,
and enhances the yield of device fabrication by lamination.

In order to maintain efficiency of PSCs with incorporated
NPs, the selection of NPs should follow a few guidelines:
(1) the NPs need to have good insulation properties so that
they will not shorten the two electrodes by themselves: (2) the
NP material should have a high Young’s modulus so that it
can sustain a much higher stress than the polymer: (3) the
NP material should have appropriate energy levels so that
they will not act as a charge trapper; (4) the NP material
should be cost effective so as not to add much cost to the

mechanical

[

manufacturing process. In this work, BaTiO3; was chosen
as the spacer material fulfilling all these requirements. For
example, BaTiO3 has high elastic modulus beyond 100 GPa
which is ten times that of PAHT or PCBM [ 18, 19]. It is also
a good insulator with high relative permittivity of 2500 [20].
Due to the low conduction band bottom of —2.7 eV and high
lonization energy of — 0.4 eV [21]. BaTiO3; NPs will not trap
clectrons or holes from PCBM or P3HT.

2. Experimental details
2.1. Material preparation

and PCBM were

['!"!_J]

For the photoactive materials, P3HT
selected as donor and acceptor. respectively
Regioregularity PAHT and PCBM were purchased from Rieke
Metals, Inc. and Nano Carbon Inc. respectively. Poly(3.4-
ethvlenedioxythiophene ):poly{stvrenesulfonate) (PEDOT:
PSS. Clevios PH 1000} was purchased from H C Starck,
Inc. 1.2-dichlorobenzene (DCB) was purchased from Sigma-
Aldrich. Polyethylene naphthalate (PEN. Teonex Q065F) was
purchased from DuPont Teijin Films. Cubic BaTiO3 NPs
{average size of 50 nm) was purchased from Advanced
Materials, Inc. All these materials were used as received
without further treatment.

To prepare the blend P3HT:PCBM solution with NPs,
the BaTiOs NPs were dispersed in DCB with a concentration
of 1 mg ml~'. After several days’ sedimentation. excess
aggregated BaTiO; NPs formed a white precipitate at the
bottom of the solution. NPs in the top layer appeared well
dispersed in a clear solution, This top layer of solution was
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Figure 2. Surface morphology of active layer incorporated with/without NPs. AFM height images with a 10 dm x 10 gm surface area:

{a) without NPs: (b) with NPs.

filtered with a 0.45 pm filter in order to remove largely
conglomerated NPs, After filtering. the BaTiO3 solution with
a concentration of 0.2 mg ml~" was mixed with P3HT and
PCBM at a concentration of 17 mg ml~! each. To fabricate
control devices without NPs, P3HT and PCBM (1:1 by wt)
were dissolved in DCB to make a 34 mg mI~! solution. Both
blend solutions were stirred overnight at 40°C in a glove box
to fully dissolve them.

In the BaTiO3 NPs solution mentioned above. the weight
ratio of BaTiO; NPs and P3HT:PCBM was 1:170. The
average surface density of BaTliOz NPs is estimated to be

5

2Hm™-.
2.2. Device fabrication

To fabricate the devices, the ITO substrates first underwent
a routine cleaning procedure. which consisted of repeated
rinsing in deionized water. ultrasonic processing in acetone
and i1sopropyl alcohol. and final treatment with ultraviolet
(UV) ozone. The PEN substrates were cleaned by First
Contact Polymer (Photonic Cleaning Technologies). After
cleaning. a buffer layer of cesium carbonate {Cs:CO3) was
spin-coated onto the ITO/glass substrate at a spin speed
of 4000 rpm to form a cathode. which corresponded to a
thickness of 1-3 nm. and baked at 150 °C for 10 min. Then the
active layer was prepared by spin-coating the polymer blend
at 800 rpm for 20 s. which underwent a slow drying process
in a covered glass petri dish. The thickness of the film was
about 200 nm. Before the lamination process. the films were
thermally annealed at 110°C for 10 min. On the anode side. a
100 nm thick Ag layer was deposited on the PEN substrate
by thermal evaporation. The adhesive and conductive layer
{referred to as E-glue) was obtained by doping D-sorbitol
into PEDOT:PSS. which was spin-coated on the Ag laver to
form an adhesive anode. After drying both substrates, they
were laminated together by a moderate pressure tightly gluing
them together, The device structure and lamination process are
itllustrated in figures 1{c) and (d}. The details of the lamination
process are described in previous reports [16]. In order to
study the stability of devices with all-flexible substrates. both

the anode and cathode utilized PEN as substrate and Ag
as electrode, The fabrication steps of making an all-flexible
device are the same as those mentioned above.

2.3. Measurement

The current—voltage characteristics of the devices were mea-
sured under simulated AM 1.5G irradiation (100 mW cm™2)
using a xenon-lamp-based solar simulator (Oriel 96000 150 W
solar simulator). Atomic force microscopy (AFM) images
were measured by Digital Instruments Nanoscope I ( Veeco
Instruments Inc.) under tapping mode.

3. Results and discussions

3.1. Surface morphology of active layer with/without NPs as
the spacer in laminated PSCs

The AFM images for surface morphology of the active layer
are shown in figure 2. As seen in figure 2(a), the surface
of polymer layer is relatively rough for the samples without
BaTiOz; NPs because a slow drying process was used for
the PAHT:PCBM film [3]. The surface roughness @ of the
active layer is 5.3 nm. For samples with NPs. a rough surface
with @ ~ 23.8 nm was measured. The existence of convex
topography can be casily observed. as the bright spots shown
in figure 2(b). It is noted the size and height of the bumps
in the AFM picture are a little bigger than the individual
BaTiO; NP size. One possible explanation is that BaTiO;
NPs aggregate into small dots in the polymer. The degree
of aggregation can be estimated from the bump density on
the P3HT:PCBM surface which is around one NP pgm=2,
Therefore each bump on average contains about two NPs.

3.2. Effect of the NPs in lamination devices under pressure
and bending

To determine if the addition of NPs can improve the
mechanical resistance to externally applied stress and the
effect of NPs on the performance of devices, we first
fabricated glass/ITO substrate PSC devices by lamination
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Figure 3. Comparison of the dark |-V curves of devices before and after 6.0 MPa of pressure was applied to the working area of the
elass/ITO substrate device. (a) Without NPs: device shorted after pressure was applied. (b) With NPs: device remained working after

pressure was applied.
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Figure 4. The dark |-V curves of all-flexible substrate devices with and without NPs were tested under various pressures: (a) without NPs:

(b) with NPs.

using polymer solution with and without BaTiOz NPs. The
dark |-V curves of these devices were measured and are
shown in figure 3. By applying 6.0 MPa pressure on the
working area of each device, the device without NPs in the
active layer had an obvious electric point short form. while
the device with NPs had a good resistance to mechanical
stress and even got a better device performance. These results
can probably be explained by the soft polymer active layer
casily piercing under the concentrated pressure due to its
low Young's modulus. leading to a direct contact between
the two clectrodes in the absence of NP spacers. After
incorporating high Young's modulus NPs in the device. robust
active laver/electrode contact was maintained and an enlarged
device working area was obtained due to the external pressure,
For these reasons, the chance of electric point shorts occurring
under elevated stress will be significantly reduced in devices
utilizing NPs.

Flexible PSCs need to have both substrates flexible. Here
we used Ag/PEN as both sides of the device to demonstrate
the function of the BaTiO3 spacer in preventing point contacts
in the lamination process. For this experiment. the structure
of the device used Ag/Cs2CO5/active layer/PEDOT:PSS/Ag,
It is not a working solar cell device because both sides have
opague Ag electrodes with a thickness of 100 nm. Only the
dark |-V curve of the device was measured under various
pressures.

The dark |-V curves of all-flexible devices were
measured under a series of applied pressures from 0 to
1.43 MPa. and the results are shown in figure 4. As seen
in figure 4(a), tfor devices without NPs the reverse bias dark
current suddenly increases by more than ten times after
a critical applied stress of 1.43 MPa which indicates the
formation of a short point. The |-V curves of the device with
NPs did not show the abrupt changing despite a slight change
under the wide range of applied mechanical stresses. as shown
in figure 4(b). The small increase of current (both forward
and reverse biased) could be explained by the increased
contact area during the lamination due to the possible presence
of large BaTiOz; NPs aggregating in the film. This result
clearly proves the function of BaTiOs; NPs in preventing the
formation of point short contacts in the flexible solar cell
device.

The effect of the incorporated NPs on the mechanical
property of all-flexible polymer solar cell devices was also
tested. Again the variation of dark current was measured to
evaluate the quality of the device under different bending
conditions. Figure 5(a) is the side view of the device during
bending testing, The bending angles were calculated from
the curvature of the bending devices. Figure 5(b) shows the
evolution of dark current density at a reverse bias of —4 V
with the bending angles. For the device without NPs, the dark
current suddenly increased when the bending angle is bevond
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Figure 5. (a) The side view of the bending test of the flexible
device. (b) The evolution of dark cumrent at —0.4 V with the bending
angles.

35°, which indicates the damage to the polymer active film in
the device by the bending process. The corresponding fracture
curvature radius is calculated to be 8 mm according to the
size of our devices. The dark current of the device with NPs
did not show such abrupt increase of dark current until the
bending angle exceeded 607, despite a slight change of dark
current which was also observed over a large range of bending
angles. The smallest bending radius of the device with NPs
reaches 4 mm which is among the smallest reported bending
radius for flexible solar cells. This result confirms the function
of BaTiOs NPs in preventing the formation of point short
contacts in the flexible solar cell device.

3.3. Efficiency of the |aminated devices with/without NPs

It is important that the incorporation of the spacer NPs
does not change the device efficiency. To verify this,
the photocurrents of the two laminated PSC devices with
and without the incorporated NPs were compared, as
shown in figure 6(a). Both devices have the structure of
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Figure 6. Comparison of the |-V curves of devices (a) without. with BaTiO3 NPs and (b) with ZnO NPs.

L

ITO/Cs2CO5/active layer/PEDOT:PSS/Ag. The device with
NPs contained a concentration of 0.2 mg ml~" of BaTiO;
in its photoactive polymer layer. These two devices displayed
similar photocurrents. The laminated device without NPs had
a short circuit current density (Jy) of 11.4 mA em?, an open
circuit voltage (Vo) of 0.525 V, a fill factor (FF) of 63.7%
and a PCE of 3.8 1%, which is comparable to our best reported
result [16]. The device with NPs had a Je. of 11.1 mA cm?,
a Ve of 0.581 V. a FF of 58.8% and a PCE of 3.79%. Since
the PCEs of these two devices were so close it appears that
the NPs had no detrimental effect on the conductivity of the
photoactive polymer layer.

As a comparison. the incorporation of a zinc oxide (ZnO)
NP spacer was chosen for fabricating a PSC. The |-V curves
of the device were measured as shown in figure 6(b}). Here
the device only had a Jy. of 0.81 mA ecm™2. a Vi of 0.2 V,
a FF of 23.7% and a PCE of 0.004%. The poor performance
of the device is related to the incorporation of ZnO NPs. As
shown in figure 1(d), the conduction band of ZnO is —4.2 eV,
while the LUMO of PCBM is —3.7 eV. Therefore ZnO NPs
can easily capture electrons from the PCBM by the formation
of traps. which greatly reduces the efficiency of the device.
Thus the selection of materials with proper energy levels is
important, and BaTiOs satisfies this requirement as shown by
experiments performed in this work.

4. Conclusions

In conclusion, these series of experiments have successfully
demonstrated the progress of the flexible substrate laminated
BHJ solar cells, with an active layer of P3HT:PCBM mixed
with BaTiO; NPs. The introduction of NPs into the active
layer increased the mechanical stability under mechanical
stress. The device with the added NPs exhibited a PCE of
3.79% under AM 1.5G irradiation, while the device without
NPs had a PCE of 3.81%. Since this change in performance is
quite small. BaTiOz did not appear to have a detrimental effect
on the conductivity of the active layer. For the all-flexible
substrate PSCs. the device containing the NPs endured
higher pressures and larger bending angles and the device
performance did not change. while the device without NPs
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developed significant leakage current under certain pressure
and bending. This indicates that the NPs can effectively
protect the device from damage under stress and thus the
mechanical stability of the device can be improved by this
method.
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