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ABSTRACT: We demonstrate the use of poly(sulfobetaine meth- /rf
[}

acrylate) (PSBMA), and its pyrene-containing copolymer, as solution- OH 9 @ "H _ ; /o PSEWA e
processable work function reducers for inverted organic electronic N AL 5 (PCE =0.71%)
devices. A notable feature of PSBMA is its orthogonal solubility re- s”(io. %% ”5/20_ E,
lative to solvents typically employed in the processing of organic semi- ° %, %
. . PSBMA PSBMA-Py § Sfewert
conductors. A strong permanent dipole moment on the sulfobetaine S 4w psevA
moiety was calculated by density functional theory. PSBMA interlayers § 5[ | (PCE =3.35%)
reduced the work function of metals, graphene, and poly(3,4- ad

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) by A 00 02 04 06 08
over 1 eV, and an ultrathin interlayer of PSBMA reduced the electron p—— voteae®
injection barrier between indium tin oxide (ITO) and C,, by 0.67 eV.

As a result, the performance of organic photovoltaic devices with PSBMA interlayers is significantly improved, and enhanced
electron injection is demonstrated in electron-only devices with ITO, PEDOT:PSS, and graphene electrodes. This work makes
available a new class of dipole-rich, counterion-free, pH insensitive polymer interlayers with demonstrated effectiveness in
inverted devices.

B INTRODUCTION solubility in polar solvents, affording “green” fabrication
processes. One attribute of CPEs is that they necessarily
incorporate mobile counterions, which are reported to
redistribute/diffuse in the charge transport layer. However,
such counterions add complexity to understanding charge
transfer during device operation, requiring studies devoted to
the underlying mechanisms of counterion migration.'*?°
Conjugated polymeric zwitterions (CPZs), dipole-rich poly-
mers free of counterions, also prove useful as interlayers for
reducing the WF of metal electrodes. CPZs with sulfobetaine
zwitterions greatly improve both OPV devices and organic

Reducing the charge injection barrier between an electrode
and an organic semiconductor is crucial for producing efficient
organic electronic devices, since this barrier often dictates
device performance."” Therefore, the ability to easily modify
the energy level alignment at the interface between an electrode
and an organic semiconductor is of tremendous importance
in organic electronic devices. Two established methods for
improving charge injection efficiency by controlling the
interfacial electronic structures are (1) work function (WF)

modification of an electrode by employing an ultrathin layer of ’ o ° )
a metal oxide or a self-assembled monolayer (SAM)®~” and (2) light-emitting diodes (OLEDs) owing to a reduced WF of the

21-24 : ;
doping of a charge transport layer by electron transfer between elect.rod(?.. Moreox{er, Klp pelen repoljtec.l the universal
dopant and host.>*° applicability of an aliphatic polyethylenimide ethoxylated

Low WF electrodes are of growing interest in organic .(PEI.E) interlayer vzvsh_lg? produces low WE electrodes due to
photovoltaics (OPVs), since it is well-known that inverted its dlp(?le moment. ) ) _ ) )
OPVs have longer device lifetimes than conventional Inspired by these previous studies, we 19vest1gated sol}ltlon-
devices.""'> However, there are difficulties in lowering the processable, electronically neutral (counterion free), pH insen-
WEF of the cathode for inverted devices, since: (1) alkali metals SitiYe aliphatic p olymer. zwitterions as components of inverted
or alkali earth metals which have low work functions (e.g., Li, K, devices. Poly(sulfobetaine methacrylate) (PSBMA) can be pro-
Ca, Mg, etc.) are unstable in air, and (2) alkali metal halides or cessec% from solvents.(?rthogonal to thqse used for subsequent
alkali earth metal halides (e.g, LiF, CsF, MgF,, etc.) perform organic layer deposition. Its large dipole moment en?lbles
poorly in inverted architectures. In this respect, solution- control over the WF of a broad range of conventional
processable conjugated polyelectrolytes (CPEs) have been
found to achieve control over the WE of an electrode.'>™'® Received: November 27, 2014
CPEs are adaptable to multilayered devices due to their Published: December 9, 2014
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electrodes, including indium tin oxide (ITO), Au, Ag, poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
Cu, and Al. Going further, for modifying the WF of graphene,
pyrene-substituted PSBMA copolymers (PSBMA-Py) were
utilized.>® Work function tailoring enables a judicious choice
of energy level alignment between electrodes and organic semi-
conductors in device architectures. This investigation opens a
new and simple way to generate low WF electrodes that match
the frontier energy levels of a desired electron transport layer
and represents a step toward higher efficiency organic
electronic devices as a result of improved charge injection.

B EXPERIMENTAL SECTION

Density Functional Theory Calculations. The chemical
structures of PSBMA and PSBMA-Py (containing about 10 mol %
of pyrene methacrylate) are shown in Figure 1 (detailed syntheses in
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Figure 1. Chemical structures of PSBMA and PSBMA-Py.

the SI). To investigate the charge distribution of PSBMA and PSBMA-Py,
density functional theory (DFT) calculations were conducted with
a Becke’s 3-parameter exchange and Lee—Yang—Parr correlation
(B3LYP) hybrid functional and a 6-31G(d,p) basis set implemented in
the Gaussian 09 package.”’~>' For simplicity, one monomer unit of
each polymeric zwitterion was calculated as a model system. The
geometry was fully relaxed, and the energetic minima was ensured with
vibrational frequency analysis.

Ultraviolet and X-ray Photoelectron Spectroscopy Measure-
ments. Ultraviolet and X-ray photoelectron spectroscopy (UPS and
XPS) measurements were carried out on Omicron SPHERA and PHI
QUANTUM 2000 ESCA hemispherical spectrometers with He
I (21.22 eV) and Al Ka (1486.6 eV) excitation sources, respectively.
To obtain the secondary electron cutoff (SEC), a sample bias of —3 V
was applied in the normal emission geometry. The base pressure of
the analyzer chamber was below 8 X 10~ mbar. ITO-coated glass was
purchased from Thin Film Devices (145 nm, 20 ohms/sq.) and
ultrasonically cleaned with deionized (DI) water, detergent, acetone,
2-propanol, methanol, and DI water again. After cleaning, ITO was
dried under a N, gas flow and used following 15 min of UV-ozone
(UVO) treatment or without treatment (bare). For a conducting
PEDOT:PSS electrode, the PEDOT:PSS (CLEVIOS PH 1000) film
was deposited by spin-casting on UVO-treated ITO at 4000 rpm for
1 min (80 nm) and annealed at 150 °C for 30 min. Metal electrodes
were applied to the Si substrate by thermal evaporation (50 nm) in a
high-vacuum chamber (<5 X 107 mbar). Graphene was synthesized
by chemical vapor deposition (CVD) on a Cu foil at 1000 °C, with
methane as the carbon precursor. After growth, the graphene was
transferred to the Si substrate. PSBMA and PSBMA-Py interlayers
were spin-coated onto those electrodes from various solution con-
centrations (0.05—2.0 mg/mL) at 500 rpm for S s and then 4000 rpm
for 55 s. The PSBMA and PSBMA-Py solutions in 2,2,2-trifluoro-
ethanol (TFE) were stirred overnight at room temperature and filtered
through a PTFE membrane (0.2 yum VWR) prior to deposition. To
evaluate the electron injection barrier (EIB) with C,, the C,, films
(1 and 6 nm) were deposited onto ITO or PSBMA (4 nm)/ITO by
thermal evaporation. Samples for UPS and XPS were transferred to the
introduction chamber immediately after preparation.
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Near-Edge X-ray Absorption Fine Structure Spectroscopy.
The carbon K-edge NEXAFS spectra were collected at beamline U7A
of the National Synchrotron Light Source of Brookhaven National
Laboratory. The spectra were collected in partial electron yield mode
with a grid bias of =50V, providing a surface-weighted signal dominated
by the outermost (2—4 nm) portion of the film, ie., the material in
contact with C,. Several incident angles were employed to vary the
angle of the electric field vector with respect to sample normal. Data
shown are normalized to the post-edge intensity at 330 eV, to eliminate
intensity variations due to different spot size at different angles.

Vibrationally Resonant Sum Frequency Generation Spec-
troscopy. Vibrationally resonant sum frequency generation (VR-SFG)
spectra were acquired from PSBMA films on Au substrates with a
custom built, broad bandwidth system. In brief, a Ti-sapphire regen-
erative amplifier system, generating 12 W of nominally 100 fs duration
pulses at 3 kHz repetition rate was used to simultaneously pump two
optical parametric amplifier (OPA) systems. In one system, a near-
infrared (IR) OPA generated sub 100 fs pulses at ~ (1470 and 1750)
nm that were sent to a noncollinear difference frequency generator
to produce ~5 uJ, ~ 150 cm™' bandwidth, IR pulses centered at
~1100 cm™". In the second system, a second harmonic bandwidth
compressor was used to produce ~3 cm™, 400 nm center wavelength
pulses that pumped an OPA resulting in tunable 8 cm™ bandwidth
pulses centered at 785 nm. SSP SFG spectra (s-polarized sum
frequency, s-polarized 785 nm, p-polarized IR) were acquired with the
785 nm and IR incident on the sample at 35.8° and 54.2°, respectively.
The visible pulse was incident at a slight (1.3 ps) delay with respect to
the IR pulse, to maximize the heterodyne between the Au substrate
and the film. The sample signal was normalized to the signal from a Au
substrate, coated with an octanedithiol SAM.

In the SSP configuration, the SFG signal (for a single resonance)
can be expressed as

)(reei(f)
v—uy,— I

e

signal = |y* +

where y°,, is the effective, nonresonant susceptibility, dominated by
the Au substrate, and y*, is the resonant susceptibility, arising from the
A, symmetric stretch of the C;, SO;™. *, is given by the xxz element of
the averaged molecular hyperpolarizability j:

)(,:a = /szlx(I‘/sum’ Z)me(vvisl Z)Elz(vIRl Z)

fff sin OdOdpdyf, R R, Riof (0, b, , 2)

where Fj, is the relevant Fresnel factor (including local field
corrections), Ry is a standard rotation matrix, and f(0,¢,w,z) is the
depth-dependent, normalized orientation distribution. The magnitude
of the product of the three Fresnel factors as a function of distance
from the film/Au interface for a 4 nm film thickness is shown in Figure
SS. The depth average slightly favors the air/film interface, due to
strong screening of the in-plane fields by the metal.

Organic Photovoltaic and Electron-Only Device Fabrication.
ITO-coated glass substrates were cleaned, and the PSBMA interlayer
was spun-cast as described above. 40 nm-thick C;, (American Dye
Source, purity >99%) films and 15 nm-thick tetraphenyldibenzoperi-
flanthene (DBP, Sigma-Aldrich, purity 98%) films were thermally
evaporated sequentially on ITO or PSBMA (0—16 nm)/ITO as acceptor
and donor layers, respectively, with a deposition rate of 0.1 nm/s. The
DBP was purified by vacuum sublimation in a horizontal furnace with
a thermal gradient prior to use, while C,, was used as received. Device
fabrication was completed by depositing MoO; (10 nm) at a
deposition rate of 0.01 nm/s and Al (100 nm) with a deposition
rate of 0.01—0.1 nm/s for the bilayer anode. Thermal evaporations
were conducted in a high-vacuum chamber with a rotating sample
holder. Both deposition rate and total thickness were monitored with
a quartz crystal microbalance (QCM). The devices were annealed at
100 °C for 30 min under a N, atmosphere. For electron-only devices, a
Cg (200 nm, Puyang Huicheng Chemical Co., purity 99%) electron
transport layer was deposited onto ITO or PSBMA (4 nm)/ITO in
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Figure 2. Graphical charge distributions for one monomer unit of
PSBMA and PSBMA-Py from DFT calculations.
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Figure 3. XPS spectra of (a) S 2p, (b) N 1s, (c) O 1s, and (d) In 3d of
the PSBMA interlayer on an ITO electrode with varying the thickness
from different solution concentrations (0.2, 0.5, and 1.0 mg/mL).

the same manner. After Cg, deposition, Ca (10 nm) and Al (100 nm)
bilayer cathodes were deposited. PEDOT:PSS and graphene electro-
des were prepared on glass substrates. Current density—voltage (J—V)
characteristics were measured with a Keithley 4200-SCS parameter
analyzer under AML.S condition with a 100 mW/ cm? illumination
using a solar simulator (Newport) calibrated using a Si reference solar
cell.

Atomic Force Microscope Measurements. To investigate
surface morphology, atomic force microscopy (AFM) measurements
were conducted on ITO, PSBMA (4 nm)/ITO, C,, (40 nm)/ITO,
and C,, (40 nm)/PSBMA(4 nm)/ITO. All of those samples were pre-
pared in the same manner as for device fabrication. AFM topography
images were obtained using a Digital Instruments Dimension 3000
scanning force microscope in the tapping mode.

B RESULTS AND DISCUSSION

Dipole Moment of Polymeric Zwitterions from DFT
Calculations. Figure 2 shows the graphical charge distribu-
tion of one monomer unit of PSBMA and PSBMA-Py resulting
from DFT calculations, with SO;™ as the negatively charged
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Figure 4. (a) UPS spectra of the secondary electron cutoff (SEC)
region of the PSBMA interlayer (0—16 nm) on UVO-treated ITO,
bare ITO, Au, Ag, PEDOT:PSS (PH1000), Cu, Al, and the PSBMA-Py
interlayer on graphene. (b) Change in WF with interlayer thickness. (c)
Representation of PSBMA-induced interface dipole.

groups (red) and N* as the positively charged groups (blue).
The calculated dipole moment of PSBMA was 15.2 D and that
of PSBMA-Py was 14.5 D. The dipole moment arises from the
zwitterionic sulfobetaine, with little contribution from the
pyrene moiety for PSBMA-Py. Such large dipole moments can
contribute to an interface dipole (eD) when the polymers are
associated with conductive materials, which lowers the WF of
the conductor." The optimized geometries and full Mulliken
atomic charges are shown in Figure S1 and Table S1 (see SI).

Thickness Estimation with XPS Core Level Spectra.
Figure 3 shows the XPS core level spectra of (2) S 2p, (b) N Is,
(c) O 1s, and (d) In 3d of the PSBMA interlayer on ITO-
coated glass at varying concentrations of polymer solution used
for spin-coating (0.2, 0.5, and 1.0 mg/mL). In Figure 3a—c, the
photoelectron spectrum intensities of S 2p at 166.8 eV, N 1s at
402.0 eV, and O 1s at 533.2 eV, which originate from PSBMA,
evolve with increasing concentration of the cast solution, indi-
cating a good correlation between polymer film thickness with
solution concentration. While the thickness of a conventional
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Table 1. Work Function of Wide-Ranging Electrodes with Varying Thickness of the PSBMA Interlayer (UVO-treated ITO, bare
ITO, Au, Ag, PEDOT:PSS, Cu, and Al) and the PSBMA-Py Interlayer (graphene)

thickness (nm) UVO-treated ITO bare ITO Au Ag PEDOT:PSS (PH 1000) Cu Al graphene
0 442 4.02 4.78 4.56 S.19 4.55 329 4.43
2 3.61 3.71 - - - - - -
4 3.51 3.32 3.89 3.80 4.31 3.73 3.0 3.36
8 3.39 3.20 3.48 3.31 3.90 3.15 3.06 3.16
16 3.30 293 3.26 321 3.32 3.10 293 2.79
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Figure S. Carbon K-edge NEXAFS spectra of (a) a 4 nm-thick PSBMA film on ITO, (b) a 16 nm-thick PSBMA film on ITO, (c) a 4 nm-thick

PSBMA film on Au, and (d) a 16 nm-thick PSBMA film on Au.

polymer layer is measured reliably with a stylus-based surface
profiler, the ultrathin nature of the PSBMA and PSBMA-Py
films required XPS to estimate the thickness, using the intensity
attenuation of the substrate core level spectrum and the follow-

ing equation:

where I is the In 3ds,, photoelectron spectrum intensity
attenuated by the PSBMA upper layer, I, is the In 3d;/, photo-
electron spectrum intensity of bare ITO, d is the PSBMA
interlayer thickness, 4 is the attenuation length, and ¢ is the
XPS takeoff angle (45° in our measurements). This method is
frequently used for ultrathin films, such as SAMs, and agrees
with ellipsometry results.”>*>* The binding energy of In 3d;),
was measured as 444.8 eV (ie., kinetic energy of 1041.8 eV)
and its A was estimated to be 3 nm from the reported value of
poly(methyl methacrylate) (PMMA) (the backbone structure
of PSBMA).>* Thus, the thickness of PSBMA interlayers ob-
tained from different solution concentrations are 0.2 mg/mL = 2 nm;
0.5 mg/mL = 4 nm; and 1.0 mg/mL = 8 nm. We assume that

d
Asin @

I=1, exp(—
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PSBMA-Py solutions of similar concentrations to those of
PSBMA give films of similar thickness.

Work Function Reduction with Polymeric Zwitterion
Coatings. Figure 4a shows the normalized UPS spectra of the
SEC region with varying thickness of PSBMA or PSBMA-Py
layers on UVO-treated ITO (WF = 4.42 eV), bare ITO (WF =
4.02 eV), Au (WF = 4.78 eV), Ag (WF = 4.56 eV), conducting
PEDOT:PSS (WF = 5.19 V), Cu (WF = 4.55 eV), Al (WF =
3.29 €V), and graphene (WF = 4.43 eV). All of the electrodes
are expected to have a native oxide layer due to air exposure.
Notably, the WF of all of the electrodes is reduced following
deposition of the polymeric zwitterion film. With increasing
film thickness, the electrode WF is reduced, and at 16 nm
thickness the WFs of the electrodes are reduced by more than
1 eV: 1.12 eV for UVO-treated ITO, 1.09 eV for bare ITO,
1.52 eV for Au, 1.35 eV for Ag, 1.87 eV for PEDOT:PSS,
1.45 eV for Cu, and 1.64 eV for graphene. The AlO, layer on
Al already induces a low WEF, and thus the small observed WF
reduction (0.36 €V) was expected. WF values observed as a
function of polymer thickness are summarized in Figure 4b and
Table 1. The WFs are steeply reduced to around 3.4-to-3.6 eV,
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and the reduction thereafter becomes less pronounced. With
polymeric zwitterion films greater than 16 nm, strong charging
effects were observed in the photoelectron spectra (not shown)
due to the insulating character of PSBMA and PSBMA-Py.
Therefore, in devices, these polymers will be best applied as
ultrathin films. Based on the WF reduction, we hypothesize that
the eD, which modifies the surface electronic structure, is
directed as illustrated in Figure 4c. Positive eD formation of the
polymeric zwitterion interlayers could in principle originate
from (1) the push-back effect from Pauli repulsion by poly-
meric adsorbates and (2) the permanent dipole moment
associated with the zwitterionic pendent groups.”> Conjugated
polymer interlayers without zwitterionic chains moderately
reduce the WF of an electrode via the push-back effect (0.61,
0.79 eV), while CPZs significantly reduce WF (0.84, 0.96 eV). 2
Similarly, we observed that PMMA interlayers (having the same
backbone as PSBMA and PSBMA-Py, but without zwitterionic
chains) show moderate WF change on UVO-treated ITO sub-
strates (Figure S2), attributed to a very small dipole moment on
PMMA (calculated ¢ = 1.7 D). This molecular dipole-induced
eD model is similarly suggested in polymenc WE modifiers, such
as CPEs and polyethylenimines.”>>>>’

Zwitterion Chain Orientation Measurements with
NEXAFS. The surface-relative orientation of the zwitterionic
moiety is of critical importance if its dipole is expected to
influence the WF. To measure this orientation, we apply
surface-sensitive NEXAFS spectroscopy,” which is a robust
tool for determining the average bond orientation in thin layers
of organic molecules, particularly when applied at the carbon
K-edge. NEXAFS has been used to determine alkane side chain
orientation on o §anic semiconductors,* and, more classically,
in alkane SAMs.** NEXAFS spectra of PSBMA on ITO and Au
are shown in Figure 5. The peak at ~285 eV is the 1s — #*
of typical adventitious aromatic hydrocarbon contamination.
The peak at 289 eV is likely a convolution of carbon—
hydrogen 1s — o%*, carbon—sulfur 1s — ¢%*, and Rydberg
excitations. The most dominant peak at ~#293 eV is consistent
with carbon—carbon 1s — o*. This carbon—carbon 1s — o*
exhibits variable intensity with incident angle; the lowest
intensity is for near-normal incidence, where the electric field
vector of incident soft X-rays is nearly parallel to the substrate
plane and the highest intensity is for the shallowest incidence
where the electric field vector is nearly perpendicular to the
substrate plane. Because the 1s — ¢* transition dipole moment
runs parallel to the o bond, the angular dichroism is consistent
with a net carbon—carbon bond orientation preference per-
pendicular to the substrate plane. Because the side chain
carbon—carbon bonds significantly outnumber the backbone
carbon—carbon bonds, the orientation of this feature will be
determined by side chain behavior. We can therefore conclude
that the side chains, and therefore the zwitterionic moieties,
have a net orientation perpendicular to the substrate plane,
though likely not perfectly vertical. The extent of dichroism is
relatively modest compared to that of a well-packed alkane
SAM, which is illustrated in Figure S3 (note, however, the
similar angular dependence of the peak at 293 eV). The side
chain orientation is likely widely distributed, with a first moment
having a modest preference for vertical. A similar orientation
was observed across PSBMA samples of varied thickness on
several substrates, although 4 nm PSBMA films are less
consistently oriented which might be attributed to some extent
of heterogeneous polymer distribution spot-to-spot orientational
heterogeneity. NEXAFS cannot determine the dipole sign, ie,
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whether it is pointing “up” or “down,” but it does indicate some
degree of side chain orientation preference consistent with our
hypothesis that the dipole is oriented as depicted in Figure 4c.
Given the considerable molecular dipole moment (~15 D), the
“net” dipole moment that is perpendicular to the electrodes
affecting the WF could be large enough although the orientation
is modest. The driving force for orientation can be described in
an electrostatic model of an image dipole induced by surface
polarization.”® This electrostatic force influences polymeric
assembly and dipole orientation, which leads to a positive net
dipole moment, and the corresponding WF reduction.

Dipole Sign Determination by VR-SFG. To determine
the dipole sign, VR-SFG spectra were acquired on the SO,
anion in PSBMA films on Au substrates and are reported in
Figure 6. Linear techniques, such as NEXAFS, determine
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Figure 6. SSP VR-SFG spectra of the SO; functional group of a
4 nm-thick PSBMA fim on Au (a) and comparison to that of a MPSA
SAM assembled on Au (b). RAIRS spectra and the molecular structure
of MPSA are also shown.

(cos’@), where 0 is the orientation angle of the transition dipole
with respect to the surface, and thus can only determine align-
ment. Second-order nonlinear techniques, such as SFG, deter-
mine {cos’d) and can thus measure orientation, i.e., the total
vector direction of the relevant functional group. The vector
nature of SFG implies that the signal is null for isotropically
distributed chromophores. Shown in Figure 6a is a reflection—
absorption IR spectrum (RAIRS) of a 16 nm PSBMA film and
the VR-SFG spectrum of a 4 nm film. The A, stretch of the
SO; is clearly visible as a constructive interference feature at
~1040 cm™. The feature at 1125 cm™ is likely the asymmetric
stretch and is often weak in IR spectra. In order to calibrate the
relative phase between the SO; hyperpolarizability and the
nonresonant background of the Au, we acquired SSP, VR-SFG
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PSBMA/ITO. ¥, IE, ®,, @, eD, and V;, denote the work function, ionization energy, hole injection barrier, electron injection barrier, interface

dipole, and band bending, respectively.

spectra under identical conditions of a reference SAM of
1-mercapto-3-isopropyl sulfonate (MPSA), formed by immer-
sion of a ultraviolet ozone cleaned, evaporated Au film in a
270 pmol/L solution of MPSA in 30 mmol/L perchloric acid
(Figure 6b). The MPSA SAM exhibits significantly broadened
features in both the VR-SFG and RAIRS. Since it is the thiol
sulfur chemisorbing to Au, the SO; anion must point away from
the Au surface.*' There is clear destructive interference be-
tween the MPSA SOj; and the Au background. Thus, we can
conclude that the net orientation of the SO; in the PSBMA is
the opposite, i.e., that the SO; groups point, on average, toward
the Au. The absence of significant structure in the E SO; region
of the MPSA spectrum suggests that the SO; is essentially
normal to the surface in the SAM. The relatively weak spectrum
of the PSBMA suggests that, on average, the density of oriented
SOj; in the polymer film is less than a typical thiol monolayer
density of ~4 X 10" cm™. For films as thin as those char-
acterized here, the signal is essentially the net orientation of the
chromophore throughout the entire film (the interference
structure of the electric fields results in an average slightly
biased toward the air interface, see Figure SS) and thus should
directly relate to the WF change. From the sign of the
interference between the SO;™ signal and the Au background, it
is clear that the net orientation of the C—SO;~ director is with
the SO;™ pointing toward the Au, as indicated in Figure 4c.
This supports the attribution of the WF change to partial
alignment of the permanent dipoles of the PSBMA side groups.

Reduced Electron Injection Barrier (EIB). Accurate
knowledge of the EIB of organic semiconductors is of key
importance since the vacuum level is often misaligned due to
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the eD between the electrode and organic semiconductor.***

Therefore, the energy level alignment of C., on ITO and PSBMA
on ITO was investigated by UPS, as shown in Figure 7a,b for
the SEC and HOMO regions of C,, (1, 6 nm)/ITO and Cy
(1, 6 nm)/PSBMA (4 nm)/ITO. The SEC region spectra were
normalized and plotted as kinetic energies, such that the data
correspond directly to WF. A Shirley-type of background from
inelastic scattering of photoelectrons was removed from the
measured HOMO region of the spectrum. In Figure 7a, the WF
of bare ITO was measured at 4.03 eV. With a 1 nm-thick
deposition of the C,, layer, the HOMO onset of C,, was
observed at 1.59 eV from the Fermi level and did not shift at 6
nm thickness, indicating an absence of band bending (V)
effects in the C,, layer. The SEC gradually shifts toward higher
kinetic energies with C,, deposition and is observed at 4.55 eV for
a 6 nm film. In Figure 7b, the WF of ITO is reduced to 3.31 eV
with a 4 nm-thick PSBMA layer, which reproduces the WF shown
in Table 1. With a 1 nm-thick C,, layer, the HOMO onset of C,
is observed at 2.26 eV, shifting toward lower binding energies by
0.70 eV at 6 nm thickness. The SEC shifts slightly (by 0.07 eV)
toward higher kinetic energies for a 1 nm-thick C,, film and shifts
significantly (by 1.22 eV) for a 6 nm film. The energy level
diagrams of C,,/ITO and C,,/PSBMA/ITO in Figure 7c show
that the ionization energies (IEs) for both C;, on ITO and
PSBMA/ITO are the same within margin-of-error (6.14 and
6.16 eV), indicating that their morphologies are unchanged by the
PSBMA interlayer.6’44_46 The total work function change (AW)
for thermal equilibrium can be expressed by

AY = —(eD + })
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where eD is the interface dipole and Vj, is the band bending
which can be evaluated from the HOMO onset shift during
Cyo deposition.*”** By this evaluation, the eD at the inter-
face between C,, and ITO is —0.52 eV (V; = 0). On the other
hand, the eD is —0.59 eV and V,, is —0.70 eV at the interface
between C,, and PSBMA/ITO, respectively. This large V}, was
similarly observed in the Cg, layer on another low WF elec-
trode (NaCl/Ag), which would arise from the lower WF of the
electrode relative to the electron affinity (EA) of the contacted
organic semiconductor leading to charge transfer.*” The EIB for
each interface is estimated by the reported transport energy gap
of Cry (2.35 €V).>® As a result, the EIB between C,, and ITO is
reduced dramatically, from 0.76 to 0.09 eV, by inserting the
PSBMA interlayer. Such a reduction in EIB will significantly
improve organic electronic device performance.

OPV Performance with Enhanced Electron Injection.
Inverted OPVs were fabricated with a small molecule bilayer
heterojunction. Such bilayer OPVs represent suitable model
devices to demonstrate enhanced device performance without
complicating external factors. Figure 8a shows an inverted

1 — —<— PSBMA 16 nm

—a— w/o PSBMA

& —o— PSBMA 8 nm

£ 0 PSBMA 2 nm

§ || | =e=PSBMA4m

£

=2 |
2 3 !
)

0o 4 J
& -5 ]
5

O -6,.....4- 71

00 02 04 06 038
Voltage (V)

Figure 8. (a) Device configuration of inverted OPVs which consist of
Al (100 nm)/MoOj; (10 nm)/DBP (15 nm)/C,, (40 nm)/PSBMA
(0,2, 4,8, and 16 nm)/ITO. (b) J—V characteristics with varying the
thickness of the PSBMA interlayer upon illumination.

device structure containing C,, and DBP, and Figure 8b shows
the measured J—V characteristics upon illumination (J—V

546

characteristics with varying post-annealing time are given in
the SI). Without the PSBMA interlayers, an S-shaped kink near
the open circuit voltage (V) is observed, resulting from the
large EIB (0.76 eV) between C,, and ITO, and the small WF
difference between the anode and cathode.®' As a result, device
performance is poor [short circuit current (Jc) = 3.14 mA/cm?,
Voc = 0.60 V, fill factor (FF) = 0.38, and power conversion
efficiency (PCE) = 0.71%]. However, the presence of a PSBMA
interlayer removes the S-shaped kink due to the significantly
reduced EIB (0.09 eV) and the large WF difference between
the electrodes, and all OPV parameters improve dramatically
(detailed values are summarized in Table 2). The best

Table 2. OPV Parameters of Inverted OPVs with Varying
Thickness of PSBMA Interlayers for Best Performing
Devices

thickness (nm) Jsc (mA/cm?) Voc (V) FF PCE (%)
0 3.14 0.60 0.38 0.71
2 5.60 0.87 0.62 3.01
4 625 0.87 0.62 3.35
8 4.53 0.82 0.35 1.31
16 2.36 0.82 025 0.48

performing device contained a 4 nm-thick PSBMA interlayer
(Jsc = 625 mA/cm?, Vo = 0.87 V, FF = 0.62, and PCE =
3.35%), while thicker interlayers led to diminished performance
due to the insulating nature of the polymer backbone. Thus,
although electrodes with interlayers thicker than 4 nm show a
lower WF (Figure 4), an increased series resistance impacts
device performance. In addition, the LUMO level of most
n-type organic semiconductors (C, in this instance) would be
held constant with such a low WF electrode, prepared from 4
nm-thick PSBMA and PSBMA-Py layers, and optimized device
performance would be expected when using ultrathin films.
J—V characteristics for devices utilizing an 8 nm PSBMA
interlayer show the return of the S-shaped kink due to charge
accumulation at the interface between C,, and PSBMA/ITO
(Jsc = 4.53 mA/cm%, Voo = 0.82 V, FF = 035, and PCE =
1.31%). Finally, the PCE of an OPV fabricated with a 16 nm
PSBMA interlayer (Jsc = 2.36 mA/cm? Voc = 0.82 V, FF =
0.25, and PCE = 0.48%) is lower than that without the PSBMA
interlayer. A significant enhancement of device performance is
similarly observed in inverted OPVs with both polymer bulk
heterojunction (P3HT:PC4BM) on PSBMA/ITO and bilayer
heterojunction on PSBMA-Py/graphene (i.e., no ITO)
electrode on the glass substrate (SI).

Surface Morphologies characterized by AFM. Figure 9
shows topographic images of (a) ITO, (b) PSBMA (4 nm)/
ITO, (c) Cy (40 nm)/ITO, and (d) C,, (40 nm)/PSBMA
(4 nm)/ITO. Figure 9a,b indicates that the PSBMA interlayer
covers most of the ITO. However, small voids are present on
the PSBMA film, and a surface profile indicates a height difference
of 4 + 1 nm, in good agreement with the XPS-estimated thick-
ness (Figure 3). We also determined the morphology of C,
with and without the PSBMA interlayer, which can affect V¢
due to intermolecular coupling, and Jsc due to the inter-
facial area between the donor and acceptor layers.’*>
The RMS roughness of C,,/ITO is ~0.38 nm, and that of
C,0/PSBMA/ITO is ~0.55 nm, indicating no significant change
disruption introduced by the PSBMA interlayer. Therefore,
device improvements are reasonably attributed to a favorable
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Figure 9. AFM topography images of (a) ITO, (b) PSBMA (4 nm)/ITO,
(c) Cy (40 nm)/ITO, and (d) C,, (40 nm)/PSBMA (4 nm)/ITO (scale
bar = 500 nm). Inset of (b) shows a surface profile anaylsis of the PSBMA
interlayer, which displays the height difference is 4 + 1 nm. The RMS
roughnesses are (c) C; on ITO (~0.38 nm) and (d) on PSBMA/ITO
(~0.55 nm), respectively.

energy level alignment between C,, and ITO enabled by the
polymeric zwitterion interlayers.

Electron-Only Devices with ITO, PEDOT:PSS, and
Graphene. The transparency of PSBMA and PSBMA-Py
interlayers allows their effective use with transparent electrodes
in optoelectronic devices (transmittance spectra shown in SI).
To demonstrate the enhanced electron injection efliciency with
the transparent electrodes, electron-only devices were fab-
ricated with ITO, PEDOT:PSS, and graphene electrodes.
Figure 10a,b shows the device configuration and the measured
J—V characteristics on a log—log scale, respectively. With the
PSBMA interlayer on ITO, the ] at 6 V is >3 orders larger than
that without the PSBMA interlayer. The significantly improved
and virtually linear J—V characteristics with the PSBMA inter-
layer indicate a negligible EIB at the interface between ITO
and Cg4, whereas the J—V characteristics without PSBMA
interler are injection limited.**** In the case of PEDOT:PSS,
the increase in J at 6 V is much less, which might originate from
the intrinsic lower conductivity and relatively higher WF of a
PEDOT:PSS electrode relative to ITO. With the PSBMA-Py
interlayer on graphene, the J at 6 V is >2 orders larger than that

without the PSBMA-Py interlayer. These results confirm that
the origin of the enhanced OPV performance is the greatly
improved electron injection efficiency and also suggest the
potential application of polyzwitterion interlayers with trans-
parent electrodes in optoelectronic devices.

H CONCLUSION

We demonstrate the application of new solution-processable
and counterion-free polymeric zwitterion interlayers in the
form of the zwitterionic methacrylate polymers PSBMA and
PSBMA-Py. PSBMA and PSBMA-Py interlayers strongly
reduce the WF of electrodes by more than 1 eV, originating
from an eD on the electrodes. This reduced WF induces a large
V,, in the C; layer and a significantly reduced EIB between
ITO and C,,. These favorable electronic properties were
exploited in inverted OPVs and electron-only devices. In OPVs,
the polymeric zwitterions removed S-shaped kinks in J—V
curves, and all device metrics were enhanced significantly when
the interlayer was employed. In simple electron-only devices,
larger ] values were observed owing to an enhanced charge
injection efficiency with polymeric zwitterion interlayers.
Thus, these polymeric zwitterions may be widely applicable
to numerous types of electronic devices requiring a low WF
electrode.
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