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Spontaneous charge transfer at organic-organic homointerfaces
to establish thermodynamic equilibrium
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The energy level alignment of «,w-dihexylsexithienyl (DH6T) mono- and multilayers on
tetrafluorotetracyanoquinodimethane (F4-TCNQ) precovered Ag(111) and polycrystalline Au
substrates was investigated with ultraviolet photoelectron spectroscopy. For certain F4-TCNQ
precoverages molecular level pinning at DH6T monolayer-multilayer homointerfaces was observed.
The pinning behavior shows that thermodynamic equilibrium can be established across hexyl chains
via charge transfer, indicating the limited use of these short alkyl chains for insulation in the field

of molecular electronics. © 2007 American Institute of Physics. [DOI: 10.1063/1.2715042]

The charge carrier injection barrier height across
organic/metal interfaces plays a crucial role in virtually all
devices in the field of “organic electronics.”' Energy levels
at organic/metal interfaces can be tuned by precovering the
metal substrate with strong electron accepting molecules
such as tetrafluorotetracyanoquinodimethane (F4-TCNQ)
[chemical structure shown in Fig. 1(a)]. Such molecules can
undergo a charge-transfer-like interaction on the metal
substrate,“’5 which increases the substrate work function. En-
ergy levels of subsequently deposited molecules are aligned
to this new effective work function. «, w-dihexylsexithienyl
(DH6T) [Fig. 1(a)] on Ag(111) and polycrystalline Au under-
goes a structural transition from a flat lying monolayer (L1)
to inclined multilayers (L2).° Most likely changes in the po-
larization energy, as suggested to explain similar changes in
orientation for pentacene,7’8 lead to a decrease of the ioniza-
tion energy of the molecules and consequently to a rigid shift
of molecular levels towards the Fermi level (Ep) [i.e., low-
ering of the hole injection barrier (HIB)]. In our work we
investigated the energy level alignment of DH6T deposited
on F4-TCNQ precovered Ag(111) and polycrystalline Au
with ultraviolet photoelectron spectroscopy (UPS). A transi-
tion from vacuum level alignment to molecular level
pinning—reminiscent of Fermi-level pinning9—at the ho-
mointerface between DH6T monolayer and multilayers was
observed, which depended on the amount of predeposited
F4-TCNQ.

UPS experiments were carried out at the FLIPPER II
end station at HASYLAB (Hamburg, Germany).'"’ The
interconnected sample preparation chambers (base pressure
of 2X 107 mbar) and analysis chamber (base pressure of
2% 107'° mbar) allowed sample transfer without breaking ul-
trahigh vacuum conditions. The Ag(111) single crystal was
cleaned by repeated Ar-ion sputtering and annealing cycles
(up to 550 °C) until a clear low energy electron diffraction
pattern was observed. The polycrystalline Au substrates were
at least 400 A thick Au films on a Cu foil, evaporated in situ
and Ar-ion sputtered before use. DH6T (H. C. Starck GmbH)
and F4-TCNQ (Fluka) were evaporated using resistively
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heated pinhole sources at evaporation rates of about
1 A/min. The film mass thickness was monitored with a
quartz crystal microbalance. Spectra were recorded with a
double-pass cylindrical mirror analyzer with an energy reso-
lution of 0.15 eV and a photon energy of 22 eV. The second-
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FIG. 1. (a) Chemical structure of F4-TCNQ and DH6T. (b) SECO (left side)
and valence region photoemission spectrum (right side) for DH6T with in-
creasing coverage (fpyer) on 1 A FA-TCNQ precovered Ag(111). “0™ is the
spectrum of the F4-TCNQ precovered substrate. Closed symbols mark
HOMO and HOMO-1 of L1. Open symbol mark the same features for L2.
(c) Same as (b) for 3 A F4-TCNQ precoverage.
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ary electron cutoffs (SECOs) [for determination of the
sample work function (¢)] were measured with the sample
biased at —3.00 V. To avoid sample charging during photo-
emission from multilayer DH6T films, spectra were recorded
with an Al foil in the photon beam, reducing the photon flux
by a factor of 7. All measurements were performed at room
temperature.

Figure 1(b) shows the spectra of a DH6T thickness-
dependence series on 1 A F4-TCNQ precovered Ag(111).
F4-TCNQ chemisorbed on Ag results in three characteristic
photoemission features [centered at 0.70, 2.00, and 2.80 eV
binding energies (BEs)], remlmscent of an organic-metal
charge-transfer-type interaction.*'" The shape of the UPS
spectra of DH6T deposited on 1 A FA-TCNQ/Ag(111) was
very similar to the spectra of DHOT on pristine Ag(lll)
However, all spectra were rigidly shifted by 0.45 eV to lower
BEs, because the DH6T molecular levels were realigned to
the F4-TCNQ modified substrate surface potential.4 As re-
ported for DH6T/Ag(111) (Ref. 6) with increasing film thick-
ness the spectra were shifted 0.60 eV towards lower BE and
the intensity ratio of highest occupied molecular orbital
(HOMO) and HOMO-1 was changed from approximately
1:1 to approximately 1:2. These changes in the position and
line shape of DHOT spectra were already assigned before to
a transition from flat lying molecules in the monolayer (L1)
to inclined molecules in multilayers (L2).° Thus, beyond 3 A
DH6T coverage the formation of multilayers sets in [Fig.
1(b)]. The hole injection barrier (measured as energy differ-
ence between the HOMO onset and Ej) for multilayer (e.g.,
40 A) DH6T/Ag(111) was only 0.10 eV. Note that the SECO
remained essentially at constant kinetic energy for mono-
layer and multilayer DH6T coverages.

Precovering Ag(111) with 3 A F4-TCNQ led to a larger
increase in sample ¢ (0.60 eV) and hence to a larger rigid
shift of molecular levels of subsequently deposited DH6T
[Fig. 1(c)] compared to DH6T on 1 A F4-TCNQ/ Ag(111).
Now, even for the monolayer DH6T the HIB was only
0.10 eV. The similarity of the 3 A DH6T spectra in
Figs. 1(b) and 1(c) allows us to conclude that DH6T mol-
ecules in the monolayer are lying flat on 3 A F4-TCNQ/
Ag(111), because (i) the formation of aggregated islands of
inclined molecules at this low total coverage would not lead
to the observed attenuation of substrate emission close to Ep,
and (ii) the SECO would be significantly broadened due to
the coexistence of surface patches with very different local
work function; however, the SECO width is the same for all
thicknesses. Going from L1 to L2 changed the intensity ratio
of HOMO and HOMO-1 from almost 1:1 to approximately
1:2, which again is interpreted as evidence for inclined mol-
ecules. Noteworthy, this change was not accompanied by a
further decrease of the HIB. Also the SECO showed a dif-
ferent behavior compared to DH6T on 1 A F4-TCNQ/
Ag(111). Even after monolayer completion the SECO con-
tinued to shift towards lower kinetic energies and reached the
same position for the multilayers as for the case shown in
Fig. 1(b).

Figure 2 summarizes these results. Part (a) indicates the
growth model of DH6T on pristine Ag(111) (left side) and
DH6T on F4-TCNQ precovered Ag(111) (right side). Part (b)
displays the corresponding schematic of the interface elec-
tronic structure. Note that the energy level alignment of the
DHO6T homointerface L1/L2 was the same for DH6T/
Ag(111) and DH6T on 1 A F4-TCNQ/Ag(111), however,
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FIG. 2. (a) Growth model and (b) interface electronic structure model for
DH6T/Ag(111) (left side) and DH6T/(thick)F4-TCNQ/Ag(111) (right side).
L1 indicates monolayer DH6T, L2 multilayer DH6T, E| . vacuum level, E
Fermi level, Ay, the work function shift, Aygyo the HOMO shift, &+
symbolizes the slightly charged L2, and F4 means FA-TCNQ.

rigidly shifted. For low (or even zero) 6g4 tcng (left side) the
vacuum level (E,,.) remained constant at the DH6T homoint-
erface L1/L2, but the DH6T HOMO shifted towards Ep
(Anomo)s i-e., the ionization energy of L2 was smaller than
for L1. On the other hand (right side), for g4.rcng >3 A the
hole injection barrier stayed constant at the L1/L2 interface
and E,,. (vacuum level) exhibited a shift (A ,). This
behavior is typical for molecular orbital level pinning.9 It has
been suggested that the transition from vacuum level align-
ment to molecular orbital level pinning occurs when the HIB
becomes of the same magnitude as the positive polaron re-
laxation energy.g’lz’]3 In this case, charge must be redistrib-
uted across the interface, leading to an interface dipole. In
other words, the vacuum level is changed but the hole injec-
tion barrier stays constant. The measured vacuum level shift
A1, is direct evidence for an interface dipole and the
accompanied charge redistribution across the DH6T ho-
mointerface L1/L2. Remarkably, our results demonstrate that
the insulating hexyl chains do not obstruct this charge trans-
fer but allow for thermodynamic equilibrium to be estab-
lished. But, since the arrangement of hexyl chains and con-
jugated backbone in the multilayer is not known, charge does
not have to flow necessarily along the hexyl chains.

To extend the above results obtained on the model sub-
strate Ag(111) to a more application relevant one, similar
experiments were performed using polycrystalline Au as sub-
strate. On pristine Au, DH6T showed the same rigid shift (as
on Ag) of molecular levels when going from L1 to L2 [Fig.
3(a), upper part]. For 1 A F4-TCNQ precoverage, already
the monolayer DH6T (L1) had a hole injection barrier of
only 0.10 eV. Note that this corresponds to the situation ob-
served for 3 A F4-TCNQ precoverage on Ag(111) [Fig.
1(c)], indicating that the F4-TCNQ coverage dependence dif-
fers for the two rather dissimilar metal surfaces. Multilayer
formation did not lead to a further reduction of the HIB [Fig.
3(a), bottom part]. Changes in the hole injection barrier and
the vacuum level for lower F4-TCNQ precoverages are sum-
marized in Fig. 3(b). The upper part displays the HIB of L1
and L2 of DH6T as function of F4-TCNQ precoverage
(Brs-tcng)- The bottom part displays the corresponding
vacuum level shift (A,,.) with respect to pristine Au.
Multilayer DH6T on pristine Au had the same A,,. as mono-
layer DHOT, but a decreased HIB, equivalent to DH6T/
Ag(111) [Fig. 2(b)]. For F4-TCNQ precovered Au with a
monolayer of DH6T, the HIB depended almost linearly on
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FIG. 3. (a) UPS spectra of DH6T/Au (upper spectra) and DH6T on 1 A
F4-TCNQ/Au (bottom spectra), Opper is the DHOT layer thickness, and the
arrows indicate the HOMO onset. (b) Hole injection barrier and vacuum
level shift (A,,.) (referenced to the vacuum level of pristine Au) of a mono-
layer (filled squares) and multilayer (open circles) DH6T on F4-TCNQ/Au
films as function of F4-TCNQ precoverage thickness (64 tcng). The dashed
lines symbolize the boundary between the different pinning regimes.

Op4. TCNQ until 0.5 A was reached, leveled off between 0.5
and 1 A, and remained constant between 1 and 5 A. Appar—
ently, also the vacuum level shift was reduced until 1 A F4-
TCNQ precoverage and stayed essentially constant further
on. The constant values for the thick DH6T film point to
molecular level pinning. In this case the alignment of mo-
lecular orbitals is controlled by the molecular polaronic level
and not by the effective substrate work function. One can
distinguish three different energy level alignment mechanism
regimes of DH6T as function of F4-TCNQ precoverage. (i)
On pristine Au and on 0.10 A F4-TCNQ/Au the molecular
levels of L1 and L2 were vacuum level controlled. (ii) From
0.10to 1 A F4- TCNQ/Au L1 was still vacuum level con-
trolled, but L2 was molecular level pinned. (iii) For g4 tcng
larger than 1 A both L1 and L2 were pinned.

One can estimate the average charge transfer per mol-
ecule using the Helmholtz equation: Ay | 1 ,=gnpul/egy and
the DH6T molecular area density n,. (A¢y,, measured
change in the work function at the monolayer/multilayer
DH6T interface; g, elementary charge; np, dipole surface
density; u, dipole moment perpendicular to the surface; &,
dielectric constant; and &,, vacuum permittivity.) Ay,
was measured to be 0.85 eV on both metal substrates. The
layer thickness of L2 is known to be 26 A for DH6T/
Ag(111) (Ref. 6) and assumed to be similar for DH6T/Au.
For our calculations, we used half of this value to estimate
the distance between the charges giving rise to A¢y 1, We
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chose £=3, which is a commonly accepted value for conju-
gated organic materials.'* The crystal structure of DHOT is
unknown. Thus, n,, was estimated from the crystal structure
of 6T (Ref. 15), with n,,=3.92 X 10'* cm™. The ratio of n,,
and n,, gives for the average charge per DH6T molecule in
the multilayer 0.03¢. This relatively small value can explain
why no new density of states (i.e., corresponding to po-
laronic levels) was observed close to Er by photoemission.

Photoemission results of DH6T/F4-TCNQ/metal hetero-
structures have shown that for high work function electrodes
(in this work metals covered with strong electron acceptors)
the positive polaron relaxation energy of multilayer DH6T
film is in the range of the DH6T hole injection barrier. In this
case, the energy level alignment changes from being vacuum
level controlled to molecular orbital level pinning. The mea-
sured shift in the vacuum level between monolayer and
multilayer DH6T is direct evidence for interface dipoles and
for charge transfer between molecular layers. The observed
pinning behavior suggests that hexyl chains are not appropri-
ate insulating layers for the use in molecular electronics, and
longer chains may be needed.
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