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Abstract: Two of the primary hurdles facing organic electronics and photovoltaics are their low charge
mobility and the inability to disentangle morphological and molecular effects on charge transport. Specific
chemical groups such as alkyl side chains are often added to enable spin-casting and to improve overall
power efficiency and morphologies, but their exact influence on mobility is poorly understood. Here, we
use two-photon photoemission spectroscopy to study the charge transport properties of two organic
semiconductors, one with and one without alkyl substituents (sexithiophene and dihexyl-sexithiophene).
We show that the hydrocarbon side chains are responsible for charge localization within 230 fs. This implies
that other chemical groups should be used instead of alkyl ligands to achieve the highest performance in

organic photovoltaics and electronics.

Introduction

Charge and exciton dynamics play a dominant role in the
performance and efficiency of photovoltaics, field effect transis-
tors, and light emitting diodes. Molecular organic and polymeric
materials have the potentia for the production of low cost and
easily processed devices. A serious limitation, however, is their
susceptibility to charge localization and reduced mobility as
compared to their inorganic counterparts. Conduction through
hopping of localized states such as small polarons can result in
amobility decrease of up to 10* relative to band transport, and
the energy lost to the charge stabilization reduces the open circuit
voltage and efficiency of organic photovoltaics. If charge
localization could be avoided or reduced in these systems, then
device performance would be significantly enhanced.

One of the most studied systems with efficient transport is
the akyl-substituted polythiophene/fullerene (poly-3-hexyl-
thiophene/phenyl-C61-butyric acid methyl ester or P3HT/
PCBM) system developed by Heeger and co-workers.*® It is
important to note that substitution of the polythiophene by linear
hydrocarbons (usually n-hexane) is necessary to increase
solubility in organic solvents for spin-casting devices. Hydro-
carbon substitution aso improves solid-state miscibility with
fullerenes for use in the P3HT/PCBM class of organic solar
cells. Additionally, hydrocarbon substitution of the thiophene
rings is thought to account for structural and morphological
changes that enhance charge transport.>® The observed im-
provement in long-range order is attributable to competitive van
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der Waal’s interactions between the n-hexyl or hydrocarbon
ligands and the sexithiophene aromatic moieties. This tends
toward aggregating similar functional groups and decreasing
disorder, while still leaving s-stacked thiophene channels for
higher charge mobility.

Despite these enhancing characteristics, the mobility of P3HT
isonly 3 x 104 and 1.5 x 10°* V/cm?s for holes and
electrons, respectively, avalue consistent with diffusive polaron
migration.” Moreover, these solubilizing side chains are neces-
sary for solution processing and spin-casting for most of the
highly conjugated organic chromophores currently being in-
vestigated to replace polythiophene.®*° What isinteresting and
important about the mixed hydrocarbon/aromatic systems is
whether or not the hydrocarbon part of the molecule plays a
direct role in charge localization and whether the aromatic
moiety aone or with a different substitution could be structured
to show significantly larger mobilities. Neat aliphatic hydro-
carbons have been to shown to be ubiquitous in forming small
polarons.** It is plausible, however, that even in systems in
which akyl substitutions improve charge mobility, alkyl
substitution may also impose an additional upper bound on
device performance by creating localized, persistent, self-trapped
charges with low mobilities.

Unfortunately, charge localization in these materials can be
difficult to study because it occurs on the subpicosecond time
scale. Typically, these systems are studied using ultrafast
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transient absorption, and absorption due to localized charge
complexes (excitons, polarons, or polaron pairs) occurs over a
broad spectrum in the visible to near-infrared (650—1300 nm).*
The dynamicsin different spectral regions can then be correlated
with anisotropy and photoluminescence decay to infer which
Species corresponds to a specific wavelength. These experiments,
however, do not provide any information about the nature of
these states and typically suffer from many overlapping bands.
They do not actually measure or determine the spatial degree
of localization or the energy lost during this process.

A particularly powerful technique designed for studying the
dynamics and localization of electrons at interfaces and in thin
films is angular and time-resolved two photon photoemission
(TPPE).® In this technique, a femtosecond pulse is used to
excite an electron from below the Fermi level of a metal into
an unoccupied molecular orbital or image potential state (1PS)
of athin film organic layer adsorbed on the metal. A second
femtosecond pulse photoemits it from the layer, and the angle,
delay time, and energy are measured and used to probe the
material’ s response to the injected electron. The technique can
be used to determine the time-dependent band dispersion and
binding energy. The electron’s effective mass is determined from
the band curvature and is a measure of electron localization.
Herein, TPPE is used to photoinject an electron into a delocal-
ized excited state in an ultrathin film of two organic semicon-
ductors, one with aliphatic side chains and one without. The
effective mass is calculated from the angle resolved band
structure at different times and used as a direct probe for charge
localization. The results from this measurement are then used
to extract the dynamic role that these ubiquitous side chains
have on charge mobility and open circuit voltages in organic
photovoltaics.

Experimental Section

Tunable broadband femtosecond optical pulses were produced
in a commercial oscillator, regenerative amplifier, and optical
parametric amplifier (Coherent Verdi-18, Mira 900F, Rega9000,
and OPA9400). The pulses were then frequency doubled in a 0.1
mm type Il BBO crystal and split from the fundamental with a
dichroic mirror. The beams were recombined at the surface of the
sample in a collinear fashion. Powers at the sample were ~3 uW
for the visible pulse and ~200 nW for the UV pulse, and the
repetition rate was 225 kHz. The kinetic energy and momentum of
the photoelectrons were measured in a home-built time-of-flight
detector described elsewhere.®* To acquire the band structure
parallel to the surface, the angle of the sample was changed relative
to the detector, which used dlits to limit the angular acceptance to
approximately £1°. The parallel momentum was then determined
by eq 1 where 0 is the angle between the detector and the surface
normal of the sample.

ki = \/zmeEkineticSi n(0) @)

a-Sexithiophene (6T) and (a,w)-dihexyl-sexithiophene (DH6T)
were purchased from Sigma Aldrich. These were loaded into a
ceramic crucible inside of a Knudsen cell and degassed at 25 K
below their dosing temperature for greater than 24 h to remove
small gas impurities. The samples were further degassed before
dosage into the main chamber at 20 K above their dosing
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temperature to ensure that no impurities from the heating filaments
were entering the main chamber. The main vacuum chamber was
kept at a pressure below 3 x 1071° Torr, and the effusion cell was
kept below 5 x 1077 Torr. The thiophene-based molecules were
deposited onto a0.5” diameter Ag(111) single-crystal substrate of
99.99% purity purchased from MaTecK GmbH. The crystal was
cleaned viacycles of 0.5 keV Ar' ion sputtering at 550 K followed
by annealing at 725 K between each experiment. Cleanliness of
the sample was checked between experiments primarily through
TPPE by examining the line widths and dynamics of the n = 1
IPS state, the n = 0 surface state (S.S.), and work function.
Cleanliness of the surface was also periodically checked by low
energy electron diffraction (LEED) to verify a sharp hexagonal
pattern for the Ag(111) surface. Angle resolved measurements were
taken along the 'y — M,y direction, rotated by 2.5° as determined
from LEED.

It was discovered during the experiment that these materials
showed arapid rate of degradation when exposed to ultrafast pulses.
This degradation shifted the energy of al peaks in the spectrum to
higher energy, increased the spectral width, and decreased the
intensity of the signal. To avoid this, the rate of degradation was
measured by taking consecutive TPPE spectrawith 20 s acquisition
times over the course of 30 min to 2 h. No detectable damage was
done to the layer within 2 min, and so beam exposure time was
limited to 30 s per scan (single time point and single angular point)
while acquiring the dynamic band structure before the sample was
translated.

Results and Discussion

TPPE has been used on ultrathin films of both a-sexithiophene
(6T) and its akylated analogue (a,w)-dihexyl-sexithiophene
(DHB6T) as shown in Figure 1 to determine whether the akyl
chains play a role in localizing electrons in these organic
semiconductors. Their adsorption geometry on Ag(111) has been
determined by Duhm et al.*>® Asillustrated in Figure 1C and
D, the sexithiophene molecules pack with the aromatic axislying
paralel to the metal surface. The akane-substituted analogue,
DH6T, forms an initial wetting bilayer of molecules having the
thiophene core paralel to the surface (herein called flat DH6T).
Additional layers pack vertically with the aromatic rings
perpendicular to the surface and the akyl chains forming an
angle of 28° to the surface (standing DH6T).

Monolayer determination was made using 2PPE to monitor
the evolution work function, the peak widths, center energies
of the IPS, and the disappearance of the n = 0 surface state for
both 6T and DH6T. LEED was aso used to confirm the
existence of ordered structures, athough the DH6T degraded
rapidly under the electron beam. The temperature of the
Knudsen cell was adjusted such that flux of the molecular beam
resulted in a growth rate was 0.25 ML/min for DHET. Each of
the first two monolayers of DH6T resulted in clear work function
shifts observable by changes of the binding energy for the n =
1 and n= 2 IPS. Following 8 min of deposition, a new gradual
transition occurred in which the n = 2 state disappeared and
the binding energy of the n = 1 steadily increased. Then =1
IPS peak energy stopped shifting after a further 25 min of
deposition. This change in deposition rate at constant flux is
similar to the change in surface area/molecul e expected for the
flat to standing transition. Further deposition caused a decrease
in the total 2PPE signal, but did not shift the energy of the peak
center or change the work function.
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4 Energy and nondispersive (localized) states.*”*® The delocalized nature
Kinetic [4 of the IPS parallél to the surface makes it an excellent probe of
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Figure 1. (A) Diagram of the TPPE experiment as performed. A UV pulse
transfers an electron from below the Fermi level of Ag(111) into aninitially
delocalized IPS in the molecular film. After some time, At, avisible pulse
photoemits the excited electron. Changesin the energy of the photoelectron
are aresult of the electron interacting with the adsorbed film. (B) Molecular
structure of o-sexithiophene (top) and (a.,w)-dihexyl sexithiophene (bottom).
Molecular geometries of DH6T (C) and 6T (D) adsorbed to Ag(111).

The TPPE spectra for these films are shown in Figure 2A,
and the energetic referencing of the states is shown in Figure
2B. The dependence of IPS peak energy on the wavelength of
light used, shown in Figure 3, was used to support the energetic
assignments. The linear dependence with a slope of 1 implies
that these states are energetically high above the Fermi level
and can only be populated by the UV pulse.

The electronic states visible in the TPPE spectra are assigned
as the screened image potential states (IPS). Image potential
states are a hydrogenic series of electronic states derived from
the high polarizability of metallic systems. These states are
bound in the surface normal direction. The average distance
from the metal surface for thefirst IPSisonly afew angstroms,
making it very sensitive to changes in its local electronic
environment due to adsorbates. Parallel to the surface, these
states are delocalized and behave like nearly free electrons. To
monitor charge localization by side chains, it is necessary to
excite charges into an initially delocalized state and watch the
charge evolve. The IPS studied here is used as a delocalized,
free-electron like probe, unlike the molecular states of 6T, which
have been shown to be a mixture of dispersive (delocalized)
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the charge trapping power of an adsorbed film.

Localization was examined in each of the thiophene systems
by monitoring the band structure and effective mass of the IPS
electron. IPS electrons on ordered surfaces are highly dispersive
and display an effective mass near that of a free electron.
Trapping due to increased interaction with the local atoms
increases the effective mass; effective masses greater than 5—10
me can be considered localized. In both the 6T and the DH6T
films, the IPS electron is initially delocalized and has a low
effective mass less than 1.6 m, (Figure 4). For al of the
morphologies except standing DHET, the effective mass stays
between 1.2 and 1.5 m.. For coverages of DH6T beyond the
wetting bilayer, the effective mass starts at 1.3 m,, and increases
to 21 + 0.5 m, by 233 fs. This is a signature for initialy
delocalized charges, which collapse or self-trap to spatially
localized charges and can only move laterally by thermal
activated hopping.

The amplitude of the 2PPE spectrum was also measured as
a function of the parallel momentum (Figure 5). Fourier
transforming the measured spectral intensity versus k; results
in a measurement of the electronic population versus posi-
tion in rea space. Using the rule of thumb presented by Bezel
et a. in eq 2, the spatial extent of the electron’s wave function
can be estimated.*®

41n(2)
Apfwhm /h

AXfwhm = (2)

Using this analysis, the size of the final state is estimated to be
14 + 4 A fwhm, which is roughly the same size as the
intermolecular spacing between two adjacent DH6T molecules
(6.8 A in one direction and 7.8 A in the other). This indicates
that the electron is highly localized within the time scale of the
experiment.

Lateral localization of the IPS electron can be caused by three
factors. The electron can localize if the IPS couples strongly to
nondispersive molecular electronic states. The electron can
collapse at local defects, which perturb the periodic potential.
Finaly, the electron can dynamicaly induce an attractive
polarization in the film. The resulting dynamic self-localization
is the underlying mechanism for polaron formation.** Under-
standing how and why the electrons localize in organic
semiconductors can lend insight into how their mobility can be
improved and device performance enhanced. If the electrons
are localizing purely electronicaly, then the aromatic portion
of the molecule that contains the frontier orbitals is likely the
culprit. Defect-induced localization could potentially be reduced
by improved sample preparation or purification. If the localiza-
tion can be identified with small polaron formation caused by
coupling of the electrons to specific vibrations, then removal
of the specific functional groups could remove the polaron.

Determining the mechanism for electron localization in the
standing DHG6T films is difficult because of the short lifetimes
involved (Figure 6). With the limited angular and temporal
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Figure 4. The effective mass of theinitially delocalized IPS for each film
over time. Theincreasing mass of the electron is direct evidence of a mobile
charge localizing in the DHET film. As the effective mass rises, the charge
mobility decreases.

resolution available, only a purely electronic coupling mecha-
nism can be strictly ruled out. The electronic mechanism requires
an increase in the electronic coupling to a specific nondispersive
state. Changing the orientation of the conjugated axis relative
to the surface could increase the direct overlap between the IPS
wave function and unoccupied electronic states of the molecule

in the standing versus flat phases.?®®* Statically localized
electronic states at the interface between metals and organic
semiconductors have been seen in ultrathin films of pentacene®®®3
due to strong electronic coupling. Electronic interaction with
unoccupied states of the standing portion of the DH6T layer
would require the electron to be on the far side of the standing
hexyl groups from the metal surface (region 1 of figure 6B).
Alkyl molecules have a negative electron affinity and thus
present significant barriers to | PS electrons attempting to decay
back into the metal. This barrier has been shown to increase
the lifetime of an IPS electron to the 1—100 ps regime.* Instead,
the measured lifetime of the localizing IPS electron is only 80
=+ 30 fs. The small observed lifetime indicates that the electron
is still close to the metal surface and rules out localization due
to the electronic coupling mechanism.

Distinguishing between an electron trapped into a defect site
and a self-localizing small polaron is aso made difficult because
of the short lifetime. Localization by defects has been shown
to occur on the hundred femtosecond time scale in some

(20) Berthold, W.; Hofer, U.; Feulner, P.; Menzel, D. Chem. Phys. 2000,
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J. AM. CHEM. SOC. m VOL. 132, NO. 44, 2010 15723



ARTICLES

Johns et al.

A)

78
2
S6;p
)
£5f
g
54_ e e e e
: AT AAGEN
23‘ B & o e 8 e
E afde
2f | = %A — —
-
0 0.04 0.08 0.12 0.16

Parallel Momentum (A™)

Figure 5. (A) Momentum distribution of the final localized IPS in standing DH6T. Error bars are approximately the size of the boxes as drawn. Fourier
transforming the momentum distribution shows that the electron is localized to 14 & 4 A. (B) The localization process is schematically illustrated in the right

panel.
—~ 1.8 [] §tai;1d‘lngm
=T T Faroner
< 14
2V
a 12
£ 10
S 08
&
= 06
o
g 0.4
Z 02
4100 -50 0 50 100 150 200 250 300
Delay Time (fs)

i & o 63
86 $oormeamme o 5.

Figure 6. (A) Dynamics of the IPS electron for 6T, flat DH6T, and standing
DH6T. The two-pulse cross correlation was kept below 100 fs as measured
by fitting the decay of the clean Ag(111) surface state, which is a virtua
transition. This state was also used to fix t = 0 to +10 fs. (B) Schematic
depiction of three possible average distances of the localized electron from
the metal surface for DHET. Each alkyl unit imposes a barrier to the electron
tunneling back into the metal, and thus substantially increases the lifetime
of the IPS electron. Because of the subpicosecond decay times shown in
(A\), the electron must be residing near the metal surface, primarily in the
third region.

15724 J. AM. CHEM. SOC. = VOL. 132, NO. 44, 2010

systems.* The likelihood of the electron encountering a defect
can be estimated by comparing the distance an electron travels
to the density of defects. The group velocity of an electronic
wave is given by eq 3.2°

19E
Uy = T 3
9= Rk, @
This corresponds to an initial group velocity of 0—1.5 A/fs for
the crystal momenta experimentally observed (up to 0.2 A™Y),
alowing the electron to sample over up to 115 A. Typica
crystalline islands in thiophene oligomers range in size up to
hundreds of nanometers, notably longer than the upper bound
established by these experiments.?®2?’ In addition, there is no
point in time in which there exist both delocalized and localized
image potential state peaks, as one would expect for electrons
being trapped by defects.

Polaron formation, on the other hand, is expected to show a
continuous decrease in energy of the peak center as a function
of time, as observed here. Previous determinations of small
polaron formation were able to verify the mechanism by
comparing the relaxation rates of the delocalized electrons at
differing parallel momentum.**

Recent work by Ku and Trugman suggest that the dynamics
of 2D small polaron formation can happen on a time scale as
fast as 5 vibrational periods for states with low initial
momentum.?®2° Polaron formation in alkyls has been previously
identified as being coupled strongly to the methyl rocking
motion at 750 cm™%, which corresponds to a period of 44 fs.
Five vibrationa periods would be 220 fs, which is the same
time scale that we see for localization of the IPSin DH6T. We
thus suspect that the state is being localized by self-trapping in
alkyl groups, although we cannot definitively rule out trapping
by defect sites.
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(26) Ratera, |.; Chen, J; Murphy, A.; Ogletree, D. F.; Frechet, J. M. J;
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Localization of charge carriers reduces the performance of
photovoltaics by decreasing maximum voltages as well as
reducing currents. Dynamic relaxation of the electron as it
distorts and polarizes the surrounding lattice is a mechanism
for charge stabilization in the solid state. Heeger and co-workers
have shown that the polaron stabilization energy results in a
decrease of maximum voltages by 200—300 meV.*® This
reorganizational energy has been shown to be the solid-state
equivalent of dipole and charge solvation in liquids.*** The
three systems, 6T, flat DH6T, and standing DH6T, have initial
IPS binding energies of —0.80, —0.77, and —0.64 eV below
the vacuum level, respectively. In 6T, the |PS does not interact
dynamically with the molecular lattice, resulting in a constant
binding energy of the IPS. The IPS in each of the DHET
systems, however, rapidly decreases in energy in an ap-
proximately linear fashion, as shown in Figure 7. For flat DH6T,
the n = 1 relaxes by 20 meV at a rate of 10 meV/100 fs, and
for standing DHET, the n = 1 is stahilized by over 50 meV at
arate of 20 meV/100 fs. It is curious that the flat DH6T shows
this dynamic stabilization without localization. One potential
explanation is that the IPS electron could be inducing a long-
range polarization on the monolayer but the metal/aromatic
interaction is so strong that it effectively locks the molecule
into place and does not permit the full range of motion necessary
to form the small polaron. This, however, is highly speculative
and would require further investigation to conclusively deter-
mine. Regardless, these rapid dynamic shifts in energy in the
DH6T systemsimply strong |attice interactions as compared to
the 6T system.

The highly ordered morphologies here provide an ideal case
for examining limits to mobility. The electron is initialy
delocalized in all three systems, and there is no evidence of
localization in unsubstituted sexithiophene. This eliminates the

(30) Scharber, M.; Muhlbacher, D.; Koppe, M.; Denk, P.; Waldauf, C.;
Heeger, A.; Brabec, C. Adv. Mater. 2006, 18, 789-794.
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S,; Bezdl, |.; Harris, C. B. J. Phys. Chem. B 2002, 106, 12908-12915.

possibility of localization by intramolecular torsion of the
aromatic rings for the IPS, as has been proposed for exciton
stabilization in polymeric strands of P3HT.** In comparison,
for multilayers of DH6T, we see an exponential mass enhance-
ment of the excited electron, which eventually becomes a fully
localized state with the same lateral size of two DH6T
molecules. Furthermore, the energy of the localized state is
stabilized by over 50 meV from the original delocalized state,
ameasurement difficult to make with purely optical techniques.
This energetic stabilization is limited by the short lifetimes and
should be much larger for systems with larger charge lifetimes.
This energy is lost to heat and is not recoverable for work.

Finally, it isimportant to mention that the electron localization
mechanism observed here in DH6T films could differ signifi-
cantly from that responsible for small polaron formation in
extended polymers. In addition to the increased static disorder
in polymeric semiconductors due to structural defects such as
chain kinks and chemical impurities present in actual devices,
alkylation of polymers occurs in a different position on the
carbon rings. In (a,w)-DH6T, the alkyl subunits are terminal
and approximately parallel to the conjugated axis, whereas in
polymers the akyl groups are closer to orthogona to the
polymer backbone. This could lead to a different degree of
coupling between the dynamic nuclear motions of the akyl
components and the electronic structure, thus atering the
efficiency at which the charges become localized. Further
experiments to test the dependence of the localization rate on
alkyl position, either by akylation of the 5 position or by direct
examination of the polymers, are necessary. Here, however, we
have provided unambiguous evidence of the ability of the alkyl
components in organic semiconductors to localize charges in
specific situations.

Conclusion

The electron dynamics presented in this Article represent an
important development in understanding the molecular proper-
ties behind charge transport in organic semiconductors. We have
shown that alkylation of organic semiconductors does play a
strong role in electron transport. A nearly free electron remains
completely delocalized in unsubstituted sexithiophene, whereas
the addition of alkyl ligands results in complete localization.
Furthermore, we have measured the rate of energy loss due to
this process. The electronic energy stabilizes by over 50 meV
within the first 220 fs. As aresult of this study, the use of alkyl
substitution in polymeric devices should be reexamined. We
suggest that molecules that can be processed in solution without
alkyl units may make more efficient transistors and photovol-
taics. Finaly, the techniques and methods utilized in this study
of alkyl thiophenes should be widely applicable to studying the
dynamics of charge energies and mobilities in other systems.
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