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An efficient inverted polymer solar cell is enabled by incorporating an n-type doped wide-
gap organic electron transporting layer (ETL) between the indium tin oxide cathode and the
photoactive layer for electron extraction. The ETL is formed by a thermal-deposited cesium
carbonate-doped 4,7-diphenyl-1,10-phenanthroline (Cs,CO5:BPhen) layer. The cell
response parameters critically depended on the doping concentration and film thickness
of the Cs,CO5:BPhen ETL. Inverted polymer solar cell with an optimized Cs,CO5:BPhen
ETL exhibits a power conversion efficiency of 4.12% as compared to 1.34% for the device
with a pristine BPhen ETL. The enhanced performance in the inverted device is associated
with the favorable energy level alignment between Cs,CO3:BPhen and the electron-accep-
tor material, as well as increased conductivity in the doped organic ETL for electron extrac-
tion. The method reported here provides a facile approach to optimize the performance of
inverted polymer solar cells in terms of easy control of film morphology, chemical compo-
sition, conductivity at low processing temperature, as well as compatibility with fabrica-
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tion on flexible substrates.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Polymer solar cells (PSCs) composed of a conjugated
polymer:fullerene-derivative bulk heterojunction (BHJ)
are becoming an alternative approach to truly clean and
renewable energy sources, because of their attractive
advantages such as solution-processable roll-to-roll fabri-
cation, mechanical flexibility, and tenability of chemical
properties [1-8]. Significant progress on the power conver-
sion efficiency (PCE) in PSCs has been made in recent years
via the incorporation of new materials [9-11], morphology
control [12], interface engineering [8], and device fabrica-
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tion processes [5]. For instance, a very encouraging device
performance with the PCE of 8.13% has recently been re-
ported by Solarmer [13]. However, further improvement
in efficiency and stability of PSCs is still required for prac-
tical applications as a cost competitive and sustainable
technology.

In general, the device performance of regular-structure
PSCs, comprised of an BH] active layer sandwiched be-
tween a transparent indium tin oxide (ITO) anode and a
low-work-function metal cathode (e.g., Ca, Al) [1,3], de-
grades fast due to the acidic and hygroscopic nature of
the hole collection layer of poly(3,4-ethylene dioxythioph-
ene):(polystyrene sulfonic acid) (PEDOT:PSS) and the oxi-
dation of the reactive metal cathode upon exposure to
moisture and oxygen [1,14]. It had been demonstrated that
the inverted-structure PSCs with ITO as the bottom cath-
ode provides a promising approach to address these chal-
lenges [5,15]. Key to the cell performance of inverted
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PSCs is the selection of electron collection layers. In recent
years, the inverted PSCs showed better long-term air sta-
bility in an ambient environment through the use of inor-
ganic materials functioning as an electron collection layer
interposed between the ITO cathode and the photoactive
layer, such as zinc oxide (ZnO) [16-20], titanium oxide
(TiOy) [21-24], aluminum oxide (Al,03) [25], lithium fluo-
ride (LiF) [26], or cesium carbonate (Cs,COs) [27-29]. In
addition, it has been demonstrated that the vertical phase
separation spontaneously occurring with the aggregation
of fullerene derivatives on the bottom of polymer BH] re-
sults in a favorable morphology in inverted PSC architec-
tures [30]. The employment of inorganic materials, i.e.,
Zn0 and TiOy as an electron collection layer on the top of
ITO cathode is due to their large band gaps and the good
electron extraction property. However, a relatively high-
temperature annealing process is usually required for the
removal of residual organic compounds and crystallization
for solution-processed inorganic compound films to
achieve well-controlled morphological and structural
properties. Such high-temperature processing would inev-
itably inhibit their application with the flexible substrates
[31]. On the other hand, only few attempts have been
made for directly using small molecules or conjugated
polymers as an electron collection layer for inverted PSCs,
because their relatively low conductivities result in high
series resistance and poor Ohmic contact with the elec-
trodes [11].

In this work, we report an efficient inverted PSC
employing an n-type doped wide-gap organic electron-
transporting layer (ETL) for electron extraction, which is
formed by a thermal deposition of cesium carbonate-
doped 4,7-diphenyl-1,10-phenanthroline (Cs,COs5:BPhen)
layer. The chemical structure of BPhen molecule is shown
in the inset of Fig. 1b. The selection of Cs,CO5:BPhen layer
as the ETL in the inverted PSC arises from its superior exci-
ton/hole blocking capability, highly optical transparency
across the visible spectrum, and electron transporting
property due to the large band gap and relatively high elec-
tron mobility, as demonstrated in the literatures [32,33]. A
correlation between cell response parameters and the film
properties of Cs,CO3:BPhen layer is investigated, and the
enhanced PCE of inverted device is achieved by controlling
the doping concentration and film thickness of Cs,CO3:B-
Phen layer. Different from sol-gel chemistry used for the
metal oxide films, the approach depositing an n-type
doped wide-gap organic ETL for electron extraction offers
a convenient and easy method to control film morphology,
chemical composition, conductivity at low processing tem-
perature, as well as compatibility with fabrication on flex-
ible substrates.

2. Experimental methods

Inverted PSC as depicted in the inset of Fig. 1b were fab-
ricated on patterned ITO-coated glass substrates with a
sheet resistance of 20 Q/sq. Prior to device fabrication,
the ITO glass substrates were ultrasonic cleaned with
Decon 90, rinsed in de-ionized water, and dried in an oven.
Then, the substrates were transferred to a vacuum deposi-
tion chamber with a base pressure of 2 x 1076 Torr for
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Fig. 1. (a) J-V characteristics of inverted P3HT:PCBM solar cells incorpo-
rating Cs,COs, LiF, BPhen, and Cs,CO3:BPhen as an ETL under
100 mW cm~2 AM 1.5 G irradiation. (b) IPCE spectra of inverted solar
cells with BPhen and Cs,CO3:BPhen as an ETL. The inset in (b) shows the
chemical structure of BPhen and the inverted device configuration.

thermal evaporation of Cs,COs3-doped BPhen layers with
various host-dopant compositions and film thicknesses,
which were produced by co-evaporation from individual
Cs,CO3 and BPhen sources. Deposition rates and thick-
nesses of different layers were monitored with a quartz
oscillating crystal, which was calibrated initially. After
thermal deposition of Cs,CO3:BPhen, the resulting samples
were transferred into a nitrogen (N,)-filled glove box for
the preparation of the photoactive layer of poly(3-hexyl-
thiophene):[6,6]-phenyl C61 butyric acid methyl ester
(P3HT:PCBM) blend, which was spin-coated from a 1:08
weight-ratio chlorobenzene-based solution (20 mg mL™!)
onto Cs,CO3:BPhen coated ITO substrates, and heated at
150 °C for 30 min inside the glove box. The thickness of
the resultant P3HT:PCBM blend film was determined to
be approximately 120 nm by the alpha-SE™ Spectroscopic
Ellipsometer. Finally, the samples were transferred back to
the vacuum deposition chamber to complete the inverted
PSC devices, in which a 2 nm-thick molybdenum oxide
(Mo03) layer as a hole collection layer and a 100 nm-thick
Al anode were thermally evaporated through shadow
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masks. The active device area was 0.1 cm? determined by
the overlap of ITO cathode and Al anode.

Photovoltaic measurements were conducted at room
temperature in air without any device encapsulation under
the illumination of an 150 W Newport 91160 solar simulator
using an air mass (AM) 1.5 G filter. The simulated light inten-
sity was adjusted to be 100 mW cm~2, which was calibrated
with a calibrated silicon solar cell. The current density-volt-
age (J-V) characteristics of the inverted PSC devices were
examined with a programmable Keithley 2612 source meter.
The incident photon to current conversion efficiency (IPCE)
spectra were measured with a photomodulation spectro-
scopic setup (Newport monochromator). Surface morphol-
ogy and roughness were characterized with atomic force
microscopy (AFM) (Veeco MultiMode V) in tapping mode.
The UV-vis absorption and transmission measurements of
the samples were recorded at room temperature with a Per-
kin Elmer Lambda 750 UV/Vis/NIR spectrophotometer. X-ray
and ultraviolet photoemission spectroscopies (XPS and UPS)
were performed in a Kratos AXIS Ultra-DLD ultrahigh vac-
uum system, which is composed of a fast entry air lock, a
multiport carousel chamber, an evaporation chamber, and
an analysis chamber. The base pressures in the four cham-
bers were better than 1 x 1078, 5 x 1071%, 5 x 107'°, and
3 x 107 1% Torr, respectively. XPS measurement with mono-
chromatic Al K, source (hv = 1486.6 eV) was used to deter-
mine the interfacial chemical reactions. UPS analysis was
performed to characterize the valence states and vacuum le-
vel (VL) with an unfiltered He I (hv = 21.22 eV) gas discharge
lamp and a total instrumental energy resolution of 100 meV.
During the UPS measurement, samples were negatively
biased for the observation of secondary electron cutoff. All
spectra were measured at room temperature. Fermi level
(Eg) was referred as the zero binding energy (BE) in XPS
and UPS spectra.

3. Results and discussion

Fig. 1a plots the J-V characteristics of inverted PSCs
incorporating a 30 nm-thick Cs,COs:BPhen layer (doping
ratio = 10 wt.%) as the ETL. For comparison, the J-V proper-
ties of inverted devices incorporating respectively a ther-
mally deposited 1 nm-thick Cs,CO3;, 1 nm-thick LiF, or
30 nm-thick BPhen layer as the ETL are also shown in
Fig. 1a. Note that devices with pristine BPhen, LiF or Cs,CO3
as an ETL show poor short-circuit current density (Jsc),
open-circuit voltage (Voc), and fill factor (FF), implying that
they provide the inferior function in terms of electron
extraction and transport to the cathode. In contrast, in-
verted PSC incorporating a Cs,CO5:BPhen layer exhibits a
significantly enhanced photovoltaic response with Jsc of
9.74 mA cm™2, Voc of 0.64 V, and FF of 66%, and thus an en-
hanced PCE of 4.12% under 100 mW cm~2 AM 1.5 G simu-
lated solar illumination.

IPCE spectra or external quantum efficiency (EQE) of in-
verted PSCs with pristine BPhen and Cs,CO3:BPhen as an
ETL are compared in Fig. 1b. It shows that the IPCE for
inverted device with a Cs,CO3:BPhen ETL is higher than
that with a pristine BPhen layer, which is consistent with
the J-V behaviors as plotted in Fig. 1a. However, the negli-

gible difference in shape of the IPCE spectra is indicative of
similar morphology and crystallinity degree of P3HT:PCBM
BH] in these two PSCs. Therefore, the performance
enhancement is associated with Cs,CO5; doping in BPhen
ETL instead of the effect of P3HT:PCBM active layer.

The morphology of the ETL is an important factor that
governs device performance since the formation of
P3HT:PCBM active layer is rather sensitive to the underly-
ing interfacial layer and a smooth and pinhole-free ETL film
prevents the leakage current at the interface. The topogra-
phy and surface roughness of the 30 nm-thick Cs,CO53:B-
Phen and the 120 nm-thick P3HT:PCBM blend on the top
of Cs,CO3:BPhen were investigated by AFM. As shown in
Fig. 2a and c, there is negligible difference in the morphol-
ogy of pristine BPhen and Cs,CO3:BPhen layers by thermal
deposition in vacuum, and the surfaces of both layers are
smooth and contiguous with the root mean square (RMS)
roughness values of 0.35 and 0.38 nm, respectively. Mean-
while, Fig. 2b and d shows that the morphologies of the
P3HT:PCBM layers spin-coated on pristine BPhen and
Cs,CO5:BPhen layers are almost identical with an average
RMS roughness of 1.7 nm, implying that the Cs,CO3; doping
in BPhen layer has no significant influence on film mor-
phology of the P3HT:PCBM blend. This is in good agree-
ment the observation of the IPCE spectra in Fig. 1b.
Moreover, there is no obvious variation of the UV-vis
absorption spectra for P3HT:PCBM blends spin-coated
pristine BPhen and Cs,CO5:BPhen layers (not shown here).
It further demonstrates that the performance enhance-
ment for inverted device with a Cs,CO3:BPhen ETL is not
related to incident light loss delivered to the active region
under illumination.

To identify the origin of the enhanced performance in-
duced by the Cs,CO3; doping in the BPhen layer, electronic
structures at the BPhen/P3HT:PCBM and Cs,COs:BPhen/
P3HT:PCBM interfaces were examined by XPS and UPS mea-
surements. It is verified by XPS measurement (see Fig. 3)
that Cs,CO3; decomposes into cesium oxide during thermal
evaporation, whereas no strong chemical reaction occurs
between Cs,CO3; and BPhen in the doping system [34].

Fig. 4 displays the zoom-in plots of the secondary elec-
tron cutoff (left panel) and the highest occupied molecular
orbital (HOMO) regions (right panel) of Hel UPS spectra for
pristine BPhen, Cs,CO5:BPhen, and P3HT:PCBM blend spin-
coated on the former two substrates, respectively. Vertical
bars in the right panel of Fig. 4 mark the HOMO edges of
the corresponding films. The pristine BPhen and Cs,CO3:B-
Phen (10 wt.%) layers with a thickness of 10 nm were
in situ thermally deposited onto ITO substrates in the evap-
oration chamber, and transferred to the analysis chamber
for UPS measurements without breaking the vacuum. The
P3HT:PCBM blends were ex situ spin-coated onto pristine
BPhen and Cs,CO3:BPhen layers. As shown in Fig. 4, the
Cs,CO5 doping into the BPhen layer causes a rigid shift of
all the UPS spectral features towards higher binding en-
ergy, indicating the Er movement within the energy gap to-
wards the lowest unoccupied molecular orbital (LUMO) of
BPhen. The HOMO edge of pristine BPhen or Cs,CO5:BPhen
layer is estimated to be at 3.4 or 4.0 eV below E, respec-
tively. Taking into account the energy gap of 4.2 eV for
BPhen obtained by combining UPS and inverse photoelec-
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Fig. 2. AFM images of (a) BPhen, (b) P3HT:PCBM on BPhen, (c) Cs,CO5:BPhen, and (d) P3HT:PCBM on Cs,CO5:BPhen.
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Fig. 4. Hel UPS spectra of BPhen and Cs,COs:BPhen (10 wt.%) layers in situ deposited on ITO substrates, and P3HT:PCBM active layer spin-coated on a
Cs,CO5:BPhen layer: (left panel) normalized secondary electron cutoff region and (right panel) enlarged HOMO region.

tron spectroscopy [35], the LUMO of pristine BPhen and
Cs,C03:BPhen layers should be 0.8 and 0.2 eV above Ep,
implying Er pinning to the LUMO edge induced by Cs,CO3
doping. In addition, the VL can be determined by the inter-
cept between the background level and the extrapolation
of the secondary electron cutoff, while the shift of the sec-
ondary electron cutoff corresponds to the decrease of the
work function of the Cs,CO3:BPhen layer relative to that
of pristine BPhen, which is in good agreement with the
previous reports [34]. According to the UPS spectra in
Fig. 4, the work function of pristine BPhen on ITO substrate
is determined to be 3.1 eV, while the corresponding work
function of the Cs,CO5:BPhen layer is reduced to about
2.6eV.

On the other hand, Fig. 4 shows that the UPS spectra of
P3HT:PCBM blend spin-coated on pristine BPhen or
Cs,C03:BPhen layers are almost identical with negligible
energy shift, although the spectral features are dominated
by the P3HT component due to vertical phase separation
with the accumulation of P3HT at the blend surface [36].
The work function of the P3HT:PCBM blend extracted from
the UPS spectra is about 3.7 eV, while the HOMO edge of
P3HT is at 0.9 eV below Ep.

Using the results from UPS measurements, the direct
energy level alignment at the interface can be accurately
determined. Fig. 5 illustrates the schematic energy level
diagrams of the component materials used in the inverted
configuration on ITO substrate with Er alignment. The VL

and HOMO energies relative to Ey are extracted from UPS
measurements, and the LUMO energies are derived from
HOMO plus energy gaps. Due to vertical phase separation
in blended P3HT:PCBM layers [36], the energy levels of
PCBM cannot be directly determined from the UPS spectra,
but are estimated via VL alignment with that of P3HT. It is
noted that the energy offsets at BPhen/P3HT:PCBM and
Cs,CO5:BPhen/P3HT:PCBM interfaces are remarkably dif-
ferent from the predicted values under the rule of VL align-
ment due to interface dipole formation. As shown in
Fig. 5b, the Cs,CO5; doping in BPhen can give rise to the
downward shift of BPhen’s HOMO and LUMO levels, caus-
ing the well-aligned LUMO levels between Cs,CO3:BPhen
and the electron acceptor PCBM in the polymer BH]J active
layer. Therefore, electron extraction at the Cs,CO3:BPhen/
PCBM interface is expected to be highly efficient due to
reduction of the electron barrier height. This is consistent
with the photovoltaic response shown in Fig. 1a, in which
an Ohmic contact between the active layer and the ITO
cathode is formed with the insertion of Cs,CO3:BPhen layer
leading to an increase in Vgc. In addition, the Cs,CO3 dop-
ing in the BPhen layer can increase the carrier density and
conductivity in Cs,CO3-doped BPhen layer, which is helpful
for electron transport to the ITO cathode. On the other
hand, the Cs;CO5:BPhen can function as a hole blocking
layer to prevent the loss of holes to the cathode as well,
owing to the large HOMO offset between Cs,CO5:BPhen
and P3HT. These results clearly demonstrate that Cs,COs3:
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Fig. 5. Schematic energy level diagrams of the component materials used in the inverted configuration on ITO substrate with the Fermi level (Eg) alignment.
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BPhen can effectively function as an ETL in the inverted
PSCs.

To further examine the impacts of Cs,CO3:Bphen ETL on
device performance, two series of inverted PSCs incorpo-
rating Cs,CO3:BPhen as an ETL were fabricated as a func-
tion of doping concentration and film thickness of the
Cs,C03:BPhen layer, respectively. To minimize effects due
to different processing conditions, all the devices in each
series were fabricated during the same batch processing.
Fig. 6a plots the J-V characteristics of inverted PSCs incor-
porating a 30 nm-thick Cs,CO3:BPhen ETL with different
Cs,C0O3 doping concentrations under AM 1.5 G irradiation
at an intensity of 100 mW cm 2. The extracted device
parameters are summarized in Table 1. The results clearly
show the evolution of J-V curves of inverted PSCs as a
function of the doping concentration of Cs,CO3. As shown
in Table 1, the photovoltaic parameters of FF, V¢, and Jsc
increase significantly with an overall decrease in series
resistance (Rs) when the Cs,CO5; doping concentration is
increased from O to 10 wt.%. The device incorporating a
Cs,C0O5:BPhen ETL with a doping concentration of 10 wt.%
yields the best performance with a maximum PCE of
4.12%, which is over three times that of the device with a
pristine BPhen ETL.

Fig. 7 shows the UPS spectra of 10 nm-thick Cs,COs3:B-
Phen films with various Cs,COs; doping concentrations,
which are in good agreement with previous report [34].
As depicted in Fig. 7, the increase in Cs,CO3 doping concen-
tration induces a gradual shift of Ez movement towards
LUMO, implying the reduction of the electron injection
barrier and the increase of the carrier density for Cs,CO3:B-
Phen films. Fig. 8 displays the J-V characteristics of the
electron-only devices with a structure of ITO/Cs,CO3:B-
Phen/Al, in which positive voltage was applied to the bot-

tom ITO contact. The electrical conductivities are shown in
Table 1. With respect to the increase of the Cs,CO3 doping
concentration, the J-V characteristics exhibit a linear rela-
tionship at positive and negative voltage, indicating the
Ohmic contact of the Cs,CO3:BPhen layer with Al or ITO
electrodes. In addition, it is noted that the current density
for a given voltage increases with Cs,CO3 doping concen-
tration, demonstrating the improved conductivity of the
Cs,CO5-doped electron transport layer. For example, the
conductivity of the Cs,COs:BPhen layers as determined
from Fig. 8 was enhanced from 0.92 x 10% to 1.62 x
107%S cm~! when the doping concentration was increased
from 10 to 30 wt.%.

According to the UPS spectra and charge carrier trans-
port measurements shown in Figs. 7 and 8, the improve-
ment in the inverted device is attributed to the improved
electron extraction efficiency of Cs,CO5:BPhen induced by
the reduction of the electron barrier height at the inter-
face between Cs,CO3:BPhen and PCBM as well as the en-
hanced electrical conductivity in Cs,CO3:BPhen layer as a
result of increased Cs,CO; doping concentration. How-
ever, it is also noted that further increase of the Cs,CO;
doping concentration to more than 10 wt.% will lead to
the decrease of the device performance with lower Jsc,
Voc, and FF. For instance, the inverted device incorporat-
ing a Cs,CO3:BPhen layer with a doping concentration of
30% shows a PCE of 2.59%. The reduction in device perfor-
mance is because higher doping concentration induces
saturated electron barrier height but more electron trap-
ping sites, which is disadvantageous for photocurrent
transport [34].

Fig. 6b plots the J-V characteristics of inverted PSCs
incorporating a Cs,COs5:BPhen (10 wt.%) ETL with various
film thicknesses. A summary of the photovoltaic parame-
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ters for the inverted devices with different Cs,CO3:BPhen
thicknesses is also given in Table 1. It is observed that
when the Cs,CO;3:BPhen thickness is lower than 10 nm,
the device exhibits a poor performance, resulting in Jsc of
10.07 mA cm~2, Ve of 057V, fill factor (FF) of 52%, and
PCE of only 2.96%. However, the inverted devices shows a
significant improvement with increasing Cs,COs:BPhen
thickness, which is reflected by the larger Vo, larger FF,
and higher PCE. The device with a 30 nm-thick Cs,COs:
BPhen layer yields the best device performance. The major
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improvement in device performance with the incorpora-
tion of a 30 nm-thick Cs,CO3:BPhen layer is due to the
higher FF and Vo, although a slightly lower Jsc is observed.

Device performance parameters of inverted P3HT:PCBM solar cells incorporating a Cs;CO3:BPhen ETL with various Cs,CO5 doping ratios and film thicknesses,

and the electrical conductivities of Cs,CO3:BPhen layers.

Thickness [nm] Ratio [wt.%] Voc [V] Jsc [mA cm 2] FF [%] PCE [%] Rs [Q] Conductivity [Scm™!]
30 0 0.39 7.31 47 1.34 158.42 0.01-0.10 x 107

30 5 0.62 8.54 65 3.42 31.22 0.45-0.90 x 1076

30 10 0.64 9.74 66 4.12 22.32 0.92 x 107

30 20 0.59 9.71 52 2.94 30.13 133 x10°¢

30 30 0.56 9.30 50 2.59 31.56 1.62 x 1076

10 10 0.57 10.07 52 2.96 43.51 -

20 10 0.60 9.90 62 3.70 3348 -

40 10 0.50 9.43 57 3.21 31.25 -
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In addition, further increase of Cs,COs:BPhen thickness
above 30 nm leads to a reduction in Jsc, Voc, and FF. The
dependence of the resultant device performance on the
Cs,C03:BPhen thickness is well matched with the trend
of Rs. As shown in Table 1, the Rs decreases to a minimum
at a Cs,CO5:BPhen thickness of 30 nm, and then increases
with a thicker Cs,CO3:BPhen layer. At the same time, the
increased Rs can lead to a reduction in FF and Vg, hence
a reduction in PCE. Therefore, the results in Fig. 6 confirm
that the Cs,COs:Bphen ETL with the balance between
Cs,C03 doping concentration and film thickness is critical
to forming an ohmic contact between ITO cathode and
the acceptor PCBM for the efficient electron extraction.

4. Conclusions

In summary, efficient inverted polymer solar cells is
demonstrated by employing an n-type doped wide-gap or-
ganic layer as an ETL, which is composed of Cs,CO5-doped
BPhen layer. The power conversion efficiency up to 4.12%
under 100 mW cm™2 AM 1.5 G simulated solar illumina-
tion has been achieved in inverted BH] polymer solar cell
by optimizing the film thickness and the doping concentra-
tion of the Cs,CO3:BPhen layer. The performance enhance-
ment in such inverted polymer solar cells is attributed to
desirable energy level alignment at the ITO/Cs,COs5:
BPhen/PCBM interface, increased conductivity in the
Cs,C03:BPhen ETL induced by Cs,CO3 doping for efficient
electron extraction, as well as the hole blocking capability
of Cs,C0O3:BPhen due to its large band gap. The present de-
vice structure provides a facile method for realizing effi-
cient inverted polymer solar cells with easy control of
film morphology, chemical composition, and conductivity
at low processing temperature.
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