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A B S T R A C T

The electronic structure and chemical reaction at the interface between 2,7-diocty[1]benzothieno[3,2-b]ben-
zothiophene (C8-BTBT) and La0.67Sr0.33MnO3 (LSMO) have been investigated using ultraviolet photoemission
spectroscopy, X-ray photoemission spectroscopy, and atomic force microscopy. There is an interface dipole of
0.41 eV, pointing from LSMO to C8-BTBT. The Fermi level is 1.64 eV above the highest occupied molecular
orbital (HOMO) of C8-BTBT and the injection of electron from LSMO to C8-BTBT is not efficient. The oxygen is
found to diffuse from LSMO to C8-BTBT, which leads to the Mn4+ reduced into Mn3+ at the C8-BTBT/LSMO
interface. The growth mode of C8-BTBT on LSMO film is Stranski-Krastanov(SK)mode. Our investigation suggest
a buffer layer between the C8-BTBT and LSMO to bridge the electron transport barrier.

1. Introduction

Organic semiconductors (OSCs), including π–conjugated polymers
and small molecules, have been a vibrant field of research and devel-
opment due to the rich physics, flexible chemistry, and cost efficiency
[1–3]. In spin related devices, π–conjugated polymers have been used
as an organic layer between two ferromagnetic (FM) electrodes in or-
ganic spin valves [4,5]. The spin polarization carriers injected from the
electrode into the OSCs has been proved using low-energy muon spin
rotation and two-photon photoemission spectroscopy [6–9]. Transport
of spin polarized carriers from the first FM electrode to the second
depends on the properties of the organic semiconductors. The carrier
mobility is one of the important factors for the device performance. The
spin diffusion length, λs, is related to the carrier mobility μ according to
the relationship of =λ μk Tτ e/s B , where kB, T, τ, and e are the Boltz-
mann constant, temperature, spin relaxation time, and electron charge,
respectively [10–13]. The relatively low mobility of OSC materials
often limits the spin diffusion length in OSCs, which has been an ob-
vious obstacle for observing the spin precession or Hanle effect in those
materials [14,15].

The relatively low carrier mobility of π–conjugated materials was
generally caused by charge hopping/tunneling transport mechanism.
Recently, Yuan et al. demonstrated in 2,7-diocty[1]benzothieno[3,2-b]
benzothiophene (C8-BTBT) thin films a field effect mobility up to

43 cm2 V−1 s−1 by using a novel off-center spin-coating technique [16].
High-performance C8-BTBT-based devices have since been obtained by
different film preparation methods and device geometries [17–20]. The
band-like transportation may be the reason of the high carrier mobility
in the C8-BTBT film [21], which can also make C8-BTBT a good can-
didate for organic spintronic devices. The half-metallic manganite
La0.67Sr0.33MnO3 (LSMO) is often used as ferromagnetic electrode due
to its 100 % spin polarization at the Fermi level and stability against
oxidation [22–26]. In addition, the Curie temperature of LSMO films
lies above room temperature if prepared with suitable deposition
parameters [27,28]. It is well known that the charge transport across
organic/metal interface is important for optimum device operation and
the understanding of these interfaces has tremendous impact on the
semiconductor device technology. It is meaningful to understand the
interfacial interaction and electronic structure of the interface between
C8-BTBT and LSMO, and decide if it is suitable for related devices.

In this work, we report our investigation on the interface formation
of C8-BTBT/LSMO using ultraviolet photoemission spectroscopy (UPS),
X-ray photoemission spectroscopy (XPS), and atomic force microscopy
(AFM). We found that the C8-BTBT film exhibited Stranski-Krastanov
(SK)mode on LSMO. The Fermi level at the interface is close to the mid-
gap position of C8-BTBT, which sets a limit to charge injection from
LSMO. The oxygen diffuses from LSMO to C8-BTBT and makes Mn4+

reduced to Mn3+ in the C8-BTBT/LSMO interface, and then reacts with
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the C8-BTBT under the ultraviolet light. Our results suggest that direct
injection of spin from LSMO to C8-BTBT by charge carriers may not be
efficient, and interface modification are required to design C8-BTBT/
LSMO-based devices.

2. Experimental details

The UPS and XPS measurements were performed in an ultrahigh
vacuum (UHV) system equipped with a spectrometer chamber, an in
situ organic evaporation chamber, and a sputtering chamber. The base
pressure of the spectrometer chamber, organic evaporation chamber,
and sputtering chamber is ∼1.5×10−10 mbar, 1× 10-9 mbar and
3×10-8 mbar, respectively. The spectrometer chamber includes a
SPECS PHOIBOS 150 hemispherical energy analyzer. The UPS was
measured with a SPECS Microwave UV Light Source (He I= 21.2 eV),
and the XPS with a monochromatic SPECS XR-MF X-ray source (Al
Kα=1486.7 eV). The UPS spectra were collected with the samples
biased at −5.0 eV to observe the low energy secondary cut-off. The UV
light spot is about 1mm in diameter. A total energy resolution of
70meV was determined from the Fermi edge of Au. The binding en-
ergies of all UPS and XPS spectra were calibrated and referenced to the
EF of the sample. The LSMO substrate was grown by pulsed laser de-
position on SrTiO3 (001) substrates [29]. After being cleaned in ultra-
sonic baths of acetone and ethanol for 15min, respectively, the LSMO
substrate was inserted into the sputtering chamber and annealed at
5× 10-5 mbar oxygen atmosphere for 120min at 450 °C, and the
quality was verified by UPS, XPS, and low energy electron diffraction
(LEED) image. The results show that the LSMO substrate is clean and
well crystallized after annealing in oxygen [30]. After natural cooling,
the LSMO substrate was transferred to the organic evaporation chamber
and the pressure is ∼3×10-8 mbar in the transfer process. The C8-
BTBT molecule was thermally evaporated at the deposition rate of
1−2 Å/min and its thickness was monitored with a quartz crystal mi-
crobalance (QCM). Atomic force microscopy (AFM) imaging was ex-
amined by Agilent 5500AFM/SPM using the tapping mode. All mea-
surements were taken at room temperature.

3. Results and discussion

The UPS spectra of C8-BTBT on LSMO are presented as a function of
the thickness of C8-BTBT over layer in Fig. 1. All the spectra are nor-
malized to the same height for visual clarity. Fig. 1(a) shows the cut-off

region of the UPS data. The work function (WF) was determined by the
center of the slopes of the spectra. The WF of LSMO is 4.70 eV, which is
in agreement with previous reports [31–33]. The WF of 5 Å C8-BTBT
film is 4.29 eV and that of 120 Å C8-BTBT film is 3.72 eV. A total WF
decrease of about 0.57 eV is observed. The HOMO region of the UPS
spectra is shown in Fig. 1(b) and (c). We notice that the HOMO of C8-
BTBT shift towards the higher binding energy (BE) with increasing C8-
BTBT thickness and the total shift is about 0.24 eV. As the thickness
increase from 5 to 120 Å, The HOMO onset of C8-BTBT film increases
from 1.64 to 1.88 eV, indicates that the HOMO moves away from the
Fermi level (EF) slightly. As shown in Fig. 1(b), there are three char-
acteristic peaks (P1, P2, P3) from C8-BTBT. Peak P1, P2, and P3 of 10 Å
C8-BTBT are located at ca. 6.61 eV, 9.28 eV, and 10.63 eV respectively.
All of these peaks shift toward high binding energy rigidly as the C8-
BTBT thickness increases from 10 to 40 Å. The rigid shift is also re-
flected in that of the cut-off. At 80 and 120 Å C8-BTBT, we observed
that the cut-off edge became wider markedly and the characteristic
peak of HOMO between 1.5–3.0 eV disappeared, while P1, and P2
showed a larger shift. The shift and broadening lead us to deduce that
there are charging effects when 80 and 120 Å C8-BTBT are deposited on
the LSMO substrate. On the other hand, we found that the changes in
the offset of WF and P1 or P2 were different for the two coverages. The
shift for 120 Å C8-BTBT is 1.41 eV for P1 and P2, in comparison to that
of 10 Å C8-BTBT, while that of the cut-off is merely 0.43 eV. The non-
rigid shifts and the disappearance of the HOMO features indicate that
there are more than just charging. We attribute these changes to the
altering orientation of the C8-BTBT molecular from flat lying to
standing, as previously observed in other C8-BTBT interfaces [34–37].

To highlight the effect of the C8-BTBT thickness on the energy level
shift, we plot the energy levels alignment diagram for the C8-BTBT/
LSMO interface as shown in Fig. 1(d). Taking the 3.84 eV energy gap of
C8-BTBT into consideration [38], the Fermi level lies near mid-gap
position of C8-BTBT at the interface. The electron injection barrier from
LSMO to C8-BTBT is about 2.20 eV and the hole injection barrier is
1.64 eV, which means that the spin related injection is not efficient.
There is an interfacial dipole of 0.41 eV pointing from LSMO to C8-
BTBT side. The WF decreases by 0.26 eV from 4.29 eV at 5 Å to 4.03 eV
at 40 Å, while the HOMO decreases by 0.15 eV from 5 to 40 Å. We can
see a clear band bending where the WF and HOMO shows similar
downward shift as the increasing of the C8-BTBT thickness, which can
be attributed to the charge redistribution and interfacial interaction at
C8-BTBT/LSMO interface.

Fig. 1. UPS spectra evolution of C8-BTBT thickness deposited on LSMO. (a) Cut-off region, (b) HOMO region, (c) Magnified at binding energy between -0.5 eV to
4 eV, (d) Evolutions of the WF, HOMO, and LUMO as the C8-BTBT thickness increases.
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Presented in Fig. 2 is the evolution of C 1s, S 2p, O 1s, and Mn 2p1/2
peaks as a function of increasing C8-BTBT thickness. All the spectra are
normalized to the same height for visual clarity. At the initial C8-BTBT
deposition, the C 1s peak is located at 285.22 eV as shown in Fig. 2(a).
With increasing of the C8-BTBT film, the C 1s peak moves to 285.35 eV
at 120 Å and the total shift is ca. 0.13 eV. The C 1s core level is fitted
with commercial software CasaXPS (see supporting information Fig.
S1), which shows that the shift of C ls and S 2p core level is little. As
shown in Fig. 2(b), the S 2p3/2 peak shifts from 164.68 eV at 5 Å to
164.53 eV at 10 Å, which is different from those in the C 1s and UPS
data. Meanwhile, the S 2p3/2 peak moves to 164.66 eV at 120 Å and the
total shift is ca. 0.13 eV. The O 1s and Mn 2p1/2 from the LSMO sub-
strate are shown in Fig. 2(c) and (d). We can see the position of peak do
not shift as the C8-BTBT thickness increases, indicates that the LSMO is
not affected appreciably by the C8-BTBT film. The O 1s and Mn 2p1/2
spectra can still be observed when the C8-BTBT film thickness reach
120 Å, indicating that the growth mode of C8-BTBT molecules are ei-
ther Volmer-Weber(VM) or Stranski-Krastanov(SK)mode on the LSMO
substrate.

Generally, the growth mode can be related to the intensity at-
tenuation of photoelectrons from the C8-BTBT overlayer or the LSMO
substrate. Details about this could be found elsewhere [39,40]. As
shown in Fig. 3, the intensities of the photoelectrons ejected from the O
1s and Mn 2p decrease as the increasing of C8- BTBT thickness and it
can be divided into three different regions. In the first region, the in-
tensities of the photoelectrons decrease quickly from 0 to 10 Å, in-
dicated that the growth mode in this region is Frank-van der Merwe
model. In the last region, the intensities of the photoelectrons slow
decreases from 40 to 120 Å, which is a typical island mode. There is a
transition region for the intermediate region. Shown in Fig. 4(d) is the
AFM image of 120 Å C8-BTBT film deposited on LSMO. We found that
120 Å C8-BTBT film did not cover the LSMO substrate, indicated that
the C8-BTBT molecules exhibited Stranski-Krastanov (SK) mode as
grown on the LSMO substrate.

It is instructive to compare the C 1s of 40 Å C8-BTBT film deposited
on different substrates, as shown in Fig. 4(a). The C 1s peaks of 40 Å C8-
BTBT film deposited on SiO2, Cu, Ni show the same binding energies
(∼284.97 eV) [34,40,41], which can be attribute to the intrinsic
binding energy for C8-BTBT molecule. When 40 Å C8-BTBT film de-
posited on LSMO substrate, the C 1s peak located at ca. 285.26 eV
which is higher than those on SiO2, Cu, Ni substrate. The possible

reasons is that some interfacial interaction taking place at C8-BTBT/
LSMO interface. We then carefully checked the Mn 2p1/2 spectra for
compare. As shown in Fig. 4(b), the dot lines are fitted with commercial
software CasaXPS. The magnetic properties of LSMO are mainly de-
termined by Mn valence state, which can be described as a mixture of
Mn3+ and Mn4+ making up a Mn3+-O-Mn4+ bond [42–45]. The Mn
2p1/2-related peaks at 653.17 eV and 654.67 eV are assigned to Mn3+

and Mn4+, respectively [42,43,46]. We found that the Mn4+ decreases

Fig. 2. XPS spectra of (a) C 1s, (b)S 2p, (c) O 1s, and (d) Mn 2p1/2 at different over layer C8-BTBT thickness. Note: XPS test after UPS test.

Fig. 3. The function relationship between the photoelectron intensity and the
thickness of C8-BTBT film. I0 is the photoelectron intensities from the LSMO
substrate without the C8-BTBT overlayer.
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with the C8-BTBT film thickness increasing and disappears at 40 Å C8-
BTBT film, indicating the strong reduction of Mn4+.

In addition, we examined the ratio of O/Mn of LSMO covered by C8-
BTBT film, as shown in Fig. 4(c), and found the O/Mn ratio increasesed
with the C8-BTBT film thickness. The possible reason should be the
diffusion of oxygen to the upper C8-BTBT film which makes the de-
tection efficiency of oxygen higher than that of the Mn ions. Shown in
Fig. 4, the Mn4+ decreases while the ratio of O/Mn increases with the
increasing C8-BTBT film thickness. As both Mn and O are from the
substrate, it is natural to deduce that the reduction of Mn and increase
of O indicate oxygen out-diffusion into C8BTBT. Another evidence
supporting the oxygen out-diffusion model is that the O/Mn ratio in-
crease quicker than the reduction of Mn3+ at low C8-BTBT coverages,
which is understandable from the finite detection depth of XPS. Com-
bining the disappearing of Mn4+ and the increasing O/Mn ratio, it is
reasonable to infer that the diffusion of O from LSMO to the interface
makes Mn4+ reduced to Mn3+ in the C8-BTBT/LSMO interface. The
HOMO bending of C8-BTBT/LSMO can also be attributed to the O
diffusion to C8-BTBT which lift the Fermi level of C8-BTBT. We have
observed similar oxygen accumulation at the interface of C60/LSMO
[30]. The type of the OSC seems have little impact of the diffusion of
oxygen from inside of LSMO to the surface as the C8-BTBT is a typical p-
type OSC and C60 typical n-type. We also find there is a plateau of O/Mn
ratio at 20 Å. As shown in Fig. 3, the growth mode is Frank-van der
Merwe model from 0 to10 Å and island mode from 40 to 120 Å. The film
did not cover the LSMO substrate, as shown in Fig. 4(d). So we assume
that the C8-BTBT islands appear and growth from 10 Å to 40 Å and the
20 Å is a critical point. There is layer-plus-island before 20 Å and only
island after 20 Å. Thus, the transition of O/Mn ratio at 20 Å can be
attributed to the change of the growth mode of C8-BTBT.

As shown in supporting information Table S1, the C/S ratio also has
been examined. We found that the C/S ratio is ca. 13.55 and almost
keep unchanged as the increase of C8-BTBT thickness after UPS test.
The C/S ratio is ca. 14.25 and ca. 14.51 for 80 and 120 Å C8-BTBT
respectively before UPS test, which is close to the stoichiometry ratio of

C8-BTBT. It is indicated that the structure of the C8-BTBT molecule
deposition on LSMO substrate is stable before UPS test and the C8-BTBT
molecule is lying down with the long c-axis parallel to the surface [47].

We also noticed the UV light induced core levels shifts of the XPS by
examining the XPS before and after UPS test. Shown in Fig. 5 are the
XPS spectra of 80 Å and 120 Å C8-BTBT thickness before and after UPS
test. The UPS and XPS measurements were taken in situ one after an-
other. As shown in Fig. 5(a) and (b), the C 1s core level include one
peak which located at ca. 285.17 eV and ca. 285.29 eV for 80 and 120 Å
C8-BTBT respectively before UPS test. After UPS test, the shape and
position of both C 1s and S 2p changed slightly. A weak component of C
1s which located at ca. 286.12 eV for 80 Å and 286.18 eV for 120 Å
appears at the left side (higher binding energy) of the main peaks and
shows a slightly shift toward higher binding energy after UPS test. The S
2p core level is a doublet consisting of S 2p3/2 and S 2p1/2 components
with an energy separation of 1.2 eV and a branching ratio of 2 [48,49].
As shown in Fig. 5(a) and (b), the S 2p3/2 core level are located at ca.
164.02 eV and ca. 164.22 eV for 80 Å and 120 Å C8-BTBT respectively
before UPS test. Contrary to C, a new component appears at right side
(low binding energy) after UPS test. The new component are located at
ca. 163.63 eV and ca. 163.73 eV for 80 Å and 120 Å C8-BTBT respec-
tively. For the new component appear after UPS test, the possible
reason is that UPS test affect the C8-BTBT molecules.

We have not observed the changes of C 1s and S 2p from the C8-
BTBT on other substrate such as SiO2, Ni, Cu [34,40,41]. So it is not
likely that the UV light caused the photo chemical reaction of C8-BTBT
itself. It is reasonable to attribute the present changes to the partici-
pation of oxygen diffuse from LSMO in this photo chemical process. In
addition, the interfacial interaction between C8-BTBT molecule and
LSMO substrate before and after UPS test should also be considered. We
checked the O 1s and Mn 2p1/2 from the LSMO substrate carefully, as
shown in Fig. 5(c) and (d). We found that the peak position of O 1s and
Mn 2p1/2 do not shift after UPS test, which indicates that it is not likely
that chemical reaction take place directly between LSMO substrate and
C8-BTBT molecule. It is probably oxygen released from the LSMO

Fig. 4. (a) The C 1s of 40 Å C8-BTBT film deposited on different substrates. (b) The Mn 2p1/2 spectra evolution of C8-BTBT thickness deposited on LSMO. (c) The
atomic ratio of O/Mn. (d) AFM image of 120 Å C8-BTBT film deposited on LSMO.
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diffuses into the C8-BTBT film and react with C8-BTBT molecule during
in the XPS test. We test the S 2p core level twice after UPS test, that is to
say, the sample is constantly exposed to X-ray and the time interval
between the two XPS tests is about 1 h. The S 2p core level is overlap
almost completely (see supporting information Fig. S3), indicating that
oxygen do not react directly with C8-BTBT molecule under the X-ray.

Jeong et al. report the chemical degradation of poly(3-hexlythio-
phene) (P3HT) by photo-oxidation [50] during the UPS test. One pos-
sible reaction route is the activated oxygen react with sp2 bonds and
generate sp3 bonds with hydroxyl groups and carbonyl groups [51,52].
Another possible reaction route is the activated oxygen form ether first
and detach the grafted hexyl groups [53–55]. The C8-BTBT molecule
contains a BTBT core which has the same unit with P3HT, and two alkyl
chain at both ends. Therefore, we cannot exclude the possibility that the
oxygen diffuse from LSMO to the C8-BTBT film and react with C8-BTBT
molecule under the UV light during UPS test. On the other hand, we did
mention that there was a broadening in the O 1s peak in the lower
binding energy side, but our resolution does not allow us to resolve a
new component. Based on the peak position and composition changes
and referred to the photo-oxidation in similar molecular systems
[50,54], we propose a chemical reaction pathway in Scheme S1. At
first, electrons transfer from O2- to Mn4+, leading to the generation of
atomic oxygen. Then the O atom diffuses to C8-BTBT and reacts with
C8-BTBT molecule under the UV illumination. By relaxation the elec-
tron density is likely redistributed to form a charge transfer complex
(CTC) between O and C8-BTBT (CTC-C8/O). The proposed pathway is
supported by the increase of Mn3+ and the formation of new compo-
nents in C8-BTBT under UV illumination, but the details of the reactions
may need further investigations.

4. Conclusions

In conclusion, we have investigated the evolution of the electronic
structure of the 8-BTBT/LSMO interface with C8-BTBT film thickness
increasing by using UPS and XPS. The results show that there is an
interfacial dipole of 0.41 eV pointing from LSMO to C8-BTBT side and
the near mid-gap position of the Fermi level in C8-BTBT at the interface
indicates that it is difficult to inject charge from LSMO into C8-BTBT.
The oxygen diffuse from LSMO to the C8-BTBT film lead to the Mn4+

reduction to Mn3+ in the C8-BTBT/LSMO interface and react with C8-
BTBT molecule under ultraviolet light. The growth mode of C8-BTBT
molecules is SK mode. Our results reveal the complex processes in C8-
BTBT/LSMO interface and suggest a modification layer between C8-
BTBT and LSMO to improve the injection efficiency.
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