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Electron Transport Mechanism of Bathocuproine Exciton Blocking
Layer in Organic Photovoltaics

Jeihyun Lee ™', Soohyung Park ™", Younjoo Lee?, Hyein Kim °, Dongguen Shin®, Junkyeong Jeong?,
Kwangho Jeong®, Sang Wan Cho®, Hyunbok Lee“* and Yeonjin Yi**

Efficient exciton management is a key issue to improve the power conversion efficiency of organic photovoltaics (OPVs). It
is well known that the insertion of an exciton blocking layer (ExBL) having a large band gap promotes the efficient
dissociation of photogenerated excitons at the donor-acceptor interface. However, the large band gap induces an energy
barrier which disrupts the charge transport. Therefore, building an adequate strategy based on a knowledge of the true
charge transport mechanism is necessary. In this study, the true electron transport mechanism of a bathocuproine (BCP)
ExBL in OPVs is comprehensively investigated by in situ ultraviolet photoemission spectroscopy, inverse photoemission
spectroscopy, density functional theory calculation, and impedance spectroscopy. The chemical interaction between
deposited Al and BCP induces new states within the band gap of BCP, so that electrons can transport through these new
energy levels. Localized trap states are also formed upon the Al-BCP interaction. The activation energy of these traps is
estimated with temperature-dependent conductance measurements to be 0.20 eV. The AI-BCP interaction induces both
transport and trap level in the energy gap of BCP and their interplay results in the electron transport observed.

Introduction

The short exciton diffusion length of a photoactive layer (~10
nm) in organic photovoltaics (OPVs) is one of the inveterate
problems limiting the power conversion efficiency (PCE). In
small molecule OPVs, which are comprised of a multilayered
structure, it is well known that the insertion of an exciton
blocking layer (ExBL) having a large band gap improves the PCE
significantly by conveying the excitons to the interface of a
donor and an acceptor. The requirements for efficient ExBLs
are: (1) a larger band gap than photoactive layer which blocks
the excitons but does not dissociate them, and (2) no charge
injection barrier from a photoactive layer to an ExBL.

Bathocuproine (BCP) is a widely used ExBL between a cathode
and an acceptor in OPVs'? due to its superior properties of
exciton blocking and electron extraction.> Its large energy
gape'7 allows blocking of the excitons generated in the active
layer, and thus the PCE is improved significantly by preventing
exciton quenching at the interface of the cathode/acceptor.3
However, in view of electron transport, the electron extraction
barrier at the interface of cathode/BCP/acceptor (e.g.
Al/BCP/Cq,) increases, making it difficult to extract electrons
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from the acceptor to the cathode due to the low electron
affinity (EA) of Bcp.2® Nevertheless, good contact through BCP
has been reported with enhanced current density.s’m"13 To
explain this conflict, electron conduction through the cathode
metal-induced defect states has been suggested and is
currently believed to be the electron transport mechanism in
the BCP ExBL." However, the defect states responsible for the
electron conduction are not trivial: generally “defect” states
act as electron traps when the traps are far from the transport
level, which is contrary to the enhanced electron conduction.
In this regard, the origin of electron transport enhancement is
not clear. Particularly, direct observation of the unoccupied
defect or gap states that can convey electrons, is absent.

To determine the transport levels of BCP, the electronic
structures of the AI/BCP interface has been studied and
interfacial gap states have been reported.”"17 In addition,
Nakayama et al. reported another gap state at the BCP/Cg
interface.'® However, in these studies, only occupied gap
states below the Fermi level (Ef) were measured, which are
not an associated level for electron transport directly. For
good electron transport, there should be sufficient density of
unoccupied states near the Er. Apart from this, metal-BCP
interactions would generate some imperfection in the BCP
ExBL and that should act as a trap site as well. The interplay
between these transport and trap levels would result in the
electron conduction observed with a BCP ExBL. To understand
the true electron transport mechanism of BCP, both transport
and trap levels should be analyzed simultaneously.

In this study, we comprehensively analyzed the electron
transport mechanism by probing the transport and trap levels
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using in situ ultraviolet photoemission spectroscopy (UPS) and
inverse photoemission spectroscopy (IPES), theoretical model,
temperature-dependent  current  density-voltage V-v)
characteristics and impedance spectroscopy (IS). UPS and IPES
measurements showed the density of gap states both below
and above the E; in the BCP layer upon Al deposition. The
density of gap states was also reproduced well with the
theoretical model. The density of gap states above the E; could
provide an electron transport path for the current
enhancement. Furthermore, trap levels due to the defect
formation in addition to the transport level were estimated
with IS measurements. Combining these results, the true
electron transport mechanism of the BCP layer was discussed.

Results and discussion
A. UPS and IPES measurements

UPS measurements were carried out to investigate the
electronic structures of AI/BCP/Cg. ITO was used as a
substrate and a 10 nm-thick Cgo layer was deposited on it as an
acceptor in OPVs. Then, BCP (0.3, 0.7, 1.5, 3.0, 6.0 and 10.0 nm)
and Al (0.02, 0.05, 0.1, 0.2, 2.0 and 5.0 nm) were deposited on
Cso in a stepwise manner. Figure 1la shows the secondary
electron cutoff (SEC) region during the deposition. The initial
work function (W) of 10 nm-thick Cg is 4.39 eV. The SEC shifts
by 0.99 eV toward the high binding energy side during the
step-by-step deposition of BCP on Cg. It shifts further by 0.35
eV with the Al deposition up to 0.1 nm. Depositing more Al, it
moves back toward lower binding energies by 0.91 eV, which
approaches the W of Al metal (3.96 eV at 5 nm-thick). The
HOMO region spectra during the deposition are shown in
Figure 1b. The 10 nm-thick Cg, shows clear HOMO emission
features with its onset at 2.08 eV below the E;. With the BCP
deposition, its characteristic emission features emerge
gradually and its HOMO onset is seen at 2.93 eV at the 10 nm-
deposition step. During BCP deposition, both the Cgq and BCP
HOMO onsets shift toward higher binding energies. However,
it is difficult to determine the exact magnitude of shifts due to
the spectral overlap between Cg, and BCP. Thus the spectra
were deconvoluted with the pristine spectrum of both Cgy and
BCP taken from the initial C¢q and bulk (10 nm-thick) BCP
spectrum. As a result, the HOMO shift of Cg, and BCP was
evaluated to be 0.30 and 0.83 eV, respectively. These two
energy level shifts are directly related the band bending (V,) of
an organic layer. Since the energy level shift of an overlayer
measured by photoemission spectroscopy contains the
substrate V,, we subtracted the Cq, shift from the total shift.*
Thus, the V,, of Csq and BCP layers is 0.30 and 0.53 eV. These
shifts are due to the polarization of charge densities at
interface between BCP and C60.20'21 No gap state was observed
at this BCP/Cg, interface, which is due to its low density of
states (DOS) that could be observed with low energy UPS
measurements.’® On the other hand, as Al is deposited on a
BCP layer, gap states emerge at the first deposition step as
shown in the square region with purple color.
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Figure 1. UPS spectra of Al/BCP/Cg. (a) Secondary electron cutoff and (b) HOMO region
are presented with peak deconvolution.
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Figure 2. (a) Magnified HOMO region of Al (0.02, 0.05, 0.1 and 0.2 nm) on BCP (10 nm)
clearly shows gap states. (b) Unoccupied states of BCP (5 nm) and Al (0.05 nm)/BCP (5
nm) measured by IPES. It shows clear increases in spectral features within the original
band gap.

To examine the electronic properties of gap states in detail,
the spectra were magnified and shown in Figure 2a. Two
distinct peaks are observed: one is at 0.33 eV below the E; and
the other is distant from it by 1.45 eV. Such gap states would
be formed at not only the occupied states but also the
unoccupied states. While the occupied gap state can assist the
hole conduction,zz'23 the unoccupied gap state would
contribute to the electron conduction.? Therefore, the direct
confirmation of the unoccupied gap state is indispensable to
understanding the electron transport, but there has been no
direct evidence for the unoccupied gap state of Al/BCP. To
confirm the formation of unoccupied gap states upon Al
deposition, IPES measurements were performed on pristine
and Al-deposited BCP (Figure 2b). The 10 nm-thick BCP was
prepared on an ITO substrate and IPES measurements were
conducted. Next, the 0.1 nm-thick Al was deposited on BCP to
see the emergence of unoccupied gap states. From the IPES
spectra, new emission features at 0.25 eV with respect to the
Ef, are seen.” These new emission features are attributed to
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the gap states from the interaction between BCP and Al. The
bulk characteristic emission of Al can be excluded due to the
thin Al thickness (0.1 nm). In addition to the gap state
formation, the bulk BCP LUMO level is also shifted toward
lower binding energies due to the weak n-type doping effect
by the metal-organic interaction (AI—BCP).26 The value would
refer to the SEC shift (0.35 eV) as shown in Figure 1a. Thus the
emergence of unoccupied gap states along with the occupied
gap states is confirmed. Previous reports found that a cathode
metal, such as Ag and Al, diffuses about 10 nm into a BCP layer
during its deposition.m’lz’27 Thus the gap states could exist
within a 10 nm depth of BCP, which is a typical optimum
thickness of a BCP ExBL in OPVs.

B. Theoretical study

To verify the origin of the gap state formation, density
functional theory (DFT) calculations were performed for BCP
and the AI-BCP complex. A model of metal-organic complex
formation was adopted since it describes the DOS measured
well.>**®%° The DOS of a BCP single molecule was calculated
with C, symmetry.30 The result is depicted in Figure 3a. The
upper spectrum is the measured UPS and IPES spectra of 10
nm-thick BCP. The vertical bars indicate the discrete molecular
levels and the lower spectrum is the simulated DOS. The
measured DOS and simulated occupied DOS are in good
agreement, although gas phase molecules were used for DFT
calculations. This is due to the weak intermolecular
interactions of the van der Waals type among organic
molecules, which renders minimal solid state effects.>* >3
When compared
unoccupied DOS, the IPES spectrum is much broader than the
simulated DOS. By taking into account the resolution of IPES,
the measured and simulated results are well matched. From
the UPS and IPES measurements, the transport gap of 4.70 eV
for BCP is observed, which is higher than the optical gap of
3.50 ev* reported and similar to the transport gap in
literature.®”

To investigate the interaction mechanism between Al and BCP,
a single Al atom was attached to the BCP with various
geometries. Several initial geometries were modeled and their
geometries were fully relaxed to meet energetic minima.
Among the resulting geometries, Al interacting with two N in
phenanthroline (inset in Figure 3b) shows the lowest total
energy and gives gap states as observed in the measured DOS.
This interaction is due to the free energy minimization during
the Al deposition process on BCP. During the Al deposition,
some Al atoms interact directly with the surface BCP, and
others diffuse into the BCP layer and interact somewhere
within 10 nm depth. It is believed that these processes are
possible due to the thermal energy obtained during the
evaporation process. These Al atoms have high chance to bond
with N atoms of BCP because the enthalpy reduction is
maximum among possible interaction sites. The enthalpy
change (AH) could be obtained from our DFT calculations as
follows:

between measured and simulated

Al + BCP — (Al — BCP)¢omplex + AH

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Simulated DOS (lower spectrum) and measured UPS and IPES spectra (upper
spectrum) of (a) BCP and (b) Al-BCP complex. Insets show the theoretical models used
for DFT calculations. Bars in the Figures are Kohn-Sham energy and the simulated DOS
is generated by converting Kohn-Sham energy with a Gaussian function having a width
of 0.5 eV. (Atomic color code: gray for C, blue for N, pink for Al, white for H).

, and the AH was estimated to be 241.848 kJ/mol, indicating
the exothermic reaction. This is the driving force for the AlI-BCP
chemical interaction.

The simulated DOS of the AlI-BCP complex is depicted in Figure
3b (lower spectrum). With the Al interaction, two new states
emerge below the E;, which corresponds well to the UPS
spectrum (upper spectra, 0.1 nm Al deposition step taken from
Figure 2a) with gap states. More important to note are the
changes in the unoccupied levels which are associated with
electron transport. With the formation of the AI-BCP complex,
unoccupied gap states emerge above the E;. There are three
unoccupied molecular levels very close to the E; in the
simulated DOS, which are responsible for the increased
spectral features in the IPES spectrum with Al deposition. This
indicates that there are enough unoccupied DOS near E; for
electron transport. In addition, the origin of the gap state is
the AI-BCP complex formation.® The unoccupied gap states
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Figure 5. Measured current density-voltage characteristics of electron-only devices with
(Device B) and without (Device A) BCP layer at 300 K.

should act as a transport level from Cg, to the Al cathode since
the BCP LUMO is energetically too far to accept electrons.
From the well-matched theoretical results with the UPS and
IPES measurements, the formation of the AI-BCP complex
giving occupied and unoccupied gap states in the original band
gap of BCP is confirmed.

C. Energy level diagrams

Combining all the information obtained from the UPS/IPES
measurements, complete energy level diagrams of Al/Cg, and
Al/BCP/Cg, are illustrated in Figure 4a and 4b, respectively. The
measured ionization energy (IE) of C¢o and BCP is 6.47 eV and
6.33 eV, which agrees well with previous reports.g’9 The LUMO
level of Cgq was estimated from the reported transport gap of
2.37 eV,35 and that of BCP was estimated from the measured
transport gap of 4.70 eV. To compare the changes of electronic

4| J. Name., 2012, 00, 1-3

structures by inserting BCP between Al and Cg, UPS
measurements for Al/Cg, were also conducted with step-by-
step deposition of Al on the 10 nm-thick Cg. The pristine
HOMO level of the 10 nm-thick Cg is located at 2.04 eV below
the E;. During Al deposition on Cgg, the V,, of 0.50 eV and eD of
0.88 eV are established and the LUMO-E; offset (D) is 0.83 eV.
Continuing Al deposition, the Al bulk work function of 4.05 eV
is achieved.

The energy level alignment of Al/BCP/Cgq is shown in Figure 4b.
When a 10 nm-thick BCP layer is deposited on Cgq, an interface
dipole (eD) of 0.16 eV at the interface of BCP/Cg, and V, of
0.53 eV in a BCP layer are induced. This large band bending (V,)
is due to the strong polarization effect of Cg, in combination
with the giant surface potential of BCp.>183¢ Combining the
measured transport gap and the HOMO position of the 10 nm-
thick BCP (2.93 eV), the @, at the interface of Al/BCP is 1.77 eV,
which is larger than that of Al/Cg. This increased @, contrasts
with the enhanced electron collection in OPVs.

Therefore, the unoccupied gap states should be noted. First,
the LUMO level of C4, side shows a downward shift (V, = 0.30
eV) as the BCP layer is deposited, and thus it is very close to
the E;. The most dramatic changes occur with Al deposition on
BCP: unoccupied gap states near the E; due to the Al
diffusion.’®**?” These unoccupied gap sates are very close to
the Cgo LUMO level and the Eg, providing an efficient electron
transport path. This would contribute to the current
enhancement. Further Al deposition induces the V, of 0.35 eV
at the Al/BCP interface and the work function approaches the
bulk Al. Collectively, electrons in the Cgq LUMO can easily pass
through the unoccupied gap states above the E; in BCP.

D. J-V measurements

To verify the role of unoccupied gap states as an electron
transport path, J-V measurements were conducted for Device
A: Al/Cgo (150 nm)/ITO and Device B: Al/BCP (10 nm)/Cg, (150
nm)/ITO. In these measurements, Al and ITO were used as a
cathode and an anode and thus devices are electron-
dominated (electron-only device). Figure 5 shows the
measured J-V characteristics of devices at 300 K. Much
enhanced J is observed in Device B compared with Device A at
the forward bias region as expected from the previous section.
Since intrinsic free are lacking in organic
semiconductors, the current observed is due to the injection
from the Al cathode over the ®.. As shown in Figure 4, the BCP
LUMO cannot be the electron transport level in Al/BCP/Cgq
structure since the ®. at AI/BCP is 1.57 eV which is much
higher than that of Device A (0.83 eV), and thus it cannot
improve J-V characteristics. This confirms again that the
unoccupied gap states are the culprit for the electron
transport. To understand underlying conduction mechanism of
a BCP layer, we measured temperature-dependent J-V
characteristics of Device A (w/o BCP) and B (w/ BCP). As shown
in Figure 6, Device A does not show the slope change in log J-
log V plot at the low bias regime (< ~0.7 V) by temperature
variations, while Device B does strongly. In addition, J of device
B decreases greatly as the temperature decreases (more than

carriers
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Figure 6. Measured current density-voltage characteristics of electron-only devices with (Device B) and without (Device A) a BCP layer by changing the temperature

(From 300 K to 90 K).

four orders of magnitude). This temperature dependency is
related to the thermal carrier activated from the trap states in
BCP.

E. IS measurements

Previous studies suggested that localized trap states with
various origins exist in organic molecular solids.”” Al diffusion
into a BCP layer must generate various defect states, e.g.,
structural defects and chemical impurities,37 which hinder
electron transport, while simultaneously creating a transport
path by forming the unoccupied gap states. Generally, the
density of trap levels is too small to be detected by
conventional UPS measurements but could play a crucial role
in carrier transport. Thus, it is important to understand the
trap level, and IS measurements can detect such levels.’*®

Figure 7a and 7b show the impedance modulus (|Z|) and
phase angle (¢) of Device A and B as a function of applied ac
frequency (f) at V,. = 0 V (dc bias at the device) measured at
300 and 90 K. In Figure 6a, a transition from f-independent to
f-dependent |Z]| at 600 Hz is seen except Device B measured
at 90 K. Basically, all devices have a resistive (R) and capacitive
(C) component and their behaviors can be understood
qualitatively with simple parallel RC circuit. Since the
impedance of a parallel RC circuit is Z = [1/R + j(2rf)C] ™1,
the measured impedance approaches R and 1/j(2rf)C at low
and high frequency regimes, respectively. Therefore, the pure
resistive characteristics at low frequencies emerge as the
frequency-independent |Z]| in Figure 7a. However, Device B at
90 K does not show the frequency-independent behavior at
low frequency. This means that R is very large at low
temperature and thus the 1/j(2rf)C dominates the |Z| even
at the low f regime. Conversely, at the high f regime,
1/j 2nf) C dominates |Z|, where C is the geometric
capacitance of the Devices A and B. Since the Devices A and B
have the same geometry, they show identical |Z| at the high f

This journal is © The Royal Society of Chemistry 20xx

regime even at different temperatures. All spectra are
overlapped above 10% Hz with pure capacitive characteristics
with |Z| = 1/(2mf)C.>° The significant R increase of Device B at
90 K originates from the BCP interlayer because Device A
shows the constant |Z]| at any temperature in the low fregion.
In Figure 7b, Device B again clearly shows the pure capacitive
characteristics (constant ¢ of -90°) at 90 K for the 10-10° Hz
range while, at 300 K, it shows the pure resistive
characteristics (¢ of zero) at low f and the ¢ increases
gradually to -90°. This implies a conductance reduction of
Device B at low temperature. This temperature-dependent
conductance of Device B would be due to the thermally
activated carriers from the trap states in BCP. With Al
deposition on BCP, diffused Al makes (1) the large density of
gap states as seen in UPS and IPES spectra due to the Al-BCP
complex formation and (2) the structural defects and chemical
impurities in a BCP layer. These defect/impurity sites would act
as the localized trap levels below the transport levels of BCP
(i.e. the unoccupied gap states as aforementioned). Therefore,
elect rons would be trapped at such trap levels inside the BCP
layer. At room temperature and a low f (~dc) regime, trapped
electrons can be excited to the transport levels (the
unoccupied gap states) from the trap levels and can contribute
to the conductance with trap-detrap processes (Device B at
300 K). However, at low temperature, the thermal energy is
not enough to excite the trapped electrons, and thus the
conductance decreases. This is the main origin for Device B
showing larger |Z| (Figure 7a) with pure capacitive
characteristics at 90 K (Figure 7b). When the f is increased,
both trapped and mobile electrons cannot respond to the
external ac electric field instantaneously, and thus all devices
show pure capacitor characteristics and the ¢ reaches to -90°
at the 10*~10° Hz range. In this high f condition, electronic and
atomic polarization of Cg, and BCP can occur.*® The same is
true for the |Z|-f characteristics seen as the frequency-
dependent |Z| decreases above 10° Hz. The abrupt phase
decrease down to below 0° for >10° Hz is not related to the

J. Name., 2013, 00, 1-3 | 5
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Table 1. Equivalent circuit parameters used to simulate the measured data as shown in

Figure 8.
CPE;,
TIKl  R.Q Ro Co igf“ a L
(Kl Rs(al MQ]  [nF] [F] [x910' n  [uH]?
|
300 4636 0.29 082 110 026 088 142
280 4231 068 082 1.09 025 0.87 1.42
260 42.46 170 0.82 1.02 023 0.87 1.42
240 4211 331 082 099 022 0.87 1.42
225 4297 523 082 099 012 0.87 1.42
210 4234 895 082 099 012 0.87 1.42

a)LS was fixed during simulation due to the external parameter
originated from measurement line

device itself. In this frequency region, device characteristics
are negligible and the inductance of the equipment line (L)
and probe-device contact resistance (R;) are dominant.

Since the conduction in Device B is related to the both trap and
transport levels (unoccupied gap states) in BCP, the activation
energy (E,) from the trap levels to the transport levels is
estimated with the Arrhenius relation: The bulk resistance R,,
which reflects the conductance of the device at given
temperature T, has an inverse relation of R, = R, exp(E,/kgT),
where R, is a constant, kg is the Boltzmann constant and T is
the temperature.“'42 To get the R, of Device B, IS spectra were
measured with temperature variation from 300 to 210 K and
shown in Figure 8a as the Nyquist plot. In addition, an
equivalent circuit was constructed and fitted with the
measured data to extract physical properties inside the
devices.”*** This is depicted in Figure 8b, where L, is the
inductance of the equipment line, R; is the contact resistance
between the electrodes and probes, R, is the bulk resistance,
C, is the bulk capacitance (or geometric capacitance), and Cg;
and CPE,s describe dispersive characteristics of charge
transport.45 (Detailed fitting parameters are shown in Table 1.)
The simulation reproduces the measured IS data nicely as
shown in Figure 8a. From the well-matched simulation results,
R, was extracted and the (InR,)-(1000/7) relation is depicted in
the inset of Figure 8a. Linear fitting gives E, as the slop of the
line and 0.20 eV was obtained. E, is the energetic difference
between the transport (Eyqns) and trap (Euqp) levels in an
average manner.® That is, the trap levels are located 0.20 eV
below the transport levels.

Collectively, schematics of electron transport mechanisms
including transport and trap levels in BCP are depicted in
Figure 9. Trap energy levels are represented with dispersive
structures due to the disordered nature of organic films.
Electrons from the Cgq LUMO are transported to the Al
electrode through the unoccupied gap states in BCP with trap-
detrap processes. The trap levels are 0.20 eV below the
transport level in an average manner. The average energetic
position of trap state displayed in Figure 4b as marker X.
Electrons in Cg from exciton dissociation cannot transfer to
the BCP LUMO due to the high injection barrier. However, the
unoccupied gap state originates from Al-BCP complex provides
efficient electron transport path. Electrons in a BCP layer are

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Electron transport mechanism of BCP including transport states and trap

states.

transferred by trap-detrap process, and they are collected to
the Al cathode.

Conclusions

The electron transport mechanism of BCP was investigated
with an Al/BCP/Cg, structure. Al interaction with BCP produces
both occupied and unoccupied gap states in the pristine band
gap of BCP. These unoccupied gap states provide the electron
transport paths. The origin of the gap states is the formation of
the AI-BCP complex, which was modeled from theoretical
calculations showing excellent agreement with measured UPS
and IPES spectra. The temperature-dependent J-V
characteristics of electron-only devices confirms substantial
improvement in electron transport with BCP and thus it is
verified that unoccupied gap states act as the electron
transport level of BCP. In addition, IS measurements indicate
that Al interactions with BCP produce not only transport level
but also trap levels in the band gap. The activation energy of
these trap states was estimated as 0.20 eV by the
temperature-dependent conductance measurements.
Therefore, the interplay of trap-detrap processes between
transport levels and trap levels is the true electron transport
mechanism in OPVs.

Experimental
A. Ultraviolet photoemission spectroscopy (UPS)

Measurements were carried out wusing a PHI 5700
spectrometer and ultraviolet (He I, 21.22 eV) light sources to
investigate the electronic structures of Al/Cg, and Al/BCP/Cgp.
ITO coated glass was used as a substrate, cleaned with
solvents™® for 15 min and UV-ozone treated for 30 min,
respectively, to remove the contamination on the surface. Cgg
(SES research, 99.9%), BCP (Jilim OLED Material Tech, 99%) and
Al were thermally evaporated at the rate of 0.01 nm/s in the

deposition chamber. In situ UPS measurements were

This journal is © The Royal Society of Chemistry 20xx

conducted without breaking the vacuum between deposition
and measurement with a stepwise manner. The base pressure
of the deposition and analysis chambers were 1.0 X 10® and
6.0 x 10° Torr, respectively. During measurement, a -10 V was
applied to the sample to obtain the true SEC.

B. Inverse photoemission spectroscopy (IPES)

IPES measurements were carried out by using a low energy
electron gun with a BaO cathode. To detect the emitted
photons a band pass filter of 9.5 eV in isochromat mode was
adopted. The 10 nm-thick BCP was deposited on an ITO
substrate and UPS measurements were conducted without
breaking the vacuum. After checking the identical spectrum of
BCP, it was transferred to the analysis chamber with the
ultrahigh vacuum carrier and measurements were performed.
Then 0.1 nm-thick Al was deposited on BCP in the deposition
chamber which was directly connected to the IPES analysis
chamber. Finally, IPES measurements were performed by
transferring the sample to the analysis chamber without
breaking the vacuum.

C. Theoretical calculation

Theoretical calculations using DFT were performed on a single
molecule of BCP and an AI-BCP complex. A Becke-style 3
parameters exchange and Lee-Yang—Parr correlation
functional (B3LYP)47'49 and a 6-31+G(d) basis set were used in
geometry optimization and single point energy calculations
implemented in the Gaussian 09 pat:kage.50 To compare
between theoretical calculations and measured UPS and IPES
spectra, occupied and unoccupied states regions of simulated
DOS were rigidly shifted to match the onset of UPS and IPES,
respectively.

D. Current density-voltage (J-V) characteristics and impedance
spectroscopy (IS) measurements

J-V characteristics and IS measurements were carried out with
a Keithley 2400 source-measure unit and a Solartron 1260
impedance/gain-phase analyzer, respectively. Electron-only
devices which consisted of Al (100 nm)/BCP (0 or 10 nm)/Cg,
(150 nm)/ITO were fabricated by thermal evaporation using a
shadow mask (the active area of the device was 2 mm x 2 mm)
in an ultrahigh vacuum chamber. Measurements were
performed on the Linkam stage to vary the device temperature
from 300 to 90 K with the base pressure at 102 Torr. The
temperature was controlled by a liquid nitrogen cooling
system and its variation was carefully controlled by Linksys 32
software. Frequencies from 10-10 Hz at an oscillation voltage
of 25 mV were adopted during IS measurements.

E. Film thickness

The film thicknesses were monitored by a quartz crystal
microbalance which was calibrated via a cross-sectional SEM
(JEOL-6700F) and surface profiler (Alpha-step 500 Surface
Profiler).
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