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a b s t r a c t
The
electronic
structure
of
a
narrow
band
gap
small
molecule
ditolylaminothienyl–benzothiadiazole–dicyanovinylene (DTDCTB), possessing a donor-acceptoracceptor conﬁguration, was investigated with regard to its application as an efﬁcient donor
material in organic photovoltaics (OPVs). The interfacial orbital alignment of C60 /DTDCTB/poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was determined using in situ ultraviolet
photoelectron and inverse photoelectron spectroscopic methods. The ionization energy and electron
afﬁnity values of DTDCTB were measured to be 5.27 eV and 3.65 eV, respectively, and thus a very small
transport gap of 1.62 eV was evaluated. Large band bending of DTDCTB on PEDOT:PSS was observed,
resulting in a low hole extraction barrier. Additionally, the photovoltaic gap between the highest
occupied molecular orbital level of the DTDCTB donor and the lowest unoccupied molecular orbital
level of the C60 acceptor was estimated to be 1.30 eV, which is known to be the theoretical maximum
open-circuit voltage in OPVs employing the C60 /DTDCTB active layer. The unique electronic structures
of DTDCTB contributed toward the recently reported excellent power conversion efﬁciencies of OPVs
containing a DTDCTB donor material.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Organic photovoltaics (OPVs) have been widely researched due
to their unique advantages, including low fabrication costs, light
weights, mechanical ﬂexibility, and short energy payback time
[1–3]. Amid OPVs possessing such advantages, additional improvements with regard to their power conversion efﬁciencies (PCE) and
device lifetimes are necessary for commercial applications. OPV
performance has been continuously improved through the design
of novel device architectures [4], morphological control [5], and
the synthesis of functional materials [6]. For efﬁcient light absorption, band gap tuning of organic semiconductors or use of different
band gap materials is frequently used. For example, energy cascade structures using multiple absorbers have been introduced
in order to absorb a wide range of light. Molecular combinations
including diphenyl tetracene (DPT), rubrene, tetraphenyldibenzoperiﬂanthene (DBP), bonon subphthalocyanine chloride (SubPc),
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boron subnaphthalocyanine chloride (SubNc) and ␣-sexithiophene
(␣-6T) with different band gaps have unconventionally increased
short-circuit current densities (JSC ) [4,7–9].
With this regard, the synthesis of a narrow band gap molecule
possessing a push-pull structure to absorb long wavelengths
of light has been recently spotlighted [10–12]. Among these,
ditolylaminothienyl–benzothiadiazole–dicyanovinylene
(DTDCTB), consisting of donor-acceptor-acceptor (D-A-A) moieties,
has been reported to exhibit high PCEs in combination with
fullerene acceptors due to its excellent light absorption [13–15].
For broader applications of DTDCTB in OPVs, the origin of high
OPV performance should be understood through an investigation
of interfacial energy level alignment at the organic/electrode and
organic/organic interface. For example, reduction of the electron
extraction barrier at the organic/cathode interface is a basic
requirement for high PCEs from inverted OPVs [16]. However,
energy level alignment at the DTDCTB-contact interface in OPVs
has not yet been directly determined, despite yielding excellent
PCEs.
In
this
study,
frontier
orbital
alignment
at
the
interfaces
of
C60 /DTDCTB
on
poly(3,4ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)

42

J. Yoo et al. / Applied Surface Science 402 (2017) 41–46

Fig. 1. Schematic diagram of the in situ analysis system.

were determined via in situ ultraviolet photoelectron spectroscopy (UPS) and inverse photoelectron spectroscopy (IPES)
measurements. The photovoltaic gap (EPVG ) between the highest
occupied molecular orbital (HOMO) level of a DTDCTB donor
and the lowest unoccupied molecular orbital (LUMO) level of a
C60 acceptor, which is known to yield the theoretical maximum
open-circuit voltage (VOC ) in OPVs, was estimated.
2. Experimental
Sample preparation: An ITO-coated glass substrate was cleaned
through successive ultrasonic treatment with detergent, acetone,
methanol and deionized water for 10 mins. The clean ITO substrate
was pretreated with UV-ozone for 10 mins at 100 ◦ C. PEDOT:PSS
(Clevios P VP AI 4083), a high work function hole extraction layer,
was deposited onto ITO via spin-coating at 2000 rpm for 60 s. The
sample was immediately transferred to a preparation chamber
at a base pressure below 10−8 Torr after coating the PEDOT:PSS
layer. In the preparation chamber, DTDCTB and C60 were deposited
via thermal evaporation onto PEDOT:PSS/ITO at room temperature. DTDCTB was purchased from Luminescence Technology Corp.,
Taiwan (99% purity) and C60 was purchased from Jilin OLED Material Technology Corp., China (99.9% purity), and were used after
degassing in the preparation chamber for several days.
UPS and IPES measurements: UPS and IPES measurements were
performed through an in situ measurement system consisting of
preparation and analysis chambers as shown in Fig. 1. The analysis
chamber (right) consisted of a PHOIBOS 150 electron spectrometer (SPECS GmbH, Germany) and an IPES system (PSP Vacuum
Technology Ltd, UK), and the preparation chamber (left) with
several evaporation sources was connected directly to the analysis chamber through a gate valve. At each deposition step, the
sample was transferred to the analysis chamber. A step-by-step
deposition-measurement procedure was performed to investigate the interfacial electronic structures of C60 /DTDCTB/PEDOT:PSS
without breaking vacuum. For the UPS measurements, an ultraviolet (He I, 21.22 eV) light source was employed and a sample bias
of −5 V was applied to obtain the secondary electron cutoff (SEC).
For the IPES measurements, a low energy electron gun with a BaO
cathode was used and the emitted photons were measured in an
isochromat mode with a 9.5 eV band pass ﬁlter. During the IPES
measurements, the sample current was measured using a KEITHLEY 485 picoammeter and was maintained at ∼1 A to avoid any
possible damage to the sample. The total broadening of the UPS and

IPES measurements was 0.09 eV and 0.5 eV, derived from the Fermi
edge of a clean Au sample.
Theoretical calculations: Density functional theory (DFT) calculations for a single DTDCTB molecule were performed and
simulated density of states (DOS) were generated through a summation of the Gaussian curves applied to the calculated Kohn-Sham
energy values in order to make comparisons with the measured
DOS. Since UPS and IPES possess different degrees of spectral
broadening, different Gaussian widths were applied to the occupied and unoccupied Kohn-Sham energy levels to yield reliable
comparisons as 0.3 eV for the occupied levels and 0.6 eV for the
unoccupied levels. A B3LYP hybrid functional and 6–31G(d,p) basis
set in the Gaussian 09 package were implemented and used with
regard to geometry optimization and single point energy calculations [17–19]. Energetic minima values at fully relaxed geometric
states were ensured through vibrational frequency analysis.
3. Results and discussion
Fig. 2 shows (a) the chemical structure of DTDCTB and C60 and
(b) their UV–vis absorption spectra of the ﬁlms. In Fig. 2(b), the
DTDCTB and C60 ﬁlms were deposited on a glass substrate with the
100 nm thickness. The DTDCTB layer absorbed the long wavelength
region (500–800 nm) while the C60 layer absorbed the short wavelength region (300–550 nm), thus they are complementary in the
visible range. Therefore, C60 is as an efﬁcient acceptor counterpart
to DTDCTB in OPVs with its electron transport ability.
To characterize the morphology of DTDCTB on PEDOT:PSS/ITO,
we conducted atomic force microscopy (AFM) measurements on (a)
PEDOT:PSS/ITO and (b) DTDCTB (10 nm)/PEDOT:PSS/ITO as shown
in Fig. 3. The DTDCTB layer smoothed the surface morphology of
PEDOT:PSS/ITO. The RMS roughness was decreased from 1.63 nm
to 1.26 nm by the DTDCTB layer deposition. This indicates that the
DTDCTB layer was formed well on PEDOT:PSS/ITO and even ﬂattens
the ex-deposited PEDOT:PSS/ITO surface. Therefore, DTDCTB is a
proper donor in the viewpoint of both good p-type property and
uniform ﬁlm formation.
Fig. 4 shows the UPS spectra of (a) the SEC region and (b) the
HOMO region during the step-by-step deposition of DTDCTB (0.2,
0.5, 1.0, 2.0, 5.0, 8.0, and 10.0 nm) onto the PEDOT:PSS-coated ITO
substrate. In Fig. 4(a), the SEC region spectra were normalized and
plotted under a kinetic energy scale such that the SEC work function
was directly displayed. The bottommost spectrum presented the
spin-coated PEDOT:PSS layer on ITO; its measured work function
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Fig. 4. Measured UPS spectra of (a) the SEC region and (b) the HOMO region during
the step-by-step deposition of DTDCTB (0.2, 0.5, 1.0, 2.0, 5.0, 8.0, and 10.0 nm) onto
spin-coated PEDOT:PSS.

Fig. 2. (a) Chemical structure of DTDCTB and C60 and (b) their UV–vis absorption
spectra of the ﬁlms (100 nm).

was 5.15 eV. This value was in good agreement with that from prior
studies [20–23], indicating the formation of well-coated PEDOT:PSS
layers on ITO. During the deposition of DTDCTB, the SEC gradually
shifted toward lower kinetic energy values, and the shift was saturated at the 8 nm deposition step; the total SEC shift was evaluated
to be 0.95 eV. To measure the HOMO shift, the HOMO region spectra
were analyzed. In Fig. 4(b), the Shirley-type background originating from energy loss due to inelastic scattering was removed from
the spectrum of the HOMO region to clearly observe any spectral
changes [24,25]. In the bottommost PEDOT:PSS spectrum, HOMO
features were observed at ∼3 eV, extending close to the Fermi level
(EF ), revealing the conductive nature of PEDOT:PSS [26]. At the
ﬁrst DTDCTB deposition step (0.2 nm), characteristic features of
DTDCTB did not yet appear when compared with the PEDOT:PSS
spectrum. The HOMO and other characteristic features of DTDCTB
were observed in the 0.5 nm deposition step. The ﬁrst distinguish-

able HOMO onset was observed at 0.42 eV below the EF which is the
hole extraction barrier at the DTDCTB/PEDOT:PSS interface. During the 0.5 nm–10.0 nm thick DTDCTB deposition steps, the HOMO
onset shifted toward higher binding energies by 0.65 eV, indicative of band bending (Vb ) in the DTDCTB layer. This Vb would be
attributed to the charge transfer or redistribution between DTDCTB
and PEDOT:PSS for thermal equilibrium [27–30]. The HOMO onset
of DTDCTB at a thickness of 10 nm was observed to be 1.07 eV below
the EF .
Fig. 5 shows the UPS spectra of (a) the SEC region and (b) the
HOMO region during the systematic deposition of C60 (0.2, 0.5,
1.0, 2.0, and 5.0 nm) on DTDCTB (10 nm). The bottommost spectrum in Fig. 5(a) and (b) shows the ﬁnal deposition step of DTDCTB,
as shown in Fig. 4(a) and (b). In Fig. 5(a), the SEC shifted slightly
toward higher kinetic energies by 0.18 eV during the deposition of
C60 and was saturated by the 5.0 nm deposition step. The HOMO
region spectra in Fig. 5(b) were analyzed to measure the HOMO
shift. At the lowest coverage values of C60 (0.2 and 0.5 nm), the
HOMO peak of DTDCTB shifted slightly toward lower binding energies. As the deposition of C60 increased, the HOMO peak of DTDCTB

Fig. 3. AFM images of (a) PEDOT:PSS/ITO and (b) DTDCTB (10 nm)/PEDOT:PSS/ITO.
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Fig. 5. Measured UPS spectra of (a) the SEC region and (b) the HOMO region during the step-by-step deposition of C60 (0.2, 0.5, 1.0, 2.0, and 5.0 nm) on DTDCTB
(10.0 nm)/PEDOT:PSS.

moved back to its pristine HOMO position. We speculated that the
tiny HOMO shift of DTDCTB at partial coverage levels of C60 (thinner
than monolayer of ∼1 nm) may have been due to a negatively polarized region of DTDCTB by the sparsely covered C60 on DTDCTB. This
effect would have disappeared on the fully C60 -covered DTDCTB
surface, thus the HOMO shift of DTDCTB for the C60 submonolayer
would have been negligible in the actual OPVs. The HOMO features
of C60 were clearly observed following the second deposition step
of C60 (0.5 nm), and the HOMO of C60 also did not shift with an
increase in C60 thickness. During the ﬁnal deposition step of C60
(5.0 nm), the HOMO onset of C60 was observed at 1.97 eV. To accurately determine the HOMO offset between C60 and DTDCTB, both
the HOMO peak and onset values were compared between the spectra for bulk C60 and DTDCTB. The energetic difference between the
HOMO peaks of bulk C60 and DTDCTB was 0.90 eV; the energetic
difference between the HOMO onsets of bulk C60 and DTDCTB was
also 0.90 eV. Therefore, the HOMO offset between C60 and DTDCTB
was 0.90 eV. We remark that the spectral changes of DTDCTB and
C60 , such as photoemission intensity and energy level shift, were
saturated at the thickness of 10 nm for DTDCTB and 5 nm for C60 .
This indicates that the interfacial electronic interaction was completed at those thicknesses and no further changes exist with the
thicker ﬁlms.
To understand the complete electronic structure of DTDCTB, the
DOS measured with the combined in situ UPS-IPES measurements
were compared with the simulated total DOS (TDOS) from DFT calculations. Fig. 6(a) shows the measured UPS (red line/circles) and
IPES (blue line/circles) spectra for DTDCTB (10 nm) and the simulated TDOS of DTDCTB (ﬁlled spectrum). Each simulated occupied
and unoccupied DOS was rigidly shifted to match the measured
HOMO and LUMO levels [24,31,32]. The calculated Kohn-Sham
eigenvalues are also shown with vertical bars. The measured HOMO
and LUMO levels of DTDCTB were 1.07 eV and −0.55 eV with respect
to the EF ; thus, the transport gap of DTDCTB was evaluated to
be 1.62 eV. This value was larger than the optical gap (1.40 eV)
measured via UV–vis absorption in a previous report, revealing an
exciton binding energy of 0.26 eV [13]. The ionization energy (IE)
of DTDCTB was evaluated to be 5.27 eV and the electron afﬁnity
(EA) was 3.65 eV. The simulated DOS for a single DTDCTB molecule
was in excellent agreement with the measured DOS for a DTDCTB
ﬁlm, despite a slight discrepancy in energetic positions at higher

Fig. 6. (a) Measured UPS (red line and circles) and IPES (blue line and circles) spectra
of the DTDCTB ﬁlm (10 nm) on spin-coated PEDOT:PSS. IE is the ionization energy,
EA is the electron afﬁnity, Evac is the vacuum energy level and Eg is the transport gap
of DTDCTB. The ﬁlled spectrum shows the simulated TDOS from DFT calculations.
(b) The projected density of states for each constituent moiety and its contribution
to the frontier orbital levels of a DTDCTB molecule. DT, TB and DC indicate ditolylaminothienyl, benzothiadiazole and dicyanovonylene moieties, respectively. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

binding energies. This was due to a screening effect of neighboring molecules in the solid phase ﬁlm [33]. Fig. 6(b) shows the
TDOS of DTDCTB (ﬁlled spectrum) and the projected density of
states (PDOS) for each constituent moiety [ditolylaminothienyl
(DT), benzothiadiazole (TB) and dicyanovinylene (DC)]. Each PDOS
was generated via atomic coefﬁcient analysis, showing its contribution to the TDOS. The HOMO primarily consisted of the DT donor
moiety (72.7%), whereas the LUMO primarily consisted of the TB
acceptor moiety (60.5%). However, the HOMO also featured partial
contributions from the TB acceptor moiety (18.2%), and the LUMO
by the DT donor moiety (19.4%). The DC acceptor moiety moderately contributed to both the HOMO (9.1%) and LUMO (20.1%).
These results show molecular orbital hybridization between the
donor and acceptor moieties, forming new HOMO and LUMO levels.
The frontier orbital levels of donor-acceptor system can be understood by intramolecular interaction with molecular orbital theory.
The interaction between the HOMOs of the donor and acceptor
moieties generates the upward shifted HOMO, while that between
the LUMOs of the donor and acceptor moieties does the downward shifted LUMO. These new HOMO and LUMO levels are closer
than the original HOMO-LUMO gap of either the donor or acceptor
moiety due to level repulsion, thus inducing band gap narrowing
[34–36]. The narrow band gap of DTDCTB leads to the good light
absorption ability, as shown in Fig. 2(b).
Fig. 7 shows the energy level diagram of C60 /DTDCTB/PEDOT:PSS
derived from UPS and IPES measurements. The LUMO level of C60
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small transport gap. Additionally, a low hole extraction barrier of
0.42 eV was measured with the aid of a large Vb in the DTDCTB
layer, and thus holes were easily extracted to the anode. Theoretical calculations for the DTDCTB molecule matched well with the
measured UPS and IPES spectra and its origin of narrow gap was
gained. Furthermore, the large EPVG between the HOMO level of
the DTDCTB donor and LUMO level of the C60 acceptor was measured to be 1.30 eV, which plays a decisive role in the VOC for OPVs.
These unique electronic properties of the DTDCTB donor result in
the high efﬁciency OPVs.

Acknowledgements
Fig. 7. Energy level diagram of C60 /DTDCTB/PEDOT:PSS.  is the work function of
PEDOT:PSS, Vb is the band bending, IE is the ionization energy, eD is the interface
dipole, EF is the Fermi level and Evac is the vacuum level. (Units: eV).

was estimated by subtracting the reported transport gap (2.20 eV)
from the measured HOMO level in the UPS experiments [37–39].
The interface dipole (eD) could be evaluated with the following
equation for eD = −(WF + Vb ), where WF indicates the work
function change from the SEC shift. Thus the eD at the DTDCTB/PEDOT:PSS interface was 0.30 eV. This eD shifted the entire
energy level structure of DTDCTB downwards. On the other hand,
the large Vb of 0.65 eV in the DTDCTB layer reduced the hole extraction barrier down to 0.42 eV, inducing facile hole extraction from
DTDCTB to PEDOT:PSS in OPVs. The eD and Vb formation originated from the different EF between PEDOT:PSS and DTDCTB. In
order to establish EF equilibrium across the interface, electrons
from DTDCTB are transferred or redistributed leading to the eD and
Vb formation [40]. If the Vb is absent, the eD should be much larger
to match the EF difference between DTDCTB and PEDOT:PSS thus
the hole extraction barrier would be increased. A large extraction
barrier at the electrode and organic interface induces the S-shaped
kink deteriorating OPV performance [16], thus this Vb would help
to improve the OPV performance [41]. At the C60 /DTDCTB interface,
the eD was −0.18 eV, while no Vb was observed. The EPVG between
the HOMO level of the DTDCTB donor and the LUMO level of the
C60 acceptor was evaluated to be 1.30 eV, which was known to be
linearly correlated to the VOC [42]. We remark that the VOC and
EPVG are not exactly the same: there are many limiting factors to
the VOC from the EPVG , such as light intensity, recombination current and temperature, etc [43–45]. However, the EPVG measured
by UPS and IPES provides the theoretical maximum VOC for a given
donor-acceptor system and this is the fundamental information for
analyzing various interfacial phenomena occurring in OPVs [46].
The measured EPVG of C60 /DTDCTB (1.30 eV) was notably larger than
that for metal phthalocyanines (Pcs), which are traditional narrow
band gap donors, e.g., C60 /ZnPc (0.90 eV or 1.10 eV) and C60 /CuPc
(0.70 eV) [47,48]. This large EPVG led to a signiﬁcantly larger VOC for
DTDCTB OPVs (0.80 V) than for ZnPc or CuPc OPVs (0.48 V-0.55 V)
[47,48]. These unique electronic characteristics, the narrow gap for
a high JSC and large EPVG for a high VOC , rendered unconventionally high PCE values in OPVs employing the DTDCTB donor. Along
with a theoretically predicted high hole transport ability due to a
low reorganization energy and high transfer integral [49], DTDCTB
possesses excellent electronic properties for use in optoelectronic
applications.
4. Conclusion
Energy level alignment for C60 /DTDCTB/PEDOT:PSS was studied
via in situ UPS and IPES measurements. As a result, the IE and EA
values of DTDCTB were evaluated to be 5.27 eV and 3.65 eV, respectively. Therefore, DTDCTB possessed a low-lying HOMO level and
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