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ABSTRACT: A comprehensive understanding of the energy-
level alignment at the organic heterojunction interfaces is of
paramount importance to optimize the performance of organic
solar cells (OSCs). Here, the detailed electronic structures of
organic interconnectors, consisting of cesium fluoride-doped 4,7-
diphenyl-1,10-phenanthroline and hexaazatriphenylene—hexacar-
bonitrile (HATCN), have been investigated via in situ photo-
emission spectroscopy, and their impact on the charge
recombination process in tandem OSCs has been identified.
The experimental determination shows that the HATCN
interlayer plays a significant role in the interface energetics with
a dramatic decrease in the reverse built-in potential for electrons
and holes from stacked subcells, which is beneficial to the charge
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recombination between HATCN and the adjacent layer. In accordance with the energy-level alignments, the open-circuit voltage
of tandem OSC incorporating a HATCN-based interconnector is almost 2 times that of a single-cell OSC, revealing the
effectiveness of the HATCN-based interconnectors in tandem organic devices.
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1. INTRODUCTION

Over the past few decades, organic solar cells (OSCs) have
drawn more and more attention due to their low cost, ease of
the fabrication, and favorable mechanical flexibility. The power
conversion efficiency (PCE) of OSCs based on small molecules
and polymers has been significantly improved with the
development of new photovoltaic materials and novel device
conﬁgurations.l_10 For all single-junction solar cells, however,
the PCE is limited to the Shockley—Queisser limit."" Moreover,
for organic materials, a short exciton diffusion length and low
charge carrier mobility lead to further low solar energy
utilization ratios and huge thermodynamical loss. Generally,
to capture more solar light and gain a high PCE, a useful
approach is to make a tandem OSC, that is, stacking multiple
junctions with complementary absorption spectra in a series
connection.”>'? Furthermore, the stacked structure of multi-
junction cells can result in an increase of the open circuit
voltage (Voc), due to the addition of photovoltage of each
individual subcell."® Consequently, various efforts have been
put into tandem OSCs'*™'* and the best device performance,
reported up to date, is a PCE of 10.6%."*

Tandem OSCs are usually composed of two subcells and a
sandwiched interconnector. For this stacked architecture, the
interconnector plays a decisive role in the device performance
and needs to satisfy the following basic requirements:*° high
transparency to reduce the optical loss, suitable interface
energetics for a quasi-ohmic-contact with the adjacent layers for

-4 ACS Publications  © 2014 American Chemical Society

15604

electron and hole injections, and the balance of charge carriers
from different subcells by avoiding the formation of a reverse
built-in potential. Possessing these properties will provide
interconnectors with effective recombination capability as well
as ohmic contacts with subcells. As a result, electrons from the
bottom cell can effectively combine with holes from the top cell
without any large energy loss, and thus the open-circuit voltage
(Voc) of tandem OSCs can be maximized for the performance
improvement. In addition, the fabrication of the interconnec-
tors in tandem OSCs should avoid high-temperature
processing, which could damage the volatile layers of the
bottom cell.*’

Recently, multiple efficient intermediate layers have been
developed for small-molecular tandem OSCs, including the
insertion of thin metal layers (Au, Ag),'>'®*'™** and
intercalation of transition metal oxides such as vanadium
oxide, tungsten oxide, and molybdenum oxide 13224726
However, these inorganic materials usually involve the high-
temperature evaporation, and the bottom layer will be
inevitably damaged during the device fabrication. Hexaaza-
triphenylene—hexacarbonitrile (HATCN), as a strong electron
acceptor with a low vacuum-deposition temperature (~200
°C),*” has a deep-lying lowest unoccupied molecular orbital
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Table 1. Architectures of OSC Cells

device and units

single-cell

layers

ITO/D-A/BPhen(8 nm)/Al (100 nm)

tandem A ITO/D-A (bottom)/CRL1/D-A (top)/BPhen (8 nm)/Al (100 nm)
tandem B ITO/D-A (bottom)/CRL2/D-A (top)/BPhen (8 nm)/Al (100 nm)
D-A CuPc (30 nm)/Cy (60 nm)
CRL1 CsF:BPhen (30 wt %, 8 nm)/HATCN (2 nm)
CRL2 CsF:BPhen(30 wt %, 8 nm)
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Figure 1. Hel UPS spectra of CuPc/HATCN/CsF:BPhen on the ITO substrate. (a) Incremental deposition of HATCN on CsF:BPhen. (b) Further

deposition of CuPc on the HATCN/CsF:BPhen.

(LUMO) and high optical transparency in the visible spectral
region.”® > HATCN has been widely used in organic light-
emitting diodes for hole transport or the modification of hole-
injection barriers,*"** implying that the incorporation of
HATCN into interconnectors for small-molecular tandem
OSCs could provide a feasible way to reduce the hole-injection
barrier and effectively transport electrons. Nevertheless, only a
few pertinent studies have been conducted to date,>® while
HATCN was used in combination with Ag, making the
advantage of low-temperature processing obsolete.

In this study, we used the in situ X-ray and ultraviolet
photoemission spectroscopies (XPS and UPS) to investigate
the electronic structures of the interconnector used for tandem
OSCs, which was composed of cesium fluoride doped 4,7-
diphenyl-1,10-phenanthroline (CsF:BPhen, 30 wt %) and
HATCN. The impact of HATCN-based charge recombination
layers (CRLs) on the performance of tandem OSCs was also
verified, showing that an effective interconnector could double
the V¢ as compared to a single-cell device."?

2. EXPERIMENTAL DETAILS

2.1. Device Fabrication and Characterization. All OSCs were
fabricated on patterned indium tin oxide (ITO)-coated glass substrates
with a sheet resistance of 20 & per square. Prior to film evaporation,
the substrates were cleaned in an ultrasonic bath successively using
acetone, ethanol, and deionized water, dried in an oven, and finally
exposed to UV-ozone treatment for 15 min. Then, the ITO glass
substrates were transferred to a vacuum deposition chamber with a
base pressure of 2 X 107 Torr for thermal evaporation of the organic
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and inorganic materials. Materials deposition rate and layers thickness
were monitored with quartz-crystal monitors. The active layers
consisted of copper phthalocyanine (CuPc) as the donor and fullerene
(Cgo) as the acceptor, which is a frequently used material combination
in OSCs.**** The CsF:BPhen mixture was formed by coevaporating
two materials from two separated sources that were controlled with
different quartz-crystal monitors. A shadow mask was utilized to define
the cathode, resulting in a device area of 0.1 cm®. Finally, the devices
were transported into an interconnected nitrogen-filled glovebox for
encapsulation with an epoxy-resin-sealed glass cap. The detailed device
structures and layer thicknesses of single cell (control device) and
tandem cells are shown in Table 1. To ensure the consistent results,
each series of tandem and control devices were simultaneously
fabricated in the same batch for the deposition of organic and metal
materials. Current density—voltage (J—V) characteristics of OSCs were
measured with a programmable Keithley model 2612 power source
under AM LS solar illumination from a Newport 150W solar
simulator. Illumination intensity was measured with a calibrated Oriel
radiant power meter.

2.2. Characterization of Electronic Structures. Interface
characterization was carried out in a Kratos AXIS Ultra-DLD ultrahigh
vacuum photoemission spectroscopy system, which includes an
analysis chamber, an evaporation chamber, and a multiport carousel
chamber. The base pressures in three chambers preceded 5 X 107, 6
x 107, and 6 X 107" Torr, respectively. ITO substrates were ex situ
solvent cleaned and treated by UV-ozone in the same way to the
device fabrication. All materials were sufficiently out-gassed before film
deposition. HATCN and CuPc were in situ thermally deposited onto
the substrates with a growth rate of 1-2 A s™' in the evaporation
chamber. CsF and BPhen were coevaporated from two separated
sources. A quartz-crystal microbalance was used to monitor the
deposition rate and film thickness. After each deposition process,
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samples were transferred to the analysis chamber without breaking
ultrahigh vacuum for UPS and XPS measurements. UPS measure-
ments were conducted to characterize the vacuum level (VL) and
valence states by using the Hel excitation line (21.2 eV) generated
from a helium discharge lamp with an instrumental energy resolution
of 0.1 eV. A negative bias voltage of 10 V was applied to enable the
observation of secondary electrons during UPS measurements. The
interfacial chemical reaction and gradual changes of core levels were
measured by XPS using a monochromatic Al Ka source (1486.6 eV)
with a resolution of 0.5 eV. All the spectra were acquired at room
temperature. The Au 4f;/, peak position and the Fermi-level (Eg) edge
of an Au film were used to calibrate the binding energy (BE) scale and
all the UPS and XPS spectra are referred to the Ep as zero BE.

3. RESULT AND DISCUSSION

3.1. Electronic Structures of CuPc/HATCN/CsF:BPhen
Layers. To get a comprehensive understanding of the role of
the HATCN-based interconnectors, the electronic structures
were measured by UPS and XPS. The VL shifts and the
evolution of the highest occupied molecular orbitals (HOMO)
can be determined by the secondary electron cutoft at high BE
region and the onset at low BE region, respectively, which can
be used for the determination of the energy-level alignment at
the interface. Figure 1a shows thickness-dependent UPS spectra
of HATCN deposited on a 10 nm thick CsF:BPhen layer on
UV-ozone treated ITO glass. The bottom spectrum shows the
photoemission from the CsF:BPhen layer with a 30 wt % CsF
doping ratio, where the secondary electron cutoff indicates a VL
value of 3.0 eV above Ep. Upon the 6 nm thick HATCN
deposition, the spectral features of CsF:BPhen were gradually
attenuated and progressively shifted by 1.0 eV toward a lower
BE, while the VL shifts by 2.2 eV away from Egp It is
noteworthy that no new features emerge in the energy gap
region by HATCN deposition, implying a physical adsorption
process at the HATCN/CsF:BPhen interface. For a 6 nm thick
HATCN layer, the onset of the HOMO-derived peak is located
at 4.0 eV below Ep. There is almost no position change for the
HOMO peak maximum (at 4.8 eV below Ey) for all HATCN
coverage, indicating that HATCN exhibits flat energy level
conditions during the incremental deposition process. The
corresponding ionization potential (IP) value for HATCN, as
determined by the energy difference between the VL position
and HOMO onset, is 9.2 eV, which is similar to previously
reported results.”®

After the deposition of HATCN, CuPc was stepwise
evaporated onto the superimposed layer (Figure 1b). Upon
deposition of a 0.2 nm thick CuPc layer, the VL presents a shift
of ~0.4 eV toward Ej (as determined from the secondary cutoff
region). The HOMO derived peak for the CuPc layer exhibits
its onset at 0.4 eV below Ej and exhibits successive growth of
intensity, including a slight shift toward the higher BE region by
increasing the CuPc thickness. The top spectrum corresponds
to a 12 nm thick CuPc layer and its HOMO edge is finally
located at 0.5 eV BE. The total VL shift between the 6 nm
HATCN and the 12 nm CuPc layer is 1.0 eV. In addition, no
gap states can be observed in Figure 1b, revealing the
physisorption of CuPc on HATCN.

XPS measurements were carried out in order to monitor the
chemical interactions at the interface. The lower parts of Figure
2a,b illustrate the evolution of C 1s and N 1s core levels of the
HATCN/CsF:BPhen interface on the ITO substrate. For the
CsF:BPhen layer, the C 1s- and N 1s-derived peaks are
centered at 285.5 and 399.5 eV BE, respectively. Evaporation of
0.2 nm HATCN shifts these peaks by about 0.4 eV toward a
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Figure 2. XPS spectra of (a) C 1s and (b) N 1s core levels obtained
upon the CuPc/HATCN/CsF:BPhen trilayer construction.

lower BE. With increasing HATCN thickness, the intensities of
C 1s and N Is core levels contributed by CsF:BPhen are
attenuated gradually and the peak positions keep on moving
toward a lower BE and are finally located at 284.6 and 398.6 eV
BE, respectively. Due to the different chemical environment of
C and N in HATCN and CsF:BPhen, their C Is- and N 1s-
derived peaks appear at distinctively different binding energy
position. The C 1s- and N 1s-derived peaks, which are assigned
to HATCN (centered at 287.3 and 400.4 eV BE, respectively)
gain intensity with increasing HATCN thickness without any
peak position changes. These observations are in accordance
with the above-mentioned UPS results. Furthermore, no new
features could be observed in the core level spectra, implying
the absence of a strong chemical interaction between HATCN
and CsF:BPhen.

The upper parts of Figure 2a,b show the XPS spectra for the
CuPc/HATCN interface. With increasing CuPc thickness, all
the core levels of CuPc exhibit a slight shift toward higher BE
and an increase in peak intensity. These BE shifts for C 1s and
N 1s core levels are consistent with the UPS results in Figure 1.
There are some overlaps for C 1s between CuPc and
CsF:BPhen in the low BE region, resulting in a large width
of the C 1s-derived peak for the CuPc coverage lower than 1
nm thick. The three peaks for the top spectrum of 12 nm thick
CuPc in Figure 2a can be assigned to aromatic carbon of the
benzene rings, pyrrole carbon linked to nitrogen, and a 7—7*
satellite feature from the pyrrole carbon.*

3.2. Energy-Level Alignment of HATCN-based CRLs.
The energy-level alignment diagrams of the CuPc/HATCN/
CsF:BPhen trilayer interfaces and the CuPc/CsF:BPhen bilayer
are shown in Figure 3 (see Figures SI and S2 (Supporting
Information) for UPS and XPS results). The transport gaps,
used to obtain the LUMO position of HATCN, CuPc and
BPhen are 4.2,%° 2.3, and 4.2 eV, *® respectively (as measured
by UPS and inverse photoemission spectroscopy). The
interface dipole was determined by the secondary electron
cutoff shift and the HOMO edges for each layer were gained
from the low BE region of the spectra. Such energy-level
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Figure 3. Schematic energy-level diagrams of (a) CuPc/HATCN/
CsF:BPhen and (b) CuPc/CsF:BPhen. The HOMO positions were
extracted from the UPS spectra and the LUMO positions were
estimated by adding the transport gaps.

diagrams can be of great help to evaluate whether a CRL is
suitable for the operation of tandem OSCs. In tandem OSCs
incorporating CRLs, as shown in Figure 3, illumination leads to
exciton dissociation andcharge separation in two subcells, and
eventually the accumulation of electrons in the CsF:BPhen’s
LUMO and holes in the CuPc’s HOMO will occur. Except for
the extractions of electrons and holes by the electrodes, the
electrons and holes in the layers adjacent to the CRL need to
recombine for the continuous light-to-electrical conversion in
tandem OSCs.

As displayed in Figure 3, the HATCN layer has a significant
influence on the energy-level alignment, due to the formation
of a remarkable interface dipole between HATCN and
CsF:BPhen layers (~2.2 eV). This dipole is related to the
low VL of CsF:BPhen (3.0 eV) and the large electron affinity of
HATCN (5.0 €V),*® which causes a situation reminiscent
Fermi-level pinning to maintain thermodynamic equili-
brium.***® Moreover, the interface dipole leads to an upward
HOMO level shift (~1.0 eV) in the CsF:BPhen layer close to
the interface. As the LUMO positions are expected to follow
the HOMO shift (Figure 3a),*" it seems to be detrimental to
electron transport from CsF:BPhen to HATCN. However, if
the layer with such an energy level shift only has a small
thickness, the electron blocking could be overcome by quantum
tunneling.*>** Finally, the large dipole by the incorporation of
HATCN reduces the energy offset between CsF:BPhen’s
LUMO and CuPc’s HOMO from 1.7 to 1.2 €V, and increases
the energy offset between the LUMOs of CsF:BPhen and
CuPc. Such a change in the energy level offset is beneficial for
high charge recombination rates and thereby small reverse
built-in potential. For the CRL without HATCN, the large
energy gap between CsF:BPhen’s LUMO and CuPc’s HOMO
cannot provide a smooth recombination channel, leading to a
large reverse built-in voltage in the interconnector for tandem
OSCs. Moreover, the small energy offset between the LUMOs
of CsF:BPhen and CuPc might cause the electron diffusion
from CsF:BPhen into CuPc, which is also detrimental to device
performance.

3.3. Device Performance of OSCs and Discussion. To
verify the above-mentioned observation, tandem OSCs based
on different CRLs were fabricated, and compared with a single-
cell control device. Figure 4 shows the J—V characteristics
measured under simulated AM 1.5G solar illumination with an
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Figure 4. Current density—voltage (J—V) characteristics of a single-
cell (the control device) and tandem OSCs under 100 mW cm™ AM
1.5G irradiation.

incident intensity of 100 mW cm™. The corresponding

performance parameters of OSCs are summarized in Table 2.

Table 2. Parameters of the Device Performance”

devices Voc (V) Jsc (mA-cm™2) FF [%]
single-cell 0.49 (+0.02) 442 (+0.12) 60.0 (+0.3)
tandem A 0.96 (+£0.02) 2.31 (+0.15) 57.5 (+0.2)
tandem B 0.35 (+0.03) 0.63 (+0.14) 15.1 (+£0.4)

“The average values were obtained from eight cells.

Tandem OSCs exhibit very distinctive changes in device
performance when different CRLs are used. Based on a
CsF:BPhen/HATCN CRL, the tandem cell (device A) has a
Voc of 0.96 V, which is nearly twice that of the single cell of
0.49 V. In contrast, device B with only CsF:BPhen in the CRL
shows a V¢ of 0.35 V, which is even lower than that of the
control device. These results are consistent with the UPS
measurements and confirm that the reduction of the LUMO—
HOMO gap of CsF:BPhen and CuPc leads to efficient charge
recombination in the CRL.

The working mechanisms of tandem OSCs with different
CRLs are schematically shown in Figure S. It can be expected
that the Vi of two subcells (Vo and Vpe,) in a tandem
device equals that of the single cell

Voci ® Voca & Vo (single cell) = 0.49 V (1)
The Vo of a tandem device is thus given by
Vo (tandem) & 2V (single cell) — Vigy, (2)

where Vg is the reverse built-in voltage in the CRL, which is a
voltage loss to the tandem device. For the HATCN-based
interconnector (Figure Sa), this loss (i.e., Vigy,) is virtually
zero (0.02 V). For the interconnector without the HATCN
layer (Figure Sb), however, the energy level mismatch between
CuPc’s HOMO and CsF:BPhen’s LUMO results in a high
voltage loss (for example, Viep, & 0.63 V), which largely
obstructs the charge recombination. Moreover, the electrons
can easily transport from CsF:BPhen’s LUMO to CuPc’s
LUMO, leading to the invalidation of the top subcell.

4. CONCLUSIONS

In summary, the detailed electronic structures of HATCN-
based interconnectors for tandem OSCs have been investigated
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Figure 5. Schematic energy level offsets of tandem OSCs with (a) and
without (b) HATCN in the charge recombination layer (CRL) under
the illumination and open-circuit conditions. Vo, and V¢, represent
the open-circuit voltages of bottom and top subcells, respectively.
Vere and Vg, are defined as the CRL-induced voltage loss. Vocy
and Vg are the overall open-circuit voltages of tandem OSCs with
different CRLs. Dotted lines represent the quasi-Fermi-levels.

via in situ photoemission spectroscopy. It is revealed that the
HATCN interlayer markedly recomposes the energy-level
alignment of the interconnector with a dramatic decrease in
the reverse built-in potential for electrons and holes from
stacked subcells, which is profitable for the charge recombina-
tion process at the interface. In accordance with the energy-
level alignments, the open-circuit voltage of a tandem OSC
incorporating a HATCN-based interconnector is almost 2
times that of a single-cell OSC, revealing the effectiveness of the
HATCN-based interconnectors in tandem organic devices.
Moreover, the HATCN-based interconnectors can avoid the
high-temperature processing, and are thus highly promising for
practical applications in tandem organic solar cells.
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Additional figures showing the UPS and XPS results for the 10
nm thick CsF:BPhen (30 wt %) layer with incremental
deposition of CuPc. This material is available free of charge
via the Internet at http://pubs.acs.org.
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