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ABSTRACT: This contribution describes the synthesis and
characterization of a perylene diimide (PDI)-based n-type semi-
conductor and its application to organic photovoltaic (OPV)
devices having inverted architecture. Films of N,N'-bis(3-
trimethoxysilylpropyl)-1,6,7,12-tetrachloroperylene-3,4,9,10-

tetracarboxyldiimide (C1,PSi,) and blends of this material with
various polymers are solution-deposited on tin-doped indium
oxide (ITO) substrates as interfacial layers (IFLs). The organic
IFL described in this work is based on the air- and light-stable
PDI core, annealed at low temperatures compatible with flexible
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substrates, and crosslinks in air for compatibility with device fabrication. Morphological, optical, and electrochemical analysis of
these IFL films demonstrate predominantly smooth surfaces and HOMO and LUMO energies of ~4.5 and 7.0 eV, respectively,
which are ideal for accepting electrons and blocking holes in inverted devices. A cationic silane species is added to the CL,PSi, at an
optimum ~2—S5 wt % to reduce IFL series resistance and enhance device performance. Also, a short light soaking procedure is
necessary for completed devices to achieve high fill factors in current density—voltage analysis, a phenomenon previously only

observed for inverted devices having an n-type inorganic IFL.
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1. INTRODUCTION

Organic photovoltaics (OPVs) possess significant potential
advantages over their inorganic counterparts, such as inexpensive
fabrication and flexible substrate compatibility, and they have
therefore garnered great attention and a focused research effort in
recent years' " with certified efficiencies of 7—8% now reported
in the literature.'"”'*> Many individual building blocks and pro-
cesses of OPV devices require simultaneous optimization and
harmonious interaction to achieve high overall power conversion
efficiency (7,). Among these components, interfacial layers
(IFLs) represent a vital OPV device element, although the
literature focus on them has been less than on other aspects of
OPVs, such as novel active layer materials. Intelligent interface
design is essential in promoting beneficial coordination between
the various layers in multilayered optoelectronic devices such as
OPVs, and the large, direct influence of IFLs over OPV device
performance is unmistakable.”>”'*> But how exactly does an
interface modify device operation, and what aspects of IFL
design need consideration in order to impart beneficial proper-
ties to device function?

Devices without interfacial layers (IFLs) tend to exhibit
inferior performance compared to devices that incorporate an
appropriate additional layer or layers into their design. In general,
IFLs serve a variety of important functions in a device, and many
considerations must be addressed for their optimal design and
employment.'> "7 First, [FLs work to transport charges of just
one type, either holes or electrons, from the active layer to the
electrode, while simultaneously acting as a barrier to passage of
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charges of the other type. Such a selective contact is important to
properly rectify the current and prevent deleterious charge
recombination at the electrode. This is achieved in part by
examining the frontier energy levels of the IFL material and
aligning them properly with the active layer donor (D) and
acceptor (A) energies such that charge transfer in the desired
direction is favorable, and a large energetic barrier is present for
the transfer of the undesired charge species. Additional IFL
influence is observed in the nature of the contacts to both the
electrode and active layer. In OPVs, an IFL on tin-doped indium
oxide (ITO) needs to fulfill the challenging role of making
intimate contact to a hydrophilic inorganic surface while also
maintaining good adhesion to the covering organic active layer,
which is often hydrophobic. The density of charge transfer sites
at these interfaces and their stability over time and towards
various external conditions such as heat, light, and humidity, all
strongly affect OPV performance.'®'* > Another consideration
in IFL design is that the layer, if placed on the light-incident side
of the device, does not interfere with the active layer light
absorption responsible for current generation. This implies that
the IFL is required to be either very thin or else optically
transparent in the region of active layer absorption. If the IFL
is instead inserted before the reflective back electrode, then its
influence on the optical interference pattern of the incident and
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Figure 1. (a) Conventional and (b) inverted device architectures are
illustrated.

reflected light should be considered and the IFL thickness
adjusted to properly align the positive interference with the
active layer to maximize the potential light absorption and short-
circuit current density (J.) of the device. ">

To date, most work that focuses on OPV IFLs strives to devise
a suitable p-type film that constitutes a replacement for the
ubiquitous, but oft derided, PEDOT:PSS.'%"”* 3 This is likely
because conventional device architecture (Figure 1a) defines that
holes are collected at the ITO interface, and therefore any IFL
deposited on ITO in a conventional device should be p-type to
allow for facile charge extraction. Inverted devices, as the name
implies, collect electrons at the ITO electrode and require an
ITO-side IFL to be n-type. Devices of inverted architecture
(Figure 1b) possess several advantages over their more common
conventional counterparts. First, they completely avoid the
problematic ITO/PEDOT:PSS interface, which has been shown
to be unstable and lead to device failure.'®>' ™33 Second, the
inverted geometry allows the use of air-stable, high-work-func-
tion metal electrodes, such as gold or silver.>*3® These metals are
amenable to printing, thereby eliminating a relatively expensive
high vacuum deposition process.** ** The use of silver as an
electrode material has also been shown to produce an increase in
efficiency with prolonged air exposure since the native oxide layer
that builds up on Ag increases its work function and benefits inverted
OPV performance.” Another key advantage of the inverted design
stems from the active layer morphology. It has recently been shown
that the vertical phase separation in many common OPV materials
systems, including poly(3-hexylthiophene) (P3HT):[6,6]-phenyl-
Cg;-butyric acid methyl ester (PCBM) bulk heterojunctions (BHJ),

yields a film with a high density of PCBM at the substrate interface
and enriched P3HT concentration near the air interface as spin-
coated.* This vertical film morphology represents an inherent
advantage of the inverted architecture in which the electron and
hole transporting materials are properly congregated near the ITO
and metal electrodes, respectively, for efficient charge extraction in
the inverted direction."*****~* Finally, ITO itself is an n-type
transparent conducting oxide (TCO) and therefore is easily able
to fulfill the role of collecting electrons. Its work function of
~4.5—4.7 eV is approximately intermediate between the HOMO
and LUMO energies of commonly used organic donors and
acceptors, which means that depending on its surface modification
it can be well-suited for either hole or electron collection.**

Although PEDOT':PSS clearly represents the most commonly
used literature p-type IFL to coat ITO for hole collection,
comparatively few n-type IFL materials have been presented
for electron collection. Of the compounds utilized to date, no
obvious material choice exists for this role, and almost none of
those used in devices are organic.13’14’42 Some of the materials
employed for this role are TiO,,** ZnO,3**~* Cs,C0,, %!
and at least one recent example of a self-assembled organome-
tallic compound.®® Most of these require a high-temperature
sintering/annealing step that increases the cost of the device and
is incompatible with plastic substrates. In a conscious effort to
omit these high sintering temperatures while still selecting a
material that exhibits excellent chemical stability in air and light, a
perylene diimide (PDI) derivative was chosen for use as an IFL.
In this work, a stable, organic, cross-linkable, perylene-based,
n-type interfacial layer (IFL) is designed, characterized, and
implemented into OPV devices having inverted architecture.
The effects on OPV device metrics of blending this layer with an
appropriate n-type semiconducting polymer and incorporating a
cationic additive are also examined.

2. EXPERIMENTAL SECTION

Materials and Methods. All chemicals were used as received
unless otherwise noted. Anhydrous chlorobenzene, anhydrous metha-
nol, (3-aminopropyl)trimethoxysilane (APMS), N-trimethoxysilylpro-
pyl-N,N,N-trimethylammonium chloride (APMS™) (50% in methanol),
and 99.9% acetonitrile were purchased from Aldrich, CLLPTCDA
was purchased from AK Scientific Inc., poly(9,9'-dioctylfluorene-co-
benzothiadiazole) (F8BT) was purchased from American Dye Source,
Inc., P3HT (Plexcore OS 2100) was purchased from Plextronics, Inc.,
and PCBM was purchased from Nano-C, Inc. Tetrabutylammonium
hexafluorophosphate (Bu,N*"PF") was recrystallized twice from etha-
nol before use as a supporting electrolyte in electrochemical experi-
ments. Optical absorption spectra were obtained with an Agilent 8453
UV-vis spectrophotometer. Film thicknesses were measured using a
Dektak 8 Stylus Profiler. Cyclic voltammetery (CV) measurements were
performed using scan rates of 10—100 mV/s with either ITO, Pt, or glassy
carbon working electrodes in acetonitrile with 0.1 M BuyN"PF " as the
electrolyte. A platinum counter electrode and a Ag/AgCl reference
electrode were employed, the Fc/Fc™ couple was used to verify the
validity of results, and the results were converted to the standard calomel
electrode (SCE) scale using Egg /agcl = —0.045 Vs SCE.>* The measured
reduction potentials were converted to the vacuum scale to determine the
LUMO energies, or electron affinities (EA), using the following relation-
ships (the first from ref 52, the second from refs 52 and 53)

Endwsce T 024V = E e

red vs

4.5V — ES;;(&JS NHE — ELUMo(eV)
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Tapping mode AFM experiments were conducted using a Veeco Dimen-
sion 3100 with a Nanoscope V controller. Olympus cantilever tips made of
Si with a tip radius of 9 nm were employed. OPV devices were evaluated
with current density—voltage (J—V) scans taken in a N,-filled glove
box in the dark and under illumination. A home-built solar simulator
previously described'® was employed to analyze device J—V response
under 100 mW/cm? illumination from a tungsten halogen bulb
monitored by two Si photodiodes.

Synthesis of N,N'-Bis(3-trimethoxysilylpropyl)-1,6,7,12-tetra-
chloroperylene-3,4,9,10-tetracarboxyldiimide (Cl,PSi,). A 029 M
solution of APMS was made by diluting 0.50 mL of the Aldrich product
to 10.0 mL with anhydrous CH3;0H. A two-neck round-bottom flask
with a reflux condenser and filled with N, and evacuated on a Schlenk
line three times before filling with 100.0 mg (1.886 % 10* mol) 1,6,7,12-
tetrachloroperylene-3,4,9,10-tetracarboxylic acid (CL,PTCDA), 4.0 mL
anhydrous CH3;OH, and 48.2 mL anhydrous chlorobenzene (CB). To
this slurry, 1.4 mL of the APMS solution was added with stirring at room
temperature, and then the reaction mixture was heated to 80 °C. The
reaction became a clear, orange solution within about 1 min. The
resulting solution is a 3.5 mM (3 mg/mL) solution of CL,PSi,. The
reaction progress was followed with thin-layer chromatography (TLC)
on silica plates (CH;OH:CB, 1:1), which shows the presence of an
immobile spot, corresponding to the silanated product, appear while the
mobile spot for CLPTCDA disappears over ~8 h, and the reaction was
cooled to room temperature after ~24 h. The silanated product proved
difficult to characterize due to silanization of the NMR tube and the
presence of small quantities of dimers and oligomers from crosslinking
in solution. Although the expected NMR peaks were present, some of
these impurities were also apparent. Therefore, to demonstrate the
synthesis with a compound more amenable to characterization, the non-
silanated analogue N,N'-bis(n-propyl)-1,6,7,12-tetrachloroperylene-3,4,9,10-
tetracarboxyldiimide was prepared exactly as described above, and the product
was characterized and readily apparent via NMR. For this compound, 'H
NMR (400 MHz, CDCls, 25 °C): 0 8.69 (s, 4H), 4.17 (t, ] = 7.4 Hz, 4H),
1.73 (m, 4H), 1.03 (t, ] = 7.4 Hz, 6H).

Cl4PSi; Film Deposition. ITO-coated glass substrates are cleaned
via successive 30-min ultrasonication treatments in soapy water, water
(5 min), acetone, and 2-propanol, respectively, before being blown dry.
The solvent-cleaned substrates are further cleaned with a S min UV
ozone treatment immediately before layer deposition. A 3 mg/mL
solution of Cl,PSi, in CB:MeOH (9:1), containing the appropriate
amount of “dopant” APMS" if necessary, is placed in a small petri dish,
and a clean ITO substrate is immersed in this solution for 3 min, after
which time it is removed and blown dry. The back of the substrate is
immediately cleaned with a cotton swab dampened with CB:MeOH,
and the substrate is annealed at 120 °C on a hot plate in air for 30 min to
complete the crosslinking and render the IFL film insoluble. The film is
then immersed into a solution of CB:MeOH (1:1) for 1 min and swirled
to remove any insoluble material and blown dry.

OPV Device Fabrication. For inverted devices films of CI,PSi,
were deposited as described above. A solution of PHT:PCBM (1:0.8 by
wt) in ODCB (20 mg/mL P3HT) was stirred overnight in the dark at
60 °C in a glove box. This solution was deposited by spin-coating at
550 rpm for 1 min, followed by 1500 rpm for 1 s to spin off excess
solution. The wet films were placed in individual petri dishes to dry
slowly. Once dry, the films were annealed at 110 °C for 10 min on a hot
plate in a glove box. Finally, these substrates were transferred to a
vacuum evaporator where V,O5 (10 nm, 0.2 A/s) and Al (100 nm, ~20
A/s) were sequentially evaporated at a pressure of 5x10~° Torr or
higher vacuum without breaking vacuum to complete the devices. The
fast Al deposition from a W basket was beneficial in minimizing organic
contamination from the walls of an evaporator mainly used to deposit
organic small molecules. All devices were left unencapsulated and
transferred immediately to a glove box for testing.

Scheme 1. Synthesis of CL,PSi,

CICl

80 °C

CI,PTCDA
CB:CH,OH

3. RESULTS AND DISCUSSION

Cl4PSi, Synthesis. The synthesis of Cl4PSi, portrayed in
Scheme 1 and described in detail in the Experimental Section
is a straightforward condensation of APMS with CL,PTCDA at
80 °C with stirring. The reaction product cannot be purified
easily because the silane moieties are very reactive, so the one-
step reaction solution is used to cast films without further
purification. However, the presence of small quantities of either
starting material is not expected to adversely affect film proper-
ties. The slight (< 5%) excess of APMS will actually aid cross-
linking if it is not removed when the film is rinsed, and any
remaining unreacted CI,PTCDA will be held in place by the
crosslinked matrix of Cl4PSi,. As will be shown below, even
rinsing the film does not cause any significant change in absorp-
tion, and this indicates that little if any non-cross-linked perylene
derivative is present in films. Additionally, the electronic proper-
ties of the resulting films will remain unaffected by unreacted
CLLPTCDA since the aromatic molecular core is essentially
identical to that of the product.

The solvent selected for this reaction is an important con-
sideration in the stability of the CL,PSi, solution and its propen-
sity to crosslink. Initially, the synthesis was performed in pure
chlorobenzene (CB), but the water produced as a by-product of
the reaction induced formation of a crosslinked polymer that
precipitated out of solution almost immediately. CH;0OH was
added to deactivate the water generated and prevent sponta-
neous cross-linking. A balance in the CB:CH3;OH ratio was
optimized experimentally at 9:1 to allow intentional crosslinking
to proceed in air on a substrate surface but to stymie spontaneous
crosslinking in solution such that a 3.5x 10" M Cl,PSi, solution
stored under N, on a Schlenk line can be reliably used for
several weeks.

Cl4PSi, Film Characterization. Characterization of thin films
of CI,PSi, was carried out via profilometry, AFM, optical
absorption, and cyclic voltammetry to investigate film thickness,
morphology, and optoelectronic properties.

Cl,PSi, Surface Morphology. Initially, CL,PSi, films were
formed by spin-coating from a solution of chlorobenzene and

4383 dx.doi.org/10.1021/am201027j |ACS Appl. Mater. Interfaces 2011, 3, 4381-4387



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

Figure 2. AFM images of films of (a) CL,PSi, made by spin-coating; (b) Cl,PSi, formed from substrate immersion into a 1.2x 103 M solution of
CLPSi, in CB:CH30H (9:1); (c) Cl,PSi,:F8BT (1:1 by wt ) deposited by substrate immersion into an identical solution to part b, but with F8BT added.
RMS roughnesses for parts a, b, and c are 12.4, 3.53, and 4.0S nm, respectively.

methanol. The resultant films exhibit low apparent crosslinking
density (see below) and a rough surface morphology (rms
roughness = 12.4 nm) that contain spikes of PDI over 100 nm
in height (Figure 2a). Therefore another film deposition method
was devised in which ITO substrates are immersed in a petri dish
containing Cl4PSi, dissolved in CB and methanol. AFM on the
resultant films reveals far smoother (rms roughness = 3.53 nm)
surfaces lacking the spikes that plagued the spin-cast films.
Figure 2b depicts an AFM image of a CL,PSi, film formed by
this immersion technique. Although the spikes are not present,
there is some visible texture to the film through which the
subgrains of the underlying ITO substrate appear in a few places.
This indicates that despite forming a nearly conformal film with
relative smoothness almost identical to the ITO, small regions of
incomplete coverage exist, which could cause the corresponding
sections of a completed solar cell to perform as though insuffi-
cient IFL material is present, negating the full advantage of the
IFL in the device. A further step to mitigate this effect was made
by blending the CL,PSi, with a polymer, F8BT, before substrate
immersion. F8BT was selected because of electronic considera-
tions; because it is an n-type polymer, it should facilitate, rather
than impede, electron transport. Various combination ratios
were investigated experimentally, and the 1:1 CI,PSi,:F8BT
weight ratio resulting in 10—15 nm IFL films exhibited the
highest OPV device performance, and the surface morphology of
that blend is depicted in Figure 2c. The surface rms roughness of
this blend film (4.05 nm) is approximately the same as that of the
plain Cl,PSi, film deposited by the same immersion technique.
In the blend film, however, the grains of the underlying ITO are
no longer clearly visible under the IFL, signifying more thorough
coverage.

Optical Spectroscopy of Cl,PSi,. Optical absorption spectra of
a film of Cl4PSi, are shown in Figure 3a. Before annealing, one
peak is visible at 455 nm. Upon annealing the film on a hot plate
in air at 120 °C for 30 min, the main peak is decreased in
absorbance and a shoulder peak of nearly equal absorbance
appears at A = 523 nm. The thermal annealing treatment in the
presence of water vapor in the air completes the crosslinking of
the trimethoxysilane moiety and chemisorbs the molecule onto
the hydroxylated substrate. This process ensures a robust IFL
adhesion to the underlying ITO and promotes insolubility in all
common organic solvents. This trait is demonstrated in Figure 3a
by soaking the Cl;PSi,-coated substrate in o-dichlorobenzene
(ODCB) for 1 min, blowing dry, and observing that the Cl,PSi,
absorption curve traces the one taken before soaking. ODCB was

selected because it is the solvent typically chosen, and also
selected in this work, to deposit the active layer; therefore IFL
inertness to this solvent is essential to avoid dissolution during
the subsequent device fabrication step. The layer is also com-
pletely insoluble if soaked in the solvent blend from which it was
deposited, CB:CH;OH. As a control, the CL,PTCDA molecule
that was used to synthesize Cl,PSi,, but lacks the crosslinking
trimethoxysilane groups, was deposited on a substrate and
removed with a single CB rinse to confirm that the crosslinking
is imperative for insolubility as observed with CL,PSi,.

Figure 3b also illustrates that facile removal of F8BT can be
achieved by rinsing in CB:CH;OH, but two rinses are necessary
for its complete removal, likely because the polymer makes
relatively good physical contact to the substrate in comparison
to a small molecule. When a substrate is immersed into a solution
containing a blend of F8BT and CL,PSi,, however, the F8BT is
rendered insoluble by the crosslinked Cl,PSi, matrix as illu-
strated in Figure 3c. This allows incorporation of an n-type
polymeric material to aid IFL film formation while maintaining
proper energy-level alignment for electron transfer and insolu-
bility for compatibility with the succeeding stages of device
fabrication. The absorption of the annealed Cl4PSi,:F8BT blend
is shown to be slightly different than the pure CLPSi, films,
lacking the prominent long-wavelength shoulder.

Electrochemical Properties of Cl,PSi,. Cyclic voltammetry
was used to estimate the LUMO energy of a Cl,PSi, film on
ITO. This cyclic voltammogram is displayed in Figure 4 and
exhibits a quasi-reversible reduction wave having onset of
reduction at -0.2 V vs. SCE and E;/, = -0.41 V. The potential
corresponding to the onset of reduction is converted to a LUMO
energy of 4.5 eV as described in the Experimental Section. Since
common OPV active layer acceptors such as fullerenes typically
have LUMO energies of 3.7—4.0, a E;ypmo of 4.5 eV designates
CL,PSi, as an energetically well-suited material for accepting
electrons in an inverted OPV device architecture.

The HOMO energy of CL,PSi, was estimated to be ~7.0 eV
from the LUMO energy as derived from electrochemical E; ypo
measurements (4.5 eV), the optical band gap as determined from
optical spectroscopy (2.2 eV), and an approximation of the
exciton binding energy of ~300 meV. The energy level diagram
(inset of Figure 4) illustrates that no energy barrier is expected
for electron transfer to CI,PSi, from PCBM. Additionally, the
HOMO energy appears to be sufficiently far from vacuum to
efficiently block misdirected holes from the donor polymer
HOMO, thereby enhancing diode behavior of the device by
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Figure 3. Optical absorption spectra of films: (a) Cl,PSi, before and
after annealing, demonstrates insolubility in ODCB after crosslinking.
(b) F8BT film alone is completely removed with two rinses in CB:
CH;0H; Cl,PSi, precursor, CI,PTCDA, is removed by one rinse in CB.
(c) Cl4PSi,:F8BT films are insoluble in CB:CH;OH.

directing opposite polarity charges in the desired opposite
directions. The importance of proper IFL energy level alignment
in OPVs has been highlighted before using p-type materials,'®'”?*
and the same arguments for the importance of efficient charge
transfer, good charge transport through the layer, and effective
blocking of undesired charges apply to this IFL. Cl,PSi, appears to
possess ideal frontier orbital energies to successfully function as an
IFL in inverted OPV devices. Although the F8BT energetics
complicate the picture somewhat when this polymer is blended
with the Cl,PSi,, there is evidently a continuous Cl,PSi, pathway
available for electron transfer, because it will be shown below that a
CL,PSi,:F8BT blend comprises the IFL yielding the highest device
efliciencies in this work.

Inverted OPV devices were fabricated with the common active
layer materials P3HT and PCBM and employed a thin ~10 nm
film of pure Cl,PSi, (without F8BT) as the n-type IFL. The
CL,PSi, adds a significant amount of series resistance (R,) to the
devices. Therefore a small percentage of a cationic silane was
mixed into the layer to reduce the R, and improve the fill factor
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Figure 4. Cyclic voltammogram of a CL,PSi, film on an ITO working
electrode in acetonitrile with 0.1 M Bu,N"PFy as the electrolyte. The
scan rate was 100 mV/s. Inset: Energy level diagram showing CL,PSi,
insertion into inverted OPV devices as an n-type IFL. ITO, Al, and
V20554 work functions taken from literature; all organic energy levels
determined experimentally from cyclic voltammetry and optical band
gap measurements and assume a 0.3 eV exciton binding energy.
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Figure 5. Light (solid lines) and dark (dotted lines) J—V plots of solar
cells having various IFLs shown (polymer structures shown as insets), all
incorporating S wt % APMS" (structure given in bottom right inset) and
having the inverted device architecture ITO/IFL/P3HT:PCBM/V,0s/
Al All devices were light soaked for 3 min prior to recording the
J—V plots.

(FF) and overall device performance.”> The N-trimethoxysilyl-
propyl-N,N,N-trimethylammonium chloride (APMS") incorpo-
rates into the crosslinked CI4PSi, structure through the same
trimethoxysilane moieties used by the PDI to crosslink, and at the
low concentrations in which it is added to the CI,PSi,, it does not
hamper charge transport. A 0—10% by weight range of APMS"
addition to the CI4PSi, was investigated, and the 2—5% range
increases the FF and, in turn, the device performance.

J—V analysis of full devices indicates that the observed V. for
the inverted devices is lower than expected based on the donor
HOMO—acceptor LUMO energy gap and on conventional
control devices.

There could be various reasons for this, such as the source of
P3HT used in this study varying from that of most literature
reports, pinholes in the IFL leading to greater charge leakage, or
unoptimized vertical alignment of the BHJ morphology for
inverted architecture devices. Therefore, in an effort to restore
the V. to a value closer to ~0.5V, a polymer was blended with
the Cl,PSi,. First, insulating poly(2-vinylpyridine) (P2VP) was
added in a 1:1 wt ratio with CI,PSi, having S wt % of APMS™ also
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Table 1. Response Parameters after Light Soaking for Solar
Cells Having Inverted Device Architecture

IFL’ Voe (V) Jic (mA/em®)  FF (%) 7, (%)
CL,PSi, 0.38 7.69 35.9 1.0
Cl,PSi,:P2VP (1:1) 0.41 8.06 36.9 1.2
Cl,PSi,:F8BT (1:1) 0.48 8.82 42.9 1.8

“IFL indicated has 5 wt % APMS" incorporated.

present. This addition yielded minimal enhancement in device
performance over the plain Cl,PSi, IFL. Next, n-type polymer
F8BT was blended with the Cl,PSi, and S wt % APMS™. This
polymer was shown above (Figure 3c) to exhibit insolubility in
ODCB and persist in the IFL when spin-cast with the cross-
linking perylene. When F8BT was mixed in solution, 1:1 by wt %
with the Cl,PSi, that also had S wt % of the APMS" present, ]—V/
plots of devices having this IFL exhibited the best inverted device
performance in this study. The results are shown in Figure 5 and
Table 1. The V. was successfully increased by adding in the
F8BT, about to the expected value for this system, and all device
metrics were superior for the C1,PSi,:F8BT IFL blend compared
to the C1,PSi, alone. As a control, devices with just F8BT as the
IFL were also fabricated, but these devices largely failed (17, <
0.1%), likely because there is no silane present to insolubilize the
polymer, and the film was mostly dissolved upon active layer
deposition from ODCB. Also, the small amount of current
generated in these devices flowed in the direction expected for
a conventional device. This direction of charge carrier travel is
also observed for devices fabricated without any IFL on the ITO,
despite using a V,05/Al electrode, likely because the ITO and
V,0; have similar work functions, and only a very weak electric
field across the device is formed. The CI4PSi, is apparently
imperative to form a selective contact to direct charges in the desired
direction. An additional control device omitted the PCBM acceptor
to test whether either IFL component could act as an acceptor
species and generate photocurrent in an effective bilayer architecture
with P3HT, but J,. values for these devices were <0.3 mA/cm?,
proving this contribution to be minimal.

Interestingly, it is necessary to light soak the devices under
investigation for ~3 min to achieve the results shown in Figure 5.
Omitting this step results in devices exhibiting very low FF and
reduced J . This phenomenon has been observed before in
inverted OPV devices that use, for example, ZnO to modify the
ITO.>® In that case, the specific energy of light required to induce
abeneficial change in the J—V plot must be greater than the band
gap of ZnO (~3.2 eV) and is thought to work by filling any
interfacial trap states and lowering the contact resistance. For
devices in this work, it appears that light having 4 = 400—600 nm,
approximately where CI4PSi, absorbs light, is responsible for
inducing the beneficial effect on device performance. A 600 nm
long pass filter on top of the device prevents the light soaking
procedure from having any effect on device performance, even
after an extended light soaking time of 10 min, but the effects are
clearly observed via light soaking through a 400 nm long pass
filter. Light soaking through a notch filter that transmits light of
only A = 320—390 nm also did not have any effect on device
performance. Figure 6 depicts the representative change in J—V
characteristics of a device undergoing light soaking in white light
before testing. The FF and J,. are both significantly increased
from 21.3% and 5.72 mA/cm” to 33.1% to 7.37 mA/cm’, respec-
tively, while the V.. drops only slightly from 0.42 to 0.40 V, resulting
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Figure 6. J—V plots of a solar cell having inverted device architecture
ITO/CLPSi,/P3HT:PCBM/V,05/Al, with CI4PSi, incorporating
S wt % APMS’, analyzed before and after light soaking for 3 min.

in a near doubling of 77,, from 0.49 to 0.95% after light soaking. The
plot reverts slowly over many days to its original state after storing
the device in the dark.

4. CONCLUSIONS

A new PDI-based molecule, C1,PSi,, has been synthesized and
utilized as an n-type interfacial layer material both by itself and as
part of a blended system with polymer F8BT in inverted OPV
devices. These IFL films are deposited from solution by an
immersion technique and crosslinked via alkoxysilane moieties to
induce insolubility across a wide range of solvents, making this IFL
amenable to inexpensive, multi-step, solution-processed device
fabrication. Topographically smooth films are achieved, and energy
levels as measured by CV and optical absorption are aligned well
with common OPV active layer materials to transport electrons and
block holes. A charged silane molecule is incorporated into the
system to reduce the film R, and enhance device performance.
The novel IFL incorporation is demonstrated to be an effective
approach to direct charge carriers in the proper direction for
inverted OPV function. Also, light soaking prior to device analysis
by J—V plots is shown to be an essential step in characterizing these
inverted solar cells, as has been shown before for inverted devices
using inorganic IFLs such as ZnO.
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