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ABSTRACT: Efficient organic photovoltaic cells (OPV) often
contain highly reactive low-work-function calcium electron-
collecting electrodes. In this work, efficient OPV are demon-
strated in which calcium electrodes were avoided by depositing a
thin layer of the amine-containing nonconjugated polymer,
polyethylenimine (PEIE), between the photoactive organic
semiconductor layer and stable metal electrodes such as
aluminum, silver, or gold. Devices with structure ITO/poly-
(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-

. —
4r 1 1 -~
o <
ol Timf "S ]
£ °[E s &

A Aq A 2 T2 b v 5 W
[AlorAg or Auj < o= | g e
el E =l Ik

P3HT:ICBA on 2 ooz 3

P b

PEDOT:PSS PR T <l 0 1 % F

NP f 3 v 3
1 NISNSNT = %
Ll LWl 8
‘/ x y z E,s ___________
AN Ay~ OH >
H y -10 - - lilumination
\/ 12 09 -06 03 00 03 06 09

OH Voltage (V)

DOT:PSS)/poly(3-hexylthiophene):indene-Cgy-bis-adduct (P3HT:ICBA)/PEIE/Al demonstrated overall photovoltaic device
performance comparable to devices containing calcium electron-collecting electrodes, ITO/PEDOT:PSS/P3HT:ICBA/Ca/Al
with open-circuit voltage of 775 + 6 mV, short-circuit current density of 9.1 + 0.5 mA cm™? fill factor of 0.65 + 0.01, and power
conversion efficiency of 4.6 + 0.3%, averaged over 5 devices at 1 sun.
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H ighly efficient organic photovoltaic devices (OPV) often
incorporate calcium electrodes, typically deposited prior
to a more air-stable capping metal, such as aluminum or silver."
Although the use of calcium leads to OPV that demonstrate
high fill factor (FF) and open-circuit voltage (V) values, its
air instability and the consequent reduction in device lifetime
could preclude such devices from reaching commercialization.
Additionally, the lower reflectance of calcium compared to
aluminum and silver results in less photons being absorbed in
the photoactive layer during the second pass after reflection
from the top metal electrode, diminishing the short-circuit
current density (]sc).z_4 For these reasons, it is important to
develop OPV that exhibit superior photovoltaic device
performance in the absence of calcium.

One approach toward replacing calcium has been the
development of so-called inverted geometry OPV where the
photoactive layer and other functional layers are deposited on
top of the low-work-function electron-collecting electrode,
thereby masking it from air.” Tin-doped indium oxide (ITO)
coated with a variety of materials, including metal oxides,
polymers, and inorganic salts, has successfully served as the
electron-collecting electrode in inverted geometry OPV.
Another approach toward the elimination of calcium in OPV
has been the development of interfacial modifiers that can be
deposited on top of the photoactive layers and underneath air-
stable metals that act as the electron-collecting electrodes. Of
particular interest are solution-processable polymeric modifiers.
Significant research efforts have been put into the development
of such interfacial modifiers.’”'* Poly(ethylene oxide) was one
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of the first polymeric cathode modifiers demonstrated in
OPV."* It was shown to enhance Vi when placed between the
photoactive layer of APFO-5:PCBM and the aluminum
electrode. In addition, the ionic conjugated polyelectrolyte
copolymer PF2/6-b-P3TMAHT has been shown to enhance
the performance parameters in PCDTBT:PC,;BM devices with
an aluminum electrode.® Recently, PEN led to improved
performance parameters in conventional geometry OPV using
low bandgap materials systems."

We have previously demonstrated that ethoxylated poly-
ethylenimine (PEIE) can substantially reduce the work function
of a wide variety of materials, including metals, metal oxides,
and conducting polymers.'® Spin-coating PEIE onto the surface
of various conductive materials to produce electron-collecting
electrodes directly lent itself toward the fabrication of inverted
geometry OPV, where other layers were processed upon the
polymer-modified low-work-function electrode surfaces. In this
work, we show that the low-work-function interface can also be
produced by reversing the order of deposition, ie, by
depositing conductors on top of PEIE, facilitating the
development of conventional geometry OPV devices, as
shown in Figure 1. As a result, various electrode metals such
as aluminum and silver, as well as the high-work-function metal
gold, were used to obtain devices of the structure ITO/
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Figure 1. (a) Device structure of solar cells with PEIE interfacial
modification. (b) Device structure of solar cells without PEIE
interfacial modification. (c) Chemical structures of materials used in
this study.

PEDOT:PSS/P3HT:ICBA/PEIE/Al or Ag or Au, with efficient
electron collection.

To produce the solar cells (detailed fabrication procedures
are included in the Supporting Information), patterned ITO-
coated glass slides were first solvent cleaned and oxygen
plasma-treated. The slides were then spin-coated with
PEDOT:PSS and thermally annealed in air. After transfer to
a nitrogen-filled glovebox, various photoactive layers including
P3HT:ICBA, P3HT:PC4BM, and P3HT:PC,BM, were spin-
coated on top of the ITO/PEDOT:PSS slides. After slow
drying of the films in covered glass Petri dishes, the films were
removed from the glovebox and exposed to a very brief flash of
oxygen plasma in order to make the active layer surface
hydrophilic. A diluted solution of PEIE was then spin-coated on
the photoactive layers in air, followed by a final anneal step
inside the glovebox. Various stable top electrode metals, such as
aluminum, silver, and gold were then thermally evaporated on
top of the films, thereby completing device fabrication.

The deposition of PEIE from 2-methoxyethanol on the
hydrophobic surface of P3HT:ICBA required surface treat-
ment, such as a brief flash of oxygen plasma, to turn the surface
hydrophilic. Figure 2 shows XPS surveys conducted on the
surface of P3HT:ICBA on which PEIE was not spun, on which
PEIE was spun without plasma treatment, and on which PEIE
was spun with prior plasma treatment. The emergence of the N
1s peak confirms the presence of PEIE on the surface. Nitrogen
is an appropriate identifier element because it is not present in
the chemical structures of either P3HT or ICBA. As shown in
Figure 2, N 1s is only observed when PEIE was spun on the
plasma-treated P3HT:ICBA surface. Results of solar cells with
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Figure 2. XPS spectra taken from the surface of P3HT:ICBA without
PEIE, when PEIE is spin-coated on top of P3HT:ICBA without
surface treatment, or when PEIE is spin-coated on top of P3HT:ICBA
with a brief flash of O,-plasma.

different metals modified by PEIE for electron collection are
shown as follows.

A study of the performance of solar cells with both
P3HT:ICBA and P3HT:PCBM as the active layers with
aluminum electron-collecting electrodes is first presented.
ICBA is widely used in OPV because it yields higher V¢ as
compared to PCBM, when blended with P3HT.'” It has
previously been shown that OPV devices based on
P3HT:PC4BM with the structure ITO/PEDOT:PSS/
P3HT:PC4BM/Al demonstrated a high fill factor (FF) of
68% without using calcium or other interfacial modifiers by
thermally annealing completed devices after the aluminum top
metal electrode deposition for 30 min at 150 °C.'® However,
P3HT:ICBA-based OPV devices with the analogous structure
ITO/PEDOT:PSS/P3HT:ICBA/Al, demonstrated poor FF
when the devices were either thermally annealed at 150 °C
for 10 min before aluminum top electrode deposition (“pre-
annealing”; FF = 0.41 + 0.01) or after (“post-annealing”; FF =
0.55 + 0.01). Representative J—V characteristics of these
devices are shown in Figure S1 in the Supporting Information.
The devices exhibited poor rectification in the dark and
inflection in the curves under illumination. This illustrates the
poor electron collection of the aluminum electrode in devices
using P3HT:ICBA active layers.

Figure 3 shows representative -V characteristics for devices
with the structure ITO/PEDOT:PSS/P3HT:ICBA/PEIE/Al in
which PEIE was spin-coated on the oxygen-plasma treated
P3HT:ICBA photoactive layer prior to deposition of aluminum
as the electron-collecting top metal electrode. The presence of
PEIE substantially improves the photovoltaic performance over
devices with the structure ITO/PEDOT:PSS/P3HT:ICBA/AL
Note that for these reference devices not containing PEIE, the
photoactive layer was not subjected to the flash of oxygen
plasma (the effects of subjecting the photoactive layer to a flash
of oxygen-plasma on device performance are shown in Figure
S2 in the Supporting Information). Devices containing PEIE/Al
electrodes showed Vo = 775 = 6 mV, Jc = 9.1 + 0.5 mA
cm™2, FF = 0.65 + 0.01, and PCE = 4.6 + 0.3%, averaged over
5 devices. The PCE in this case was comparable to that attained
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Figure 3. Representative J—V characteristics (a) for a reference device with structure ITO/PEDOT:PSS/P3HT:ICBA/Al and (b) for a device with
structure ITO/PEDOT:PSS/P3HT:ICBA/PEIE/AL The insets show the J—V characteristics on a semilogarithmic scale.

when using calcium electron-collecting top metal electrodes
with the structure ITO/PEDOT:PSS/P3HT:ICBA/Ca/Al (see
Figure S3 in the Supporting Information and Table 1). Note

Table 1. OPV Performance Statistics under Simulated 100
mW cm™ AM 1.5 G Illumination for P3HT-Based Bulk
Heterojunction Devices with a 200 nm Thick Photoactive
Layer®

acceptor/electrode

(no. of devices data Jsc

is averaged over)  Voc (mV) (mA cm™) FF PCE (%)

ICBA/AI (10) 246+ 14  75+03 041400l 08 = 0.1

ICBA/PEIE/AL (5) 775+6  91+05 065+ 001 46+ 03

ICBA/(solvent)/Al 428 29 63+ 02 051 +002 14+ 02
(10)

PC,,BM/AI (5) 105+18 54405 0294001 02+ 0.

PC¢BM/PEIE/Al SS1+S 73 0.56 + 0.01 22+ 0.1
©)

PC,,BM/AI (4) 200 + 34

8 + 0.34 + 0.01 04 £ 0.1
607 + 3 7.9 £02

PC,,BM/PEIE/Al 068 +001 3301
(10)

ICBA/Ag (10) 446 +27 79403 038+001 1401

ICBA/PEIE/Ag 762+5 94 +0 0.63 + 001 4.5+ 02

4)
ICBA/Au (10)

ICBA/PEIE/Au
©)

ICBA/Ca/Al (5)
“All data shown is for devices that were thermally annealed prior to
the metal deposition.

277 £ S 7.1 +£03
733 + 8 7.5 £03

0.42 + 0.01 0.8 £ 0.1
0.64 + 0.01 3.5+ 0.1

822 + 4 8.0 £ 0.1 0.71 + 0.01 4.6 + 0.1

that the V. obtained in the case of PEIE/Al electrodes was
lower than that for devices with Ca/Al electrodes. However, the
higher reflectivity of aluminum provided a greater s compared
with the use of calcium, due to the second pass contribution
after light reflects back into the photoactive layer from the
metal electrode, compensating for the lower V¢ value.
Representative J—V characteristics for a control device where
the solvent alone, not containing any PEIE, was spin-coated
above the oxygen-plasma treated photoactive layer with device
structure ITO/PEDOT:PSS/P3HT:ICBA (2-methoxyetha-
nol)/Al, are shown in Figure S4 in the Supporting Information,
confirming that PEIE plays a critical role in the device
performance improvement. There is a slight improvement in
Voc and FF for devices with structure ITO/PEDOT:PSS/
P3HT:ICBA (2-methoxyethanol)/Al as compared to devices
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ITO/PEDOT:PSS/P3HT:ICBA/Al. A number of recent
studies have demonstrated OPV device improvements by
means of a so-called solvent treatment, where a polar solvent is
spin-coated on the photoactive layer prior to top metal
electrode deposition.'” >° These studies have postulated a
number of reasons leading to device improvement upon spin-
coating the polar solvent on top of the photoactive layer,
including the passivation of surface traps leading to reduced
charge recombination, an increase in hole mobility leading to
more balanced charge transport, and a more favorable
morphology for charge extraction. Some of the studies
specifically ruled out changes in the active layer morphology
upon solvent treatment. Regardless, most significant solvent
treatment effects are seen specifically in low bandgap polymer
systems. The gains of the solvent treatment on its own in the
case for P3HT:ICBA were minimal and necessitated the
addition of PEIE in the solvent for substantial device
performance improvements.

It is also important to note that the PEIE solution spin-
coated on top of the photoactive layers to improve the electron-
collecting contacts was more dilute than that used in our
previous studies when PEIE was directly coated on top of
various conductors.'® Using the more concentrated PEIE
solution (0.4 wt %) in the conventional geometry architecture
resulted in poor performance, as illustrated in Figure SS in the
Supporting Information.

Because PEIE was used to modify the electron-collecting
interface in OPV devices, it was instructive to demonstrate its
effectiveness for a variety of acceptor materials. Therefore, OPV
were also fabricated using the fullerene-derivatives PC4,BM and
PC,BM, by the same approach. These fullerene derivatives
have a larger electron affinity than ICBA.”® Figures S6 and S7 in
the Supporting Information show representative J—-V charac-
teristics for devices with the structure ITO/PEDOT:PSS/
P3HT:(PC4BM or PC,;BM)/PEIE/AL A substantial improve-
ment in performance over devices with the structure ITO/
PEDOT:PSS/P3HT:(PC4BM or PC,;BM)/Al was observed,
both for cells with PCsBM and PC,;BM acceptors, after
inserting PEIE prior to the aluminum metal deposition (Table
1), indicating broad applicability of the method.

In addition to using the electrode modifier PEIE with
aluminum, it was also applied in conjunction with silver top
electrodes. Silver is more air-stable than aluminum and
possesses a higher reflectance above 400 nm, which should
further enhance the second-pass current contribution.”” Figure

dx.doi.org/10.1021/am501236z | ACS Appl. Mater. Interfaces 2014, 6, 6202—6207
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4 displays representative device J—V curves for (a) reference
devices with the structure ITO/PEDOT:PSS/P3HT:ICBA/Ag
(b) ITO/PEDOT:PSS/P3HT:ICBA/PEIE/Ag. In this case
again, there was a substantial enhancement in the open-circuit
voltage (446 + 27 mV to 762 + S mV) as well as the fill factor
(0.38 + 0.01 to 0.63 + 0.01) after PEIE incorporation (Table
1). Indeed, the greater reflectance of silver was indicated by the
higher Jgc (9.4 + 0.2 mA cm ™) as compared to the case where
aluminum electrodes were used.®

To demonstrate the versatility of the method, we also
repeated experiments using gold electrodes to show that
devices could be fabricated with high-work-function metals
acting as the top metal electron-collecting electrode.
Representative J—V characteristics of devices with structure
ITO/PEDOT:PSS/P3HT:ICBA/Au and ITO/PEDOT:PSS/
P3HT:ICBA/PEIE/Au are shown in Figure S. Surprisingly, the
reference devices ITO/PEDOT:PSS/P3HT:ICBA/Au also
acted as diodes despite the expectation that the similar work
functions of PEDOT:PSS and Au would result in an insufficient
built-in electric field. It is likely that the work function of gold
was somewhat lower than that of PEDOT:PSS in this case, for
reasons such as surface contamination, as described pre-
viously.”® Nonetheless, enhancements were seen in Vo, Jsc,
and FF for the case of ITO/PEDOT:PSS/P3HT:ICBA/PEIE/
Au as shown in Table 1.

Although the objective of the study was to use PEIE to
facilitate electron collection by stable metal electrodes, the
effects of the PEIE underlayer in conjunction with calcium
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electrodes were also studied. The device performance improve-
ment of the structure ITO/PEDOT:PSS/P3HT:ICBA/PEIE/
Ca/Al is shown in the representative J—V curves in Figure S8 in
the Supporting Information.

When PEIE is spin-coated on top of conductors, it reduces
their work function by the formation of a surface dipole.'®
Similarly, we attribute the improvement in device performance
for devices with structure ITO/PEDOT:PSS/P3HT:ICBA/
PEIE/Al or Ag or Au as compared to devices without PEIE
with device structures ITO/PEDOT:PSS/P3HT:ICBA/AI or
Ag or Au, to the formation of surface dipoles that arise because
of a partial electron transfer from the amine groups of PEIE to
the respective metals deposited on them. The surface dipoles,
with a slight negative charge toward the metals and the
corresponding positive charge toward the active layer, result in
the lowering of the vacuum level of the metals. The vacuum
level shift is the source of the metal work function reduction,
allowing the formation of a low-work-function contact between
ICBA and the respective metals.

The results of a recent report™ also allow us to infer that
such a work function reduction could lead to improved OPV
device performance by means of decreased surface recombina-
tion of holes in P3HT at the PEIE/metal interface, as a result of
increased band bending. This hypothesis could be appropriate
since studies”® have shown that P3HT preferentially segregates
toward the top of the P3HT:ICBA film, which is the surface
where PEIE was deposited in the experiments described here.

dx.doi.org/10.1021/am501236z | ACS Appl. Mater. Interfaces 2014, 6, 6202—6207
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The photoactive layer morphology of bulk heterojunction
solar cells generally depends on a number of factors, including
the solvent from which the film is spin-coated, the underlying
substrate including any surface treatments, spin coating speed
and other parameters, and film drying time. These parameters
were kept uniform across all devices studied. The only
difference introduced in the test devices was a very brief flash
of oxygen plasma and the spin-coating of PEIE from 2-
methoxyethanol solvent, followed by the typical thermal
annealing conducted on P3HT-based films. We do not
anticipate any significant changes to active layer morphology
resulting from the momentary plasma exposure. On the basis of
the insolubility of P3HT and ICBA in 2-methoxyethanol, again
no change in photoactive layer morphology is expected. The
only difference that could rise may result from the thermal
annealing process of P3HT:ICBA with and without the
presence of PEIE on top. It is possible that the anneal step
might cause some degree of migration of PEIE into the
photoactive layer.

In conclusion, the deposition of aluminum, silver, or gold on
top of PEIE yields low-work-function electrodes in OPV cells
with a conventional geometry. Spin-coating PEIE on the
P3HT:ICBA photoactive layer prior to the top metal
deposition in OPV was found to significantly improve electron
collection for devices with the structure ITO/PEDOT:PSS/
P3HT:ICBA/PEIE/Al or Ag or Au as compared to the
reference devices without PEIE (ITO/PEDOT:PSS/P3HT:IC-
BA/Al or Ag or Au). Device performance improvements were
consequently seen in Vi, Jsc, and FF for aluminum, silver, and
gold metal electrodes, as well as with different acceptor
materials including PC¢BM, PC;BM, and ICBA. We assign
the improvement of the contact to a reduction in the work
function of the metal at the interface by a vacuum level shift
due to a surface dipole caused by the partial electron transfer
from the amine-groups in PEIE to the metal. We infer that the
process is identical to that studied previously in devices in
which the order of deposition of an amine-containing polymer
and a conductor is reversed. The results are particularly
significant for ICBA, which does not form an Ohmic contact
with aluminum, as evidenced by the low fill factor in OPV
devices where aluminum is directly deposited on the photo-
active layer, regardless of the annealing sequence with respect
to metal deposition, thereby necessitating the presence of a
low-work-function metal such as calcium. These developments
reduce the reliance on calcium for efficient devices and open up
the possibilities of novel device structures including conven-
tional geometry tandem OPV and modules. The results show
that the method, by which the work function of air-stable
electrodes is significantly reduced by amine-containing
polymers such as PEIE, is independent of the order of
deposition of the surface modifier and the conductor.
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Detailed device fabrication procedures and supplementary solar
cell current density - voltage curves and device performance
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