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Abstract

Extensive development of new polymer and small molecule donors has helped produce a steady increase
in the efficiency of organic photovoltaic (OPV) devices. However, OPV technology would also benefit
from the introduction of non-fullerene acceptors. Unfortunately, efforts to replace fullerenes have
typically led to significantly reduced efficiencies. A number of possible explanations for reduced
efficiencies with non-fullerene acceptors compared to fullerene acceptors have been suggested, including
the formation of unfavorable morphologies in non-fullerene systems and/or favorable excitation/carrier
delocalization in fullerenes. In addition, enhanced exciton dissociation associated with fundamental
characteristics of the fullerene molecular electronic states has also been suggested. We used time-
resolved two-photon photoemission (TR-2PPE) to directly compare exciton dissociation at interfaces
between zinc phthalocyanine (ZnPc) interfaces and the non-fullerene acceptor, perylene tetracarboxylic
dianhydride (PTCDA) versus dissociation measured at the analogous interface with Cg, and thus help
discriminate between these potential explanations. Exciton dissociation rates are comparable for
phthalocyanine interfaces with both acceptors, allowing us to suggest a hierarchy for the importance of

various effects producing higher efficiencies with fullerene acceptors.
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1. Introduction

Significant progress has been made towards achieving viable device efficiencies for
polymer and small molecule organic photovoltaics (OPV) over the past = 5 years with power
conversion efficiencies of 7 % now routine, and reaching 10 % and above for tandem
structures.[1-7] The increase in efficiency has been driven by improved fundamental
understanding of interfacial charge separation, electron and hole transport, and the role of
morphology in OPV structures. This improved understanding has fueled the development of
new donor organic materials that provide better optical absorption and carrier transport, as well
as providing improved matching of the donor electronic energy levels- the highest occupied
molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) - to
(predominantly) fullerene-based acceptors.[8-10]

In contrast, investigation of the potential for improvement with the introduction of new n-
type, acceptor small molecules and polymers has been more restricted.[11-15] Fullerenes and
fullerene derivatives, such as [6,6]-phenyl-Cg;-butyric acid methyl ester (PC¢;BM) and [6,6]-
phenyl-C5;-butyric acid methyl ester (PC7BM) are very good electron acceptors and typically
form nanoscale morphologies that promote high carrier mobility. However, an OPV technology
based exclusively on fullerene acceptors is limited by the lack of ability to tune the fullerene
LUMO level significantly and the poor absorption in the visible spectral range, limiting exciton
generation predominantly to the donor material. The reliance on fullerenes also reduces the
potential of OPV as a green and sustainable energy technology.[16] Fullerenes have high
production costs, with estimates for the embodied energy (the sum of the energy associated with
material production) several orders of magnitude larger for fullerenes than for the typical

polymer or small molecule materials used as donors.[17,18] It has been suggested that the use of
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fullerenes contributes 18 % to 30 % of the cumulative energy required for production in OPV
technologies.[18] Thus, understanding the factors limiting the performance with non-fullerene
acceptors may result in significant long-term benefits.

Molecular and polymeric materials based on perylene cores provide one potential class of
alternate organic acceptors.[11-14,19-22] In fact, the first organic bilayer photovoltaic cell
consisted of a phthalocyanine donor and a perylene tetracarboxylic dianhydride (PTCDA)
acceptor.[23] Perylene-core compounds typically have low-lying LUMO levels and can be
easily modified synthetically to tune the electronic structure and to control morphology, allowing
optimization of molecular packing and electron transport. Perylene-based materials also exhibit
increased optical absorption in the visible portion of the spectrum compared to fullerenes.

These characteristics have motivated interest in perylene-based acceptors for organic
photovoltaic structures, but attempts to incorporate them in OPV structures have typically
resulted in reduced efficiencies. The relatively poor performance of perylene-based acceptors
has been attributed to several possible factors. The rigid, planar perylene core exhibits a
tendency to produce large scale aggregation and crystallization, sometimes on the scale of
microns, with concomitant phase separation and loss of intimate contact with the donor. Large-
scale aggregation can thus result in reduced efficiency in bulk heterojunction structures due to
poor exciton harvesting.[14,19-22] A second explanation for the disparity in performance is
improved charge separation, following interfacial exciton dissociation, for fullerene-based
systems compared to non-fullerene acceptors. Improved charge separation arises from more
effective carrier delocalization in the Cgp nano-aggregates and crystalline regions typically

observed in well-performing bulk heterojunction blends based on fullerenes.[24-33]
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Finally, fullerenes may have advantages due to their exceptional electron-accepting
characteristics, associated with small reorganization energies and high degeneracies.[34-38] In
this case, higher efficiencies arise from fundamentally increased rates of exciton dissociation at
the donor-acceptor interface associated with the fullerene molecular electronic structure.
Theoretical investigations comparing fullerene and non-fullerene acceptors found that multiple,
stable low-lying excited states of the fullerene anion, and a selection of the other non-fullerene
acceptors, may increase dissociation rates by orders of magnitude. Analogous stable excited
states are absent in perylene-based molecules, such as PTCDA. [36, 37]

Previous studies of non-fullerene acceptors examined charge separation dynamics in OPV
structures with perylene-based acceptors, using ultrafast vibrational spectroscopy[39] and
transient absorption.[40] Vibrational spectroscopy was employed to monitor time-dependent
shifts of the carbonyl vibrations associated with the fullerene acceptor, phenyl-Cg;-butyric acid
methyl ester (PCBM), or perylene diimide (PDI) derivative acceptors, providing clues to the
long-range charge separation following exciton dissociation at the interface with poly(3-
hexylthiophene) (P3HT). Significantly different temperature-dependent behavior observed for
the two classes of acceptor led to the conclusion that, unlike the perylene-based acceptor, charge
separation in the fullerene was nearly barrierless, consistent with enhanced delocalization in the
PCBM phase.

Visible to near-infrared transient absorption measurements performed on bulk heterojunction
structures formed with a low bandgap donor polymer and a PDI derivative acceptor led to two
main conclusions. First, a large fraction (55 %) of the excitons generated in the donor polymer
recombined without undergoing dissociation. This could signal either inefficient exciton

harvesting, consistent with large-scale aggregation of the perylene acceptor, or inefficient
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exciton dissociation at the interface. Second, of the exciton population that did undergo
dissociation to a charge transfer state (45 % of the initial population), = 40 % of these
subsequently recombined geminately. This observation is also consistent with inefficient long-
range charge separation from the CT state formed at the PDI acceptor interface.

Recent efforts based on designing molecules to overcome possible deficiencies of non-
fullerene acceptors resulted in notable improvements with efficiencies reaching 5 % to 6 %,[41,
42] However, despite this success and fundamental studies of charge separation, the relative
importance of (1) aggregation in non-fullerene acceptors versus (2) better charge separation due
to delocalization in fullerenes versus (3) enhanced exciton dissociation via the fullerene
molecular excited states remains unknown. To help discriminate between these factors, we
directly compared exciton dissociation at phthalocyanine (Pc) interfaces with (Cg) and a non-
fullerene acceptor (PTCDA) using time-resolved two-photon photoemission (TR-2PPE).
PTCDA was chosen because it does not have the requisite set of low-lying excited states needed
to induce enhanced exciton dissociation (factor (3) above).[36, 37] The focus of this work is
thus to examine the potential for enhanced exciton dissociation with Cg, due to molecular
electronic characteristics, compared to PTCDA.

TR-2PPE proved useful in a number of investigations of electronic structure and exciton
dynamics at molecular donor-acceptor interfaces of interest for OPV.[43-51] The extreme
surface sensitivity of TR-2PPE allows, when coupled with well-controlled formation of
interfaces using organic molecular beam epitaxy (OMBE), isolation of the interface response and
provides a means to directly measure exciton dissociation at the donor-acceptor interface.[49-51]
For Pc/Cgp heterojunctions, the decay rate of Pc S; excitons created by optical pumping at the

Pc/Cg interface was compared with the decay in the bulk, allowing the rate of interfacial exciton
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dissociation to be extracted.[50,51] In the work reported below, analogous measurements were
performed for Pc/PTCDA interfaces to provide a comparison of the relative rates of exciton
dissociation using PTCDA versus Cg acceptors.

We begin with a description of experimental methods and characterization of the donor-
acceptor heterojunction structures, including determination of the interfacial electronic band
alignment. The results of TR-2PPE measurements are then presented and discussed.
Comparison of these results for ZnPc/PTCDA interfaces and previous investigations of Cgo/H,Pc
structures reveals that exciton dissociation at the Pc/PTCDA interface is found to be comparable
to dissociation at Pc/Cyg interfaces. We end by discussing the implication this result may have in

assessing the impact of possible factors driving higher OPV efficiencies with fullerene acceptors.

I1. Experimental Methods
II(a). ZnPc\PTCDA bilayer formation

The sample structures used for TR-2PPE measurements are illustrated in Figure 1. These
heterolayer structures were formed in ultrahigh vacuum (UHV) using organic molecular beam
epitaxy (OMBE). The initial Ag(111) substrate was prepared by cycles of Ar’ ion sputtering and
annealing. A clean, well-ordered surface was verified both by work function and surface state
linewidth as measured by He(I) ultraviolet photoemission spectroscopy (UPS) and the n =1
image state binding energy measured with 2PPE.

A fullerene film, typically 5 layers, was grown on the clean Ag(111) prior to formation of the
ZnPc/PTCDA heterjunctions. Cgy deposition on Ag(111) leads to good layer-by-layer growth
with nearly single-crystal films.[52-54] This spacer layer thus served to provide increased

separation between the metal surface and the subsequently formed ZnPc/PTCDA interface,
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blocking photoemission from the Ag(111) substrate,[50,51] without introducing significant
roughness. We also expect this spacer layer to template good PTCDA crystalline films with
nearly upright molecular orientation (molecular plane perpendicular to the surface/interface
plane) as observed for the deposition on graphite.[55] In contrast, PTCDA deposition directly on
metal surfaces typically leads to Stranski-Krastanov growth modes with three-dimensional island
formation with increased thickness.[56] Photoemission from the fullerene layer had no impact
on TR-2PPE measurements for the ZnPc/PTCDA interfacial region due attenuation by the thick

PTCDA overlayers.[50]

1 to 8 ML

10 ML
SML

Ag(111)

Figure 1 Layer structure used for TR-2PPE measurements. The pump-probe excitation scheme used for TR-2PPE
is also illustrated in the figure.

PTCDA was deposited on the fullerene film from a separate effusion cell to a coverage of
approximately 10 monolayers (ML) PTCDA, with the substrate maintained at room temperature.
We define 1 ML PTCDA as the coverage resulting in complete attenuation of the UPS signal
from the underlying fullerene layers. The PTCDA deposition was continued well beyond
complete attenuation of Cg photoemission intensity and beyond the point where the

photoemission features saturated to bulk PTCDA.
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To form the ZnPc/PTCDA interface, variable thicknesses of ZnPc were deposited at room
temperature on the PTCDA acceptor layer. Again, one ML was defined based on the attenuation
of PTDCA photoemission features and was consistent with quartz crystal microbalance
measurements of the ZnPc deposition rate. The initial attenuation of photoemission from the
underlying PTCDA showed initial linear behavior with ZnPc deposition time, consistent with
good ZnPc layer growth without significant three-dimensional islanding. With this protocol, the
time-dependence of the structure monitored by TR-2PPE was independent of the PTCDA
thickness, verifying that the fullerene sub-layers did not impact the measured dynamics of the
ZnPc/PTCDA interface region. The rapid loss of PTCDA photoemission with ZnPc deposition
is also consistent with previous studies that revealed that the photoemission intensity from the

exciton population in the outermost Pc layers dominated the TR-2PPE measurements.[43,49-51]

II(b). UPS and Time-Resolved Two-Photon Photoemission

One- and two-photon photoemission data were collected with a hemispherical analyzer
providing energy resolutions of 100 meV and 60 meV, respectively. A helium discharge lamp
was the excitation source for UPS. For TR-2PPE, a Ti:sapphire oscillator (KMLabs Griffin, 35
fs, 80 MHz, 700 to 900 nm) provided ultrashort pulses.[57] The excitation sequence used for
TR-2PPE is also illustrated in Figure 1. The Ti:sapphire fundamental at 800 nm (hvpymp = 1.55
eV) was used to excite n—n* Q band transitions from the ZnPc HOMO, populating ZnPc S,
exciton levels. The third harmonic at 267 nm (hvyepe = 4.65 €V) was then used to probe the
dynamics of this population at variable delays. The pump and probe beams were focused to a
diameter of ~100 pm, yielding a peak pump power density below 0.1 GW cm™. The probe

power density was between 1 to 2 orders of magnitude lower. The pump and probe beams were

Page 8 of 28



Page 9 of 28

Physical Chemistry Chemical Physics

non-collinearly overlapped at the sample with perpendicular polarizations (s-pump, p-probe) to
eliminate contributions from coherent two-color photoemission and isolate the dynamics of real
intermediate states.

The work functions for these organic layer systems were determined by the mid-point of the
photoemission threshold. The uncertainties represent one standard deviation over multiple
measurements. The work function values varied from 4.5 + 0.05 eV for the starting PTCDA
surface to 4.1 + 0.05 eV for the thickest (bulk) ZnPc films. The pump-probe sequence was
sufficient to produce excitations into the ZnPc Q-band, and subsequently photoexcite from these
states above the vacuum level, but also maintain the one-photon photoemission background
excited with the UV probe at a manageable level.

Control TR-2PPE measurements were performed on neat ZnPc and PTCDA films. Pump-
induced excitations from the ZnPc HOMO to S; excitons were observed for thick ZnPc samples,
but no measurable pump response was observed for pure PTCDA. Absorption in PTCDA is
significant only above ~ 600 nm (2 eV). Also, the pump-probe combination employed here
cannot induce photoemission from the PTCDA HOMO binding energy (= 1.5 eV deeper than the
ZnPc HOMO) to final state energies above the sample work function.

TR-2PPE spectra were acquired at fixed pump-probe delay values ranging from At = 0 fs to
At =200 ps. Background spectra, obtained either with the probe pulse arriving before the pump
or with the probe beam alone, were also acquired. The difference spectra produced by
subtracting these background spectra from pump-plus-probe spectra were equivalent and were
employed to isolate the pump-induced response. Probe-only spectra were also used to monitor
and normalize the spectra for laser intensity variations. Cross-correlation (CC) measurements of

the photoemission intensity as a function of pump-probe delay (from -0.5 ps to 250 ps) were
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acquired at specific energies across the spectra. Additional detail on the TR-2PPE measurements

is provided in Refs. 49-51.

II1. Results and Discussion

III(a). Interfacial electronic structure

UPS spectra of samples with varying thicknesses of ZnPc on PTCDA are provided in Figure
2, along with a spectrum representing the starting PTCDA layer. In this initial spectrum, the
PTCDA highest occupied molecular orbital (HOMO) is observed at 2.65 eV + 0.05 eV. (Very
weak structure at E, = -0.8 eV is evident due to He(]) satellites). With deposition of ZnPc, the
PTCDA HOMO is attenuated while the phthalocyanine HOMO at 1.50 & 0.05 eV eV increases.
For the smallest ZnPc deposition (labeled "sub-ML" ZnPc), structure from the underlying
PTCDA HOMO is still weakly visible, consistent with an incomplete surface coverage. For the
sample labeled "ML" ZnPc, deposition was continued just beyond the point where attenuation of
PTCDA signal was complete and the ZnPc HOMO dominates the spectrum at low binding
energy. The HOMO offset at this interface (threshold-to-threshold) is 1.0 eV £ 0.07 eV. The
final spectrum of Figure 2 represents a nominal thickness of 8 ML ZnPc, and the UPS spectrum

is consistent with a thick, bulk-like ZnPc¢ film.
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Figure 2 He I (21.2 eV) ultraviolet photoemission spectra for increasing coverage of ZnPc on PTCDA. The spectra
are plotted versus the binding energy from the Fermi level, Eg, at 0 eV and are offset vertically for clarity. (See text
for details.)

The interfacial band alignments at the two interfaces were determined based on combined
UPS and 2PPE data from this work, published inverse photoemission (IPES)[58,59] and optical
absorption data. This combination of measurements leads to the band diagram in Figure 3a for
the ZnPc/PTCDA interface, compared with results from Refs. 49 and 50 for Pc/Cg interfaces in
Figure 3b, providing the donor and acceptor HOMO, LUMO, and S; energy levels. Excitations
(S1, CT) are included in this single-particle diagram with the hole in the donor HOMO level.[60]
The charge transfer (CT) states were estimated as the Pc-HOMO-to-acceptor-LUMO separation
(threshold-to-threshold) minus the CT exciton binding energy. The CT levels are indicated in
Figure 3 by the grey shaded regions. Comparable charge transfer exciton binding energies of =

200 meV[61-63] were assumed for both interfaces.
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Figure 3 Interfacial electronic band alignments determined from UPS, IPES, and 2PPE are presented in a one-
electron orbital/level representation for (a) the ZnPc/PTCDA interface and (b) the H,Pc/Cg interface. The energy
scale is referenced to the Fermi level, Ef, in both cases. The acceptor levels (HOMO, LUMO) are shown on the left
(red) and the donor levels are on the right (blue) in each diagram. Locations for optical absorption to Pc S, levels
are also provided, based on optical absorption, along with estimated positions for interfacial charge transfer states
(CT) (see text).

From Figure 3, we conclude that the two acceptors have similar interfacial LUMO energy
positions (relative to Eg) but a smaller (by = 200 meV) Pc HOMO binding energy for Pc/Cg
interfaces compared to Pc/PTCDA. A consequence of this lower lying Pc HOMO level for
Pc/PTCDA interface is thus, with identical pump energies, excitations to the Pc S levels have
less excess energy above interfacial CT states at the Pc/PTCDA interface than at the interface

with Cgp. The potential impact of this difference will be discussed below.

12
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III(b). TR-2PPE measurements

TR-2PPE measurements were performed for bulk-like ZnPc films ("thick ZnPc" in Figure 2)
and for samples illustrated by the "sub-ML" case in Figure 2, where the coverage of ZnPc was
incomplete. Measurements with this "sub-ML" case ensured that TR-2PPE monitored exciton
dynamics for ZnPc molecules in intimate contact with the PTCDA acceptor layer (no significant
2nd ZnPc layer). The resulting TR-2PPE difference spectra are provided in Figure 4a for bulk
ZnPc ("thick ZnPc" in Figure 2) and the interfacial region ("sub-ML" spectrum in Figure 2) in
Figure 4b. The TR-2PPE spectra are plotted versus the final state kinetic energy, above the
vacuum level. For each ZnPc thickness, spectra acquired at two pump-probe delays, At =0 fs
(black, solid symbols) and At =1 ps (red, open symbols), are included in the figures. Analogous
spectra for HyPc with Cg (Figure 4c, 1 ML H,Pc/Cgp) and thick H,Pc/Cg heterolayers (Figure
4d) from Ref. 51 are also provided. (The peaks at low energy in the H,Pc/Cg data are due to
small pump-induced shifts between the pump-plus-probe spectra and the probe-only spectra used
for background subtraction. This results in a shift of the background spectra and a peak in the
difference. These shifts have essentially no impact on difference spectra in the S; intensity
region above ~ 0.3 eV where the background is essentially constant.)

The previous TR-2PPE studies of Pc/Cg interfaces [50,51] revealed that the pump-induced
intensity in Figures 4c and 4d for the H,Pc layers, and Figures 4a and 4b for ZnPc/PTCDA,
arises from optical excitation of the Pc Q-band creating an optical transition from the H,Pc
HOMO to the H,Pc LUMO. The differences in the spectral shape between the two systems is

explained by the larger ZnPc HOMO binding energy on PTCDA (= 200 meV), producing
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correspondingly reduced final state energies and increased truncation at the low energy work

function threshold.
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Figure 4 Comparisons of TR-2PPE spectra acquired with pump-probe delays of At =0 fs and At =1 ps for (a) a
thick ZnPc layer on PTCDA, (b) a partial coverage of ZnPc on the PTCDA layer, "sub-ML" case from Figure 2, (c)
a thick H,Pc layer on Cg, and (d) a ML coverage of H,Pc on Cg. (Figures (c) and (d) are from the study reported in
Ref. 51.)

The loss of S; population between At = 0 fs and At = 1 ps for each heterolayer structure is
revealed by the change in intensity between the pairs of spectra, black versus red, in each of the
figures. Comparing Figure 4a and Figure 4b, the loss of population in the first ps clearly larger
for the interfacial layer ("sub-ML" sample, Figure 4b) compared to the thick (bulk) ZnPc case

(Figure 4a). The same increased decay at the interface is also evident in the data for HyPc/Cgp in

14
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Figure 4c and Figure 4d. This more rapid loss of population at the interface in both cases arises
from exciton dissociation.[50,51]

A simple qualitative examination of the data in Figure 4 suggests that increased in population
decay for the interfacial donor Pc layers, due to exciton dissociation, is similar for both donor-
acceptor pairs. The loss of S; intensity within the first picosecond for the spectrum representing
the ZnPc/PTCDA interface is about 70 % and about 60 % for the analogous H,Pc/Cg spectrum.
Some loss of S; intensity in the corresponding thick films occurs primarily due to relaxation of
the S; population to lower energy out of the experimentally accessible photoemission window
(limited by the work function). If this is subtracted from the population loss observed noted
above for the interfacial layers, the loss due to exciton dissociation is estimated to be about 42 %
for ZnPc/PTCDA and 38 % for H,Pc/Ceo, suggesting similar exciton dissociation efficiencies for
both acceptor interfaces.

The CC data provide a more quantitative time-resolved picture of the decay dynamics. CC
measurements for two of the ZnPc/PTCDA samples represented in Figure 4 are displayed in
Figure 5. Figure 5a provides the CC data for delays to 1 ps and Figure 5b provides the same data
to 500 fs in a log-linear format (black curves in each figure). The data in this figure were
obtained by averaging CC curves acquired in the high energy portion of the spectra in Figures 4a
and 4b, from Egp,- Evae = 0.8 eV to 1.0 eV. The CC data in this energy range exhibit the greatest
sensitivity to interfacial dissociation and charge transfer because overlap with lower energy
relaxed states is excluded.[51] The gray dashed curve in each of the figures represents the
experimental time resolution function obtained by measuring the pump-probe cross correlation
for the Ag(111) surface state giving a full-width at half-maximum of 160 fs + 10 fs. (The cross-

correlation width is larger than the oscillator pulse width of 35 fs largely due to pulse broadening
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in the harmonic generation step.) CC data for the H,Pc/Cgp system with 1 ML H,Pc and a thick

H,Pc layer (blue curves) are also included in Figures 5a and 5b for comparison.
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Figure 5 Pump-probe cross-correlation (CC) curves representing the decay of the Pc S; population with time are
provided for two ZnPc/PTCDA interface cases ("sub-ML" and thick ZnPc, black data) and for H,Pc/Cg, interfaces
from Ref. 51 (1 ML and thick H,Pc, blue data). The data are plotted for delays up to 1 ps in (a) and up to delays of
500 fs in (b) in a In-linear format. The curves were normalized at At = 0 probe delay. In Figure 5a the dashed black
lines represent model fits (convolution of the experimental resolution function - dashed gray line - with exponential
functions) over the complete delay range to 500 fs. The solid lines are fits over only the linear region of the CC data
at small delay. The resulting values for t are provided alongside the fits. The fits are to the ZnPc/PTCDA data
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(black) only. The H,Pc/Cg data (blue) are included only for comparison.

The CC data were analyzed using a rate equation model,

dNs,
dt

= lo Ipump(t) - Ns, () /.
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Ng, (t) is the S; population as a function of time, /j is the (assumed constant) transition rate at the
pump energy, L,.mp(?) 1s the instantaneous pump-pulse intensity, and t is the decay lifetime (The
decay rate constant is given by 1/t.). Assuming that bulk relaxation processes governing the
decays for thick films do not change significantly near the interface, then the rate of exciton
dissociation at the interface is given by the difference between the decay rates for the thick and
thin film cases.[50]

Based on this model, the CC data were fit to the convolution of the experimental resolution
function with the exponential decay, represented by z. This analysis is appropriate for kinetics
slower than the experimental resolution. Fits to the ZnPc data were performed over different
ranges starting at 50 fs and ending with various delays to a maximum of 500 fs. The best fit
value for the "sub-ML" ZnPc/PTCDA interface data was 7 (sub-ML) =310 fs + 50 fs, buta
value of 250 fs resulted if the range was restricted to the linear region of the CC data at small
delay. Fitting the thick ZnPc/PTCDA data over the full range to a delay of 500 fs resulted in 7
(Thick) = 600 fs & 90 fs while fitting over the region of small delays resulted in a lifetime of 500
fs. Example fits using the full delay range to 500 fs are provided in Figure 5 as dashed lines and
the best fits at small delays are given as solid lines. The spread in ras a function of the fitting
range, arising from increased non-linearity/change-in-slope at larger delay, is the primary source
of the uncertainties. Multi-exponential fits were also performed to assess the impact of slower
decays for pump-probe delays > 500 fs (not shown). This modified the decay constants by less
than 5%, within the stated uncertainties, and had no impact on the resulting comparison between
Ceo and PTCDA.

For the H,Pc/Cgg interface, the rate of interfacial exciton dissociation was determined

previously to be ker = (2.3 +0.4) x 10" ™. [50] For the ZnPc/PTCDA interface, the result is
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ker = 1/(310 fs) - 1/(550 fs) =3.2x 10" s - 1.8 x 10" s = 1.4 x 10" s, only slightly smaller
than the rate with the fullerene acceptor, with an uncertainty in kcr given by £ 0.5 x 10" s
When the analysis is restricted to the linear portion of the CC decays ke = 2 x 102 s, These
quantitative results are thus consistent with the estimate above, suggesting again that the rate for
exciton dissociation is comparable with both acceptors. We note that the measured values of k¢t

are not limited significantly by the experimental time resolution (grey dashed line in Figure 5).

IV. Implications for higher efficiency with fullerene acceptors

Several potential explanations for the higher efficiencies observed with fullerene acceptors in
OPV structures were noted in the Introduction, including (1) increased aggregation in non-
fullerene acceptors; (2) increased charge and/or exciton delocalization in fullerenes, leading to
better charge separation and; (3) increased exciton dissociation associated with the fullerene
molecular excited states and/or low reorganization energies in fullerenes. Building on the TR-
2PPE results provided above, we will now examine to what extent these help limit the possible
explanations. In particular, the following discussion examines how the observation of
comparable exciton dissociation at Pc interfaces with both C¢p and PTCDA acceptors might or
might not be reconciled with exciton dissociation that is larger for fullerenes (by orders of
magnitude) due to fundamental molecular characteristics.[34-38]

The TR-2PPE measurements are not sensitive to the effects associated with aggregation ((1)
above) in the perelyene-based acceptor, PTCDA. Increased aggregation in the acceptor would
lead to decreased exciton harvesting prior to a measurement of dissociation at the interface
[14,19,20] so these results cannot provide any indication of the effect of aggregation for fullerene

versus non-fullerene acceptors.
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Increased delocalization of exciton or carrier states can impact separation of charges from
initially bound CT states and may also impact the effectiveness, and range, of dissociation due to
the large, delocalized acceptor-state manifold.[64-66] As already noted, Cg layers grown by
OMBE on Ag(111) are nearly single-crystal quality.[52-54] The donor-Cg interface is optimal
from the point of view of delocalization in Cg and should aid increased efficiency for exciton
dissociation with Cg, complementing effects associated with Cgy molecular electronic structure.
Poor delocalization thus cannot be used to rationalize a rate comparable with PTCDA.

Differences in the electronic structure for the Pc/Cgy and Pc/PTCDA interfaces noted above
could also impact the relative efficiency for exciton dissociation. However, the measured band
alignments for the Pc/Cgp and Pc/PTCDA interfaces revealed that the band offset, which may
impact the excess energy available for exciton dissociation, is more favorable at the Pc/Cq
interface. Again, this should produce increased exciton dissociation with the fullerene, above
any possible advantages associated with Cey molecular characteristics.[36,37]

Finally, the relative molecular orientation of the donor and acceptor at the interface can also
impact interfacial exciton dissociation probabilities. For Pc/Cg interfaces, scanning tunneling
microscopy revealed that the Pc molecules were arranged with the molecular plane nearly
perpendicular to the interface, with an estimated angle > 70 ° between the plane of the Pc
molecule and the Pc/Cyg interface.[50,53,67] However, the detailed molecular structure at the
Pc/PTCDA interfaces is not known. As noted above, we suspect an orientation with the PTCDA
molecular plane close to perpendicular to the interface with Cg and the pi-stacking direction
along the surface/interface.[55,56] Weak interactions between Pc and PTCDA on this surface
would then also likely result in Pc -7 stacking along the interface, possibly producing a relative

orientation with both PTCDA and Pc molecular planes nearly perpendicular to the interface.
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This relative orientation could be expected to lead to poor coupling for this interface as well but
we can only speculate on this point currently.

We can instead attempt to estimate the magnitude of potential effects associated with
molecular orientation based on a recent study of ZnPc/Cg interfaces with different relative
orientations.[68] The short-circuit current, Jsc, was found to increase by a factor of about 50 %
for interfaces with the ZnPc molecular plane nearly parallel to the interface (face-on), compared
to the nearly perpendicular (edge-on) orientation. The authors concluded that the primary origin
of the increase in Jsc was improved exciton dissociation for the "face-on" ZnPc/Cg interface.
Complementary calculations of the effective electronic couplings, V. and exciton dissociation
rates, ket ~ VQﬁZ, suggested an increase of ket by > 30 % for face-on interface orientations,
consistent with the experimental findings. The TR-2PPE data provided in Figures 4 and 5
correspond to an interface with a predominantly "edge-on" orientation of the Pc molecule and
thus, based on Ref. 68, might be expected to exhibit reduced exciton dissociation efficiency
compared to an "optimum" interface with a "face-on" orientation, by = 50 %.

"Core-clock" resonant auger electron spectroscopy methods were also used to measure the
electron transfer rates of core-n* excitons at Pc/Cg interfaces as a function of the relative
orientation of the CuPc ("edge-on" versus "face-on").[69]. These data also suggested increased
rates for "face-on" Pc/Cg orientations, compared to "edge-on". The magnitude of the relative
increase varied with the analysis energy within the N(1s) absorption region, from a factor of = 1
(no change with orientation) to = x 3.

To summarize, TR-2PPE measurements of interfacial exciton dissociation are not sensitive to
any aggregation-induced reductions in exciton harvesting for perylene acceptors and thus cannot

provide information on lower efficiencies compared to fullerenes due to potential explanation.
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The effect of delocalization on exciton dissociation should be optimized for Cg at the Pc/Cgo
interfaces, due to the very well-ordered Cg layers used in the Pc/Cg studies, and interfacial band
alignment should also be more favorable for Pc/Cgy than Pc/PTCDA. Finally, although the
orientation at this specific Pc/Cg interface is not optimal and could produce a reduction in
exciton dissociation with Cg, the available experimental results suggest that the impact would be
in the range of 50 % to, at most, a factor of 3.

The observation of similar rates of dissociation for the fullerene (Cgp) and non-fullerene
(PTCDA) acceptors with Pc donors is hard to reconcile with fundamentally much greater (orders
of magnitude) dissociation rates for molecular Cgy. Increased exciton dissociation with
fullerenes evident in calculations [36] is not apparent in the experimental comparison. Enhanced
dissociation associated with the acceptor excited state structure may be moderated by the
complex heterogeneous solid state interfaces with, for instance, broadened manifolds of acceptor
and donor states. Exciton dissociation in the Marcus inverted regime was highlighted in Ref. 36
as a key feature that leads to the enhanced dissociation for systems with high-lying excited
acceptor states, such as fullerenes, compared to those without, such as PTCDA. The excitation
conditions used for TR-2PPE produced low energy excitations in the Pc S; manifold, providing a
reasonable representation of the relaxed exciton population reaching the DA interface via
diffusion. Excitons at these energies are, however, close to the expected energy of CT states for
these interfaces [49-51] so that, after relaxation, dissociation will not necessarily occur in the
Marcus inverted regime. The potential for higher efficiencies in fullerene-based OPV driven by
inherent molecular characteristics can thus be impacted by factors, such as structure (molecular
and electronic) at the DA interface, which warrant further investigation. Although this effect

may play a role in the dominance of high efficiency DA combinations with fullerenes, other
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explanations based on carrier/charge transfer state delocalization, leading to efficient charge

separation after dissociation,[24-33] and/or excessive aggregation/phase separation with perylene

constituents,[ 14,19,20] may be as, or even more, important.

V. Summary

Time-resolved two-photon photoemission was employed to gauge the relative efficiency of
exciton dissociation at the ZnPc/PTCDA interface compared to the rate measured at a Pc
interface with the fullerene acceptor, Cgp. The interfacial exciton dissociation rate at the
ZnPc/PTCDA interface was ker = (1.4 £0.5) x 10" s'l, based on the difference between the S;
exciton population decay in the ZnPc layer adjacent to PTCDA compared with the decay far
from the interface. This is comparable (within a factor of two) to the rate measured at the
interface between H,Pc and fullerene (Cqp).[51] Other factors with potential impact on the
relative rates of interfacial exciton dissociation for fullerene versus perylene-based acceptors,
such as molecular orientation effects and/or differences in the interfacial electronic structure,
were considered. Estimates of the potential impact of these factors, coupled with quantitatively
similar rates of dissociation at both interfaces, lead to the conclusion that exciton dissociation is
not greatly enhanced due to inherent features of the fullerene molecular electronic structure,
implying that other factors such as the degree of aggregation/phase segregation and/or ability to

enhance carrier delocalized states are of as much, or more, importance.
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