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ABSTRACT: The conductivity of organic polymer heterojunction
devices relies on the electron dynamics occurring along interfaces
between the acceptor and donor moieties. To investigate these
dynamics with chemical specificity, spectroscopic techniques are
employed to obtain localized snapshots of the electron behavior at
selected interfaces. In this study, charge transfer in blends (by
weight 10, 50, 90, and 100%) of p-type polymer P(g,2T-T)
(bithiophene-thiophene) and n-type polymer BBL (poly-
(benzimidazo-benzo-phenanthroline)) was measured by resonant
Auger spectroscopy. Electron spectra emanating from the decay of
core-excited states created upon X-ray absorption in the donor
polymer P(g,2T-T) were measured in the sulfur KL,;L,; Auger
kinetic energy region as a function of the excitation energy. By
tuning the photon energy across the sulfur K-absorption edge, it is possible to differentiate between decay paths in which the core-
excited electron remained on the atom with the core-hole and those where it tunneled away. Analyzing the competing decay modes
of these localized and delocalized (charge-transfer) processes facilitated the computation of charge-transfer times as a function of
excitation energy using the core-hole clock method. The electron delocalization times derived from the measurements were found to
be in the as/fs regime for all polymer blends, with the fastest charge transfer occurring in the sample with an equal amount of donor
and acceptor polymer. These findings highlight the significance of core-hole clock spectroscopy as a chemically specific tool for
examining the local charge tunneling propensity, which is fundamental to understanding macroscopic conductivity. Additionally, the
X-ray absorption spectra near the sulfur K-edge in the P(g,2T-T) polymer for different polymer blends were analyzed to compare
molecular structure, orientation, and ordering in the polymer heterojunctions. The 50% donor sample exhibited the most
pronounced angular dependence of absorption, indicating a higher level of ordering compared to the other weight blends. Our
studies on the electron dynamics of this type of all-polymer donor—acceptor systems, in which spontaneous ground-state electron
transfer occurs, provide us with critical insights to further advance the next generation of organic conductors with mixed electron—
hole conduction characteristics suitable for highly stable electrodes of relevance for electronic, electrochemical, and optoelectronic
applications.
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B INTRODUCTION

charge transfer through excitations such as photon absorption.

Organic polymer heterojunctions have gained significant
attention in the field of electronic and optoelectronic devices
due to their unique properties and potential for cost-effective
fabrication. Their low cost, versatile chemical synthesis, and
chemical functionality, combined with high electrical con-
ductivity in both p-type (hole-transporting) and n-type
(electron-transporting) polymers make polymer heterojunc-
tions specifically interesting and excellent candidates for an
array of applications.”

Thiophene-based conjugated polymer systems have exten-
sively been studied for applications in organic photovoltaics,
organic field-effect transistors, and neuronal interconnects.”
Bulk heterojunctions can be created by combining p- and n-
type semiconductors. These heterojunctions can facilitate
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As a result, excitons can be separated, and the electrons and
holes can be transported to the harvesting electrodes. Such
organic bulk heterojunctions have extensively been used in
solar cells due to their cost-effectiveness and recyclability,
which is especially important in meeting the increasing

L3-S
demands for energy consumption.
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Figure 1. (a) Energy diagrams of the P(g,2T-T):BBL polymer heterojunction showing the spontaneous GSET and (b) resonant excitation (dotted
arrow) from the S 1s energy level in RAS measurements. (c) Molecular structures of the donor and acceptor polymer. (d) Schematic view of
polymer heterojunctions with illustration of intra- and intermolecular charge transfer following X-ray excitation.

Recently, polymer heterojunctions, based on p- and n-type
conjugated polymers with large vacuum level offset, have
resulted in spontaneous electron transfer from the ground
state.’ Those all-polymer conductor systems define self-
organized bicontinuous mixed electron—hole conductor
systems with a promising use as the conductor, electrode, or
electroactive layer in various electronic, electrochemical, and
bioelectronic applications. As the p- and n-type conjugated
polymers are mutually charge-compensating each other in
those systems, via ground-state electron transfer (GSET),
mixed electron—hole conduction is achieved without any
addition of nonconducting dopants, such as the addition of
polyelectrolytes or doping ions. The resulting all-polymer
material system therefore provides high combined electron and
hole conductivity being stable at elevated temperatures and
while exposed to an array of harsh chemical conditions. In
order to optimize such all-polymer mixed electron—hole
conductors, with respect to, for example, improved and
balanced electron and hole conductivity and temperature
stability, in-depth knowledge of the dynamics of electron-
transfer characteristics is needed of such polymer blends.
When the n-type polymer poly-
(benzimidazobenzophenanthroline) (BBL) is paired with the
p-type polymer bithiophene-thiophene [P(g,2T-T)], being a
low-ionization energy donor polymer, a large shift in the
vacuum level is reached (0.55 eV) at the interface. See Figure
Ic for the molecular structures. This allows for spontaneous
GSET (Figure la) to take place at the interface of the
molecular heterojunction (Figure ld) In the studied system,
GSET occurs at an efﬁaency of 2%.°

Xu and co-workers® used ultraviolet photoelectron spectros-
copy and inverse photoelectron spectroscopy to infer the
energy level alignment for the P(g,2T-T):BBL system in
Figure la,b and relate those results to macroscopic
conductivity measurements. The macroscopic conductivity
depends on charge transfer along and between polymer chains,
which in these kinds of systems also depend on the relative
amount of constituents and the ordering between them.

In this study, we want to investigate how tunneling
propensity from electrons in excited states (which manifest
orbital overlap which in turn depend on energy alignment and
the orientation between molecules) change as a function of the
relative concentration between the two different polymers and
if this can be related to macroscopic conductivity of the
system.

By exciting a core—electron (e.g., from the S 1s) with X-rays,
a core-excited state can be prepared with a hole in the core-
orbital and an electron in a previously unoccupied orbital. If

the total cross section of this process is studied as a function of
X-ray energy, we obtain information about the unoccupied
states in the system and the orientation of the molecules
(XAS/NEXAFS).” The core-excited state is metastable and
will decay in some manner with an electron filling the core-
hole; the excess energy may be carried away with an X-ray
photon or in a radiationless decay wherein an electron is
emitted. The latter process is called a resonant Auger decay
and can be studied by resonant Auger spectroscopy (RAS).®
If the excited electron is involved in the decay directly, we
have a coherent process which is local in the sense that the
surrounding only slightly perturbs the process and only decay
channels related to orbitals on the site of excitation are
involved in the process. This “localized” decay leads to a singly
charged final state. Here, we consider the spectator decay
channel, where the core-excited electron remains on the site of
the excitation during the decay of the core-hole. We also refer
to this as the localized Raman decay. (A participator, where the
core-excited electron fills the core-hole, can also occur but the
kinetic energy of the electrons emanating from that decay is
much higher than those considered here.) There are decay
channels that involve the core-excited electron tunneling away
from the site of excitation, thus becoming decoupled from the
site of the core-hole (incoherent channel), which can then
decay by a process resembling a normal Auger decay leading to
a doubly charged final state. By comparing the propensity for
the local and nonlocal processes measured as a function of X-
ray energy, one can infer the occurrence of core-excited
electrons tunneling away from the site of excitation. From this,
we can determine charge-transfer rates in this prepared state
using the lifetime of the core-hole as an internal time
reference.” This is the basis for core-hole clock (CHC)
spectroscopy which can be used to measure orbital overlap
strengths and variations of the density of states available for

tunneling'®™"* with chemical® and even orbital specific-
ity"*~'° if polarized, tunable X-rays are used on well-defined
samples.

To exemplify, in this study, sulfur 1s electrons are excited to
the lowest unoccupied molecular orbital (LUMO), or other
unoccupied orbitals, depicted by the dotted line in Figure Ib,
and the delocalization time (charge-transfer time) of this
electron is determined in the manner outlined above.

Below, we explore in detail electronic structure, molecular
orientation, and charge dynamics in polymer bulk hetero-
junction blends composed of acceptor polymer BBL and donor
polymer P(g,2T-T) with weight percentages of P(g,2T-T) in
relation to BBL at 10, 50, 90, and 100%. The combination of
X-ray based techniques allows us to discuss the efficiency of
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Figure 2. (a) Schematic view of resonant K-shell excitation followed by either a localized Raman decay (yellow) or delocalized charge transfer
(CT) followed by Auger-like decay (red). (b) Resonant Auger 2D map of the sulfur K-edge region in the 90% donor sample with CT and Raman
channel marked with red and yellow dotted lines. (c) Spectral fit of the Auger spectrum at a photon energy of 2479 eV (gray horizontal line in the

Auger map).

charge transfer in these polymer blends from an orbital and
molecular ordering perspective.

B METHODS

Sample Preparation. Heterojunction samples of polymers
BBL and P(g,2T-T) were prepared by spin-coating the blends
soluted in methanesulfonic acid (MSA) on to Cr/Au on Si
substrates at 2000 rpm for 1 min. More information about
sample preparation can be found elsewhere.'"” The samples
were thereafter annealed at 120 °C in an argon atmosphere for
30 min. The weight percentage of the donor polymer P(g,2T-
T) with respect to the acceptor BBL were 10, 50, 90, and
100%. Samples were kept in an argon atmosphere prior to
spectroscopic measurements. The polymer film thickness was
measured to 150 nm by using a stylus profiler (DektakXT).

X-ray-Based Electron Spectroscopies. All spectroscopic
measurements were conducted at the HIKE endstation located
at the KMC-1 beamline at the synchrotron facility BESSY II
Equipped with a double crystal monochromator, this
endstation reaches a photon flux of 10'* photons/s in a
beam spot of 0.3 X 0.4 mm. The beamline resolution is 0.3 eV
at the excitation energy used in this work.'® Measurements
were performed using a Scienta R4000 hemispherical electron
energy analyzer with a 200 eV pass energy for Auger electrons
and photoelectrons. Experimental energy resolution was
obtained by fitting Au 4f core level spectra using a lifetime
broadening of 0.3 and 0.28 eV for the 7/2 and 5/2 spin—orbit
components.19 For sample characterization, the obtained
resolution is 0.48 eV (photon energy 3000 eV) and for
resonant Auger measurements the resolution is 045 eV
(excitation energies 2460—2500 eV). The samples were
positioned with a 78° angle between the sample surface and
the axis of the hemispherical analyzer and 12° to the incoming
light. Spectroscopic data were analyzed in Igor Pro (7.08),
using the SPANCEF fitting procedures.”” Auger and Raman
peaks were fitted with Voigt functions and the inelastic
background was modeled by a Shirley background.”!

Energy calibration was performed by using the Au 4f peak at
84.00 eV for binding energy calibration and the Au M;Nj,Nj,
transition at 2015.8 eV for calibration of the kinetic energy

23735

scale. Sample characterization was carried out by hard X-ray
photoelectron spectroscopy (HAXPES)23 measurements using
a photon energy of 3000 eV. In addition to this, long-term X-
ray exposures were measured of the polymer samples to
investigate radiation damage. Core levels were continuously
measured with HAXPES for 11 h. No X-ray damage could be
ascertained within the time frame of the following spectro-
scopic measurements (see the Supporting Information).

The nonradiative decays following resonant core excitation
were studied using RAS. A schematic description of the
resonant excitation followed by either charge transfer followed
by Auger decay (red) or localized Raman decay (yellow) is
shown in Figure 2a. Resonant Auger maps were obtained by
scanning the photon energy with a 0.5 eV step in the vicinity of
the S K-edge while collecting electron energies in the S
KL,,L,; Auger kinetic energy region (2108-2120 eV).

Near edge X-ray absorption fine structure (NEXAFS)
spectroscopy in normal and grazing incidence was carried
out to investigate the ordering of polymer chains. The angle
between the sample surface normal and incoming photon
beam was ¢p = 10° for the normal incidence measurements and
¢ = 78° for the grazing incidence measurements. Fluorescence
yield (FY) NEXAFS is, in comparison to HAXPES and RAS
measurements, bulk sensitive on the order of up to ym range.
The X-ray emission from polymer samples was recorded using
a Bruker XFlash 4010 detector and the excitation energy was
scanned over the S K-edge from 2470 to 2495 eV while
recording the X-ray emission energy region around sulfur K-f.

B RESULTS AND DISCUSSION

HAXPES Measurements. To examine the electronic
structure of P(g,2T-T) and BBL and assess the effects of
radiation over time, core level spectroscopic measurements
were conducted. Figure 3 presents the HAXPES spectra for the
core levels of nitrogen 1s, oxygen ls, carbon 1s, and sulfur 1s
for all polymer blends. Core level spectra were acquired using a
photon energy of 3000 eV, and the intensity of each spectrum
is normalized relative to the background at the binding energy
below the core level peak.

https://doi.org/10.1021/acs.jpcc.3c05665
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Figure 3. HAXPES spectra of N 1s, O 1s, C 1s, and S 1s of polymer
donor—acceptor heterojunctions of different weight blends. An
excitation energy of 3000 eV was used for all measurements.

The intensity of the nitrogen Is core level follows the
expected behavior with varied polymer weight blends,
considering the stoichiometry of the polymers (Figure lc).
As BBL is diluted with P(g,2T-T), the nitrogen intensity
decreases as this element is only found in the acceptor
polymer. The measured binding energy of the nitrogen core
level is equivalent between all samples and corresponds well to
previously reported XPS measurements of this polymer.”* The
oxygen spectra show one dominating feature at a binding
energy of 533.2 eV in the sample with 100 and 90% donor,
which represents the single bonded oxygen (O—C) found in
the donor polymer. A second feature at a lower binding energy
(532.0 eV) appears as the amount of BBL increases which
relates to the double bonded oxygen (O=C) found in the
acceptor polymer.”® In the carbon spectra, the sample with
10% donor displays one dominant feature at 285.5 eV which
consists of several components. The low binding energy
component of the peak pertains to the carbon—carbon and
carbon—hydrogen bonds in the BBL molecule. The compo-
nent of higher binding energy pertains to carbon—nitrogen
bonds and is more prominent in the 10% donor sample
compared with the other polymer blends. The second peak at
286.7 €V represents the single bonded carbon and oxygen (C—
O) and carbon bonded to sulfur which is present only in the
donor P(g,2T-T). Thus, this peak increases when the relative
amount of the donor is increased. The C 1s component at
288.6 €V, found mainly in the 10 and 50% donor samples,
originates from the double bonded carbon and oxygen in BBL
(C=0).>° The S 1s spectra display the opposite trend in
intensity as the nitrogen spectra as sulfur is found only in the
donor polymer. One discrepancy from the intensity trend of
the main sulfur peak at 2472.4 eV (S—C) is found in the 90%
donor sample, which is lower than that of the 50% sample.
This is explained by oxidation of the sulfur on the surface, as a
second peak is found at higher binding energies (2478.1 eV),
demonstrating sulfur bonded to oxygen.”> However, the total
sulfur intensity in the 90% sample (sum of both peaks) is larger
than that in the 50% sample as expected.

The stability under X-ray exposure was investigated by
measuring core levels C 1s, O 1s, and S 1s in the 50% donor
sample for 11 h, which showed no considerable level of X-ray-
induced damage within the time frame of RAS and NEXAFS
measurements. After 11 h of continuous measurement, the
intensity decreased for the low binding energy component of C
1s as well as the high binding energy component of O 1s. This
implies that a small part of the C—O bonds broke over time.
The sulfur peak remains relatively stable in intensity with
extended radiation exposure. Resonant Auger measurements
were conducted at maximum 9 h where the region of
calculated charge-transfer times (2478—2481 eV) was
measured within the first 3 h (see the Supporting
Information).

X-ray Absorption Measurements. The molecular
orientation and ordering of the polymer chains were
investigated using NEXAFS spectroscopy which can be used
to characterize morphology and ordering in conjugated
polymer systems since cross sections depend on the angle
between X-ray polarization and orbital orientation.'"*”**

NEXAFS spectra of the P(g,2T-T) polymer taken at a
grazing incidence (¢p = 78°) and normal incidence (¢ = 10°)
are shown in Figure 4c,d. Absorption spectra display the
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Figure 4. (a) Illustration of the X-ray absorption process and radiative
decay in NEXAFS measurements. (b) Schematic depiction of z* and
o* orbitals in the donor polymer P(g,2T-T). NEXAFS spectra of the
sulfur K-edge for polymer blends with 10, 50, 90, and 100% donor
P(g,2T-T) at a (c) grazing incidence (¢ = 78°) and (d) normal
incidence (¢ = 10°).

intensity of electronic transitions from the S 1s level to
unoccupied molecular orbitals (Figure 4a). Electronic
transitions are governed by selection rules, comprised partly
of angle of incidence and X-ray polarization.”*” The molecular
orbitals of the P(g,2T-T) polymer are oriented as illustrated in
Figure 4b. Intensity variations in the absorption spectra peaks
at different angles of incidence indicate the presence of
ordering in the polymers.
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Figure S. Resonant Auger maps in the sulfur KL, ;L, ; region of polymer blends with (a) 10% donor, (b) 50% donor, (c) 90% donor, and (d) 100%
donor. PEY, Auger yield (AY) and Raman yield (RY) obtained from row-wise fit of RAS measurements for polymer blends of (e) 10% donor, (f)

50% donor, (g) 90% donor, and (h) 100% donor.

Intensities were extracted by curve fitting with Voigt
functions representing the peaks and arc tangent functions to
model the background. The Lorentzian component of the
Voigt function was adopted from the sulfur 1s lifetime
broadening of 0.52 eV.*® The main peak, labeled A, consists
of two peaks lying close to each other at 2477.1 eV (A1) and
2477.8 eV (A2). Peak Al at a lower energy is assigned to the S
Is —» 7%(S—C) transition and A2 is assigned to the S 1s —
6%(S—C) transition.””*'~** These peaks display large differ-
ences in intensity for different angles ¢, suggesting ordering of
the sulfur-containing donor polymer. More precisely, they
exhibit the opposite trend when the X-ray absorption is
measured with normal and grazing incidence, which is
expected for 7* and ¢* molecular orbitals. The intensity of
the in-plane o* orbital (denoted A2) is larger in the normal
incidence measurement (Figure 4d) than in the grazing
incidence measurement (Figure 4c) which suggests face-on
orientation of the thiophene units in P(g,2T-T). This is
consistent with previous studies on the same polymer
heterojunction using grazing incidence wide-angle X-ray
scattering.

Peak Bl and B2 are found at 2479.5 and 2480.5 eV,
respectively. Al, A2, and B1 correspond to coherent states and
B2 corresponds to the incoherent charge-transfer state when
looking at the resonant Auger maps as shown in Figure S. The
feature at 2485 eV, titled C, corresponds to transitions to a
higher energy level in the system attained in both normal and
grazing incidence. This feature is more prominent for the 90
and 10% donor samples and is assigned to S 1s — #*
resonance along a S—O bond found in oxidized sulfur.’*
However, sulfur-containing aromatic rings have states in this
energy region, see for example, refs 33 and 35. We note that in
those cases, there is also charge transfer occurring.

For an ordered film of a planar 7-conjugated system
containing sulfur, an angular dependence of the X-ray
absorption is expected. According to dipole selection rules,
when the electric vector is perpendicular to the molecular
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plane, core excitations from the sulfur 1s to z* orbitals are
stimulated. Conversely, for 6* bonds, excitation occurs when
the electric vector is parallel to the molecular plane, resulting in
opposite behavior within the plane. Ordered polymers probed
with polarized X-rays display angular de7pendence in absorption
spectra intensity as expressed by eq 1.

I l{fle-pli)l*  sin® ¢ (1)
where the angle ¢ between the X-ray polarization axis and the
orbital plane influences the transition intensity I from the
initial state li), here 1s, to the molecular orbital final state If).
NEXAFS at intermediate angles of the 50% donor sample were
measured, which further corroborates the face-on orientation.
This is shown in the Supporting Information. The features
associated with 7% and ¢* transitions display a sin® ¢) behavior
with a 90° offset (see Figure S2b). This behavior is seen for
ordered polymers with a face-on orientation.”®*” Charge
transport is anisotropic and to a greater extent present along
the polymer backbone.”® Thus, the orientation and ordering of
polymer chains strongly influence the device performance.

The NEXAFS measurements show slight differences in
orientation and ordering of the P(g,2T-T) molecule depend-
ing on the weight percentage in relation to BBL. The largest
angular dependence of absorption was found in the 50% donor
sample. From the NEXAFS spectra, it is also possible to
determine that the P(g,2T-T) polymer is oriented face-on with
the sample surface.

Resonant Auger Spectroscopy. With a tunable X-ray
source, the sulfur 1s core level in the donor polymer can be
resonantly excited and the intensity ratio between subsequent
decay channels can be studied (Figure 2). Measuring multiple
decay channels following resonant excitation gives insights into
electron dynamics during the core-hole lifetime which may be
in the subfemtosecond timescale.”**~*' The CHC method was
utilized to study ultrafast charge transfer from the sulfur atom
in the donor polymer. This method has been successfully
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applied to similar systems, providing an estimate of the charge
dynamics in van der Waals heterojunctions.”

Decay processes compete at the region of the resonant
excitation where the core-excited electron either tunnels away
in the material (charge transfer) or stays localized, while an
electron at a lower energy level fills the core-hole. The first
decay is incoherent and will emit electrons with constant
kinetic energies, seen as the vertical features in Figure Sa—d.
The constant kinetic energy arises from the Auger-like decay of
the core-excited state leaving two holes in the valence since the
electron has tunneled away before the core-hole decay—the
energy of the electron following the decay depends only on the
energy-levels involved and not the photon energy (eq 2).

Ek?rlllfgi = Elﬁnding - Elfiiiling - El)Liizling+A (2)

The kinetic energy of KL, ;L, ; Auger electrons can be found
approximately by the binding energies of the involved levels
and a correction term A accounting for the change of the
involved energy levels in the presence of the core-hole.*’

The second decay is coherent, and emitted electrons have
kinetic energies proportional to the photon energy. The
excited electron remains on the site with the core-hole, and the
decay of the core-hole involves an electron in another level.
The final state is the same as that of a shakeup that can
accompany a core level photoionization process. The kinetic
energy for electrons emanating from this Raman-like process
(eq 3) can be found via energy conservation, i.e., the
photoelectric effect.

Ra 0
Ekinrer:iacn =hw — Ebinding - ¢ (3)

Besides the photon energy # and work function ¢, the
binding energy Egindmg is the energy difference between initial
ground state and core-ionized state energies. We can describe
the latter by a sum of states that besides the core-ionized
ground state involve one (or several) excited bound electrons
which we observe as additional discrete lines in the core level
spectrum.** Since the final state is the same for the resonant
process (although the path to it is via an intermediate state),
the kinetic energy of electrons from the direct ionization with a
shakeup satellite and resonant ionization via a core-excited
state is the same, giving rise to constant binding energy. This
can be seen as the diagonal intensities in the resonant Auger
maps seen in Figure Sa—d.

The resonant Auger maps display the intensity of respective
decay as a function of excitation energy, where the intensity is
represented by the color scale. Above the K-L,;L, ; resonance
(above 2481 eV photon energy), the main feature in the map is
the Auger peak at a constant kinetic energy of 2112 eV
(indicated by a red vertical line in Figure Sa). This peak is
assigned to the transition from the S 1s level to the LUMO in
the donor polymer. The sample with 90% donor (Figure Sc)
and 10% donor (Figure Sa) shows a distinct increase in
intensity related to a transition at a photon energy of 2485 eV.
The samples with 50 and 100% donor polymer show no
significant increase in intensity at this photon energy.

At a lower excitation energy (2481—2479 eV), the Auger
peak shifts to progressively higher kinetic energies. In the same
excitation energy region, a new signal appears around a 2116
eV kinetic energy, which disperse linearly when the photon
energy is lowered (indicated by yellow diagonal lines in Figure
Sa). This signal is termed the coherently excited state or
Raman signal, whereas the Auger signal is termed the

incoherent (charge transfer) part. Below 2478 eV, only the
coherently excited states remain.

As long as a Raman signal is observed, we are below the
core-ionization threshold of the system (here the S 1s
ionization potential). In this system, the tunneling away from
the site of core—excitation requires an excitation energy of
above about 2478 eV as observed for the maps a—d in Figure
S.

The charge-transfer Auger-like state is expected to have
constant kinetic energy (reminiscent of normal Auger decay
occurring above threshold). However, as discussed above, we
observe a shift to higher kinetic energies at lower excitation
energies. Here, the tunneled away electron remains bound to
the system and aids the polarization screening of the two holes
left behind when the core-excited state decays. The amount of
kinetic energy shift observed for electrons emanating from this
process depends thus on the kinetic energy of the electron that
has tunneled away and when during the core-hole lifetime the
tunneling occurred. This proximity screening interaction (PSI)
enhances the polarization screening by adding a (more or less)
diffuse negative charge to the multipole screening of the
dicationic final state of the core-hole decay.

This effect is similar to post-collision interaction (PCI) that
occurs above the core-ionization threshold, where the
interaction between photoelectrons and Auger electrons
influence the kinetic energy of the Auger electrons.”** We
stress that the difference from the present case is that here the
resonantly excited electron has tunneled away but is still bound
to the system. The PSI mechanism is expected to be general
for semiconducting and insulating systems where final state
charges are polarization screened—indeed in experimental
maps of polymers PSI shifts have been present, see for
example, ref 11. A limiting case is a metallic interface, where
free electrons perfectly screen the final state. This has been
observed in resonant Auger maps of Xe on various noble metal
surfaces where no PSI shifts occur.'”

In the Supporting Information, we further discuss PCI and
PSL

By doing a least-squares fit to the intensity profile in the
resonant Auger map (see example fit in Figure 2c), the
intensity of the coherent Raman channel and the incoherent
charge transfer channel can be obtained. Respective partial
yield as a function of excitation energy is seen in Figure Se—h.
The partial electron yield (PEY), in the kinetic energy window
considered, was obtained by row-wise integration of the
intensity in the resonant Auger maps over the photon energy,
with the background signal removed. The PEY curves resemble
those of the FY NEXAFS spectra recorded with a partial X-ray
fluorescence yield with normal incidence (Figure 4d).

CHC Spectroscopy. The electron delocalization time from
the LUMO in the donor polymer was measured and compared
for different blends of donor—acceptor polymers with varied
weight ratios between the donor P(g,2T-T) and acceptor BBL
using CHCspectroscopy. This measurement offers a chemical-
specific approach (thanks to the resonant X-ray excitation
between 1s and unoccupied orbitals) to estimate the
intermolecular conductivity originating from the donor
polymer in a system where spontaneous electron transfer in
the ground state has already occurred. However, the measured
systems exhibit a GSET efficiency of only 2%,° indicating that
the majority of donor molecules still possess occupied highest
occupied molecular orbitals.
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The CHC method enables the charge-transfer time of
excited electrons on the sulfur atom in the P(g,2T-T) polymer
to be estimated. Using the 1.27 fs core-hole lifetime for the S
Is level as a reference of time™ and the relative intensities of
the decays, the charge-transfer time can be calculated using eq
4.

T T i

CT 1s IA (4)

The competing localized Raman and delocalized charge-
transfer decay processes must occur within the core-hole
lifetime, and the probability of charge transfer will influence
the intensities in the RAS spectra. Figure 2 describes the
resonant and nonresonant excitation of the system to where it
relaxes through one of the possible decay channels (radiative
decay not included in figure). Above the ionization threshold,
the S 1s electron will leave the sulfur atom in an ionized state,
followed by a normal Auger decay. Around the resonance, the
excited electron will stay localized or tunnel away in the
material by charge transfer.

The ratios of the resonant decay intensities are plotted in
Figure 6 where the sum of the areas for the respective peak is

E Charge transfer times o
.15— O\ :
4X10 E ' :_ 3
s 1 N 10% donor |
© 3] 50% donor F
£ 1 ® 90% donor | o
% E : \ # 100% donor | <
B 27 . S
c E \ [ >
© 3 \ L
S , F1
o 1 ! 5
) 4
© 3 F
Pl ) s
o =4 & L

TTTTT T T T T T T T TTTTTTTTTT TTT T TTTT T

2478 24'79 24'80 24'81
Photon Energy (eV)

Figure 6. Charge-transfer times calculated from eq 4 for polymer
heterojunctions (left axis). Ratio between Raman and Auger features
as a function of photon energy (right axis).

compared. From eq 4, the charge-transfer times (z¢r) can be
estimated and seen for each polymer blend as shown in Figure
6. The shortest charge-transfer time is recorded for the sample
with equal weight percentage of BBL and P(g,2T-T) and the
longest time is obtained for the pure donor polymer P(g,2T-
T). Electrical characterization® of the weight percentage BBL
impact on conductivity displays the same behavior as measured
charge-transfer times. At a photon energy of 2479 eV, the
calculated charge-transfer time is 1.1 fs for the 50% sample. For
the samples with 10 and 90% donor, the charge-transfer time
for this photon energy is 1.9 and 1.5 fs, respectively. In the
pure donor case, the charge-transfer time at a photon energy of
2479 eV is 2.7 fs. This polymer blend displays a slower charge-
transfer time at almost all photon energies.

Two separate behaviors can be observed in Figure 6: a low
excess energy regime where the electron dynamics are blend-
dependent and a region above 2479.5 eV where the different
systems are similar. Recalling that the objective with this
particular polymer blend is to optimize ground-state electron
transfer by mixing polymers in a bulk heterojunction (Figure
1), we can imagine that a BBL-poor or BBL-rich blend will

increase or decrease the volumes with only P(g,2T-T) in them
as the polymers are not totally miscible. A core excited state in
the sulfur-containing polymer can decay locally on the same
polymer (intrapolymer) or via charge transfer to a neighbor
polymer (interpolymer), which may be BBL or another
P(g,2T-T). By changing the blend ratio, we can observe the
effect of the two kinds of interpolymer decays on the charge-
transfer dynamics.

At low excitation energies, the presence of acceptor chains is
important as the additional decay channels allow electron
transfer from the site with the core-hole to occur efficiently.
The 50% blend has the most efficient interpolymer transfer,
whereas 10% or 90% acceptor are less efficient. It is clear that
the 0% acceptor is the least efficient, which is not surprising
since the acceptor density of states is not present to offer
additional pathways for the decay of the core-excited state. If
the acceptor density of states determines the tunneling
efficiency, the 10% donor blend would exhibit the fastest
charge transfer. Since acceptor density of states does not
capture the behavior, we need to consider the interface and
orbital overlaps between the different molecules.

The rate of decay of the core-excited state can be described
by Fermi’s golden rule

2

r= 7”2 (IQIPp(E)
f (s)
which describes the transition rate between final state f and
initial state i coupled by the operator Q weighted by the
density of states. The decay from the core-excited N-electron
system into a N — 1 system with an electron in the continuum

may be described by the matrix element

<¢1¢2|e2/r|¢c¢e><‘P,N—2|\Pj¥—2> ©)

with the approximation that the N — 2 electrons not
involved only screen the electrons in orbitals 1 and 2 in the
final state and the core-hole and excited electron in the initial
state.”” This decay process is governed by the Coulomb
operator, i.e, Q = ¢*/r. Together with eq 6, this matrix element
describes a decay process that depends on the overlap between
the electron density near the core-hole ¢.. The rate described
is thus a localized probe of orbital overlaps and the density of
states. In the case of 0%, an overlap is necessary between
molecules that are the same. Adding acceptor to the blend
introduces heteromolecular overlaps into the sum. This
explains the difference in the transition rate between the
polymer blends and the pure donor case.

The rate of charge transfer depends on both the orbital
overlap and density of states. For the 50% blend, we find an
optimum in the sense that this rate is the fastest. This suggests
that charge transfer from the donor to the acceptor, meaning
interpolymer charge transfer, is the most efficient pathway.
This is also the system with the largest degree of ordering as
seen in the NEXAFS spectra. A larger overlap in this more-
ordered 50% blend may be explained by a larger matrix
element than in the less-ordered case. Changing the blend also
changes the interface area between the polymers, which affects
the density of states. In this case, we find this optimum at 50%
while for other polymers this optimum will be dependent on
the relative size of the molecules. For PCPDTBT:PCBM,
Johansson finds the optimum at a 1:2 weight ratio."" In our
case, we see the effects of not only overlap but also how
ordering of the polymers affects charge transfer between them.
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B CONCLUSIONS

The NEXAFS spectra of P(g,2T-T) blended with BBL have
been recorded using different incident angles of the incoming
light and showed the ordering of the thiophene chains in the
donor polymer. Suppression of the 7* signal relative to the o*
in grazing incidence suggest that the thiophenes in P(g,2T-T)
are oriented face-on to the surface. The largest degree of
ordering was found in the sample with an equal amount of
donor and acceptor polymer. Maps of the resonant Auger
spectra taken in the vicinity of the S K-edge were used to
employ the CHC approach to determine charge-transfer times
for different blends of the two polymers. We observe ultrafast
charge dynamics from the unoccupied level in the sulfur atom
of the p-type polymer. Electron delocalization times were
derived which occurred in the as/fs regime for all polymer
blends, with the fastest charge-transfer time measured in the
sample with equal amount of donor (P(g,2T-T) and acceptor
(BBL) polymer. CHC spectroscopy has previously been used
to gain information on the charge dynamics of polymeric
systems for organic solar cells, where the shortest charge-
transfer time occurred for the device blend yielding the best
performance in the solar cell application."" Sloboda and co-
workers found that the fastest charge transfer for PbS quantum
dots occur for the size of quantum dot that yield best
photovoltaic performance.'”” Here, we find that the local
charge-transfer optimum occurs for the polymer blend that
gives optimal macroscopic performance when conductivity is
considered. While the conductivity of this blend increased due
to doping by GSET, we also show here that the charge transfer
from the LUMO of the donor is the fastest for this blend. We
suggest that this measure of local conductivity can be used to
predict macroscopic performance measures that are dependent
on charge mobility. Since CHC spectroscopy is a chemically
specific method, it could also be used as a tool to analyze
candidate donor/acceptor systems where chemical changes are
expected to alter device properties and to gain insights into the
atomic origin of both favorable and unfavorable functionality.
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