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X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), atomic force
microscopy (AFM) and X-ray diffraction (XRD) were applied to investigate the electronic structure and
molecular packing of C8-BTBT on HOPG with an ultrathin Cgq interlayer. It was found that C8-BTBT
displays a Vollmer—Weber (V-W) growth mode on HOPG, with an ultrathin Cgo interlayer (0.7 nm).
Compared to the uniform lying-down growth mode as directly grown on HOPG, the C8-BTBT mole-
cules here adopt a lying-down orientation at low coverage with some small tilt angles because the n—n
interaction between C8-BTBT and HOPG is partly disturbed by the Cgq interlayer, delivering a higher
highest occupied molecular orbital (HOMO) in C8-BTBT. An interface dipole of 0.14 eV is observed due
to electron transport from C8-BTBT to Cgo. The upward and downward band bending in C8-BTBT and
Ceo. respectively, near the C8-BTBT/Cgo interface reduces the hole transport barrier at the interface,
facilitating the hole injection from Cgo to C8-BTBT, while a large electron transfer barrier from Cgo to
C8-BTBT is detected at this interface, which effectively limits electron injection from Cgo to C8-BTBT.
The HOMO of C8-BTBT near the interface is largely lifted up by the Cgp insertion layer, which causes a
p-doping effect and increases the hole mobility in C8-BTBT. Furthermore, owing to the lowest occupied
molecular orbital (LUMO) of Cgg residing in the gap of C8-BTBT, charge transfer occurs between Cgg
and the trap states in C8-BTBT to effectively passivate the trapping states. Our efforts aid a better under-
standing of the electron structure and film growth of anisotropic molecules and provide a useful strategy
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rsc.li/pcep to improve the performance of C8-BTBT-based devices.

mobility, high air stability and easy synthesis.'*'* As shown
in the inset of Fig. 1, the intermolecular exchange of n-electrons
In the past few decades, organic semiconductors (OSCs) of the BTBT core in the normal direction of self-assembled
have attracted considerable interests due to their particular C8-BTBT contributes towards its high mobility. Mineawari et al.
characteristics compared to inorganic semiconductors.”” Their  prepared C8-BTBT films with high crystallinity using inkjet
potential applications in electronic devices include organic
light-emitting diodes (OLEDs),** organic field-effect transistors
(OFETs),”” organic photovoltaic cells (OPVs)®® and organic
spintronics.’” Among various OSCs, as a derivative of
the benzothieno[3,2-b]benzothiophene (BTBT) core structure,
2,7-diocty[1]benzothienol[3,2-b]benzothiophene (C8-BTBT) has
been considered as a promising OSC in organic electronic
devices, especially in OFETs, due to its excellent carrier
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Fig. 1 Schematic diagram of the deposition of Cgg and C8-BTBT mole-
cules on HOPG, the upper right corner inset is the molecular structure of
C8-BTBT and Cep.
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printing, achieving a mobility of 16.4 cm®> v~ s~ '."*
breaking mobility of up to 43 ecm® V' s reported by
Yuan et al. in a C8-BTBT thin film transistor resulted in an
upsurge in the exploration of C8-BTBT.'® So far, many efforts
have been spent on exploring the applications of C8-BTBT. In
work by He et al., intrinsic hole mobility over 30 cm* V™' s 7,
band-like transport down to 150 K and Ohmic contact with
100 Q cm was demonstrated in an ultimate C8-BTBT monolayer
based OTFT.'® By structuring a heterojunction based on a
CH;NH;PbI;/C8-BTBT interface, Tong et al. fabricated photo-
detectors with a photocurrent to dark current ratio of as high as
2.4 x 10" and a fast response of around 4.0 ms."” Owing to the
coexistence of an ultra-long spin lifetime and band-like trans-
port in a BTBT-based single crystal, a micrometer-scale spin
diffusion length was reported by Tsurumi et al.'®

As one of the key factors in achieving better device perfor-
mance, the charge transport capability strongly depends on
high quality OSC films that have few defects and traps.'®?°
Considering the structural anisotropy of C8-BTBT that is
derived from its special structure, i.e., two insulating long alkyl
groups along the axis direction of the BTBT cores and weak van
der Waals (vDW) interactions, the electronic structure and
molecular packing of C8-BTBT is easily affected by the under-
lying substrates. He et al. fabricated high-quality few-layer
C8-BTBT molecular crystals grown on graphene or boron
nitride (BN) substrates via vDW epitaxy. It was found that
C8-BTBT adopted a lying-down phase at the initial stage but
underwent a gradual transition to a free-standing phase as
the thickness increased. OFETs based on a vertical C8-BTBT/
graphene heterostructure were confirmed to show excellent
performance, while a high field-effect mobility of up to
10 cm® V! 57" was obtained for C8-BTBT/BN-based OFETs.*"
Such a phase transition was also observed in studies by Lyu
et al. on C8-BTBT,”*** where C8-BTBT is prone to forming
clusters with a disordered orientation on SiO, substrate at low
coverage of C8-BTBT due to the weak interaction between
C8-BTBT and SiO,. An unconventional downward band bend-
ing in C8-BTBT induced by the phase transition of C8-BTBT on
HOPG or SiO, was also observed, which affects the charge
transport in C8-BTBT and further affects the performance of
C8-BTBT-based OFETs. All of the studies mentioned above
provided an important clue for manipulating the carrier trans-
port of anisotropic organic molecules similar to C8-BTBT and
indicate the importance of the choice of substrates.

To improve the performance of C8-BTBT-based OFETs,
many OSCs have been introduced to modify the energy level
alignment and thus to facilitate charge transport at the
interface'®?%**?* Modified using a F4-TCNQ layer, solution-
crystallized OFETs based on C8-BTBT have been reported to
deliver a high mobility (3.5-6 cm* V' s ') and a low threshold
voltage in air.”® Paterson et al. achieved a hole mobility of over
13 ecm® V' s7' by blending C8-BTBT and the conjugated
polymer C;6IDT-BT.>” Therefore, the influences of the func-
tional OSC layer on the electronic structure and molecular
packing of the C8-BTBT/OSC interface are also of importance
and warrant further investigation. As an important acceptor
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material, C¢o has been extensively used to construct a P-N
heterojunction with another OSC layer, functionally modifying
the interfacial energy level alignment, passivating the trap
states and even improving the thermal stability of some small
organic molecules.”®*

In this paper, we studied the modification of the electronic
structure and molecular packing of C8-BTBT on HOPG with an
ML Cq, interlayer using X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), atomic force
microscopy (AFM) and X-ray diffraction (XRD), amongst others.
The effect of functionalizing the introduced Cg, interlayers was
also discussed and some interesting conclusions were drawn.
Our work helps to understand the charge transport at the
C8-BTBT/OSC interface and provide an idea of how to structure
C8-BTBT-based OFETs that have high performance.

2. Experimental

Sample preparations and photoelectron spectroscopy (PES)
were carried out in a multiple ultra-high vacuum chamber,
which included a spectrometer chamber (base pressure <1 x
10~ % mbar), an organic molecular beam chamber (base pres-
sure <5 x 10 ° mbar), a load lock chamber (base pressure
<5 x 10% mbar) and a radical distribution chamber (base
pressure <5 x 10~ ° mbar) for interconnection. Freshly cleaved
HOPG was degassed for 8 h at 450° in the spectrometer
chamber. Shown in Fig. 2 are the XPS spectra of impurities
related to the O 1s peaks, the UPS spectra and low energy
electron diffraction (LEED) pattern of HOPG, which indicates a
clean and high quality HOPG substrate. Prior to C8-BTBT
deposition, an ultrathin Cgo film of ~0.7 nm was thermally
evaporated on HOPG by organic molecular beam epitaxy. It is
worth mentioning that the thickness here obtained using a
quartz crystal microbalance (QCM) is an average thickness
based on film mass, which should be understood as a “nominal
thickness” of Cgo. Subsequently, a C8-BTBT layer with a final
thickness of 6.4 nm was deposited layer by layer on the HOPG
substrate in the same chamber. The deposition rate of C4, and
C8-BTBT was precisely controlled at 0.15 and 0.13 nm min
respectively, which was monitored using a QCM. A schematic
diagram of the deposition of C8-BTBT and Cg, molecules is
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Fig. 2 (a) XPS full spectrum of pristine and degassed HOPG, in which the
C 1s and O 1s core-level spectra of post-degassed HOPG are shown in the
inset. (b) UPS spectra of post-degassed HOPG, in which the inset shows
the LEED of HOPG.
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shown in Fig. 1. The full details of this have been documented
in our previous work.*>*

Thereafter, the XPS and UPS spectra of the prepared samples
were collected in situ in the spectrometer chamber. For the XPS
measurements, the X-ray source was operated at 100 W with
a 40 eV pass energy and 100 meV step size. For the UPS
measurements, the UV light spot diameter was about 1 mm
and the energy resolution was about 70 meV, obtained from the
Fermi edge of clean Au(111). The secondary cut-off edge was
recorded with sample bias at —5 V. The angle between the
incident photon and the emitted photoelectron direction was
45° for both XPS and UPS. The binding energies (Eg) of all
spectra were calibrated to the Fermi level (Ey) of the energy
analyzer. LEED images were acquired using a rear view four
grid system (SPECS ErLEED 1000A). X-ray diffraction (Rigaku D.
Max 2500 diffractometer, Cu Ko radiation, A = 1.5418 A) was
utilized to identify the out-of-plane crystalline phases of
the samples. Using silicon probes with a 10 nm curvature
radius, AFM measurements were carried out in tapping mode
for organic semiconductor film imaging.***° XRD and AFM
measurements were performed in air. All the measurements
were performed at room temperature.

3. Results and discussion

XPS spectra of C 1s and S 2p as a function of the C8-BTBT
overlayer thickness are presented in Fig. 3, in which CasaXPS
was used for the Gaussian fitting of the C 1s and S 2p
curves.*"*? For better visual comparison, all XPS and UPS
spectra in Fig. 3 were normalized to unit intensity. The C 1s
peak consists of three components associated with carbon from
the HOPG substrate, Cqo interlayer and C8-BTBT, labeled as
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C 1s (HOPG), C 1s (Cgp) and C 1s (C8-BTBT), respectively.
The XPS S 2p spectra of consist of two main peaks attributed
to S 2p"? and S 2p** with a fixed energy difference (1.18 eV),
fixed ratio of intensity (2:1) and same full width at half
maximum (FWHM, 1.52 eV). All peak positions are marked
with vertical black short solid lines. As shown in Fig. 3a, there is
almost no shift for C 1s (HOPG) with the initial deposition of
0.7 nm Cgo on HOPG and further deposition of up to 6.4 nm
C8-BTBT on Cgo/HOPG, while a distinguishable shift of about
0.08 eV toward a higher binding energy (BE) for C 1s (Cs)
occurs with the 0.2 nm C8-BTBT deposition. Then, the C 1s
(Ceo) peak, as well as the C 1s (C8-BTBT) peak, moves toward a
higher BE with an increase in C8-BTBT coverage, showing a
total shift of 0.14 and 0.33 eV for C 1s (Cgo) and C 1s (C8-BTBT),
respectively, with a final deposition of 6.4 nm C8-BTBT. At this
C8-BTBT overlayer thickness, the C 1s signals attributed to
HOPG and Cg, are much too weak to be distinguished. As for
the S 2p spectra shown in Fig. 3b, a similar shift toward a
higher BE for C 1s (C8-BTBT) is also observed, showing a
shift of 0.29 eV, slightly smaller than that of C 1s (C8-BTBT).
Interestingly, the shift of C 1s (Cs,) occurs just near the
C8-BTBT/Cs, interface region, while the shift in C 1s (C8-BTBT)
can be observed across the entire region.

Shown in Fig. 4a are the UPS spectra of the secondary
electron cut-off edge, from which we can obtain the work
function (WF) according to the formula WF = hv — E, where
hv is the energy of incident photons and E is the BE of the cut-
off onset. Linear extrapolation was adopted to determine the
value of E¢ as well as the highest occupied molecular orbital
(HOMO), as reported in our previous work.”* The WF of the
post-processed bare HOPG substrate is 4.38 eV, and it shifts to
4.56 eV as 0.7 nm of Cg is deposited on HOPG. Although there
is a 0.18 eV difference in the WF between Cg, and HOPG, no
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Fig. 3 Thickness dependence XPS core-level spectra of (a) and (b) C 1s and (c) S 2p in C8-BTBT, the C 1s peak is fitted to C 1s (HOPG), C 1s (Cgo) and C 1s

(C8-BTBT), the S 2p peak is fitted to S 2p2 and S 2p>2.
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Fig. 4 Thickness dependent UPS spectra of the (a) cut-off and (b) HOMO regions; (c) upper panel: XPS core-level spectra of C 1s for 6.4 nm C8-BTBT/
0.7 nm Cgo/HOPG with an X-ray source modulated at 100 and 50 W, respectively, lower panel: the Gaussian fitting of HOMO with HOMO—-1(Cgp) and
HOMO-1(C8-BTBT); (d) the evolution of S 2p, HOMO, WF and IP with increasing C8-BTBT coverage.

charge redistribution occurs at the Co/HOPG interface, which
is supported by the unchanged position of the C 1s (HOPG)
peaks. Hereafter, the WF suddenly reduces to 4.28 eV
with a deposition of 0.2 nm C8-BTBT on as-prepared 0.7 nm
Ce0o/HOPG and then monotonically decreases with the further
deposition of C8-BTBT. The WF eventually attenuates to 3.76 eV
at 6.4 nm C8-BTBT, comparable to that of bulk-phase C8-BTBT.>?

The evaporation thickness dependent HOMO values are
presented in Fig. 4b. The HOMO is 1.51 eV upon the deposition
of 0.7 nm Cg, and two distinct characteristic peaks derived
from the Cg, valence band appear at 2.11 and 3.59 eV, named as
HOMO-1 and HOMO-2 here, respectively. With the following
deposition of C8-BTBT, the intensities of the two peaks
decrease with an increase in FWHM due to the effect of
the contribution from C8-BTBT. To distinguish between the
contributions that Cg, and C8-BTBT make to the HOMO, the
HOMO-1 peaks for 0.7 nm Cg,/HOPG and 0.2 nm C8-BTBT/
0.7 nm Cg/HOPG were fitted with HOMO-1(Cgo) and
HOMO-1(C8-BTBT) after subtracting the background, as
shown in Fig. 3c (the lower panel). The HOMO—1(Cs,) presents
a slight shift of 0.09 eV toward a higher BE and the
HOMO-1(C8-BTBT) was found to be responsible for the
HOMO onset of the sample, which is determined at 1.63 eV.
Upon further increasing the coverage of C8-BTBT, the
HOMO onset shows the same shift trend as the cut-off edge,
with a total shift of 0.35 eV. The HOMO—1(Cq,) gradually
disappears as the thickness of C8-BTBT increases. However,
the HOMO—1(C8-BTBT) is also found to vanish at high cover-
age of C8-BTBT with the increasing thickness of C8-BTBT,
which seems contradictory. In fact, the HOMO—1(C8-BTBT)
peak is supposed to be associated with the lying-down phase
of C8-BTBT and the gradual transition to its standing-up phase

This journal is © the Owner Societies 2020

results in the disappearance of HOMO—1(C8-BTBT) as the
coverage of C8-BTBT increases."*

To acquire an intuitive picture of the change in all energy
levels, the thickness dependent evolution of C 1s, S 2p, HOMO,
low unoccupied molecular orbital (LUMO), WF and ionization
potential (IP) of C8-BTBT are plotted in Fig. 4d. The band gap of
C8-BTBT is taken as 3.84 eV.*” It can be obviously observed that
as the thickness of C8-BTBT increases, the C 1s, S 2p, HOMO and
LUMO present an almost same downward shift of ~0.35 eV,
while the WF shows a greater shift of around 0.48 eV, which
leads to an IP decrease of ~0.13 eV. To ensure the observed
energy level shifts toward a higher BE are exclusively ascribed to
the nature of samples, charging effects need to be ruled out here,
which are often observed in PES tests for many organic semi-
conductors that have poor conductivity. To this end, in Fig. 3¢
(the upper panel) we present the C 1s spectra of the 6.4 nm
C8-BTBT/0.7 nm C,z/HOPG interface at different X-ray source
power. If there is a charging effect in play in this sample, the
excited photoelectron numbers should be dependent on the
power of the X-ray source, which induces a different energy level
shift toward a higher BE. Fortunately, the fact that the C 1s peak
is nearly at the same position using both 50 and 100 W X-ray
sources excludes the possibility of a charging effect, most likely
due to the excellent conductivity of C8-BTBT. In fact, such an
unconventional decrease in the IP may be ascribed to the phase
transition of n-conjugated molecules with structural anisotropy,
as reported in previous studies on C8-BTBT/HOPG(SiO,) and
other cases involving 6T, DH6T and CuPc.*®"” The interface
dipole from the different oriented layer of C8-BTBT causes the
band bending of C8-BTBT and the C-H surface dipole in the
upper layer accounts for the decrease in IP. However, some
interesting differences can be observed and remain unclear here
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Fig. 5 AFM morphology images (5 um x 5 pm) of the (a) HOPG, (b) 0.7 nm Cgo on HOPG, (c) 1 nm C8-BTBT, (d) 3 nm C8-BTBT, (e) 6.4 nm C8-BTBT on
0.7 nm Cgo/HOPG, and (f) out-of-plane XRD spectra of the 0.7 nm Cgo/HOPG and 6.4 nm C8-BTBT/0.7 nm Cgo/HOPG interfaces.

owing to the additional insertion of 0.7 nm Ceo between C8-BTBT
and HOPG. More efforts will be carried out to elucidate the
electronic structure and the molecular packing mode of the C8-
BTBT/0.7 nm Cg,/HOPG interface.

To verify the molecular packing of C8-BTBT on 0.7 nm Cgo/
HOPG, morphology images of HOPG, 0.7 nm Cg, and different
coverages of C8-BTBT were characterized by AFM, as shown in
Fig. 5a—e. The root mean square (RMS) of processed HOPG was
measured to be as low as 0.19 nm, as shown in Fig. 5a, and the
cross section along the black line shows a height variation of
no more than 0.5 nm, indicating that a high quality HOPG
substrate that is atomically smooth was obtained and may
minimize the impacts of the substrate on the overlayers in our
research. As a 0.7 nm Cg layer is deposited on HOPG, many
formed Cg, clusters are unevenly distributed on the HOPG sub-
strate with considerable exposure of the underlying substrate. The
average height of the clusters far exceeds 0.7 nm, as confirmed by
the height distribution of Cg, along the line in Fig. 5b, so the
0.7 nm Ce»/HOPG configuration delivers a relatively big RMS of
1.12 nm. As shown in the inset of Fig. 1, owing to the structural
anisotropy of C8-BTBT, it is easy to examine the packing orienta-
tion of C8-BTBT molecules from AFM measurements. In Fig. 5c,
with the deposition of 1 nm C8-BTBT, several layers of C8-BTBT
form on the underlying layer with some large-size islands and an
RMS of 1.63 nm. With the deposition of more C8-BTBT molecules,
the separated islands gradually coalesce together and form new
continuous layers, and new C8-BTBT islands form on the upper
layer at the same time, from which we should infer that C8-BTBT
molecules grow on 0.7 nm Cgo/HOPG in a V-W growth mecha-
nism, as shown in Fig. 5d and e.

From the cross section along the black line in Fig. 5c-e, the
evolution of the layer height of C8-BTBTcan be observed. We

25268 | Phys. Chem. Chem. Phys., 2020, 22, 25264-25271

can clearly see that the terrace height of C8-BTBT increases with
the increasing coverage of C8-BTBT with a step height of
around 3.42 nm with the deposition of 6.4 nm C8-BTBT, which
is identical to the height of the standing orientation C8-BTBT
molecules. As expected, the C8-BTBT molecules eventually relax
to a standing-up phase regardless of their initial phase, induced
by the underlying substrate. The increasing layer height of
C8-BTBT means that a phase transition in the orientation of
the C8-BTBT molecules occurs during the relaxation process.
However, the lowest height of the terrace measured here is
2.42 nm, which is much greater than the height of the C8-BTBT
molecules that are completely lying-down. Therefore, the mole-
cular packing of C8-BTBT on 0.7 nm Cg/HOPG cannot be
completely figured out here, especially for a low coverage of
C8-BTBT molecules. Out-of-line XRD was also performed to
characterize the crystallinity and crystal orientation of the
C8-BTBT film, as shown in Fig. 5f. Compared to the pattern
of the sample without deposition of C8-BTBT, a new peak at
~3° was observed for the 6.4 nm C8-BTBT/0.7 nm Cg,/HOPG.
The peak is assigned as the (001) Bragg reflection of C8-BTBT,
with a d-spacing of around 3.02 nm. The strong reflection
peak implies the high crystallinity of 6.4 nm C8-BTBT on
0.7 nm Cgo/HOPG and indicates a highly ordered standing-up
phase of C8-BTBT at this coverage.

The C8-BTBT thickness dependent intensity evolution of
the XPS core-level spectra in the C8-BTBT layer and the under-
lying Cqo and HOPG layers in Fig. 6 provide further insight on
the film growth mode of C8-BTBT on 0.7 nm Cg,/HOPG. As
reported in our previous work, the decreasing peak intensity of
the elements in the substrate and the increasing peak intensity
of those in the overlayer exponentially change with the over-
layer thickness as the molecules are deposited on the substrate

This journal is © the Owner Societies 2020
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Fig. 6 (a) The intensity evolution of the C 1s and S 2p peaks with
increasing C8-BTBT thickness, (b) the dependence of In(/s/lsg) or In
(1 — Is/lsg) on the C8-BTBT thickness, where Is and 5o are the peak
intensities with and without coverage of C8-BTBT molecules.

layer by layer, which can be described by the formulae Is =
Isoe ¥ and Is = Iso(1 — efdM), respectively, where / is the mean
free path (MFP) of the electron crossing the coverage layer and
d is the thickness of the coverage.’®*® It is apparent that the
intensities of C 1s (HOPG) and C 1s (Cg), C 1s (C8-BTBT) and S
2p perfectly agree with the formulas above. To further analyze
the intensity evolution, the normalized intensities as a function
of thickness are plotted in Fig. 6b. The intensities of C 1s
(HOPG) and C 1s (Cg) show a similar slope change. The linear
fit of C 1s (Ceo) is presented and an electron MFP of ~2.16 nm
was achieved, which conforms to normal values among organic
semiconductor materials. Interestingly, a slight increase in the
absolute value of the C 1s (Cg) slope is observed upon increas-
ing the C8-BTBT thickness, which may serve as further evidence
of the V-W growth mode of C8-BTBT on the 0.7 nm Cq,/HOPG
substrate. The formation of C8-BTBT clusters at low coverage
leaves a larger area of exposure of the underlying Ce, layer than
an evenly distributed C8-BTBT film, so the photoelectron
intensity associated with the C 1s (Cg) decreases gradually at
first. Then, the coalescence of the C8-BTBT islands leaves
less of the underlying Ce( layer exposed, leading to a quicker
intensity attenuation of photoelectrons.

Based on the XPS and UPS data, a phase transition from the
lying-down orientation to the standing-up orientation for the
C8-BTBT molecules is inferred, but the molecular orientation
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of C8-BTBT in the initial coverage stage remains unclear.
Compared to C8-BTBT directly deposited on HOPG, we found
that the HOMO value at low coverage of C8-BTBT for C8-BTBT
deposited on 0.7 nm Cg,/HOPG is apparently greater and the
decrease in WF, HOMO, C 1s, S 2p and IP are much smaller,
which probably means that the C8-BTBT molecules do not lie
completely flat on HOPG at the initial stage because the n-n
interaction between C8-BTBT and HOPG is not completely
propagated by the ultrathin Ce, interlayer.”® Further evidence
was provided by AFM characterization. Shown in Fig. 7a is
a schematic of the molecular packing of C8-BTBT on 0.7 nm
Ceo/HOPG. The step height of 2.42 nm in Fig. 5c indicates that
the C8-BTBT molecules adopt a lying-down orientation with a
big tilt-up angle at low C8-BTBT coverage. Compared to the case
without the 0.7 nm Cg interlayer, in which C8-BTBT molecules
present an approximately complete lying-down orientation with
some slight disorder, the big tilt-up angle here can be ascribed
to the disordered effect derived from the Cg, interlayer. The step
height of 3.42 nm is associated with the standing-up orientation
of the C8-BTBT molecules at high C8-BTBT coverage.

The energy level alignment of 6.4 nm C8-BTBT/0.7 nm Cg/
HOPG is presented in Fig. 7b, in which the E, value of Cq is
taken as 2.3 eV here.”® Owing to the negligible difference in the
WF between Cgo and HOPG, no charge transport occurs and no
dipole forms at the 0.7 nm Cg,/HOPG interface, hence band
bending behavior is not observed at the Cq, side near the
interface. At the C8-BTBT/Cq, interface, an interface dipole of
0.14 eV pointing from the C8-BTBT to Cg, is observed due to
electron transport from the C8-BTBT region to the Cgq, region as
a result of the WF difference between C8-BTBT and Cg,. So,
downward band bending in the Cg, layer happens naturally
near the interface. The WF of 0.7 nm Cg, measured here is
much smaller than the bulk-phase Cgp, as detailed in our
previous work,*"*" most likely due to the contributions from
the HOPG substrate considering the evenly distributed Cg, on
HOPG without complete coverage.’>* In terms of the C8-BTBT
side, noticeable downward band bending is also observed,
which induces a built-in field and thus a p-doped surface state
region. Both the charge transfer at the C8-BTBT/Cy, interface
and the orientation transition of C8-BTBT contribute to the
downward band bending of C8-BTBT. However, the former
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6.4 nm C8-BTBT

Fig. 7 Schematic drawing of the (a) molecular packing and (b) energy level alignment for C8-BTBT on 0.7 nm Cgo/HOPG.
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always occurs very near to the interface, while the latter seems
to occur farther away from the interface, as supported by the
minor decrease in IP near the interface.

Strong hole accumulation near this interface may facilitate the
formation of a high concentration conducting channel when this
interface is incorporated into an organic device. In addition,
combined with the band bending of C8-BTBT and Cg, the
difference in the HOMO between C8-BTBT and Cg, is greatly
reduced, which means a smaller hole barrier forms at the inter-
face for hole transport from C8-BTBT to HOPG. At the same time,
the difference in LUMO between C8-BTBT and Cg, increases at the
very near interface region, which increases the electron barrier for
electron transport from Cgo to C8-BTBT and reduces the possibi-
lity of electron-hole recombination at the interface. Finally, the
LUMO of Cg resides in the gap of C8-BTBT owing to the wide gap
of C8-BTBT, and the trap states derived from the defects in C8-
BTBT can be greatly passivated after the in-gap trap states above
the level of the HOMO are filled, which can deliver a weak
hysteresis effect and a small threshold voltage in related devices.
Therefore, the insertion of 0.7 nm Cg, is expected to improve the
performance of C8-BTBT-based devices with low threshold vol-
tage and higher mobility. Our results show that the C8-BTBT
films modified by ultrathin Ce, interlayer have great potential for
use in the organic electronic device field.

4. Conclusions

In summary, the electronic structure and molecular packing
mode of a C8-BTBT/0.7 nm Cg/HOPG interface have been
investigated using XPS, UPS, AFM and XRD. C8-BTBT molecules
grow on 0.7 nm Cg/HOPG in a V-W mode and the m-n
interaction between C8-BTBT and HOPG is weakened by the
thin Cg, interlayer to some extent, which makes the C8-BTBT
molecules still adopt a lying-down orientation at low coverage,
but with a tilt angle. The tilt up C8-BTBT layer has a higher
HOMO than the completely lying-down ones. Downward
band bending occurs in both C8-BTBT and the Cg, layer at the
C8-BTBT/Cs, interface due to carrier transfer together with
the phase transition in C8-BTBT. The HOMO of C8-BTBT near
the interface is largely lifted by the Cgq, insertion layer, which
causes a p-doping effect and an increase in hole mobility in
C8-BTBT. The hole transfer barrier at the interface is largely
reduced while electron transfer barrier is clearly increased.
Owing to the wide gap of C8-BTBT, the LUMO of Cg, residing
in the gap of C8-BTBT can probably passivate the trapping states
in C8-BTBT. Our efforts help to better understand the electron
structure and film growth of anisotropic molecules and provide a
useful strategy to improve the performance of C8-BTBT-based
devices.
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