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ABSTRACT We present a strategy to fabricate polymer solar
cells in inverted geometry by self-organization of alcohol soluble
cathode interfacial materials in donor—acceptor bulk heterojunc-
tion blends. An amine-based fullerene [6,6]-phenyl-C61-butyric acid
2-((2-(dimethylamino)-ethyl)(methyl)amino)ethyl ester (PCBDAN) is
used as an additive in poly(3-hexylthiophene) (P3HT) and 6,6-phenyl
Cg:1-butyric acid methyl ester (PCBM) blend to give a power conver-
sion efficiency of 3.7% based on devices ITO/P3HT:PCBM:PCBDAN/
Mo05/Ag where the ITO alone is used as the cathode. A vertical phase
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separation in favor of the inverted device architecture is formed: PCBDAN is rich on buried ITO surface reducing its work function, while P3HT is rich on air

interface with the hole-collecting electrode. The driving force of the vertical phase separation is ascribed to the surface energy and its components of the

blend compositions and the substrates. Similar results are also found with another typical alcohol soluble cathode interfacial materials, poly[(9,9-bis(3’-

(N, N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN), implying that self-organization may be a general phenomenon in ternary

blends. This self-organization procedure could eliminate the fabrication of printing thin film of interlayers or printing on such thin interlayers and would

have potential application for roll-to-roll processing of polymer solar cells.
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olymer solar cells (PSCs) have at-
Ptracted attention with a promising

future of being lightweight, flexible,
and attainable via roll-to-roll manufacturing
process with low cost." Significant progress
has been made on donor and acceptor
materials, morphological control and bulk
heterojunction device architectures.> > One
important advance is on the interfacial layers,
which have shown various functions for im-
provement of device performance, such as
building selective contacts with tunable
work functions for respective charge carriers,
working as optical spacers and physical bar-
riers from metal diffusion.>®”

The cathode interfacial materials have
gained significant progress recently as they
can avoid use of low work function active
metal electrodes® % Cao et al. reported
alcohol soluble conjugated polymers with
amine or ammonium salts as cathode
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interfacial layers initially in organic light
emitting diodes,®'" then in PSCs with sig-
nificant enhancement of the perfor-
mance.'> 2° Other alcohol soluble conju-
gated polymers including hyperbranched
polymers and polyfluorenes grafted with
K" intercalated crown ethers also worked
very well2' 23 In addition, due to the elec-
tron transport properties of fullerene deriv-
atives, they have been studied widely as
well2*733 Jen and his co-workers presented
a series of fullerene-based self-assembled
monolayers and some alcohol soluble self-
n-doped conducting fullerenes.>~2® Re-
cently, fullerenes with amino-groups or
ammonium salts or phosphate were also re-
ported as cathode interfacial materials.2 >3

In addition to the spin-casted interlayers,
self-organization is another way to form
cathode interlayers. Fullerene derivatives
with a fluorocarbon or a polyethylene oxide
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chain were reported to form monolayers on top of
photoactive layers.>>~3® Yang et al. also found similar
phenomenon with poly(vinylpyrrolidone) and ole-
amide recently.3*° This vertical phase separation
was originally found in donor/acceptor blends be-
fore,’*? and it also correlated the fullerene surface
coverage and contact selectivity recently.** The varia-
tion of solvent-evaporation rate has been proved to
affect the morphology of films and the formation of
donor—acceptor domains. When specifically choosing
and altering the surface energies of the ingredients
and the substrates, desired phase segregation in favor
of inverted device structures could be obtained.** The
inverted device structure has been used for achieving
record single heterojunction PSCs with a PCE of 9.35%
and tandem PSC with 10.6%,*** respectively. For
inverted structures, organic cathode interlayers were
usually deposited before photoactive layer and they
needed to be solvent-resistant and the thickness to
be very thin.'®*° Printing such thin films or printing
other layers on this kind of thin films has proven
challenging.*®*” Thus, incorporation of cathode inter-
facial materials by their self-organization in photoac-
tive layers for inverted devices would be very attractive
for printable PSCs.

In present work, we demonstrate that vertical phase
separation in favor of inverted PSCs with ITO as the
cathode is also realized in a ternary blend: a small
amount of PCBDAN in P3HT and 6,6-phenyl Cg;-butyric
acid methyl ester (PCBM) blend can self-organize and
PCBDAN is rich at the buried ITO surface, whereas P3HT
is rich at the air interface with the anode MoOs/Ag. A
moderate PCE of 3.7% is obtained by this simple
method and this concept is also proved with another
interlayer poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-
2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN).

RESULTS AND DISCUSSION

We noted that a recent paper claimed that amino-
based materials function as hole traps, and thus, all the
conventional PSCs containing the amine materials did
not work.2" We also found that conventional PSCs with
ITO/PEDOT-PSS as the anode did not work in the
presence of small amount of PCBDAN in several do-
nor/acceptor blends. Considering the fact that good
organic light-emitting diodes (OLEDs) have been re-
ported from electroluminescent conjugated polymers
with amino groups,'" hole traps could not explain the
high efficiency in OLEDs and thus the real physics
behind could be different. Our hypothesis was that
the PCBDAN may migrate to the PEDOT-PSS surface
and reduce its work function, resulting in a high hole
collection barrier for the devices, and made the con-
ventional cells failed.

As materials with amine group generally reduce the
work functions of metals, metal oxides and conducting
polymers,>* Scanning Kelvin Probe Microscopy (SKPM)
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was used to check how PCBDAN works on various
substrates. SKPM provides the contact potential differ-
ence (CPD) between the probe tip and the surface,
which for a conductive film is related to a relative
difference of the work functions. The work functions
of PCBDAN on top of various substrates including bare
ITO substrate, PEDOT-PSS film on ITO, and evaporated
MoO; on ITO were measured, and the results are
summarized in Table 1. Each value was calculated
relative to that of ITO, which was set at a nominal value
of 4.70 eV.2 The work functions of PCBDAN on all the
studied substrates were reduced with the increase of
PCBDAN solution concentration. When the concentra-
tion increased to 6 mg/mL (corresponding to a thick-
ness of 13 nm), the work function no longer changed
and kept at ~4.1 eV for PCBDAN on all the substrates.
The work function for PC,,BM is 5.1 eV,** so the re-
duction of work function is attributed to the amine
functional group. These results confirmed that inter-
facial dipole does exist on various substrates including
conducting metal oxide, semiconducting metal oxide
and conducting polymer. The fact of reduction of work
functions of ITO and PEDOT-PSS is encouraging, but
the reduction of work function of MoOs is surprising
since MoOs3 has been used successfully as hole collec-
tion layer on top of amino-based cathode interfacial
layers.’*?3 Thus, the MoO; layer was put upside down:
the evaporated MoOs layer was on top of various
substrates and its work function was measured with
SKPM as well (Table 2). For the MoO; film thickness
over 5 nm that has been tested, MoOs has high work
function over 5.3 eV, implying that 5 nm thick MoO3
could be used as efficient hole collection layer.

Thus, inverted devices ITO/P3HT:PCBM:PCBDAN/
MoOs/Ag with PCBDAN as an additive and ITO alone
as the cathode were fabricated and tested as shown
in Scheme 1. The device performance data extracted

TABLE 1. Work Functions (in eV) of PCBDAN on Various
Substrates Measured by Scanning Kelvin Probe
Microscopy in Air?

film® 12 6 3 1 0.5 0.05 0

A an 414 419 428 445 4.67 4.70
B 412 412 413 424 439 443 5.10
C 4.09 4.09 4.09 419 438 5.08 5.56

“The work function of ITO was set as 4.70 eV. The errors of measured work function
are 0,025 V. ® A, IT0/; B, ITO/PEDOT:PSS(38 nm)/; €, IT0/Mo05(40 nm)/. PCBDAN
cast from indicated concentration (mg/mL).

TABLE 2. Work Functions (in eV) of Evaporated MoO; on
Various Substrates Measured by Scanning Kelvin Probe
Microscopy in Air

thickness of Mo0; (nm) none 5 10 15
10/ 4.70 539 5.46 5.56
[TO/PCBDAN (90 nm)/ 4.07 533 5.44 5.54
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Scheme 1. Procedure of fabricating devices with PCBDAN as the additive in P3HT:PCBM blend and molecular structure of

PCBDAN.
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Figure 1. Current density—voltage (J—V) characteristics of
the devices with PCBDAN (amount indicated) blended in
P3HT and PCBM blend (a) under 1000 W/m? at AM 1.5G
illumination and (b) dark.

from the current density versus voltage (J—V) charac-
teristics in Figure 1 is shown in Table 3. The blank
devices without PCBDAN in the blend performed poor
with a PCE of only 0.30% and had low open circuit
voltage (V,o), short circuit current (Joo) and fill factor
(FF). This was expected as the ITO alone is not suitable
as the cathode. In the presence of small amount of
PCBDAN, the inverted devices can work normally. Atan
optimized amount of PCBDAN of 9.0 wt % (relative to
PCBM) as seen from inset of Figure 1a, the PCE reached
3.7% with a V,. 0f 0.58 V, a J, of 9.87 mAcm 2, and a FF
of 64.6%. This performance is comparable to typical
inverted devices reported in literature in the presence
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TABLE 3. Performance of Devices ITO/P3HT:PCBM:
PCBDAN/Mo0Os/Ag with Different Amount of PCBDAN
(Relative to PCBM)

PCE

PCBDAN Voc Jse FF (average) R« R,

wt%l [V [mAam Y [%] [%] kQ an?  [Q a?]
0 0.14 7.05 303 030(0.28) 0.03 5.84

6.0 0.58 9.55 645  3.57 (345 38.27 0.89
9.0 0.58 9.87 646  3.70 (3.66) 38.27 0.89
120 0.56 94 587 3.09(3.02) 1557 0.86
15.0 0.55 9.54 566 297 (2.92) 3.77 0.78

\ A=0.6 eV Evac

-2.30eV

3.64eV
-3.60e MoOs
-4.10 eV %
=) -4.70 eV
E |2 Vey
ITO '8 PCBM
580 eV 5306V Ag
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Figure 2. Energy band diagram of devices with PCBDAN as
the additive.

of cathode interlayers."> "7 The energy band diagram
of the devices with the additive is shown in Figure 2, as
will be discussed below.

The well-performed inverted devices may suggest
that small amount of PCBDAN migrated to the buried
ITO surface and reduced the work function of ITO for its
use as the cathode directly. To confirm the formation of
the favorable vertical phase separation structure for
the inverted devices, X-ray photoelectron spectrosco-
py (XPS) was used to detect the compositions on air
interface with the active layer. The depth profile was
not performed as the atomic ratio of N/C in the blend
is below the detection limit of the instrument. The
results are shown in Table 4. No nitrogen was detected,
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indicating PCBDAN was not detectable at air interface
of the ternary blend. The surface S/C ratio was 0.063,
much higher than that (0.041) calculated for the tern-
ary blend. These collective results imply that P3HT is
rich at the air interface. Although PCBDAN was not
detectable with XPS, its coverage on the buried ITO
interface could be evidenced from the device perfor-
mance. Up to a concentration of about 9 wt %, the
coverage of PCBDAN at the ITO surface could be
optimized. At higher content, the PCBDAN could go
into the active layer forming a ternary blend which
could have reduced performance. To study the sur-
face properties of the materials and substrates, ad-
vancing contact angle measurement was conducted.
The method called “Three-Liquid Acid-Base Method”
was developed by van Oss, Good, and their co-workers
which theoretically based on the two-liquid geometric
method and two-liquid harmonic method*3=>° As
described in the Supporting information, films were
obtained by spin-casting solutions onto the ITO sub-
strates. Water, ethylene glycol and hexadecane were
chosen as the three probing liquids. Values of mea-
sured contact angles and calculated surface energies
and their components are summarized in Table 5.
The surface energies of PCBDAN (304 mN m~') and
PCBM (28.1 mN m™") films were relatively similar with
each other, whereas that of P3HT film (23.8 mN m™")
was lower. The two blend films (P3HT:PCBM and
P3HT:PCBM:PCBDAN) had similar surface energy at
24.1 mN m~' which was almost the same as that
of P3HT film. Other surface energy components were
also very similar for these three films containing P3HT,

TABLE 4. Surface Atomic Ratios of Elements Obtained by
XPS Analysis

measured atomic ratio (X/C) calculated atomic ratio (X/C)°

film ¢c NC o 0/C S/C CC NC o 0/C S/C
[TO/PCBDAN 1.00 0.026 0.026 0 1.00 0.026 0.026 0
[TO/P3HT 1.00 0 0.003 0.081 1.00 0 0 0.100
[TO/P3HT: 1.00 0 0.013 0.063 1.00 0.001 0.016 0.041

PCBM: PCBDAN

“ Calculated from solids in solutions for spin-cast films.

indicating that the air interface with the blend films
was capped with a very thin layer of P3HT. Similar
phenomenon has been reported in other blends
before.® The XPS results showed only P3HT rich
at air interface, which could be explained by detect-
able PCBDAN underneath this thin layer. In addi-
tion, the electron donor components of the surface
energy, v, for ITO and PCBDAN are 75.0 and
68.1 mN m~', which were significantly higher than
those of the other films. The similar Lewis base
interaction and close surface energies for ITO and
PCBDAN could drive PCBDAN toward the buried
ITO interface, similar to P3HT:PCBDAN binary blend
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Figure 3. Current density—voltage (J—V) characteristics of
the devices ITO/PCBDAN/P3HT:PCBM/Mo0Os/Ag with PCBDAN
interlayer (solution concentration indicated) (a) under
1000 W/m? at AM 1.5G illumination and (b) dark. PCBDAN
as additive (9 wt %) included for comparison.

TABLE 5. Advancing Contact Angles of Three Probing Liquids on Various Surfaces at Initial State, And the Calculated

Surface Energies (mN m™")

Imo PCBDAN PCBM P3HT P3HT:-PCBM  P3HT:PCBM:PCBDAN
Contact angle (deg) Water 14+1 3343 82 +1 107 -1 108 £ 1 107 -1

Ethylene Glycl 2742 4543 611  79£1 7841 80+ 1

Hexadecane BE1 1521 BT 31+ 3041 29+ 1
Calculated surface energy component (mN m™") Y 40.0 304 28.1 239 241 241

W 264 264 266 38 2.0 2.0

phe 14 40 15 0.14 0.06 0.13

yt 0.6 0.06 0.25 0.08 0.1 0.05

¥~ 750 68.1 85 0.07 0.01 0.08

AMRNTANTS
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TABLE 6. Performance Data of Devices with a PCBDAN Interlayer

PCBDAN interlayer [mg mL~"] Voc [V] Jsc [mA am~?]

7 0.58 9.20

10 0.58 9.90

13 0.59 9.51

15 0.58 9.62

5 T T T
a
< 0
5
<
E 54 1
=
7 R
L i AR —— Wt % -
z ——3wt. %
2 ——5wt. %
5 .15 -
O —v—7 wt. %
—— 10 wt. %
-20 T T T
-0.2 0.0 0.2 04 0.6
Voltage (V)

Current density (mA/cmZ)

<« 10 wt.% 7§

0
Voltage (V)

Figure 4. Current density—voltage (J—V) characteristics of
the devices with PFN (amount indicated) blended in P3HT
and PCBM blend (a) under 1000 W/m? at AM 1.5G illumina-
tion and (b) dark.

as we observed (unpublished work). It was reported
that the buried interface of P3HT:PCBM blend on
PEDOT-PSS is characterized by thermodynamically
stable composition profiles.’’ In combination with
the device performance, the thermodynamic analysis
for the buried interface between the ternary blend
and ITO could also be most probably applicable.
In addition, PEDOT-PSS was reported to have similar
surface energy and its components to ITO.>' Thus
PCBDAN could also be rich at the buried interface
between PEDOT-PSS and photoactive layers, which
resulted in failure in our conventional devices with
PEDOT-PSS as the hole-collecting layer as well as in
literature.?’

To gain evidence of the self-organization in another
way, bilayer devices ITO/PCBDAN/P3HT:PCBM/MoOs/
Ag were fabricated, where PCBDAN film was spin-cast
as a cathode interlayer (see Figure 3 and Table 6 for

MA ET AL.

FF [%] PCE (average) [%] Rsh [kQ cm?] R [Q am?]
65.8 351 (3.50) 117.10 0.65
67.0 3.85(3.83) 73.64 0.55
66.8 3.75 (3.75) 56.82 0.82
66.0 3.69 (3.68) 58.51 0.72

TABLE 7. Performance Data of Devices with PFN as the
Additive

PFN Vo Jse FF PCE (average) Ry, R,
Wt%] [ [mAan % [%] [%] kQm’ [Qm?]
10 0.52 9.55 534 2.65(262) 3239 6.08
3.0 0.58 831 623 3.00 (2.89) 45.48 3.05
5.0 0.60 9.61 60.6  3.50 (3.49) 36.08 2.63
7.0 0.59 8.94 597 315(3.12) 15.13 321
100 060 9.65 539  3.12(3.09) 61.20 3.94

device performance). At an optimized concentration
of 10 mg mL™' PCBDAN for the spin-cast interlayer,
a PCE of 3.85% was obtained with V. of 0.58 V, J,. of
9.90 mA cm 2, and FF of 67.0%. This performance is
comparable to that with PCBDAN as the additive,
suggesting a similar vertical phase separation to some
extent, and thus the bilayer process could be simpli-
fied by additive self-organization.

To check if the self-organization of the amine-
based cathode interfacial materials in present donor/
acceptor ternary blend is a general phenomenon, the
PFN, a typical alcohol soluble conjugated polymer
soluble in dichlorobenzene as well, was also used as
an additive in inverted PSCs in the same way. The
device performance data extracted from Figure 4 is
shown in Table 7. At an optimized concentration of 5.0
wt % PFN (relative to PCBM), a PCE of 3.5% was
obtained with V,. of 0.60 V, J,c of 9.61 mA cm™2, and
FF of 60.6%. Thus, self-organization of amino-based
cathode interfacial materials in photoactive blends
could be a general phenomenon. We note that the
PCE and optimized amount of PCBDAN as the additive
are slightly higher than that of PFN. The conductivity,
the diffusion and solubility of the additives may vary
and make some difference on the device performance.

CONCLUSION

We have demonstrated that amino-based cathode
interfacial materials such as PCBDAN and PFN could be
added in P3HT:PCBM blend for making inverted PSCs
with ITO as the cathode. Vertical phase separation
driven by the various surface energies of blend com-
ponents and the substrate is in favor of the inverted
device architecture. PCBDAN is rich at the buried inter-
face with ITO and, therefore, reduces the work function
of ITO for its use as the cathode, while very thin layer of
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P3HT is at the air interface with MoOs/Ag for hole
collection. Through this strategy, a PCE of 3.70% was
obtained in the inverted devices. Our facile strategy
incorporating the cathode interlayer materials in the
photoactive blends may have potential applications in

METHODS

Materials. All solvents were purchased from Sigma Aldrich,
P3HT from Merck Chemicals Ltd. and PCBM from Nano-C, Inc.
PCBDAN was synthesized with literature method.?® PFN was
synthesized in accordance with literature method.'°

Device Fabrication. The ITO-coated glass substrates were first
cleaned via a four-step solvent cleaning procedure under
sonicating which started from detergent, then deionized water,
acetone and isopropyl alcohol, each for 10 min. Then the
substrates were dried before undertaking a 10 min ultraviolet-
ozone treatment. After that, the substrates were transferred
into a glovebox with nitrogen atmosphere. A ternary blend of
P3HT, PCBM and PCBDAN was dissolved in dichlorobenzene
and heated in 90 °C for 1 h. The concentration of P3HT was
15 mgmL~" and P3HT and PCBM were in weight ratio of 1:1. For
device optimization, PCBDAN was added in different weight
ratios relative to PCBM. The solution of the active layer was spin
coated onto the ITO coated substrates at a spin speed of
1300 rpm for 1 min and then thermally annealed at 150 °C for
10 min to give a thickness around 100 nm, measured with
Dektak 6 M Stylus Profiler (Veeco, Inc.). A molybdenum trioxide
layer with 10 nm thick was deposited on the active layer at rate
of 0.2 A/s and then a silver layer with a thickness of 100 nm at
rate of 3 A/s at a pressure below 2 x 107° Torr. The defined
device with masks was 0.10 cm?. In case of PFN as the additive,
PCBDAN was replaced by PFN in the above process and the
weight percent of PFN is relative to that of PCBM.

The devices using PCBDAN as a cathode interlayer were also
prepared in nitrogen atmosphere. The solutions of PCBDAN in
chlorobenzene at different concentrations were spin-cast on
ITO substrates. The PCBDAN was dissolved in chlorobenzene in
90 °Cfor 1 h and a spin rate of 1000 rpm for 30 s was utilized for
spin-casting films. An active layer of P3HT and PCBM was spin
coated onto the PCBDAN film in the same condition as the
devices with the additive. The devices were made by the same
thermal annealing process and had the same hole collection
layer and anode (MoOs/Ag). The procedure of preparing blank
devices was the same except no PCBDAN was used. The devices
with PFN as the additive were made similarly.

Film and Device Characterization. Current density—Voltage
(J—V) characteristics of the devices were measured with an
Oriel solar simulator fitted with a 1000 W Xe lamp filtered to give
an output of 100 mW/cm? at AM 1.5G. The Xenon lamp was
calibrated using a standard filtered Silicon reference cell (Peccell
Limited, Inc.). The devices were tested using a Keithley 2400
Source meter controlled by Labview software. The contact
angles were measured with a CAM 200 (KSV Instrument LID).
The surface potentials were measured on an SKP5050 K probe
system (KP Technology) in air. The work functions were
achieved from an average value of 200 points for each sample.

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed using an AXIS Ultra DLD spectrometer (Kratos Analytical,
Inc., Manchester, U.K)) with a monochromated Al K, source at a
power of 150 W (15 kV x 10 mA), a hemispherical analyzer
operating in the fixed analyzer transmission mode and the
standard aperture (analysis area: 0.3 mm x 0.7 mm). The total
pressure in the main vacuum chamber during analysis was
typically between 1072 and 1078 mbar.
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