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Abstract: Here we report the first use of self-propagating molecule-
based assemblies (SPMAs) as efficient electron-transporting
layers for inverted organic photovoltaic (OPV) cells. P3HT-PCBM
cells functionalized with optimized SPMAs exhibit power conver-
sion efficiencies approaching 3.6% (open circuit voltage = 0.6
V) vs 1.5% and 2.4% for the bare ITO and Cs,COs;-coated
devices, respectively. The dependence of cell response param-
eters on interlayer thickness is investigated, providing insight into
how to further optimize device performance.

Bulk-heterojunction organic photovoltaic (BHJ OPV) cells have
attracted considerable attention as testbeds to: (i) probe fundamental
charge transfer/transport processes in organic solids, (ii) develop
unconventional electronic materials and processing, and (iii) enable
low-cost, mechanically flexible PV technologies as complementary
to inorganic semiconductors.® In the past two years, the discovery
of novel molecular and polymeric photoactive donors and interfacial
layers has enabled the development of OPV cells with large power
conversion efficiencies (PCES).? Most of these efficient cells are
based on a conventional architecture consisting of substrate (glass,
plastic)/indium—tin oxide (ITO)/PEDOT:PSS/photoactive donor—
acceptor blend/Ca (or LiF)/Al. Device performance often degrades
because of morphologica changes in the photoactive layer, instabil-
ity of the ITO/PEDOT:PSS interface®® and oxidation of the
cathode.®® Furthermore, low workfunction metals are difficult to
print. Thus, OPV cells based on the aforementioned design are far
from idea, making the transition to large-area modules
challenging.®®

To address these challenges, inverted geometry OPV cells
consisting of ITO-coated substrates and a top metal contact have
been developed.* Here the electrode functions are reversed, with
holes and electrons now extracted by the metal and 1TO, respec-
tively. Typical inverted architectures consist of substrate-ITO/
electron transport layer/photoactive blend/hole transport layer/Ag
(or Au).* The stability of these inverted solar cells can be enhanced
by deleting the ITO/PEDOT:PSS interface and using an air-stable
metal anode.**" In addition, inverted OPVs may exhibit larger
external quantum efficiencies (EQES) because PEDOT:PSS absorp-
tion losses can be minimized with an appropriate electron-
transporting layer.*®" Finally, it has been shown that the vertical
phase separation of several photoactive blends results in a more
favorable morphology in inverted OPV architectures.®

Key to inverted OPV cell performance is the el ectron-transporting
material that functions as an electron-transport/hole-blocking layer.
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Critical requirements to simultaneously satisfy for an effective
interlayer are asfollows: (i) Energetics. theinterlayer HOMO must
lie lower than the donor material HOMO, whereas the interlayer
LUMO energy should be similar to that of the electron acceptor.
(ii) Solubility orthogonality: The interlayer should be insoluble in
solvents used for active layer deposition. (iii) Film morphology:
the interlayer should be smooth and contiguous. (iv) Conductivity:
theinterlayer should be sufficiently conductive to minimize parasitic
resistance and not be overly photosensitive.*

Amorphous transition metal oxides such as TiO**“ and ZnO*"
have been used as interlayers in inverted cells due to their large
band gaps and conduction bands well-aligned with fullerene
LUMOs, the most commonly used electron acceptor materials.
However, if sol—gel chemistry is used for the metal oxide film, it
is difficult to control film morphology, chemical composition, and
conductivity, particularly at low processing temperatures. An
dternative approach employs akali metal salts such as Cs,CO3
which alters the ITO work function®®~ by forming an interfacial
dipole layer.* However, to the best of our knowledge, tailorable
metal —organic interlayers have not been employed in inverted OPV
cell fabrication. Here we report the use of two self-propagating
molecule-based assemblies (SPMAS)® as efficient electron-trans-
porting layers for inverted OPV's.

SPMAs of various thicknesses were fabricated by iterative
immersion of CICH,-Ph-Si-coated I TO/glass substrates in solutions
of 1 or 2 and (PhCN),PdCl, (Figure 1A),° where the benzonitrile
ligands are readily replaced by substituted pyridines. SPMA
thickness was measured by ellipsometry on Si substrates and can
be controlled by the number of aternating complex-PdCl, layers.
SPMA-1 and SPMA-2 optical spectraexhibit asimilar Ay a ~490
nm. (Figure S1). Cyclic voltammetry of the SPMAson ITO reveds
reversible Ru?*3* redox chemistry (Figure S2).

A mixture of poly(3-hexylthiophene):[6,6]-phenyl C61 butyric
acid methyl ester (P3HT:PCBM) was used here as the photoactive
blend for OPV fabrication and to demonstrate interlayer function.
Figures 1B and 1C show details of the device structure and the
energy levels of the component materials. The LUMO and HOMO
energies of the 1- and 2-based SPMAs are ~ —4.0 and —6.0 eV,
respectively. Owing to the comparable SPMA and PCBM LUMO
energies, and the SPMA and P3HT HOMO energy barriers, the
interface should transport electrons and block holes on the ITO
side. V,0s was used as a hole-transporting/el ectron-blocking layer
on the Al side,*® thus inverting the device polarity. BHJ OPVswere
fabricated by spin-coating a solution of P3HT + PCBM in
chlorobenzene (10:8 mg/mL, 700 rpm for 50 s) onto ITO/SPMA
as well as bare ITO and Cs,CO4/ITO control devices. The active
layer thickness is 80—90 nm. Next, the substrates were annealed
on ahot plate at 150 °C for 10 min under nitrogen. Subsequently,
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Figure 1. (A) Ruthenium complexes used for SPMA fabrication on I TO/glass substrates via pyridyl-PdCl, coordination.® (B) Inverted solar cell structure.
(C) Approximate energy level diagram (in eV) for the materials used in cell fabrication.

10 nm V,0s and 80 nm Al layers were vacuum-evaporated to
complete the devices. Note that although quantification of V,Os
and other metal oxide thin film energy levels are still under
debate, P several groups have successfully used V,Os for inverted
OPV fabrication.”%>

Figures 2 and S3 show representative J—V measurements under
illumination and in the dark, and Figure $4 represents an EQE plot
for SPMA-2. OPV performance parameters are summarized in
Tables 1 and S1. The dark J—V curves for the inverted solar cell,
based on a bare ITO substrate, exhibit low current in the forward
direction and a high leakage current in the reverse direction. As
expected, ITO aone cannot extract electrons and block holes, and
the bare-ITO-based OPVs perform poorly (Vo = 0.38 V, PCE
~1.5%). Using the SPMAs as interfacia layers, the electron
selectivity of the bottom contact improves significantly. The shunt
resistance increases greatly from 4.0 x 10° Q-cm?to 1.1 x 10°
Q-cm?, and the series resistance falls from 3.0 Q-cm? to 2.7
Q-cm?. The improved carrier selectivity is also reflected by the
increased open circuit voltage (Vo = 0.6 V) and fill factor (FF;
43.8% — 57.3%), resulting in PCEs approaching 3.6%. The
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performance of Cs,CO4/ITO lies in between that of the bare and
SPMA-functionalized devices, with PCE = 2.4%. Compared to the
bare ITO devices, J increases to 10.1 mA/cm?, V. increases to
0.48 V, and FF increases to 49.0%. However, the shunt resistance
isonly 1.7 x 10* Q-cm?, which is 10—100x lower than that of
SPMA-based devices. Note that with Cs,CO; as an interlayer, the
maximum reported PCE (~4%) was achieved using P3HT-PCBM.#
This performance results from the far greater photoactive layer
thickness of 210—230 nm vs the 80—90 nm used here. Since spun-
cast Cs,CO; films cover the ITO* surface unevenly, thick photo-
active films must be used to suppress |eskage currents/increase shunt
resistance. In contrast, the relative smooth surface morphology of
the ITO-coated SPMA (Figure S5) enables the use of far less
photoactive materials.

OPV cell performance was further characterized by varying
the number of SPMA deposition steps. Figures 3 and S6 show the
dependence of cell parameters on SPMA interlayer type and the
number of deposition steps. Note that these SPMAs exhibit
nonlinear film growth.® Thus, the SPMA-based device efficiency
first increases, going from 0 to 3 (for 1) and 5 (for 2) complex-
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Figure 2. (A) Representative J—V response data for an SPMA-2 based cell and control cells. (B) Corresponding dark currents.
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Figure 3. Cell response parameters as a function of the interlayer identity
and the number of interlayer deposition steps. The green and purple dots
indicate parameter values for the bare ITO and Cs,COy/ITO electrodes,
respectively.

PdCI, layers, and then steadily declines. Both J. and FF decrease
with increasing numbers of SPMA layers, which might reflect
limited conductivity of the thick SPMA films. V. increases and
then saturates at ~0.6 V, similar to the typical vaue for conven-
tiona geometry PSHT:PCBM cdlls. Interestingly, for both interlayer

Table 1. Comparison of Solution-Processed Inverted P3HT:PCBM
BHJ Photovoltaic Cells Fabricated with the Indicated Interlayers®P°

| t I JSC VOC FF PCE HSGNESC Hshuntd

nieriayer mAem? V] %] %] [Q-om]  [Q-omd
Bare ITO 9.3 0.38 438 154 3.0 4 x 10°
Cs,COs® 10.1 048 49.0 2.38 25 0.2 x 10°
SPMA-1(3steps) 98 056 529 291 24  09x 10°

SPMA-2 (5steps) 105 060 573 3.60 2.7 11.0 x 10°

@ Genera device structure: 1TO/interlayer/P3HT:PCBM blend/V,0s/
Al with ~9 mm? device area. " All devices characterized under the
standard AM1.5G 1 Sun test conditions using instrumentation and
published procedures.®® PCEs derived from 7, = (J«VocFF)/Po, Where Jg;
= the short circuit current [mA/cm?], Vo the open circuit voltage [V],
FF the fill factor, and P, the incident light intensity [mW/cm?. ¢ Series
resistance calculated at 2 V' of dark current. @ Shunt resistance calculated
at 0.0 V of dark current. © Following procedure reported in ref 4i.
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types, devices reach peak efficiency at a film thickness of ~1—2
nm. However, whereas SPMA-1 cellsareinactive at afilm thickness
of ~5 nm, SPMA-2 cells exhibit reasonable performance up to a
film thickness of ~7—10 nm, probably reflecting the more
sr-extended phenanthrolyl of 2 vs the bipyridyl ligand of 1, which
enhances the charge transport efficiency of the corresponding
2-based chelates and SPMA films?®

In conclusion, we report the first study of metal—organic
multilayers for the fabrication of inverted OPV's. Our results show
that device performance is strongly dependent on the interlayer type
and thickness. We are currently exploring SPMAs with greater
conductivities and based on lower-lying HOMO units to enhance
hole-blocking capabilities.
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