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A transfer printing technique allows the development of flexible photovoltaic devices. Blending poly

(ethylene glycol) (PEG) in the photoactive layer causes the PEG molecules to migrate spontaneously to
and weaken the bonding at the interface between the polymer film and the Si wafer, thereby facilitating
the transfer process from a hard stamp to the receiving flexible substrate. The device fabricated using
this transfer printing process had characteristics similar to those of the corresponding device prepared
using a spin-coating process. Using hard stamps should help to realize the low-cost, high-throughput

roll-to-roll fabrication of flexible solar cells.

Introduction

Electronically functional polymers are being investigated exten-
sively for their applications in such electronic devices as light
emitting diodes, field effect transistors, and solar cells."* The
advantageous features of these organic devices include their low
cost, light weight, and fabrication at low temperature."* In
addition, their mechanical properties allow the fabrication of
devices using roll-to-roll and/or large-area processing on flexible
substrates.®® Nevertheless, complicated multilayer structures or
thin films exhibiting complex patterning®?? are usually required
to enhance device performance. The realization of multilayer
structures is constrained, however, by dissolution of the initial
layer in subsequent wet fabrication processes.*** Consequently,
the mass-fabrication of devices incorporating electronically
functional polymers requires the development of methods that
contrast and complement those (e.g., photolithography) used for
the processing of conventional semiconductors in inorganic
devices.

Many lamination and transfer printing processes have been
proposed for the fabrication of organic devices. These
approaches have been applied to construct metal-organic,'s!”
organic-metal,’®'®2!' and organic-organic*>? interfaces in
organic electronic devices to overcome the problem of solvent
compatibility. Among these transfer printing or lamination
processes, polydimethylsiloxane (PDMS) stamps have been used
most widely for the fabrication of various structures in organic
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functional electronic devices. Nevertheless, the fabrication of
PDMS stamps can be complicated and modification of their
surfaces is usually required to obtain the specific properties
required for the transfer process.?®*” Herein, we report a simple
transfer printing methodology—using hard stamps—for the
fabrication of flexible organic photovoltaic devices. We have
found that blending an inert polymer into the photoactive layer
benefits the transfer printing of polymer films. The blended
organic layer was readily transferred from a rigid substrate, such
as a Si wafer, to a flexible polyethylene terephthalate (PET)
substrate pre-coated with indium tin oxide (ITO). After deposi-
tion of metal cathodes on the thin films, the devices exhibited
performance comparable with that of corresponding solar cells
prepared using conventional spin-coating processing. We suspect
that the inert polymer migrated to the interface between the
polymer film and the Si wafer, weakening the bonding between
the polymer films and the substrate; subsequently, the polymer
thin film could be transferred from the wafer to the receiving
flexible substrate.

Experimental section

The photoactive layer in this study consisted of P3HT and
PCBM; the P3HT:PCBM weight ratio in the blend was main-
tained at 1: 1. The molecular weight of PEG was 600 g mol~"'.
The J-V characteristics of the solar cells were measured using
a computer-controlled Keithley 2400 apparatus. The device
photoresponse was measured under the illumination (100 mW
cm~2, AM 1.5G) provided by an Oriel 150 W solar simulator. The
intensity of the light source was corrected using a standard Si
photodiode.®® The surface morphology of the thin films was
visualized using a Digital Instruments Dimension 3100 atomic
force microscope. XPS spectra were recorded using a PHI 5000
VersaProbe system.
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Results and discussion

To facilitate the transfer of the thin film, we doped poly(ethylene
glycol) (PEQG) into a photoactive layer comprising poly(3-hexy-
Ithiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM). Fig. 1 outlines the fabrication of the flexible
organic solar cells. The donor substrate for the transfer process
was a clean Si wafer presenting a layer of thermally grown SiO,
(200 nm) on its surface [Fig. 1(a)]. After UV-O; treatment on the
SiO, surface, the polymer blend was spin-coated from a solution
in 1,2-dichlorobenzene. The thin film was then subjected to
solvent annealing for at least 20 min.?*=° The sample was ther-
mally annealed at 110 °C for 15 min prior to performing the
transfer process. Herein, we denote the Si wafers presenting
deposited polymer blends as “donor” samples. Patterned ITO-
coated PET films were used as the “target” substrates. A layer of
poly(ethylene dioxythiophene):polystyrenesulfonate (PEDOT:
PSS) was spin-coated on the PET substrate and then the sample
was annealed at 120 °C for 60 min. Prior to performing the
transfer process, we further annealed the target PET substrates at
110 °C for 5 min [Fig. 1(b)]. Note that the transfer procedure was
conducted at 110 °C. Subsequently, we attached the flexible
target substrates onto the donor wafer [Fig. 1(c)]. After applying
pressure (~18 psi), the photoactive layer was readily transferred
to the PEDOT:PSS surface upon delamination of the flexible
target substrate [Fig. 1(d)]. Finally, the device was completed
through thermal evaporation of 80 nm Al as the cathode [Fig. 1
(e)]. Fig. 1(e) also displays a standard device having the same
structure, except that its photoactive layer was spin-coated
directly on top of the PEDOT:PSS layer; all of the materials and
manufacturing conditions were the same as those used to prepare
devices through transfer printing.

Using the transfer printing procedure (Fig. 1), the unmodified
P3HT:PCBM blend thin film could not be transferred success-
fully. After doping PEG into the polymer blend, however, the
photoactive layer was readily lifted-off and transferred from the
Si wafer to the plastic substrate. To understand the mechanism of
the transfer printing process, we investigated the morphologies of
the thin films deposited on the SiO, surfaces [Fig. 2(a), (b), (d)
and (e)]; these surfaces directly contacted the PEDOT:PSS layer

Fig. 1 Schematic representation of the transfer printing process for the
preparation of flexible solar cells. (a) A photoactive layer is spin-coated
on a Si wafer. (b) A PEDOT:PSS layer is spin-coated on a flexible PET
substrate; the sample is then annealed at 110 °C for 15 min. (c) The two
parts of the device are laminated together under moderate pressure. (d)
The flexible substrate is lifted-off from the wafer; the photoactive layer is
then transferred from the donor substrate to the plastic substrate. (e) The
cathode is thermally deposited.

on the flexible target substrate. The height- [Fig. 2(a) and (b)] and
surface-mode [Fig. 2(d) and (e)] images reveal that the surface
morphologies of the P3HT:PCBM films remained almost
unchanged after the addition of PEG. Fig. 2(c) and (f) present
AFM images (height and phase modes, respectively) of the
transfer-printed thin film containing PEG on the flexible target
substrate; this surface was originally in contact with the SiO,
surface on the rigid Si wafer. The morphology of this surface
[Fig. 2(f)] was significantly different from that of the other side
[Fig. 2(e)]. We suspected that this surface featured a large
number of PEG molecules, whereas the other interface was
covered almost entirely by P3HT and PCBM molecules, resulting
in entirely different surface textures in the AFM images. In
addition, when we increased the weight ratio of PEG to 15%, we
observed an even more obvious change in morphology (see
Figure S1, ESI}), further supporting the notion that the
compositions of the two surfaces were different. In other words,
the distribution of PEG in the thin films was uneven; therefore,
we infer that vertical phase separation occurred between PEG
and the P3HT:PCBM blends in the thin film.*'

Vertical phase separation in polymer blends has been reported
widely.?*¢ For example, Arias et al demonstrated that the
substrate surface can initiate phase separation of the lower-
energy phase in polymer mixtures, leading to spontaneous
formation of an encapsulation layer [poly(methyl methacrylate)]
on top of a semiconducting film (P3HT) in thin-film transistors.**
Recently, we also observed that PEG molecules tended to
undergo vertical phase separation to the top surfaces of P3HT/
PCBM blends.?! In this present study, the PEG molecules
preferred to reside at the interface between the top of the Si wafer
and the bottom of the thin film, presumably because of the
hydrophilicity of the SiO, surface after UV-O; treatment.

To validate our assumptions, we immersed the thin film
samples—prepared with and without PEG on the Si wafers—
into a water bath (see Fig. 3). The polymer film containing PEG
was readily lifted-off from the substrate [Fig. 3(a)]. We suspect
that the water-soluble PEG molecules located at the polymer—
SiO, interface were readily dissolved. As a result, the polymer
film detached from the Si wafer after the PEG molecules were
removed by water. On the other hand, the thin film lacking PEG
molecules remained strongly bonded to the Si wafer after treat-
ment in the water bath [Fig. 3(b)]. Because the hydrophobic
P3HT and PCBM species repelled water molecules, the polymer—
SiO, interface was barely affected after treatment in the water
bath.

We used X-ray photoelectron spectroscopy (XPS) to further
study the surfaces of the transferred thin films. Fig. 4 presents the
O 1s core level spectra of the polymer blends containing PEG
spin-coated on the Si wafers. The spectrum of the surface of the
thin film on the Si wafers after UV-O; treatment exhibited a peak
at 532.5 eV, which we assign to the C-O bonds of the PCBM and/
or PEG molecules. In contrast, the O 1s core level spectrum of
the thin film on the PET substrate, which had been transferred
from the Si wafer, featured an intense peak at a binding energy of
531.5 eV, which we assign to the O—H bonds of the PEG mole-
cules. The high intensity of this peak suggests that this surface
contained a high concentration of PEG. The dramatic difference
between the two spectra indicates that the concentration of PEG
on the top surface of the thin film on the Si wafer was much lower
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Fig.2 (a, b) AFM height-mode images of the P3HT:PCBM films deposited on a SiO, surface (a) before and (b) after the addition of 5 wt% PEG. (d, ¢)
AFM phase-mode images of the P3HT:PCBM films deposited on a SiO, surface (d) before and (e) after the addition of 5 wt% PEG. (c) Height-mode and
(f) phase-mode AFM images of P3HT:PCBM:PEG blend films, incorporating weight ratios of PEG of 5 wt%, transferred from SiO, surfaces to PET

substrates. All the image sizes are 5 pm x 5 um.

than that on the bottom surface. Thus, the XPS data support the
formation of a PEG “layer” at the polymer-SiO, interface.

To further investigate the origin of the self-organized inter-
faces, we treated the SiO, surface with hexamethyldisilazane
(HMDS) vapors and then used XPS to study the interfaces of the
polymer films deposited on the treated wafers. Fig. 4 reveals that
the spectrum of the surface of the thin film transferred from the
HMDS-treated wafer exhibited a peak near to 532.5 eV, sug-
gesting a composition similar to that of the film deposited on the
SiO, surface after UV-O5 treatment. We could not, however, find
any signals representing the presence of the O-H bonds of PEG
molecules. Thus, the distribution of PEG molecules was different
after the transfer printing of the two different polymer films.
Because the HMDS-modified surface was relatively hydro-
phobic, its surface properties might not have been favorable for
the vertical phase segregation of PEG to the SiO, substrate
surface. Notably, the spectrum of the surface of the film on the
HMDS-treated Si wafer (prior to transfer printing) exhibited
a peak at 533.0 eV, which we attribute to the C—O-C bonds of
PCBM. Although PEG also contains C—-O-C bonds, the absence
of O-H bonds (531.5 eV) excludes the possibility that it was
responsible for this signal. Because the SiO, surface became
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Fig. 4 Normalized O 1s core level spectra recorded from the surfaces of
thin films (i) deposited on a wafer treated with UV-Os; (ii) transferred from
the treated wafer to a PET substrate; (iii) deposited on a wafer treated with
HMDS vapor; and (iv) transferred from the HMDS-treated wafer to
a PET substrate. The PEG concentration in each thin film was 5 wt%.

hydrophobic after treatment with HMDS, the PCBM molecules
tended to appear at the top surface of the polymer blend. More
interestingly, after we dipped the HMDS-treated sample into
a water bath, the polymer film was shed and turned into many
small pieces [Fig. 3(c)]. We infer that water molecules readily

(b)

Fig. 3 Photographs of samples prepared under various conditions after treatment in a water bath. (a) Sample prepared with PEG; the substrate had
been treated with UV-Os. (b) Sample prepared without PEG; the substrate had been treated with UV-Os. (c) Sample prepared with PEG; the substrate
had been treated with HMDS.
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passed through the polymer film after dissolution of the PEG
units, due to the rather uniform distribution of PEG. Thus, the
water bath experiments (Fig. 3) revealed that the surface prop-
erties of the substrate had a pronounced effect on the distribution
of the PEG molecules.

Our results suggest that the self-organized PEG molecules
functioned to weaken the chemical bonds between the polymer
blends and the SiO, surface. In the transfer printing process, after
we had applied appropriate pressure and moderate thermal
treatment to the substrates, the adhesion strength between the
molecules at the top of the polymer thin film and the PEDOT:
PSS molecules became stronger than the bonding between the
polymer blend and the SiO, surface. Hence, the photoactive layer
could be delaminated and transferred onto the flexible target
substrate.

Fig. 5 presents the photocurrent-voltage (J-¥) curves of the
devices prepared on ITO-coated PET substrates under AM 1.5
illumination (100 mW cm~2). The standard device, in which the
P3HT:PCBM thin film was prepared through spin-coating,
exhibited a short-circuit current density (J.) of 8.21 mA cm—2, an
open-circuit voltage (V) of 0.47 V, and a fill factor (FF) of 0.52,
yielding a power conversion efficiency (PCE) of 2.02%. This
slightly lower efficiency, relative to that of the device prepared on
a glass substrate, was probably due to the higher resistance of the
ITO films on the PET substrates; the sheet resistance of an ITO
film on a typical glass substrates is 6 Q sq~', increasing to 30 Q
sq " on PET substrates. After the addition of 5 wt% of PEG in
the photoactive layer, the values of Jy. and V,. were both
improved (to 0.51 V and 9.47 mA cm 2, respectively); although
the FF decreased to 0.47, the PCE underwent a slight increase (to
2.25%). The improved device performance of the PEG-contain-
ing device is consistent with previous reports.3!-*” We suspect that
the addition of PEG improved the device performance as a result
of better contact at the cathode. The device fabricated using the
transfer printing process exhibited a value of J,. of 7.86 mA cm 2,
a value of V. of 0.53 V, and a FF of 0.52; its calculated PCE of
2.16% is comparable with the value of the standard device
prepared using spin-coating. Notably, the value of V. (0.53 V)
was larger than those of the other devices, presumably because
the residual PEG molecules on the thin film surface after transfer
printing reacted with the Al atoms and decreased the energy
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Fig. 5 J-V characteristics (measured under AM 1.5 G illumination at
100 mW cm™?) of a conventional P3HT:PCBM-containing device
prepared through spin-coating (M), a device featuring an active layer
containing PEG fabricated through spin-coating (@), and a device
featuring an active layer containing PEG fabricated through transfer-
printing (A).

barrier at the cathode.?"*® The other possibility of the improve-
ment is the increase of the build-in potential across the device,
thereby improving the charge transportation.?” In other words,
residual PEG on the surface might also have a beneficial effect on
device performance.

Conclusions

We have fabricated flexible polymer photovoltaic devices using
a transfer printing process without the need for elastic stamps
(e.g., PMDS). Doping PEG molecules into the P3HT/PCBM
blend allowed the photoactive layer to be readily lifted-off and
transferred from a rigid stamp (e.g., Si wafer) to a flexible
substrate. A device fabricated using this transfer printing process
had characteristics similar to those of the corresponding device
prepared using a spin-coating process. Using hard stamps should
help to realize the low-cost, high-throughput roll-to-roll fabri-
cation of flexible solar cells; in addition, it should improve the
reliability of the process and eliminate the complicated fabrica-
tion of elastic stamps.
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