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Efficient inverted polymer solar cell is reported upon by integrating with a small molecular 1,3,5-
tri(phenyl-2-benzimi-dazolyl)-benzene (TPBi) electron extraction layer (EEL) at low processing
temperature with thermal-evaporation and solution-process, resulting in the power conversion
efficiencies of 3.70% and 3.47%, respectively. The potential of TPBi as an efficient EEL is
associated with its suitable electronic energy level for electron extraction and hole blocking
from the active layer to the indium tin oxide cathode. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4799833]

Polymer solar cells (PSCs) have drawn considerable
attention in recent years due to their advantages of low cost,
light-weight, simple solution processing, and mechanical
flexibility for special substrates."™ Currently, major chal-
lenges for the commercial success of PSCs are the achieve-
ment of competitive power conversion efficiency (PCE) and
the demonstration of long-term air stability.”’ A typical
PSC is fabricated with a structure of a transparent conductive
anode (e.g., indium tin oxide, ITO), a low work function
(WF) metal cathode (e.g., Al, Ca), and a blended conjugated
polymer/fullerene derivative active layer sandwiched
between these two electrodes. However, low WF metallic
cathode is susceptible to be oxidized upon exposure to oxy-
gen and water vapor, which can seriously lead to the degra-
dation of PSCs.® In addition, it has been demonstrated
recently that vertical phase separation spontaneously occurs
in polymer active layer with the fullerene derivative rich ad-
jacent to the substrate interface.”'” To address these chal-
lenges in the regular structure devices, inverted PSCs have
been developed as a promising alternative for obtaining high
device performance, in which ITO is used as the bottom
cathode to collect electrons instead of the top metal
electrode."!

It has been recognized that one important factor to the
cell performance of inverted PSCs is an efficient electron
extraction layer (EEL) incorporated between ITO cathode
and the active layer, which can tremendously promote the ef-
ficient extraction of electrons and accordingly the photovol-
taic performance of PSCs. Tremendous efforts have been
made for the development of EELs in inverted PSCs.'*™'? As
reported in the literature, inorganic EEL materials, such as
cesium carbonate (C52CO3),16 ZnO,"’ TiOx,18 and A1203,]9
have been widely utilized to achieve a remarkable device
performance due to their large band gaps and good electron
extraction property. However, a relatively high-temperature
annealing process during fabrication process and the brittle
nature of inorganic EEL will inevitably inhibit their applica-
tion with the flexible substrates. Organic materials are a
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promising alternative as efficient EELs because of their great
mechanical flexibility and the ease of fabrication process
with controlled film morphology and chemical composition
at low processing temperature. Recently, some attempts have
been made for using small molecules or polymers as EELs in
inverted PSCs.?*>*

In this Letter, the potential utilization of n-type wide-
gap small molecule of 1,3,5-tri(phenyl-2-benzimi-dazolyl)-
benzene (TPBi) as an EEL in inverted PSCs is explored,
which can be easily fabricated by thermal evaporation and
solution processing. The selection of TPBi as an EEL for
inverted PSC arises from its easy thermal deposition, prefer-
able solubility, superior exciton/hole blocking capability,
highly optical transparency with large band gap, and rela-
tively high electron mobility.>> A correlation between cell
response parameters and the film properties of TPBi layer is
investigated. Using data on interface energetics and electri-
cal properties, it is shown that both vacuum deposited and
spin-coated TPBi layers can form a suitable energy-level
contact between the active layer and ITO cathode for elec-
tron extraction.

All chemicals were used as received. The device struc-
ture of inverted PSCs and molecule structure of TPBi are
shown in the insets of Figs. 1(a) and 1(b), respectively. Prior
to device fabrication, the patterned ITO glass substrates with
a sheet resistance of 20 Q/sq were treated upon a routine
cleaning process. Then, the TPBi film was thermally depos-
ited in a vacuum deposition chamber with a base pressure of
2 x 10 % Torr, whose thickness was controlled by quartz
oscillating crystal monitor. For the solution-processed TPBi
film, the precursor solution was prepared with solvents of
chloroform, methanoic acid, or methanol:ethanol mixture
(weight ratio of 1:3) by a TPBi weight ratio of 0.375%. The
solution-processed TPBi film was spin-coated onto ITO sub-
strate in nitrogen (N,)-filled glove box, and then immediately
annealed at 50 °C for 20 min. The thicknesses of TPBi films
prepared with different methods were verified by an alpha-
SE " Spectroscopic Ellipsometer. After the preparation of
TPBi films, the resulting samples were spin-coated with the
blend of poly(3-hexylthiophene):[6,6]-phenyl C61 butyric
acid methyl ester (P3HT:PCBM) with a 1:0.8 weight ratio

© 2013 American Institute of Physics
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(10mg/ml, dissolved in dichlorobenzene) at 600rpm for
Imin. The wet film was dried at room temperature for
30 min, and then annealed on a hot plate at 110 °C for 10 min
inside the glove box. The thickness of the resultant
P3HT:PCBM blend film was determined to be approximately
110 nm. Finally, the devices were completed by thermally
evaporating an 8 nm-thick MoO; layer as a hole collection
layer and a 100 nm-thick Al anode through shadow masks in
the vacuum deposition chamber. The active device area was
estimated to be 0.1 cm? as determined by the overlap of ITO
cathode and Al anode.

Photovoltaic measurements of inverted PSCs were car-
ried out in ambient condition without encapsulation. The ex-
perimental setup has been described elsewhere.'*?° The
electronic structures of the films were determined by ultra-
violet photoelectron spectroscopy (UPS) in a Kratos AXIS
Ultra-DLD ultrahigh vacuum system (a base pressure of
3 x 107 '° Torr) with Hel excitation (21.2 eV for UPS).?®

Figure 1(a) plots the current density-voltage (J-V) charac-
teristics of inverted PSCs under an air mass (AM) 1.5 G irradi-
ation of 100 mW/cm? as a function of film thicknesses of TPBi
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FIG. 1. (a) J-V characteristics of inverted PSCs integrated with various
thickness TPBi EEL under 100 mW/(:m2 illumination. Inset: structure sche-
matic of inverted PSCs. (b) The corresponding IPCE spectra. Inset: chemical
structure of TPBi molecule. The reference device with a structure of ITO/
PEDOT:PSS/P3HT:PCBM/LiF/Al is also shown for comparison.
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EEL ranging from 15nm to 45nm. For comparison, a refer-
ence device with a regular structure of ITO/poly (3, 4-ethylene-
dioxythiophene):(polystyrene sulfonic acid) (PEDOT:PSS)
(40 nm)/P3HT:PCBM (110 nm)/LiF (0.5 nm)/Al (100 nm) was
also fabricated with the identical process parameters during the
same batch processing, where the PEDOT:PSS layer was used
as a buffer layer for hole extraction. The corresponding photo-
voltaic parameters are summarized in Table I. As depicted in
Fig. 1(a), inverted PSCs with the incorporation of a TPBi EEL
show a significant dependence on TPBi layer thickness. The
device with an optimal TPBi EEL of 30nm thick yields the
best device performance, which exhibits a PCE of 3.70% with
an open-circuit voltage (Voc) of 0.63V, a fill factor (FF) of
60%, a short-circuit current density (Jsc) of 9.80 mA/cm?, and
a series resistance (Rg) of 25 Q cm?, respectively. For compari-
son, the reference PSC shows a lower PCE of 3.37%. The
results indicate that a TPBi layer can provide the functionality
for electron extraction and transport from the electron-acceptor
material to ITO cathode. In addition, the dependence of the re-
sultant device performance on TPBi layer thickness is well
matched with the trend of Rg. The increased Rs can lead to a
reduction in Jgc, FF, and V¢, hence a reduction in PCE.

To get additional insight into device performance, Fig.
1(b) compares the incident photon to current conversion effi-
ciency (IPCE) spectra of the corresponding inverted PSCs
shown in Fig. 1(a). The difference in shape of IPCE spectra is
negligible for inverted devices with a TPBi EEL, while their in-
tensity are consistent with the J-V properties as plotted in Fig.
1(a). It is, therefore, considered that the performance enhance-
ment for inverted PSCs is associated with the influence of
TPBi layer instead of the effect of P3BHT:PCBM active layer.

Compared to thermal evaporation, a solution process
has giant advantage on the high throughput, large-area, and
low-cost fabrication processes of PSCs. Therefore, it is
highly desired to produce high-performance inverted PSCs
by solution-based fabrication process for TPBi layer. A suit-
able solvent is essential to realize a solution-processed TPBi
film with good film property, which can form a good contact
with the active layer and ITO substrate. Here, the TPBi pre-
cursor solutions were prepared by various solvents, including
chloroform, methanoic acid, and methanol:ethanol mixture.
As summarized in Table I, the device with a TPBi precursor
solution prepared by a methanol:ethanol mixture shows the
best performance with a PCE of 3.47%, which is similar to
that of thermal-evaporated TPBi devices.

TABLE I. Photovoltaic characteristics of inverted PSCs with a configuration
of ITO/TPBi/P3HT:PCBM/Mo0Q5/Al. The reference device with a structure
of ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al is also shown for comparison.

Voc Jsc FF PCE Rg
TPBi layer V) (mA/cm?) (%) (%) (Qcm?)
Reference 0.64 8.62 61 3.37 62
Evaporation, 15 nm 0.62 9.53 58 3.43 34
Evaporation, 30 nm 0.63 9.80 60 3.70 25
Evaporation, 45 nm 0.59 7.56 49 2.19 54
Chloroform 0.37 9.83 45 1.64 102
Methanoic acid 0.55 10.49 54 3.12 36
Methanol:ethanol 0.57 10.67 57 3.47 28
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To identify the key factors that govern the device per-
formance of inverted PSCs, optical, morphological, and elec-
tronic properties of the TPBi layers was examined. The
absorption and transmittance spectra of thermal-evaporated
and solution-processed TPBi layers (not shown here) were
measured by an UV/vis/near-IR spectrometer (Perkin Elmer
Lambda 750), exhibiting high transmittance in the visible
range from 400nm to 650nm. The high transparency of
TPBi layers with different formation methods is due to the
large energy gaps of 3.3 and 3.5eV, respectively, for
thermal-evaporated and solution-processed TPBi layers. It
indicates that TPBi layers have no impact on the incident
light loss delivered to the active layer under illumination.

It is known that the formation of P3HT:PCBM active
layer is rather sensitive to the underlying interfacial layer,
and an important factor influencing the performance of these
devices is the interfacial morphology properties.”” Thus, the
topography and surface roughness of TPBi layers and
P3HT:PCBM blend on top of different TPBi layers were
examined by atomic force microscopy (AFM) (Veeco
MultiMode V) in tapping mode. Figures 2(a) and 2(b) dis-
play the surface morphologies of TPBi layer prepared by
thermal-evaporation and solution-process on ITO substrates.
It is clear that the surfaces of both layers are smooth and con-
tiguous with the root mean square roughness values of 1.41
and 0.51 nm for thermal evaporation and solution process,
respectively. Figures 2(c) and 2(d) show surface morpholo-
gies of the PAHT:PCBM active layer spin-coated on thermal-
evaporated and solution-processed TPBi films, respectively,
where uniform and smooth films are formed with negligible
difference in morphology. It implies that the formation meth-
ods of TPBI layers have no significant influence on the film
morphology of P3HT:PCBM blend.

The electronic structures at the interface for PAHT:PCBM
spin-coated on thermal-evaporated and solution-processed
TPBi layers were examined by UPS measurement, where the
methanol:ethanol (1:3) was used for the solvent. Based on the
UPS data, schematic energy level alignments of the component

(U ERRMS=2.83nm

FIG. 2. 2 pm x 2 um AFM images of (a) evaporated TPBi and (b) solution
processed TPBi films on ITO substrate. Surface morphologies of spin-coated
P3HT:PCBM films on (c) evaporated TPBi and (d) solution processed TPBi.
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FIG. 3. Energy level diagrams of EEL/P3HT:PCBM active layer in inverted
PSCs with TPBi prepared by thermal evaporation and solution processing.

materials used in the inverted configuration can be accurately
determined with the Fermi level (Eg) alignment as illustrated in
Fig. 3. Here, the WF and highest occupied molecular orbital
(HOMO) values relative to Eg are directly extracted from the
UPS spectra (not shown here). The lowest unoccupied molecu-
lar orbital (LUMO) positions are derived by adding the energy
gaps, which are obtained from absorption meausurement.”’
However, it should be mentioned that the optical energy gaps
may underestimate the LUMO position. The WF values of
thermal-evaporated and solution-processed TPBi layers on ITO
substrate are 4.0eV and 4.2eV, respectively. Therefore, the
LUMOs of thermal-evaporated and solution-processed TPBi
layers are estimated to be 1.2 and 1.4eV above Eg. The energy
levels of PCBM and P3HT in the P3HT:PCBM blend are
aligned with a common vacuum level (VL), while there is a
VL shift at the TPBi/P3HT:PCBM interface as determined by
UPS measurement. As shown in Fig. 3, the wide energy gap of
TPBi layer causes a straddling type of HOMO and LUMO off-
sets between TPBi layer and the P3BHT:PCBM active layer,
which is indicative of efficient hole/exciton blocking from the
P3HT:PCBM active layer to ITO cathode. In addition, it is
shown in Table I that the device with solution-processed TPBi
layer by methanol:ethanol solvent exhibits a Voc of 0.57V,
which is lower than that using a thermal-evaporated TPBi (i.e.,
0.63 V). Such a discrepancy is clearly due to the difference in
LUMO offsets between two TPBi and PCBM as illustrated in
Fig. 3, where the thermal evaporated TPBi can form a lower
energy barrier with the P3HT:PCBM active layer for electron
extraction.

In summary, efficient inverted PSCs have been demon-
strated by incorporating a small molecular TPBi layer for
electron extraction, in which the PCEs with thermal-
evaporated and solution-processed TPBi EELs are 3.70%
and 3.47%, respectively. The potential of TPBi as an effi-
cient EEL is associated with its suitable electronic energy
level for electron extraction and hole blocking from the
active layer to the ITO cathode.
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