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An inverted tandem organic solar cell, consisting of two bulk heterojunction subcells with identical
poly(3-hexylthiophene) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)Cq,; active layer, and an
intermediate layer made of ultrathin multiple metal layers of Ca/Al/Ag and metal oxide MoOs, is
reported. This intermediate layer is of advantage in high transparency and low series resistance.
Moreover, it serves as the charge recombination center effectively, and renders an exact summation
of the open-circuit voltages (1.18 V) of the two subcells and a high fill factor (61.8%). The
maximum power conversion efficiency obtained is 2.78% under simulated 100 mW/cm? [air mass
(AM) 1.5G] solar irradiation, comparable to those of the two subcells. © 2010 American Institute

of Physics. [doi:10.1063/1.3469928]

Organic solar cells (OSCs) have been studied intensively
as one kind of the third generation solar cells with potentially
low cost and flexible form.'? Although there have been
some progresses recently in bulk heterojunction (BHJ)
0SCs,*”? they are still limited by a few factors associated
with essential properties of organic semiconductors, such
as narrow absorption range, short exciton diffusion length,
and small charge carrier mobility. Tandem structure
consisting of two or more cells with complementary absorp-
tion spectra,6_12 is considered as an effective way to boost
the efficiency. Herein, the intermediate layer, connecting
the subcells optically and electrically, plays a crucial
role in overall device performance.10 Thus far, quite a few
intermediate layers have been reported,13 such as Ag
nanoclusters,’ Au,"* Al/ WO3,8 indium tin oxide (ITO)/poly
(3,4-ethylene dioxythiophene):(polystyrene sulfonic acid)
(PEDOT:PSS),"> AI/AwPEDOT:PSS,” ZnO/PEDOT:PSS,'®
TiO,/PEDOT:PSS,”  A1/Mo00;,'""? and Al/TiO,:Cs/
PEDOT:PSS."

On the other hand, the inverted structure [with modified
ITO on glass as the cathode (at the bottom) and a high work
function metal as anode (at the top)] as an important progress
in OSCs has been extensively studied recently.s’lsle The
conventional BHJ architecture (with ITO on glass as the an-
ode at the bottom and a low work function metal as anode
atop) has limitations in device stability due to air-sensitive
low-work-function metal cathode such as Al. Diffusion of
oxygen into the active layer through pinholes and gain
boundaries in Al cathode causes the degradation of the active
layer, leading to device instability in air.*? Also, degradation
of ITO/PEDOT:PSS interface is inevitable because of
slightly acidic nature of PEDOT:PSS.”** Moreover, the
spin-coated P3HT:PCBM active layer exhibits a vertical
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phase separation with a concentration gradient changing
from PCBM-rich at the bottom (closer to the substrate) to
P3HT-rich atop (farther away from the substrate),’**%
which obstructs charge transport and charge collection in the
conventional structure. The inverted structure of organic so-
lar cell (OSC) overcomes the above problems associated
with the conventional structure with demonstrated better per-
formance especially in the device lifetime.>*¢

Thus, combining tandem and inverted structures in one
device will benefit in terms of both device efficiency and
stability. However, so far, there is no report on such inverted
tandem OSC. It is worth mentioning that the “inverted struc-
ture” reported in Ref. 9 is still a normal tandem structure
with ITO anode at the bottom and low work function cathode
atop, in which the inversion refers to swapping the high and
low band gap materials. Thus, it is completely different from
the inverted tandem structure to be discussed in this paper,
where we shall report an inverted tandem cell with an effi-
cient intermediate layer of MoOs/Ag/Al/Ca.

All cells were fabricated on ITO coated glass substrates
with a sheet resistance of 20 ()/square. A Ca layer was first
thermally evaporated in a base vacuum of 9.0 X 107>
Then, a blend solution made of poly(3-hexylthiophene)
(P3HT) (Rieke Metals, Inc. ) and 1-(3-methoxycarbonyl)-
propyl-1-phenyl-(6,6)Cs; (PCBM) (American Dye Sources
Inc.) with a weight ratio of 1:0.8 in chlorobenzene (30 mg/
mL) was spin-coated to form the active layers for both bot-
tom and top subcells in a glovebox filled with N,. MoOs, Ag,
Al, and Ca were evaporated in designed sequence and com-
binations to form the intermediate layer (9.0X 107> Pa).
Evaporated MoOs/Ag was used as the anode for all single
and tandem cells in this paper. A postannealing at 160 °C
for 10 min was always performed for all devices after the
final MoO;/Ag anode fabrication. All devices had an active
area of 0.1 cm? and were encapsulated before taking out
from the glovebox. The current-voltage (I-V) characteristics

© 2010 American Institute of Physics

Downloaded 23 May 2012 to 38.107.179.217. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3469928
http://dx.doi.org/10.1063/1.3469928
http://dx.doi.org/10.1063/1.3469928

053303-2 Sun et al.

e
Ag (100 nm)
Mo0s (5 nm)
P3HT:PCBM (70 nm)

{ MoO3/Ag/Al/Ca —

P3HT:PCBM (85 nm)

oo

FIG. 1. (Color online) The device structure of the inverted tandem cell with
MoO;/Ag/Al/Ca intermediate layer.

were measured with a Keithley 2400 sourcemeter under
simulated 100 mW/cm? [air mass (AM) 1.5G] irradiation
from a solar simulator (Solar Light Co. Inc.). The transmit-
tance spectra of the samples were recorded using UV-VIS-
NIR scanning spectrophotometer (UV-3101PC). The film
thickness was measured with a surface profiler (Tencor P15).
Figure 1 shows the structure of the inverted tandem cell in
this study, consisting of ITO/Ca(1 nm)/P3HT:PCBM(85 nm)/
intermediate  layer/P3HT:PCBM(70 nm)/MoOs(5 nm)/
Ag(100 nm). Various intermediate layers, as shown in Fig.
2, were compared.

Figure 2 shows the transmittance spectra of different
combinations of intermediate layers and the absorption spec-
trum of P3HT:PCBM film. Obviously, MoO;/Ca and
MoO;/Al/Ca have a high transparency of 98% ranging from
300 to 800 nm.'** With the insertion of Ag (1 nm), the
transmittance of MoO;/Ag/Ca and MoOs/Ag/Al/Ca de-
creases in the range from 400 to 600 nm, exhibiting a trans-
mittance dip peaking at 485 nm. This implies that Ag nano-
cluster layer (1 nm) is slightly absorptive in this range due to
localized surface plasmon resonance (LSPR).27730 However,
the LSPR absorption does not occur for either MoO3/Al or
MoO;/Ca interface. Considering that a postannealing was
performed for the devices, it is possible that an oxide layer
(O deficient) between MoO; and Al (or Ca) is formed since
either Al or Ca has a lower electronegativity value than Mo
(the Pauling electronegativity of Al, Ca, and Mo is 1.61,
1.00, and 2.16, respectively). Formation of such oxide layer
will lead to a reduction in electron density, preventing LSPR
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FIG. 2. (Color online) The transmittance spectra of different combinations
of intermediate layers: MoO;(7.5 nm)/Ca(3 nm), MoO;(7.5 nm)/
Al(1 nm)/Ca(3 nm), MoO5(7.5 nm)/Ag(1 nm)/Ca(3 nm), and
MoO5(7.5 nm)/Ag(l nm)/Al(1 nm)/Ca(3 nm), and also the absorption
spectrum of the P3HT:PCBM film.
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FIG. 3. (Color online) The comparison of the I-V characteristics of the
inverted tandem cells with different combinations of intermediate layers.

from happening. Interestingly, the transparency of
MoO;/Ag/Al/Ca is nearly the same as that of
MoO;/Ag/Ca, although 1 nm Al is added in between, dem-
onstrating that the insertion of Al nanocluster layer has no or
little effect on the transparency of the intermediate layer. The
function of MoOj layer can be found elsewhere.””?" It has to
be thick enough to protect the prior-deposited polymer layer,
yet thin enough not to induce large voltage loss and high
series resistance.””*! In our experiment, the optimal thick-
ness of MoOj3 is 7.5 nm.

Figure 3 shows the comparison of the /-V characteristics
of the inverted tandem cells with different combinations of
intermediate layers. Although the V. for the cell with
MoO;/Ca intermediate layer approaches 0.79 V, it is much
smaller than the V. summation of two inverted subcells due
to large voltage loss across the MoO;/Ca interface. For regu-
lar tandem cell,'™"” an ultrathin Al is quite necessary. In the
case of inverted tandem cell, the insertion of 1 nm Al be-
tween MoOj; and Ca increases the V. of inverted tandem cell
to 1.19 V, equal to the sum of the V. values of inverted
subcells. However, both inverted tandem cells with
MoO;/Ca and MoOs/Al/Ca exhibit an S-shaped I-V curve,
similar to some previous reports.”’3 " Such an S-shaped curve
may be caused by the formed oxide layer as above-
mentioned, which blocks charge extraction and recombina-
tion at the intermediate layer, resulting in rather poor fill
factors (FFs) (27.9% and 31.2%) for both cells.

In contrast, with 1 nm Ag inserted between Ca (or Al/
Ca) and MoO;, it is obvious that the S-shaped curve disap-
pears. This indicates that the formation of the oxide layer
between MoO; and Ca (or Al) is prevented by the insertion
of Ag. As a consequence, the FF remarkably roars up to
~60%, similar to those of inverted subcells. However, the
Voo (0.99 V) of the inverted tandem cell with MoOs/Ag/Ca
is lower than the summation of the Vs of the inverted
subcells, suggesting the existence of an energy barrier."”
With an ultrathin Al incorporated between Ag and Ca, an
Ohmic contact between both subcells is fully established,
leading to removal of the charge extraction/recombination
barrier. Hence, the V. of 1.18 V is obtained for the inverted
tandem cell with MoO3/Ag/Al/Ca, which is almost the ex-
act summation of the V..’s (0.57 and 0.63 V) of the subcells,
demonstrating no voltage loss across the intermediate layer.
In addition, the slight increase in FF to 61.8% is ascribed to
the fact that Al functions (work functions of Ag, Al, and Ca
are 4.4 eV, 4.3 eV, and 2.9 eV, respectively) as an energy step
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FIG. 4. (Color online) The I-V characteristics of the inverted bottom sub-
cell, top subcell, and tandem cell with MoO;/Ag/Al/Ca intermediate
layer under 100 mW/cm?. The bottom subcell is with a structure of
ITO/Ca(1 nm)/P3HT:PCBM(85)/Mo005(7.5 nm)/Ag and the top
subcell is with a structure of ITO/Ca(3 nm)/P3HT:PCBM(70 nm)/
MoO;(5.0 nm)/Ag. The inset shows the summary of all device
performance.

for efficient charge recombination sites of the holes extracted
from bottom subcell through MoO;/Ag and the electrons
extracted from top subcell through Ca. Finally, the inverted
tandem cell with MoOs/Ag/Al/Ca has a power conversion
efficiency (PCE) of 2.78% with a J, of 3.81 mA/cm?, V.
of 1.18 V, and FF of 61.8%.

Figure 4 shows the I-V characteristics of inverted bottom
subcell, top subcell, and tandem cell with MoO3;/Ag/Al/Ca
intermediate layer under 100 mW/cm?. The summarized
performance is tabulated as the inset of Fig. 4. The inverted
bottom subcell has a PCE of 2.68% with Jg
=7.24 mA/cm?, V,=0.57 V, and FF=64.9%. It is worth
mentioning that the smaller V. (0.57 V) is attributed to the
voltage loss across the relatively thick MoO; layer (7.5
nm).”*' For the inverted top subcell, since a 3 nm thick Ca
is used to modify the ITO substrate for electron extraction,
there is some slight light loss. As a result, its PCE reaches
3.01% with J,=8.02 mA/cm? V,=0.63 V, and FF
=59.6%. It is obvious that both inverted subcells have not
achieved the best performance,mz] as a relatively thick
MoOs in bottom subcell protects the prior-deposited polymer
layer and a relatively thick Ca in top subcell forms a con-
tinuous film to collect electrons from the top subcell and also
to avoid “short-circuit” points.

It is noted that the high FF (61.8%) of the inverted tan-
dem cell is comparable to those of inverted single cells, and
significantly larger than that of the regular tandem cell.'’ The
J decreases since identical materials (P3HT:PCBM) are
used as the active layer for the subcells. Overall, the PCE
(2.78%) of inverted tandem cell is comparable to those
(2.68% and 3.01%) of single cells due to the compensation
of the doubled V.

In conclusions, we have presented an inverted tandem
OSC using multiple metal layers Ag/Al/Ca and a metal oxide
MoO; layer as the intermediate layer. With an optimal
intermediate layer, the inverted tandem cell exhibits a PCE

Appl. Phys. Lett. 97, 053303 (2010)

of 2.78% under 100 mW/cm?, comparable to those of in-
verted single subcells. This MoOs/Ag/Al/Ca intermediate
layer provides an effective and useful approach for further
improvement of tandem cell performance.
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