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ABSTRACT: A better understanding of how interfacial
structure affects charge carrier recombination would benefit
the development of highly efficient organic photovoltaic
(OPV) devices. In this paper, transient photovoltage (TPV)
and charge extraction (CE) measurements are used in
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as a reference system to investigate the interfacial effects on
device performance. Devices with a Ca interlayer exhibit a
lower recombination than devices with only an Al cathode at a given charge carrier density (). In addition, the interfacial band
structures indicate that the strong dipole moment produced by the Ca interlayer can facilitate the extraction of electrons and
drive holes away from the cathode/polymer interface, resulting in beneficial reduction in interfacial recombination losses. These

results help explain the higher efficiencies of devices made with Ca interlayers compared to that without the Ca interlayer.
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1. INTRODUCTION

Organic photovoltaics (OPVs) have attracted considerable
attention in recent decades as a result of their potential as a
low-cost renewable energy source, with recent reports of power
conversion efficiency (PCE) exceeding 10%.'~ Extensive
efforts have been made regarding new material synthesis and
device architecture optimization to enhance device perform-
ance. However, OPV performance is still not competitive with
the best inorganic materials as a result of the lower efficiency
and shorter lifetime.*” It is worth noting that the device
performance crucially depends upon not only the properties of
the active materials but also the interface structures.'’~"* In
particular, it has been demonstrated that the interfaces between
electrodes and active layers have direct impact on the charge
transport and extraction processes, ultimately influencing the
open circuit voltage (Vo) and short-circuit current density
(Jsc)-°~"7 To enhance the device performance, the insertion of
a functional layer is a common approach to optimize the
interfacial properties, which include establishing ohmic
contacts, modifying the built-in electric field, adjusting the
interfacial energy-level alignment, retarding interfacial recombi-
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nation losses, etc."®'” For example, a dipolar phosphonic acid
self-assembled monolayer as the surface modifier modulates not
only the V¢ but also the carrier lifetime by modifying the work
function of indium tin oxide (ITO),'”">?%*! and transition
metal oxides, such as molybdenum oxide (MoO,), have been
used to achieve high device performance and stability because
of the hole selective behavior.””**

For OPVs, device performance depends upon the whole
process of the photovoltaic effect, including exciton generation,
dissociation, charge transport, and collection.™ Ideally, the free
electrons and holes are ultimately extracted by the interfacial
layers to the respective electrodes, thereby creating a
photocurrent. In reality, even after successful dissociation,
charge carriers often re-encounter each other on the way
toward the electrodes and recombine back to the ground state,
which has been identified as a primary source of efficiency loss
in OPV devices.”> *” Therefore, retarding these recombination
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Figure 1. (a) Molecular structures of PCDTBT and PC,;BM and (b) schematic architecture of the PCDTBT/PC,;BM device.

dynamics is crucial to the development of high efficiency OPV
devices. To characterize the charge recombination, many
different experimental techniques have been developed, such
as impedance spectroscopy (IS),”**’ integral mode time of
flight (Q-TOF),***! charge extraction by linear increasing
voltage (CELIV),*** double injection currents (Dol),**
transient absorption spectra (TAS),” transient photovoltage
(TPV),***” and charge extraction (CE).***” Among these
techniques, the combination of TPV and CE has been widely
used to measure the effective carrier lifetime as a function of the
carrier density for a large range of OPV systems under
operating conditions, which can be directly related to the J-V
behavior.””**

In this paper, we used the model polymer/fullerene bulk
heterojunction blends of poly[N-9”-hepta-decanyl-2,7-carba-
zole-alt-5,5-(4',7’-di-2-thienyl-2’,1’,3’-benzothiadiazole) ]
(PCDTBT)/[6,6]-phenyl C,,-butyric acid methyl ester
(PC,BM), whose molecular structures are shown in Figure
la, to study the underlying relationship between device
performance and interfacial properties. OPV devices based on
PCDTBT/PC,;BM have received considerable attention as a
result of their high power conversion efficiencies and ability to
achieve internal quantum efficiency close to 100%.”* Devices
were fabricated with and without a Ca interlayer inserted
between the PCDTBT/PC,;BM layer and the Al cathode as
the Ca interlayer can improve device performance.”’ We used
TPV and CE to monitor the charge carrier decay dynamics in
working devices to investigate the charge carrier recombination.
Additionally, we investigated the interfacial energy band
structures using high-resolution synchrotron radiation photo-
emission spectroscopy (SRPES). The combination of the TPV
and SRPES enables us to gain further insights into the
correlation between carrier recombination dynamics, interfacial
energy band structures, and the device performance. These
results show that the strong dipole moment formed at the Ca/
Al interface facilitates electron extraction and reduces interfacial
recombination losses, in good agreement with the observed
changes in device current density—voltage (J—V) character-
istics.

2. EXPERIMENTAL SECTION

2.1. TPV and CE Measurements. TPV and CE measurements
were carried out on a home-built setup as described previously.'>%**
A standard device is mounted in a home-built vacuum chamber
(typically between S and 1S mTorr) to prevent degradation during
testing. During the TPV measurement, the device was held at an open
circuit with a 500 G effective input impedance under steady-state
conditions illuminated by a Bridgelux BXRA-56C9000-] white light-

emitting diode (LED). A small pulsed perturbation of excess charge
carriers is produced by a Royal Blue Rebel 447.5 nm LED. As reported
in the earlier studies,””*® in the small perturbation limit at a given
background carrier density, the pseudo-first-order charge carrier
lifetime (7) can be obtained from the mono-exponential decay of
the transient voltage: AV = AV, exp(—t/7), where ¢ is the time, AV
and AV, are the transient amplitude and the transient amplitude at t =
0, respectively, and 7 is the lifetime of the transient. For the CE
measurement, the device was first illuminated to reach a steady state at
an open circuit under certain light intensity, and then the circuit was
simultaneously shunted through a 510 Q resistor when the white light
was switched off. The voltage signal was converted into a current signal
using Ohm’s law. Finally, the charge carrier density (n) was calculated
by the integration of the current transient with respect to time.

2.2. SRPES Characterization. Photoemission spectroscopy
experiments were performed at the catalysis and surface science
endstation in the National Synchrotron Radiation Laboratory (NSRL),
Hefei, China, and the photoemission endstation attached to the
BL24A beamline at the National Synchrotron Radiation Research
Center (NSRRC), Taiwan. The system at NSRL is equipped with a
VG Scienta R4000 analyzer, a monochromatic Al Ka X-ray source, and
a quartz crystal microbalance (QCM). The ultrahigh vacuum (UHV)
setup at NSRRC is equipped with a SPECS Phoiboss150 energy
analyzer and a QCM. The PCDTBT films were prepared by spin
coating the PCDTBT solution (dichlorobenzene/chlorobenzene =
3:1; 7 mg mL™") directly onto a clean gold-coated silicon wafer to
achieve a PCDTBT film with a thickness of 70 nm. The PCDTBT film
was then annealed at 70 °C for 10 min in a N, atmosphere and
subsequently transferred to the UHV chamber with a base pressure
better than § X 107'° mbar for analysis. The core-level and valence-
band spectra were measured in situ immediately after each metal
deposition and recorded using synchrotron radiation light as the
excitation source with photon energies of 340 and 40 eV, respectively.
For the core-level spectra, the binding energies were calibrated using
the bulk Au 4f;/, core level located at 84.00 eV as the reference. The
valence-band spectra were referenced to the Fermi level (Ex = 0)
determined from the thick metal films on the sample. A sample bias of
—5 V was applied to observe the secondary electron cutoff. The work
function (¢) is determined by the difference between the photon
energy and the binding energy of the secondary cutoff edge.

2.3. Device Fabrication and Characterization. Bulk hetero-
junction solar cells were fabricated in a glovebox from PCDTBT/
PC,,BM in this study. The device structure is shown in Figure 1b.
PCDTBT (St. Jean Photochemical) and PC,;,CM (Nano-C) were
used without further purification and dissolved in a mixed solvent
(dichlorobenzene/chlorobenzene = 3:1) to make a solution (1:4; 7 mg
mL™"). Blend solutions were heated at 80 °C overnight and then spin-
coated on top of a 40 nm thick poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfonate) (PEDOT/PSS, Clevios P VP Al 4083) layer on
an ITO substrate to achieve an active layer with a thickness of 70 nm.
The films were subsequently annealed at 70 °C for 10 min. A 20 nm
Ca interlayer was thermally evaporated on top of the active layer with
an area of 1.36 mm? by a custom-made evaporation mask. Finally, the
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Figure 2. TPV and CE measurements of OPV devices based on PCDTBT/PC,,BM with Ca/Al (red) and Al (black) as cathodes, respectively. (a)
Comparison of normalized transient voltage signals (AV) at the charge carrier density (n = 1.2 X 10'” cm™). (b) Charge carrier lifetime (7) as a
function of the open-circuit voltage (V). (c) Charge carrier density (1) as a function of the open-circuit voltage (Vo). (d) Charge carrier lifetime

() as a function of the charge carrier density (n).

top cathode (Al, 100 nm) was deposited through the same shadow
mask by thermal evaporation. J—V measurements were performed with
a Keithley 2400 SourceMeter in the glovebox under an Air Mass 1.5
Global (AM 1.5 G) solar simulator with an intensity of 100 mW cm™,
which was calibrated with a standard silicon photodiode.

3. RESULTS AND DISCUSSION

3.1. Charge Recombination Dynamics. It is well-known
that the bimolecular recombination of the dissociated free
charge carriers is the primary source for the loss of photovoltaic
performance in many donor/acceptor systems.”> We performed
TPV and CE measurements to probe the charge carrier
recombination dynamics in a working device. Figure 2a shows
the normalized TPV transient signals at a charge carrier density
of 1.2 X 10" cm™ for PCDTBT/PC,;BM bulk heterojunction
devices with two different cathodes (Ca/Al and Al). The
devices were held at an open circuit and illuminated by a white
LED to reach the steady state. A weak pulse by the blue LED
generated a small excess of charge carriers and, subsequently,
decayed to the background by the non-geminate charge carrier
recombination. The pseudo-first-order carrier decay time 7 was
calculated by fitting the voltage decay to a single-exponential
function. It is apparent from Figure 2a that the recombination
occurs on a microsecond time scale and the device prepared
with the Ca interlayer shows a longer decay lifetime (7 = 8.34
us) compared to the device without the Ca interlayer (7 = 3.59
us) at a matched carrier density of 1.2 X 10'7 cm™. The charge
carrier lifetime (7) as a function of the light intensity (sun)
shown in Figure S1 of the Supporting Information also
indicates that the charge carrier lifetime in the Ca/Al-based
device is higher than that in the device with the Al cathode at a
given light intensity. A wide range of V¢ can be produced by

the continuously varying white light intensity. Figure 2b shows
the pseudo-first-order lifetime obtained from single-exponential
fitting of the TPV voltage transients in the small perturbation
limit as a function of V. As the V¢ increases, the decrease in
lifetime is ascribed to the increased concentration of charge
carriers at a higher light intensity.”” The charge carrier density
(n) is obtained from the CE measurement with the same white
light intensities used in the TPV measurement. The depend-
ence of charge carrier density (n) on Voc for a range of
illumination intensities is illustrated in Figure 2¢. Charge carrier
recombination dynamics are strongly dependent upon the
charge density, and therefore, the data shown in panels b and ¢
of Figure 2 can be combined to plot 7 versus n, which is shown
in Figure 2d. Importantly, at a given n, the Ca/Al-based device
always shows a longer carrier lifetime than that with the Al
cathode, indicating that the recombination is slowed in the
presence of the Ca interlayer.

3.2. Interfacial Energy Band Structures. To better
understand the impact of the Ca interlayer on the charge carrier
recombination and the device performance, we performed
SRPES to in situ investigate the interfacial energy band
structures during the interface formation between the active
layer and Ca or Al The previous studies show that the
PCDTBT/PC,;BM blend film has a PCDTBT-rich region near
the top surface,"** and no band bending occurred at the
interface between the Ca layer and PCBM film.** Therefore, in
this work, we only study the interface structure between
PCDTBT and Ca or Al Figure 3 presents the high-resolution C
Is core-level spectra and the secondary electron cutoft for a
different thickness of Ca or Al layers on the PCDTBT films,
which were recorded with photon energies of 340 and 40 eV,
respectively. For Ca or Al deposition onto PCDTBT, a shift of
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Figure 3. Evolution of C 1s core-level spectra and secondary electron
cutoft from the PCDTBT surface with different thicknesses of Ca or
Al

the original C 1Is signals toward a higher binding energy is
observed, which can be ascribed to band bending associated
with charge redistribution in close proximity to the interface.*
Upon 20 A Al deposition on PCDTBT, the band-bending
energy shift (Egp’) from the C 1s spectra saturates with a total
amount of 0.9 eV, as shown in Figure 3b. In contrast, the
saturating Egy for deposition of 20 A Ca is 1.2 eV. Besides the
observation of the peak shifts due to band bending, the C 1s
spectra become broader and asymmetric at high Ca doses,
implying that Ca may also react with C atoms of PCDTBT.

The chemical reaction of Ca with PCDTBT is beyond the
scope of this paper.

The valence-band spectra were obtained to examine the
correlation between the device performance and the electronic
states at the interfaces. The normalized secondary edges of
PCDTBT are shown on the right part of Figure 3. The work
function of the pristine PCDTBT is 4.8 eV, as determined by
the width of the valence spectrum. Upon depositing metals (Ca
or Al) onto PCDTBT, the secondary edges shift continuously
toward higher binding energy, indicating that the interfacial
dipole is induced upon the contact of metals and organic films
and the vacuum level changes.w’47 The total shift of the
secondary cutoff is saturated at 2.1 eV after 20 A Ca is
deposited (as shown in Figure S2 of the Supporting
Information). In contrast, after deposition of 20 A Al on
PCDTBT, the shift is saturated with only 1.4 eV. The larger
shift of the secondary cutoff indicates that the Ca interlayer
yields a relatively stronger interfacial dipole than the Al
cathode. The work function equals the sum of the interface
dipole and band-bending values.***” The interface dipole (A)
of 0.9 eV at the Ca/PCDTBT interface is much larger than that
of 0.5 eV at the Al/PCDTBT interface, which is in good
agreement with the previous study that the Ca cathode induced
a much larger dipole than the Al cathode in OPVs based on
P3HT /fullerence.”” In the valence-band region (Figure S3 of
the Supporting Information), the highest occupied molecular
orbital (HOMO) edge of the active layer is approximately 0.6
eV below the Fermi level, giving an ionization potential (IP) of
5.4 €V, which is consistent with previous reports.”'~

The energy level alignment at the metal/PCDTBT interfaces
can be derived by combining the core-level and valence-band
data presented above. The results are shown in Figure 4. The
position of the lowest unoccupied molecular orbital (LUMO)
edge is defined according to the report by Ratcliff et al. with a
single particle band gap of 2.2 eV.>* The IP and electron affinity
(EA) of PCDTBT are 5.4 and 3.2 eV, respectively. The hole
transport barrier (&,) and the electron transport barrier (&,) can

B} clean PCDTBT 20 A AI/PCDTBT

) clean PcOTBT 20 A Ca/PCDTBT

E N A - A E N A
VAC A=0.5eV VAC 4=0.9 eV
1.4 eV \ 2.1eV
s |2 ] S | B
n n n n
v w - w
b N bl N v
m o —
< |2 < |2
Y Y
LUMO A N LUMO A 1
Epp =0.9 eV Egp-12eV
1.6eV X 1.6eV
y
ey I R A S | | _fe0aev
F Io.s eV 1 F io.s ev \
HOMO HOMO
£,’=15eV £,=1.8eV
y

Figure 4. Schematic drawing of the energy level alignment diagram at the (a) Ca/PCDTBT interface and (b) Al/PCDTBT interface. Ey,c is the
vacuum level; IP is the ionization potential; EA is the electron affinity; Egp is the band-bending shift; and A is the interface dipole. &, and €, are the

hole transport barrier and electron transport barrier, respectively.

DOI: 10.1021/acsami.5b10641
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b10641/suppl_file/am5b10641_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b10641/suppl_file/am5b10641_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b10641

ACS Applied Materials & Interfaces

Research Article

be estimated by the energy difference between the E; and
HOMO/LUMO level. Upon deposition of Al on PCDTBT, the
downward band bending leads to a €, of 0.7 eV and a ¢}, of 1.5
eV, as shown in Figure 4a. With the Ca interlayer, the larger
band bending leads to a smaller £, of 0.4 eV and a larger &, of
1.8 eV, as shown in Figure 4b. When panels a and b of Figure 4
are compared, it is clear that the electron transport barrier of
0.4 eV with the Ca interlayer is more favorable for electron
extraction than the 0.7 eV barrier formed by the Al cathode.
Additionally, the change in field distribution as a result of the
stronger dipole moment could drive holes away at the cathode/
polymer interface, resulting in a reduction of the hole
concentration at the Ca/PCDTBT interface. As a result, the
inserted Ca interlayer promotes electron extraction and helps
suppress the interfacial recombination rate. The results of
interfacial energy band structures for Al/PCDTBT and Ca/
PCDTBT are in good agreement with the above carrier
recombination dynamics.

3.3. Photovoltaic Performances. To understand inter-
facial effects on the device performance, we measured the -V
curves of PCDTBT/PC,;BM-based devices under simulated
AM L.5 G illumination with the following structures: (1) ITO/
PEDOT/PSS/PCDTBT/PC,,BM/Al and (2) ITO/PEDOT/
PSS/PCDTBT/PC,BM/Ca/Al, as shown in Figure 5. The
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Figure S. J—V characteristics of the PCDTBT/PC,BM devices
fabricated with the Ca interlayer (red) and without the Ca interlayer
(black).

macroscopic device parameters, including Vi, Jsc, fill factor
(FE), and PCE, of these devices are summarized in Table 1.

Table 1. Summary of Device Performance for PCDTBT/
PC,;BM OPVs with Al and Ca/Al as the Cathodes

cathode Voc (V) Jsc (mA cm™2) FF (%) PCE (%)
Al 0.80 + 0.01 10.29 + 0.41 40.8 + 0.6 3.37 £ 0.12
Ca/Al 0.85 + 0.01 1093 + 034 461 + 2.1 431 + 0.11

The devices with the Al cathode show V- = 0.80 V, Jsc =
10.29 mA cm™2, FF = 40.8%, and PCE = 3.37%. In contrast, the
devices with the Ca interlayer inserted between the active layer
and Al cathode exhibit improvements in all four aspects of
photovoltaic performance: Vi = 0.85 V, Jsc = 10.93 mA cm ™2,
FF = 46.1%, and PCE = 4.31%. Apparently, the device
performance is significantly improved by the Ca interlayer, in
accordance with previous reports.”*

The above results show that the presence of a Ca layer
between the Al electrode and the active organic layer indeed
improves the device performance. This improvement can be
attributed to reduction of the charge carrier recombination as a

result of the larger interface dipole and band bending with the
insertion of the Ca layer, which facilitates electron extraction
and drives holes away at the metal electrode/polymer interface,
as discussed above.

4. CONCLUSION

This study reveals the detailed impact of interfacial properties
on the device performance by TPV and CE measurements in
combination with the SRPES measurement. The standard
reference PCDTBT/PC,,BM devices were fabricated with two
different cathodes (Ca/Al and Al) as the electron-collection
layers. By comparison of the charge carrier decay dynamics and
interfacial energy band structures, we conclude that the Ca
interlayer can induce a stronger dipole moment and band
bending, which can facilitate electron extraction and help drive
holes away from the non-selective metal cathode/polymer
interface, leading to less non-geminate recombination. These
microscopic mechanisms are in good agreement with the
observed improvements in device performance by adding a Ca
interlayer. These complementary results from TPV and SRPES
provide a comprehensive approach to understand the true
nature of the interfacial effects on device performance at the
atomic level, which will facilitate the reasonable design for the
high-efficiency OPV devices.
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