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A perylene diimide dimer-based electron
transporting material with an A–D–A structure for
efficient inverted perovskite solar cells†

Yunhao Fan,‡a Fei Wu,‡b Fan Liu, ‡a Mengmeng Han,a Kai Chang,a

Linna Zhu, *b Qianqian Li *a and Zhen Li *ac

Through the introduction of two perylene diimide (PDI) moieties to

the triphenylamine (TPA) core, a PDI dimer-based electron trans-

port material has been synthesized with an A (electron acceptor)–D

(electron donor)–A structure. It demonstrated a high electron

mobility of 8.23 � 10�4 cm2 V�1 s�1 as a thin film and achieved a

PCE of 20.07% in perovskite solar cells, higher than that of PC61BM

(18.38%) as the standard reference under the same conditions. This

is the highest conversion efficiency among various PDI derivatives

as ETMs, providing the optimized molecular configuration by

combination of twisted core (TPA) and planar peripheral moieties

(PDI), as well as matched electronic properties with multiple charge

transfer processes.

Introduction

Organic and inorganic hybrid perovskite solar cells (PSCs) have
attracted a lot of attention due to their broad absorption range,
tunable optical bandgap, high charge carrier mobility, long charge
carrier diffusion length and low-cost solution processability.1–18

According to device architecture, PSCs can be roughly divided into
inverted p–i–n and conventional n–i–p types. Generally, some
advantages can be observed in inverted PSCs, including better
ambient stability,19–23 a smaller hysteresis effect,23–26 and so on. In
photovoltaic processes, the electron transport layer plays a key role in
electron extraction from the perovskite layer and electron injection to
the cathode. Fullerene and its derivatives, for instance, C60 and

[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM), are widely
applied as electron transport materials (ETMs) owing to the aligned
energy level, solution processability and high electron mobility.27–34

However, their commercialization has been immensely limited due
to their low water-resistant ability, unadjustable energy level, expen-
sive commercial sources and undesirable film morphology. Alterna-
tively, some non-fullerene electron transport materials with high
electron mobilities, tunable energy levels and uniform morphology
were investigated.35–42 Among them, perylene diimide (PDI) deriva-
tives as electron-withdrawing and planar p-conjugated systems are
classical organic semiconductors with high electron mobilities,
excellent thermal stability and simplified synthesis routes.43–47 More-
over, they can provide diimide groups to coordinate with the
uncoordinated Pb2+, passivating traps on the surface of perovskite
crystal grains, thus leading to the enhancement of conversion
efficiency and device stability.20,48–50 However, the planar structure
of the PDI moiety always results in face-to-face stacking at the
aggregated states, which may cause poor solubility and undesirable
film morphology in some cases. Thus, the optimization of the
molecular arrangement of PDI derivatives is essential, which can
be conducted by adjustable molecular configurations, coupled with
the tunable intramolecular charge transfer processes.51–54 Various
twisted building blocks, including tetraphenylethylene,14 spiro-
[fluorene-9,90-xanthene],55 [1,10-bipyrrole]-2,20,5,50-tetraone,56 phe-
nothiazine 5,5-dioxide,57 and so on, have been incorporated as the
core units to modulate the interactions of PDI moieties at aggregated
states. However, the conversion efficiencies of PSCs with PDI-based
molecules as ETMs are still below 20%, which needed to be further
enhanced by optimizing molecular configurations and electronic
properties. Recently, the combination of electron donor (D) and
electron acceptor (A) moieties into the conjugated systems has been
proved as an efficient strategy due to their high charge mobility with
the self-doping effect, which is mainly related to the strong intra-
molecular charge transfer (ICT) and strong dipole–dipole
interactions.58–62

In consideration of these factors, an A–D–A type molecule of
DiPDI-TPA (DPT) with triphenylamine (TPA) as the electron
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donor and PDI as the electron acceptor has been designed and
synthesized as the electron-transport material. The twisted TPA
core can avoid the unfavorable stacking mode of the PDI
moiety. Also, the rational combination of D and A moieties
resulted in desirable structures for charge extraction and
transport owing to the self-doping effect and built-in potential
enhanced by the high dipole moment. A root mean square
(RMS) roughness of 4.88 nm and a high electron mobility of
8.23 � 10�4 cm2 V�1 s�1 were achieved in the DPT film, while
those of 5.81 nm and 6.01 � 10�4 cm2 V�1 s�1 for the PC61BM
film as the reference, respectively. Furthermore, efficient elec-
tron extraction and inhibition of charge recombination at the
perovskite/DPT interface can be achieved in PSC devices. Con-
sequently, the highest power conversion efficiency (PCE) of
20.07% was achieved in the PSC with DPT as the ETM, while
that of 18.38% in the reference PSC based on PC61BM. Also, low
hysteresis and great stability have been obtained for the opti-
mized aggregate morphology.

Results and discussion

The target molecule DPT (Fig. 1) was synthesized by a Suzuki
reaction between PDI-Br and TPA-2Bpin (Scheme S1, ESI†) and
characterized by 1H NMR, 13C NMR, and HRMS spectroscopy
and elemental analysis (Fig. S1 and S2, ESI†).

The UV-Vis absorption spectrum of DPT in dilute dichlor-
omethane solution (1.0 mM) exhibited three peaks at 313 nm,
485 nm and 516 nm (Fig. 2a), which could be attributed to the
p–p* transition and ICT process. Once the DPT molecules
aggregated into a thin film, the absorption spectrum became
broader. The photoluminescence spectra red-shifted about
130 nm from dilute solution to the film state, mainly due to
the possible intermolecular interactions and planarity of mole-
cular configuration at the aggregated state. The energy levels of
the DPT film were calculated by ultraviolet photoelectron
spectroscopy (UPS) and UV-Vis absorption spectroscopy
(Fig. 2a and Fig. S3, ESI†), the results of which matched well
with those for the perovskite layer. In detail, the lower LUMO
energy level of �4.0 eV can favor electron extraction, and the
deeper HOMO energy level of �5.7 eV benefits hole blocking.

The molecular conformation and orbital distribution of DPT
were optimized by density functional theory (DFT) calculations

at the B3LYP/6-31G(d) level (Fig. 2c).63 It is found that DPT
exhibits a twisted conformation with dihedral angles of 54.11
and 55.21, defined by the adjacent phenyl moieties in TPA and
PDI, respectively. The separated LUMO and HOMO distribu-
tions on the D or A moiety are obtained, favoring the electron
transport process in the film and electron extraction from the
perovskite layer. Furthermore, the role of twisted molecular
conformation of DPT in molecular packing has been investi-
gated, while PDI is employed as the reference, which is demon-
strated by their photoluminescence spectra under different
conditions (Fig. S8, ESI†). With the formation of molecular
aggregates by the increased concentrations (1–100%, wt%) of
DPT and PDI in a poly(methyl methacrylate) (PMMA) film
gradually, their emission peaks and intensities exhibited var-
ious trends for their different molecular conformations. For
PDI with an almost planar structure, a large shift of 85 nm with
decreased intensities can be observed, indicating the strong
p–p interactions at aggregated states. However, a small shift of
28 nm with increased intensities can be detected for DPT,
which suggested the efficient suppression of p–p interactions
with the quenching effect by the twisted molecular conforma-
tions. It is beneficial to the formation of a smooth film with
uniform coverage, which can be further confirmed by AFM
imaging.

The inverted p–i–n device was fabricated with the architec-
ture of ITO/P3CT-Na/perovskite/ETL/BCP/Ag, while the ETL was
formed by spin-coating of DPT or PC61BM solution. The
DPT-based PSC exhibited excellent photovoltaic performance
with a PCE of 19.23 � 0.52%, a JSC of 22.09 � 0.21 mA cm�2, a
VOC of 1.10 � 0.01 V and a fill factor (FF) of 79.3 � 1.4% (Fig. 3c
and Fig. S4, Table S1, ESI†).

The concentrations of DPT solution for the fabrication
process were tuned from 8 mg mL�1 to 15 mg mL�1, and the
thickness of the ETL increased gradually from 28.7 nm to
53.2 nm (Table S2, ESI†). Normally, the thinner film may result
in incomplete coverage, leading to an unfavorable contact
between the perovskite layer and cathode, while the thicker
one usually induces an increase of charge transfer resistance.

Fig. 1 The components and device architecture of an inverted PSC, in
which DPT or PC61BM acted as the electron transport material.

Fig. 2 (a) UV-Vis absorption and photoluminescence spectra of DPT in
DCM solution (1.0 mM) and in the film state. (b) Energy level alignments of
PSCs. (c) Optimized molecular configurations and LUMO and HOMO
distributions of DPT.
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Therefore, the highest PCE of 20.07% was achieved at the
proper thickness of 44.6 nm with a concentration of
12 mg mL�1, for the balance of the coverage on the perovskite
layer and charge transfer resistance of the ETL (Table S2, ESI†),
which is also the highest one among all the reported PDI-based
molecules as ETMs, to the best of our knowledge (Table S3 and
Fig. S5, ESI†). The reference PSC with PC61BM exhibited a PCE
of 17.71 � 0.36%, a JSC of 21.25 � 0.19 mA cm�2, a VOC of
1.08 � 0.01 V and a FF of 76.9 � 1.1%. The better performance
of PSCs with DPT, especially the increased JSC and FF values,
indicated the efficient electron extraction and electron trans-
port capacity. Furthermore, negligible hysteresis effect can be
observed in the DPT-based PSC (Fig. 3a), and PCEs of 20.07%
and 19.74% were obtained in reverse and forward scans,
respectively. The low hysteresis can be attributed to the sup-
pression of ion migration in the perovskite layer and charge
accumulation at the interface between the perovskite layer
and ETM.

In external quantum efficiency (EQE) spectra, high
responses approaching 90% were obtained in the region from
400 nm to 800 nm (Fig. 3d), and the integrated JSC value
(21.40 mA cm�2) matched well with the J–V curve. The stabi-
lized photocurrent densities and efficiencies (Fig. 3b) were
measured at the maximum power output points (with a bias
of 0.95 V for the DPT-based device and 0.91 V for the PC61BM-
based device). Apparently, a higher stabilized photocurrent
density of 20.82 mA cm�2 and a stabilized efficiency of
19.79% were obtained in the DPT-based device, compared to
those of 19.85 mA cm�2 and 18.07% in the PC61BM-based one,
respectively. These are consistent with the J–V curves, further
confirming the superiority of DPT as the ETM.

To investigate the charge-carrier transport properties,
steady-state space charge-limited currents (SCLCs) were mea-
sured in the electron-only devices with the ITO/ZnO/DPT or
PC61BM/BCP/Ag structure (Fig. 4a). The electron mobility of the
DPT film is 8.23 � 10�4 cm2 V�1 s�1, which is obviously higher

than that of PC61BM (6.01 � 10�4 cm2 V�1 s�1), thus contribut-
ing to the efficient electron transport process.

Furthermore, electrochemical impedance spectroscopy (EIS)
was performed at a bias voltage of 1.0 V in the dark (Fig. 4b).
Obviously, the recombination resistance (Rrec) of the DPT-based
device is larger than that of the PC61BM-based one. The surface
morphology was measured by atomic force microscopy (AFM)
(Fig. 4c–e). The RMS roughness value of the bare perovskite is
17.13 nm, while it can be roughly reduced to 5.81 nm or
4.88 nm by spin-coating of PC61BM or DPT, respectively. The
smoother film morphology of the DPT-based one can favor the
better contact between the perovskite and Ag cathode.

Steady-state and time-resolved photoluminescence spectra
of the ITO/perovskite, ITO/perovskite/DPT and ITO/perovskite/
PC61BM were measured to evaluate the charge extraction prop-
erties of DPT as the ETM (Fig. 5a and b). The photolumines-
cence of the perovskite can be sharply quenched after the
spin-coating of DPT or PC61BM, and the PL lifetime of the bare
perovskite (120.4 ns) decreased rapidly to 56.9 ns by the
addition of DPT, while that caused by PC61BM is 57.6 ns.
The shorter lifetime of the DPT-coated perovskite confirmed
the more effective electron extraction of DPT as the ETM.
Furthermore, electron extraction and charge recombination of
PSCs were investigated by transient photovoltage (TPV) and
transient photocurrent (TPC) measurements. The longer decay
time of DPT also suggested the efficient inhibition of charge
recombination at the interface. According to the relationship
between charge transfer time (tj), photocurrent decay time (tc)
and photovoltage decay time (tv) as 1/tj = 1/tc � 1/tv,45,64,65 the
DPT-based PSC exhibits shorter tc (2.1 ms) and longer tv

(0.19 ms), compared to those of the PC61BM-based device
(3.0 ms and 0.12 ms), confirming the faster charge transfer in
the DPT-based device. This can be ascribed to the effective
electron extraction and faster electron transport in the
DPT film.

Desirable storage stability of PSCs can also be achieved
(Fig. S6, ESI†) by the DPT based device, which retained 94.0%
of the initial PCE after storing under an atmosphere of nitrogen

Fig. 3 (a) J–V curves of the PSCs with DPT and PC61BM as ETMs.
(b) Stabilized photocurrent densities and efficiencies of PSCs with DPT
and PC61BM as ETMs. (c) PCE distribution statistics of PSCs with DPT and
PC61BM as ETMs. (d) EQE spectra and the integrated JSC values for PSCs
with DPT and PC61BM as ETMs.

Fig. 4 (a) SCLC characteristics obtained from the electron-only devices.
(b) Nyquist plots of PSCs with DPT and PC61BM measured at an applied
bias of 1.0 V in the dark. Atomic force microscopy (AFM) images of (c) the
perovskite film and that covered by (d) PC61BM and (e) DPT, respectively.
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for 30 days. The PC61BM based device retained 91.6% under the
same conditions. The better stability of the DPT based device
can be ascribed to the stronger hydrophobicity of DPT, which
can be further confirmed by the higher water contact angle on
the surface of perovskite/DPT (92.61) than that on perovskite/
PC61BM (83.61) (Fig. S7, ESI†).

Conclusions

In conclusion, we developed a PDI derivative (DPT) with an
A–D–A structure as the ETM in inverted PSCs by introduction of
a twisted electron donor, TPA, as the linkage unit of two PDI
fragments. The desirable morphology, electron mobility, and
electron extraction, together with the efficient suppression of
charge recombination, were obtained, as confirmed by AFM,
SCLC, steady-state and time-resolved PL spectra, and EIS, TPV
and TPC measurements, respectively. Accordingly, a high PCE
of 20.07% was achieved by the DPT-based PSC, which is super-
ior to that of the PC61BM-based one (18.38%). Also, DPT as the
ETM can reduce the possible hysteresis and stabilize the PSC
device by the efficient charge extraction and hydrophobic
properties. It proved an efficient strategy to design excellent
ETMs by adjustment of molecular configurations and electro-
nic properties, which can promote the development of PSCs
with enhanced conversion efficiencies and storage stability
simultaneously.

Experimental section
Materials

Most of the materials for device fabrication were purchased
from commercial suppliers and used without further purifica-
tion, including P3CT (Rieke Metals), PbI2 (p-OLED, 499.99%),
PbCl2 (p-OLED, 499.99%), MAI (p-OLED, Z99.5%), PC61BM
(p-OLED), BCP (p-OLED), DMF (Sigma-Aldrich, 99.8%), DMSO

(Sigma-Aldrich, 99.8%) and CB (Sigma-Aldrich, 99.8%).
Toluene (Tol) and tetrahydrofuran (THF) were distilled from
the sodium potassium alloy under an atmosphere of argon. 1,4-
Dioxane was bubbled with nitrogen flow. Chemical reagents
and solvents were obtained commercially and used without
further purification.

Synthesis of TPA-2Br. Under an atmosphere of nitrogen, 4-
bromoiodobenzene (14.15 g, 50 mmol), 1,10-phenanthroline
hydrate (0.59 g, 4 mmol), aniline (1.38 mL, 20 mmol), CuI
(0.57 g, 4 mmol), KOH (6.66 g, 16 mmol) and toluene (40 mL)
were stirred at 120 1C for 12 hours. After cooling to room
temperature, water was added and the mixture was extracted
with dichloromethane several times. The combined organic
layers were dried with anhydrous Na2SO4 and concentrated by
rotary evaporation. The crude product was purified by column
chromatography on silica gel using petroleum ether as the
eluent. White solid (6.31 g, 78.3%). 1H NMR (400 MHz, chloro-
form-d) d (ppm): 7.34–7.32 (d, J = 8.8 Hz, 4H), 7.28–7.24 (t, J =
7.8 Hz, 2H), 7.07–7.04 (m, 3H), 6.94–6.92 (d, J = 8.8 Hz, 4H).

Synthesis of TPA-2Bpin. Under an atmosphere of nitrogen,
TPA-2Br (1.21 g, 3 mmol), bis(pinacolato)diboron (1.90 mg,
7.5 mmol), KOAc (1.77 g, 18 mmol), Pd(dppf)2Cl2 (73.5 mg,
0.09 mmol), and 1,4-dioxane (15 mL) were stirred at 120 1C for
12 hours. After cooling to room temperature, water was added
and the mixture was extracted with dichloromethane several
times. The combined organic layers were dried with anhydrous
Na2SO4 and concentrated by rotary evaporation. The crude
product was purified by column chromatography on silica gel
using dichloromethane/petroleum (1 : 1, v/v) ether as the eluent
and recrystallization in methanol and hexane. Colourless crystals
(1.30 g, 86.9%). 1H NMR (400 MHz, dichloromethane-d2) d (ppm):
7.64–7.61 (d, J = 8.5 Hz, 4H), 7.31–7.27 (t, J = 7.9 Hz, 2H), 7.12–7.08
(m, 3H), 7.04–7.02 (d, J = 8.5 Hz, 4H), 1.32 (s, 24H).

Synthesis of PDI. Under an atmosphere of nitrogen, 3,4,9,10-
perylenetetracarboxylic dianhydride (3.92 g, 10 mmol) and
tridecan-7-amine (4.99 g, 25 mmol) in N-methyl pyrrolidone
(150 mL) were stirred at 90 1C for 24 hours. After cooling to
room temperature, the mixture was then poured into water and
extracted with dichloromethane several times. The combined
organic layers were dried with anhydrous Na2SO4 and concen-
trated by rotary evaporation. The crude product was purified by
column chromatography on silica gel using dichloromethane/
petroleum ether (1 : 4, v/v) as the eluent. Orange solid (6.59 g,
87.3%). 1H NMR (400 MHz, chloroform-d) d (ppm): 8.68–8.62
(m, 8H), 5.22–5.15 (m, 2H), 2.30–2.20 (m, 4H), 1.91–1.82
(m, 4H), 1.36–1.21 (m, 32H), 0.84–0.81 (t, J = 6.9 Hz, 12H).

Synthesis of PDI-Br. In a dichloromethane solution of PDI
(5.29 g, 7 mmol), Br2 (18.2 mL, 350 mmol) was added. The
mixture was stirred at 40 1C for 16 hours. After cooling to room
temperature, a saturated aqueous solution of Na2SO3 was
added and extracted with dichloromethane several times. The
combined organic layers were dried with anhydrous Na2SO4

and concentrated by rotary evaporation. The crude product was
purified by column chromatography on silica gel using dichlor-
omethane/petroleum ether (1 : 4, v/v) as the eluent. Red solid
(3.40 g, 58.3%). 1H NMR (400 MHz, chloroform-d) d (ppm):

Fig. 5 (a) Steady-state and (b) time-resolved PL spectra of the perovskite,
perovskite/DPT and perovskite/PC61BM. (c) Transient photovoltage (TPV)
and (d) transient photocurrent (TPC) measurement of the devices with DPT
and PC61BM as ETMs.
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9.80–9.78 (d, J = 8.3 Hz, 1H), 8.92 (s, 1H), 8.70 (s, 3H), 8.63–8.61
(m, 2H), 5.23–5.13 (m, 2H), 2.30–2.19 (m, 4H), 1.91–1.81
(m, 4H), 1.37–1.20 (m, 32H), 0.84–0.81 (m, 12H).

Synthesis of DPT. Under an atmosphere of nitrogen, PDI-Br
(2.08 g, 2.5 mmol), TPA-2Bpin (0.50 mg, 1.0 mmol), K2CO3

(0.55 mg, 4.0 mmol) and Pd(PPh3)4 (0.15 g, 0.13 mmol) were
dissolved in the solvent of THF (10 mL) and H2O (2 mL). The
mixture was stirred at 70 1C for 12 hours. After cooling to room
temperature, water was added and the mixture was extracted
with dichloromethane several times. The organic layers were
dried with anhydrous Na2SO4 and concentrated by rotary
evaporation. The crude product was purified by column chro-
matography on silica gel using dichloromethane/petroleum
ether (2 : 1, v/v) as the eluent. Purple solid (864 mg, 49.33%).
1H NMR (400 MHz, dichloromethane-d2) d (ppm): 8.63–8.58
(m, 10H), 8.24–8.19 (m, 2H), 8.16–8.14 (d, J = 8.2 Hz, 2H), 7.48–
7.43 (m, 6H), 7.37–7.32 (m, 6H), 7.22–7.18 (t, J = 7.4 Hz, 1H),
5.21–5.09 (m, 4H), 2.29–2.17 (m, 8H), 1.87–1.77 (m, 8H), 1.31–
1.18 (m, 64H), 0.84–0.76 (m, 24H). 13C NMR (100 MHz, dichloro-
methane-d2) d (ppm): 164.54, 163.38, 147.75, 146.94, 141.34, 136.85,
136.22, 134.94, 134.66, 134.40, 132.33, 131.28, 130.54, 130.19,
129.76, 129.67, 129.18, 128.40, 128.10, 127.59, 125.75, 125.17,
124.33, 123.78, 123.54, 123.02, 122.59, 122.17, 32.32, 32.28, 31.80,
31.74, 29.25, 29.20, 26.89, 26.83, 22.62, 22.58, 13.84, 13.81. MS
(HRMS): calcd for (C118H135N5O8), 1751.4050; found, 1751.1130.
Anal. calcd for C118H135N5O8: C, 80.92; H, 7.77; N, 4.00. Found:
C, 80.70; H, 7.57; N, 3.92.

Device fabrication

The indium tin oxide (ITO) glass substrates were washed by
sonication using detergent, deionized water, as well as ethanol
sequentially, and then dried using nitrogen flow. The hole
transport layer P3CT-Na (1 mg mL�1 in H2O) was formed on
ITO substrates by spin coating at 4000 rpm for 60 s, followed by
annealing at 140 1C for 30 min. Then the samples were
transferred into a N2-filled glovebox. CH3NH3PbI3�xClx precur-
sor solution (1.26 M PbI2, 0.14 M PbCl2 and 1.4 M MAI in a
DMF : DMSO mixed solution with a v/v of 9 : 1, stirred overnight
at room temperature) was spin-coated on P3CT-Na substrates at
400 rpm for 3 s and 4000 rpm for 30 s. During the spin coating
process, chlorobenzene (150 mL) was dripped directly on the
substrates after being spin-coated for 11 s, followed by anneal-
ing at 50 1C for 2 min and 85 1C for 25 min. Then, PC61BM
solution (20 mg mL�1) or DPT solution (8–15 mg mL�1) in
chlorobenzene was spin-coated onto the perovskite layer. BCP
(6 nm) was evaporated under a high vacuum (10�5 Pa) on top of
the ITO/P3CT-Na/perovskite/ETL substrate. Finally, a 100 nm
thick Ag electrode was deposited through a shadow mask. The
active area of the device is 0.0625 cm2.

Characterization
1H and 13C NMR spectra were recorded on a Bruker Avance III
HD 400 MHz using tetramethylsilane (TMS; d = 0 ppm) as the
internal standard. High-resolution mass spectra were measured
on an LTQ-Orbitrap Elite high-resolution mass spectrometer
(Thermo Fisher Scientific, Waltham, USA). Elemental analyses

were performed using a PerkinElmer microanalyzer. UV-vis
absorption spectra were measured on a Shimadzu UV-2501
recording spectrophotometer. Steady-state and time-resolved
PL spectra were measured using an FLS980 spectrometer. The
UPS of the DPT film was measured using a Thermo ESCALAB
XI+. Atomic force microscopy (AFM) measurements were per-
formed with a Nano Wizard atomic force microscope (JPK Inc.
Germany) in the Qi mode to observe the surface morphology of
the corresponding films on ITO glass substrates. The electron
mobilities were measured by the SCLC method and the Mott–
Gurney law based on electron-only devices with the ITO/ZnO/
DPT or PC61BM/BCP/Ag structure. The current–voltage ( J–V)
curves were measured using a Keithley 2400 in conjunction
with a Newport solar simulator (94043A) under 100 mW cm�2

(AM 1.5G) simulated sunlight. Electrochemical impedance
spectroscopy (EIS) was measured using a CHI660. The external
quantum efficiency (EQE) was calculated from the photocur-
rent measurement under monochromatic illumination at dif-
ferent wavelengths with a 150 W xenon lamp and a
monochromator. Transient photocurrent (TPC) and transient
photovoltage (TPV) were recorded using a ZAHNERs MESSSYS-
TEME (instrument model: PP211) with a light source (LS530).
The thickness of the ETL was measured using an ET150
Microfigure Measuring Instrument Model (Kosaka
Laboratory Ltd).
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