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a b s t r a c t
Optical admittance analysis reveals that light absorption in inverted organic solar cells
(OSCs), based on the same polymer blend layer of regio-regular poly(3-hexylthiophene):[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), is always greater than their regular
geometry
OSCs
fabricated
using
an
ITO/poly(3,4-ethylene
dioxythiophene):(polystyrene sulfuric acid) anode. Transient photocurrent measurements
elucidate that interfacial exciton dissociation at the cathode interfaces of Al-modiﬁed ITO/
PCBM (inverted cell) and Al/PCBM (regular cell) is not equivalent. It is shown that the
reverse conﬁguration allows improving the absorbance of the cell, favoring charge collection at cathode/PCBM interface and also possessing a dawdling degradation behavior as
compared to a control regular OSC in the accelerated aging test.
Ó 2014 Elsevier B.V. All rights reserved.

1. Introduction
Organic solar cells (OSCs) are a promising alternative
photovoltaic technology to conventional inorganic solar
cells due to their low cost solution process fabrication
capability. A broad range of distinct device technologies
based on organic small molecules and polymeric photoactive materials are being developed very rapidly. Power
conversion efﬁciency (PCE) of >9.2% [1] for single junction
OSCs and 10% for tandem OSCs have been demonstrated
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recently [2]. Apart from the encouraging results in achieving high PCE for OSCs, realizing stabile OSC performance
over a long operation lifetime also attracts a signiﬁcant
research effort. The commonly used bulk heterojunction
(BHJ) OSCs, forming so called regular OSC structure, have
a donor/acceptor blend sandwiched between a front transparent indium tin oxide (ITO) anode and a reﬂective rear
metal cathode. In regular OSCs, a hole-transporting buffer
layer of poly(3,4-ethylene dioxythiophene):(polystyrene
sulfuric acid) (PEDOT:PSS) is often deposited on ITO surface to assist in hole transport and hole extraction at the
ITO/organic interface. It has been shown that the use of
acidic PEDOT:PSS hole-transporting layer is not the best
choice for efﬁcient operation of OSCs over a long period
of time, due to the deterioration in the contact property
at ITO/PEDOT:PSS interface [3]. The upper metallic cathode
in regular OSCs often undergoes a gradual oxidation resulting in a thermally unstable cathode/organic interface [4].
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A comprehensive study on the degradation mechanisms
of the regular structured OSC, based on the blend of regioregular poly(3-hexylthiophene) (P3HT):[6,6]-phenyl-C61butyric acid methyl ester (PCBM) system, has been performed. The unbalanced charge mobility in the photoactive
layer, due to oxygen-induced charge traps, is one of the
degradation mechanisms [5]. In a previous work, we identiﬁed two distinguishable degradation pathways in the
regular OSC [6]. One is associated with a localized failure
related to the moisture encroachment in the charge generation area, inducing the charge recombination and thus
eliminating the photocurrent. The other is dominated by
an inevitable initial oxidation at the organic/cathode interface due to the presence of residual moisture and oxygen,
leading to lowering PCE of OSCs. The degradation caused
by the interfacial passivation could be avoided by the
removal of the low work function cathode. This implies
that the reverse conﬁguration with a relatively environmental sensitive cathode/organic interface away from the
top contact in the cell is preferred compared to the regular
OSC.
Inverted OSCs, having an organic functional photoactive
layer sandwiched between a front transparent cathode and
a rear anode, are preferable for efﬁcient cell operation. In
this device conﬁguration, a PEDOT:PSS hole transporting
layer is not existent, avoiding the use of acidic PEDOT:PSS
on ITO surface. In inverted OSCs, ITO surface is modiﬁed
with a suitable low work function interlayer serving as a
transparent cathode, for example, solution-processable
ZnO [7], TiO2 [8] and Cs2CO3 [9], low work function metals
of Ca [10] and Al [11], and surface dipole-inducing materials [12]. However, the optical advantages, interfacial exciton dissociation at the cathode/organic interface and
operational stability of the inverted OSCs have not yet been
studied systemically. In this work, we show that the
reverse conﬁguration allows improving the absorbance of
the cell, therefore its PCE. Transient photocurrent measurements indicate that interfacial exciton dissociation at the
cathode/organic interfaces of Al-modiﬁed ITO/PCBM
(inverted cell) and PCBM/Al (regular cell) is not equivalent.
PCBM on Al-modiﬁed ITO forms a more abrupt interface
than the energetic Al deposited on PCBM. X-ray Photoelectron Spectroscopy (XPS) analyses suggest that an ultrathin
Al on ITO is partially oxidized, resulting in a reduction in
ITO surface work function and acting as an effective transparent cathode. The operation stability of inverted OSCs,
fabricated with a pair of an ultrathin Al-modiﬁed ITO front
cathode and a MoO3/Ag anode, was demonstrated by accelerated aging test in air.

2. Experimental
OSCs reported in this work were fabricated on ITO/glass
substrates with a sheet resistance of 15 X/square. The
ITO substrates were pre-cleaned by ultrasonication in
detergent solution, de-ionized water, acetone and isopropanol for 10 min sequentially. For the inverted OSCs, the
surface of ITO/glass substrates was modiﬁed with
1.2 nm thick Al, deposited by thermal evaporation in vacuum with a base pressure of <1.0  104 Pa at an evapora-
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tion rate of 0.1 Å/s. The ITO/glass substrates were not
subjected to the oxygen plasma treatment before or after
the surface modiﬁcation enabling a simpler OSC fabrication process. The Al-modiﬁed ITO substrates were then
transferred to an adjacent glove box with O2 and H2O levels below 1.0 ppm, which is connected to the evaporator. A
pre-prepared polymer blend of P3HT (Rieke Metals) and
PCBM (Nano-C), dissolved separately in 1,2-dichlorobenzene solution in a weight ratio of 1:0.8, was spin-coated
on ultrathin Al-modiﬁed ITO front transparent cathode.
The resulting inverted OSCs have a structure of ITO/Al
(1.2 nm)/P3HT:PCBM
(200 nm)/MoO3
(5 nm)/Ag
(100 nm) and an active area of 3.0 mm  3.0 mm. A control
regular OSC with a structure of ITO/PEDOT:PSS (40 nm),
Clevios P VP AI 4083/P3HT:PCBM (200 nm)/Al (100 nm)
was also made for comparison study. Current density–voltage (J–V) characteristics of OSCs were measured under
AM1.5G illumination at 100 mW/cm2 (SAN-EI Electric
XEC-301S solar simulator). Light intensity of the solar simulator was calibrated using a monosilicon detector (with
KG-5 visible color ﬁlter) to minimize the spectral mismatch. After the control and the inverted OSCs were fabricated, they were kept inside N2-purged glove box to
stabilize for 3 days prior to the cell encapsulation. The
encapsulated OSCs were then removed from the glove
box for aging test in air. The accelerated lifetime measurements were carried out by continuous light soaking using a
calibrated AM1.5G solar simulator, with light intensity of
100 mW/cm2 under open-circuit condition at 60 ± 5 °C.

3. Results and discussion
J–V characteristics of the inverted and control regular
OSCs are plotted in Fig. 1(a), insets in Fig. 1(a) are the
cross-sectional views of the inverted OSC and control regular cell. It is shown that the open-circuit voltage (VOC),
short-circuit current density (JSC) and ﬁll factor (FF) of the
inverted OSC increased from 0.59 V to 0.60 V, 9.98 mA/
cm2 to 10.30 mA/cm2 and 0.63 to 0.68, respectively, making up for an overall 13% increase in PCE from 3.67% to
4.16%. The enhancement in PCE of the inverted OSC comes
primary from a steady improvement in JSC and FF, as can be
seen in Fig. 1(a). This suggests that light absorption and
photo-generated carrier transporting are more favorable
in the reverse conﬁguration of the cell, although the same
photoactive layer thickness was used in both types of the
cells. In P3HT:PCBM-based BHJ OSCs, an undesirable
PCBM-rich blend layer appeared at the anode/organic
interface, formed by the segregation of fullerene from the
P3HT:PCBM blend due to its relatively poorer solubility
in the organic solvent [13]. The presence of a PCBM-rich
region at the PEDOT:PSS/P3HT:PCBM interface induces an
adverse interfacial barrier for hole extraction in regular
OSCs. In the reverse conﬁguration, the removal of the interfacial barrier at the Al-modiﬁed ITO/PCBM-rich interface
favors the electron collection, as compared to the hole collection at the PEDOT:PSS/PCBM-rich interface in the regular OSC. This can be seen by a reduced series resistance (RS)
in the cell, e.g., from 8.7 X for a control regular OSC to
7.1 X for an inverted OSC.
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the inverted OSC and a control regular cell also agrees with
measured J–V characteristics, showing that the improvement in PCE of the inverted OSC is attributed to the
improvement in JSC and FF. A summary of device parameters obtained for the inverted and control regular cells is
listed in Table 1.
With the intention of better understanding the difference in the performance of the reverse conﬁguration and
regular OSCs, the absorbance of both types of the cells
was examined using optical admittance analysis. From
optical point view, an OSC can be considered as a thin ﬁlm
system composed of absorbing and non-absorbing materials, as depicted in the cross-sectional views of the BHJ OSCs
in insets of Fig. 1(a). The optical properties of an OSC can be
optimized to realize maximal light absorption in the
organic photoactive layer. Deﬁning F(k) as the ﬂux of the
sun light incident on an OSC, e.g., AM1.5G spectrum used
in the simulation, the integrated absorptance of the photoactive layer, A, can be calculated using the following equation [14,15]:

R
A¼

Fig. 1. (a) J–V characteristics measured for an inverted OSC of ITO/Al
(1.2 nm)/P3HT:PCBM (200 nm)/MoO3 (5 nm)/Ag (100 nm) (black solid
line), and a control regular OSC of ITO/PEDOT:PSS (40 nm)/P3HT:PCBM
(200 nm)/Al (100 nm) (red solid line). Insets in Fig. 1(a): the crosssectional views of the inverted and control regular OSCs. (b) A comparison
of the corresponding IPCE spectra measured for the inverted and control
regular cells. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

Incident photon to current efﬁciency (IPCE) characteristics of the inverted OSC and a control regular cell were also
measured and are shown in Fig. 1(b). IPCE characteristics
provide the information of light absorption in the active
region contributing to exciton generation and average
external quantum efﬁciency of the OSCs. Although the
same thickness of actual photoactive layers in the inverted
and the control cells was used, absorption enhancement in
the active layer is dependent on the cell design and architecture. The change in the IPCE spectra at wavelength
<400 nm and the region from 450 nm to 600 nm, as
depicted in Fig. 1(b), is attributed to the interference effect.
It is advantageous to optimize optical ﬁeld distribution in
the wavelength region corresponding to the maximal
absorption of the blend, thereby improving exciton generation in OSCs. An obvious increase in IPCE over the wavelength range from 450 nm to 600 nm, corresponding to
the maximum absorption proﬁle of the P3HT:PCBM blend
layer, is clearly observed in the inverted OSC as compared
to a control regular cell. JSC calculated using IPCE spectra of

AðkÞFðkÞdk
R
FðkÞdk

ð1Þ

where A(k) is the spectral absorbance of the organic photoactive layer. The wavelength dependent refractive indices
of each layer in the OSC system were measured using variable angle spectroscopic ellipsometry. It becomes possible
to optimize the thickness of organic photoactive layer (e.g.,
P3HT:PCBM)
through
maximizing
its
integrated
absorptance.
The integrated absorptance of the organic photoactive
layer, calculated for the inverted and control regular OSC
as a function of the P3HT:PCBM layer thickness from 0 to
300 nm, is shown in Fig. 2. For both types of OSCs having
the same active layer thickness, it is evident that the
reverse conﬁguration allows improving the absorbance of
the cell and therefore its PCE. A shows an oscillation behavior with increase in the thickness of P3HT:PCBM blend
layer in both types of OSCs. There are two relative absorption maxima occurred at the blend layer thicknesses of
70 nm and 200 nm for the inverted OSC, and 75 nm
and 225 nm for the control regular cell, which correspond
to a relatively higher photocurrent generation in OSCs. In
Fig. 2, it is clear that a 200 nm thick P3HT:PCBM layer,
taken as the optimal thickness for the inverted OSC, apparently absorbs more light than the control regular OSC having a 225 nm thick photoactive layer. It is known that light
absorption in OSCs is limited due to the presence of a mismatch between optical absorption length and charge transport scale, caused by the low charge mobility in conjugated
polymers. Thus a thinner photoactive layer used in the
inverted OSC with improved light absorbance, as shown
in Fig. 2, is preferred to reduce the exciton recombination
losses and also to increase drift velocity of the carrier in
higher electric ﬁeld. The above discussion based on optical
admittance analysis agrees with the experimental results
in showing that the inverted OSCs having a 200 nm thick
P3HT:PCBM layer corresponded to the best cell performance, as presented in Fig. 1.
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Table 1
Device performance of the inverted and control regular OSCs measured at AM1.5G of 100 mW/cm2, the values of JSC and PCE calibrated using IPCE
measurements are also given in the parentheses for comparison.
Cell conﬁguration

VOC (V)

JSC (mA/cm2)

FF

PCE (%)

RS (X)

(a)

Inverted OSC

0.60

0.68

Control regular OSC

0.59

4.16
(3.93)
3.67
(3.47)

7.1

(b)

10.30
(9.72)
9.98
(9.43)

Fig. 2. A comparison of integrated absorbance of P3HT:PCBM photoactive
layer as a function of its thickness, calculated for an inverted OSC and a
control regular cell over the P3HT:PCBM thickness range from 0 to
300 nm.

The combination of ultrathin metals and transparent
conducting oxide (TCO) for application in OSCs has been
reported [16,17]. It was found that the insertion of an
ultrathin metal ﬁlm between the TCO and the organic layer
improves the cell performance due to a batter carrier collection and energy level matching. In order to examine
the interfacial exciton dissociation at the cathode interfaces of Al-modiﬁed ITO/PCBM-rich (inverted cell) and
PCBM/Al (regular cell), a 400 nm thick PCBM layer was
used in the reverse and regular structured devices for transient photocurrent (TPC) measurements, e.g., ITO/
Al(10 nm)/PCBM(400 nm)/MoOx/Ag and ITO/PEDOT:PSS/
PCBM(400 nm)/Al(30 nm). This allows analyzing the interfacial exciton dissociation at the organic/cathode interface
in the absence of internal built-in potential [18]. For the
TPC measurement, transient photocurrent was recorded
using a small optical perturbation from cathode sides of
ITO/Al(10 nm)/PCBM(400 nm)
and
Al(30 nm)/
PCBM(400 nm) of the inverted and regular devices, illuminated using a pulsed Nd:YAG laser with the wavelength of
355 nm and pulse duration of <5 ns at a forward bias of
0.4 V.
Transient photocurrent results are shown in Fig. 3. It is
observed that decays in transient photocurrent of the regular and inverted devices exhibit different behavior. The
transient photocurrent, measured for the ITO/PEDOT:PSS/
PCBM(400 nm)/Al(30 nm) device, replicated the interfacial
exciton dissociation at the PCBM/Al contact of the regular
device. It is clear that there is a polarity change from negative to positive in the transient photocurrent. The prompt
negative transient photocurrent ﬂow, which originates

0.63

8.7

Fig. 3. Transient photocurrent measured for an ITO/Al(10 nm)/
PCBM(400 nm)/MoOx/Ag device, compared to that of a control ITO/
PEDOT:PSS/PCBM(400 nm)/Al(30 nm) sample, at a forward bias of 0.4 V.
The transient photocurrent measured using a small optical perturbation
from cathode sides of ITO/Al(10 nm)/PCBM(400 nm) and Al(30 nm)/
PCBM(400 nm) of the inverted and regular devices.

from the fast interfacial exciton dissociation at the PCBM/
Al interface, is apparently disadvantageous for the electron
collection. However there was no measurable negative
transient
photocurrent
for
the
ITO/Al(10 nm)/
PCBM(400 nm)/MoOx/Ag in the TPC measurement. This
suggests that the interfacial exciton dissociation at cathode
interface of the inverted cell generated an alike transient
photocurrent ﬂow that is favorable for the electron collection. The asymmetrical behavior is essentially originated
from the difference of the contact properties, depending
on the sequence of forming an organic layer on Al contact
or depositing Al cathode on organic layer. When an organic
layer is coated on Al by the solution-processed approach,
the strongly bonded metal surface atoms are not affected
and a relatively clear Al/PCBM interface in the inverted
structure is expected. However, the relatively weak van
der Waals interaction between molecules in the organic
layer can be easily disturbed by the deposition of energetic
metal atoms, typically evaporated at elevated temperatures. The penetration of energetic Al atoms into the
underlying functional organic layer is primary responsible
for the complex PCBM/Al interfacial properties in the regular structure. Transient photocurrent measurements indicate clearly that interfacial exciton dissociation at cathode
interfaces of Al-modiﬁed ITO/PCBM (inverted cell) and
PCBM/Al (regular cell) is not equivalent. It is expected that
PCBM on Al-modiﬁed ITO forms a more abrupt interface
than the energetic Al deposited on PCBM, leading to an
asymmetric interfacial exciton dissociation behavior. It is
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Fig. 4. XPS Al2p peaks measured for the surfaces of ITO overlaid with
5 nm and 10 nm thick Al, revealing the chemical state of ultrathin Al on
ITO. Oxidized Al was found on ITO surface when its coverage is <5 nm in
vacuum.

shown that the interfacial exciton dissociation at the cathode of the inverted cell favors the efﬁcient electron collection as compared to the regular cell.
The electronic properties of ultrathin Al-modiﬁed ITO
interface were studied by XPS measurement. As shown in
Fig. 4, for an ultrathin layer of Al on ITO surface, the XPS
Al2p peak with a higher binding energy of 75.8 eV can be
observed, which corresponds to oxidized aluminum as
compared to its metal Al state having a binding energy of
XPS Al2p peak at 73 eV. It shows that the ﬁrst few nanometer thick Al reacts with the ITO resulting in the formation of
a thin AlOx layer on ITO surface. As the Al increased to
10 nm, a dual Al2p XPS peak with an additional peak at
a binding energy at 73 eV, corresponding to metallic Al,
started to form on ITO surface, suggesting the interface
contained a mixture of Al and AlOx. A reduction in work
function of ITO was observed when the ITO surface was

modiﬁed with an ultrathin Al layer, enabling the Al-modiﬁed ITO to serve as an efﬁcient transparent cathode. This is
conﬁrmed by an increase in VOC of inverted OSCs, as shown
in Fig. 1(a). A reduction in work function of an ultrathin Almodiﬁed ITO consists with the XPS measurements suggesting that an ultrathin AlOx layer is formed on ITO. A thin
AlOx has a low work function as compared to ITO, as it is
so thin it does not affect visible-light transparency of the
front ITO cathode. The fullerene-rich P3HT:PCBM/AlOxITO interface in the inverted OSCs is relatively stable and
electrically favorable for electron extraction, resulting in
more stability and efﬁcient cell operation as compared to
the normal OSCs.
The accelerated aging experiments were conducted for
inverted and control regular OSCs by continuous light
soaking in air. In order to establish a comprehensive and
reliable OSC lifetime data for durability studies, the lifetime results are averaged from a set of inverted and control
regular OSCs to establish the statistically reliable data. The
normalized cell parameters of VOC, FF, JSC and PCE measured
for the inverted and control cells as a function of aging
time are shown in Fig. 5. The inverted OSCs experienced
a much slower degradation in JSC and FF as compared to
the control regular OSCs. The results agree with the TPC
measurements suggesting that the quality of the interfacial
contacts in the reverse conﬁguration of the cell function
well for charge extraction during the aging, demonstrating
the improved durability as compared to the control regular
cell. Both types of the OSCs underwent an initial fast
decrease in PCE, followed by an extended period of slower
decay. The initial fast degradation for the inverted OSCs
occurred within the ﬁrst 10 h of aging, with a 40% loss
in PCE by the 70 h mark. Degradation of the inverted OSCs
is much slower after passing the 70 h initial decay period
under a continuous light soaking. However, the control
regular OSCs experienced a faster decay in all cell parame-

Fig. 5. JSC, VOC, FF and PCE versus aging time measured for the encapsulated inverted and regular OSCs under a continuous light soaking with light intensity
of 100 mW/cm2 (AM1.5G) at 60 ± 5 °C in air.
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ters in the ﬁrst 70 h with 60% loss in PCE, and a continuous degradation in PCE was observed as light soaking time
increased.
4. Conclusions
The reverse conﬁguration allows improving the absorbance of the cell, and therefore its PCE. Interfacial exciton
dissociation at cathode interfaces of Al-modiﬁed ITO/PCBM
and PCBM/Al is not equivalent. It is shown that Al-modiﬁed
ITO/PCBM interface in the reverse conﬁguration favors the
efﬁcient electron collection in the cell as compared to the
regular device. High performance inverted P3HT:PCBM
OSC with PCE of 4.16%, which is 13% more efﬁcient than
the control regular cell (3.67%), was achieved using an
ultrathin Al-modiﬁed ITO cathode and a bi-layer MoO3/
Ag anode. An improvement in operation stability of the
inverted OSC was demonstrated using an accelerated aging
test in air.
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