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We report efficient tandem organic solar cells with an Al and MoO; intermediate layer. Such an
intermediate layer with optimized thickness (1 nm Al and 15 nm MoOj3) has high transparency
(~98% in the range from 350 to 900 nm) and efficient charge collections to realize electric
connection in series. For polymer-small molecule tandem cell, due to the summation (1.01 V) of the
open-circuit voltages of individual cells and a short-circuit current density of 6.05 mA/cm?, a
power conversion efficiency (PCE) of 2.82% was obtained under 100 mW/cm? illumination, which
is larger than either of the individual cells. The PCE reached 3.88% when the tandem cell was
illuminated under 300 mW/cm?. Additionally, we applied Al/MoOj; intermediate layer to realize a
solution-processed polymer tandem cell with a high PCE (2.23%). The thick MoO; (15 nm)
provides a complete protection of the prior-deposited polymer layer from dissolving during the top
cell polymer coating. © 2008 American Institute of Physics. [DOIL: 10.1063/1.2976126]

Organic solar cells (OSCs) have attracted much attention
in the past few years with their potential as a low-cost, easy-
fabrication, and flexible alternative to traditional inorganic
solar cells. The power conversion efficiency (PCE) of OSCs
based on small molecules and pollymers has reached 5%."
The tandem or stacked structure,s’ O which consists of two or
more cells with complementary absorption spectra, is be-
lieved to be an effective approach to improve the efficiency.
In tandem OSCs, the intermediate layer is crucial and should
possess the following properties: (1) low electrical resis-
tance, (2) high optical transparency in the visible and infra-
red range, (3) low barriers for both electron and hole extrac-
tions, (4) easy-fabrication process, and (5) the protection for
the prior-deposited active layer in solution-processed tandem
OSCs. Generally, metal thin films can be used as the semi-
transparent intermediate layer for tandem OSCs, such as Ag
(Ref. 5) and Al/Au.® However, such intermediate layer alone
is not suitable for solution-processed tandem cells (thickness
is not enough for protecting the prior-deposited polymer
layer) and light loss is usually high. Recently, the combina-
tion of n-type metal oxides [e.g., TiO (Ref. 10) and ZnO
(Ref. 11)] and poly(3,4-ethylenedioxythiophene): poly(styre-
nesulfonate) (PEDOT:PSS) has been applied as the interme-
diate layer for solution-processed tandem OSCs, where the
n-type metal oxide and PEDOT serve as the electron and
hole transporting layer, respectively, and the recombination
of charges occurs at the interface between n-type oxide and
PEDOT. However, such intermediate layers need to be fab-
ricated in an oxygen and moisture environment (outside the
glovebox) with baking, which is harmful to the organic/
polymer layer of the bottom cell.'? For ZnO/PEDOT inter-
mediate layer, it is more troublesome, as PEDOT is a water-
based acidic solution, which could dissolve ZnO. So,
PEDOT solution needs to be modified to neutral."
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There are other p-type-like metal oxides, such as NiO,
MoOs3, V,05, and WOj3, with high work function and good
hole conductivity, which have been used previously for hole
injection in organic light-emitting diodes (OLEDs) (Refs.
13-16) and anode buffer layer in single 0SCs.'™" These
oxide films can be generally deposited by thermal evapora-
tion, which does not do harm to the prior-deposited organic
layers. However, there is a lack of study of tandem OSCs
using the combination of p-type-like oxide layer and metal
as the intermediate layer,8 especially for solution-processed
tandem cells.

In this letter, we shall report an intermediate layer con-
sisting of Al (I nm) and MoO; (15 nm) for efficient tandem
OSCs. This intermediate layer fulfills the requirements for
tandem OSCs as outlined above; especially it features a high
transparency and a good protection of the bottom cell poly-
mer in solution-processed tandem cells.

All cells were fabricated on indium tin oxide (ITO)
coated glass substrates with a sheet resistance of 20 Q/[.
PEDOT:PSS (Baytron P 4083) was first spin-coated onto
precleaned ITO-glass with a thickness of 40 nm, and baked
at 120 °C for 20 min. For the bottom cell, the active layer
was fabricated by spin coating the blend solution, made of
poly(3-hexylthiophene) (P3HT) (Rieke Metals, Inc.) and
1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)Cs;  (PCBM)
(Nano-C) with a weight ratio of 1:0.8 in chlorobenzene (18
mg/mL), onto PEDOT coated substrates. For the top small
molecule cell, the MoO; layer and copper phthalocyanine
(CuPc), fullerene (Cgp), bathophenanthroline (BPhen) were
deposited sequentially by thermal evaporation in organic
deposition chamber (5.0 X 10 Pa). Al and Ag were depos-
ited by e-beam and thermal evaporations under 2.0
X 10 Pa, respectively. The active area was 0.1 cm?.

The current-voltage (I-V) characteristics were measured
with a Keithley 2400 Sourcemeter in dark and under illumi-
nation of a solar simulator (Solar Light Co., Inc.) operating
at various light intensities ranging from 50, 100 (AM1.5G),

© 2008 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2976126
http://dx.doi.org/10.1063/1.2976126

083305-2 Zhao et al.

(a)

Ag(80nm)
BPhen(8nm)
Cg0(27.5nm)

Cu Pc:CQO(1 2.5:12.5nm
CuPc(7.5nm)

MoO,(15nm)
LiF(0.5nm)/Al(1nm)

P3HT:PCBM(120nm)

PEDOT(40nm)
Glass

Top cell

Bottom cell

<—ITO

CuPc Ceo

2.3 eV
.5 ev|3.5 e\
) usevlssey A
4.8 eV5 0 ev4.3 eVH.3 eV Ag
ITo [—p:2eV| Al p'3 evfp2eVi5.2eV
Loy il V6.2
A2 T 225 4 oV]

P3HT:PCBM MoO, CuPc:C,, BPhen

2.9 eV]

FIG. 1. (Color online) (a) Structure of the polymer-small molecule tandem
OSC with an optimized intermediate layer of 1 nm Al and 15 nm MoOs;.
(b) The energy level diagram of the polymer-small molecule tandem OSC.

150, 200, to 300 mW/cm?2. The absorption and transmit-
tance spectra of these films were characterized by a HP 8453
UV-VIS Spectrometer. The resulting structure of the
polymer-small molecule tandem cell is shown in Fig. 1(a),
with  a  structure of ITO/PEDOT(40 nm)/P3HT:
PCBM(120 nm)/LiF(0.5 nm)/Al(1 nm)/MoOs(15 nm)/
CuPc(7.5 nm)/CuPc:Cgyy(12.5:12.5 nm)/Cgy(27.5 nm)/
BPhen(8 nm)/Ag(80 nm). For comparison, the bottom and
top single cells were fabricated in the same run as the tandem
cell, with the structures of ITO/PEDOT(40 nm)/
P3HT:PCBM(120 nm)/LiF(0.5 nm)/Al(100 nm) and
ITO/MoO5(15 nm)/CuPc(7.5 nm)/CuPc:Cg(12.5:12.5
nm)/Cgy(27.5 nm)/BPhen(8 nm)/Ag(80 nm), respec-
tively. The energy level diagram of the polymer-small mol-
ecule tandem cell is shown in Fig. 1(b).

Figure 2 shows the absorption spectra of P3BHT:PCBM,
CuPc/CuPc:Cyy/Cqy, and P3HT:PCBM/LiF/Al/MoOs/
CuPc/CuPc:Cgy/Cqq films used in the bottom single, top
single, and tandem cells, respectively. It is obvious that the
bottom film mainly covers the visible range from 400 to 650
nm, while the top film absorbs complementarily from 650 to
750 nm. By stacking these two films together, the absorption
spectrum is broadened (see the tandem film curve in Fig. 2).
In addition, the transmittance spectrum of
Al(1 nm)/MoO;(15 nm) intermediate layer is also shown
in Fig. 2. Compared to the commonly used Al/Au interme-
diate lazyer with only 80% of transmittance in the visible
range,”” it can be seen that the transmittance is almost 98%
in the range from 350 to 900 nm, ensuring enough light to be
absorbed by the top cell. Hence, this intermediate layer with
high transparency satisfies the optical requirement as out-
lined in the beginning.

The -V characteristics of bottom single, top single, and
tandem cells in polymer-small molecule tandem structure are
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FIG. 2. (Color online) The absorption spectra of the bottom film
P3HT:PCBM (120 nm), top film CuPc¢(7.5 nm)/CuPc:
Cg(12.5:12.5 nm)/Cg(27.5 nm) and tandem film P3HT:
PCBM(120 nm)/LiF(0.5 nm)/Al(1 nm)/MoOs(15 nm)/CuPc(7.5 nm)/
CuPc:Cg(12.5:12.5 nm)/Cgy(27.5 nm) films. The transmittance spectrum
of the Al(1 nm)/MoO;(15 nm) intermediate layer. All films were fabri-
cated on quartz substrates and postannealed at 140 °C for 5 min.

shown in Fig. 3(a) with their corresponding fill factors (FFs)
and PCEs under 100 mW/cm? illuminations. The PCEs of
the bottom and top single cells are 2.11% and 1.68%, respec-
tively. With the Al (1 nm)/MoO; (15 nm) intermediate
layer, the tandem cell has a PCE of 2.82% open-circuit volt-
age V,.=1.01 V, short-circuit current density Jg
=6.05 mA/cm?, and FF=46.2%. The V,. (1.01 V) of the
tandem cell is the summation of the V. of the bottom single
cell (0.63 V) and top single cell (0.45 V), which demon-
strates that the tandem cell is connected electrically by this
Al/MoQOy intermediate layer. It is known that matched Jg, of
bottom and top single cells is important for the tandem cells
in series. It can be found in Fig. 3(a) that the Jg
(7.83 mA/cm?) of top single cell is slightly higher than that
(6.54 mA/cm?) of bottom one, demonstrating that the nearly
matched photocurrent density between the bottom and top
cells was obtained in such tandem cell. Overall, the PCE of
the tandem cell is higher than either of the individual single
cells due to the increase in V.

It should be pointed out that although the V,. in the
bottom P3HT:PCBM single cell is comparable to literature,’
the J,. and FF are lower, which might be due to low anneal-
ing temperature (this low anneahng temperature is preferred
for the top small molecule OSC).” Figure 3(b) shows the I-V
characteristics of the polymer-small molecule tandem cell
under different illuminations. It is seen clearly that its V.
increases with the intensity of illumination because of the
increase in the V. of both bottom and top single cells (data
not shown here). Despite the FF reducing from 47.20% (at
50 mW/cm?) to 43.3% (at 300 mA/cm?) monotonically,
the maximum PCE reached 3.88% at 300 mW/cm? prima-
rily due to the enhanced V.

In the polymer-small molecule tandem cell, MoO; has
dual functions of (1) hole transporting, and (2) exciton
blocking. The holes collected/transported by MoOj5 and elec-
trons generated from the bottom cell are recombined in the
Al layer (1 nm, most likely in nanocluster form). MoOj; has
been prev10usly used as a hole-injection layer for
OLEDs,"™'® and a replacement of PEDOT:PSS in polymer
OSCs. 17 So MoOj has very good hole transportmg property.
Moreover, the valence band of MoOj is 5.3 eV, close to the
highest occupied molecular orbital of CuPc [5.2 eV (Ref. 4)]

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



083305-3 Zhao et al.
0
=, 7
NE (a) Bottom cell /
L Top cell (61.3%, 2.11%)
g 21(47.6%, 1.68%) / /
o -4 o
c e Tandem cell
8 (46.2%, 2.82%)
=
o -6
t .
=
=]
&
8 . ! 1 . | 1 1 .
0.0 0.2 0.4 0.6 0.8 1.0 1.2
6
& |(b)
=
oo - ¢l
2 50 mW/cm "
€ &l :ggmm(mz — g ]
> 0 Mg errr— #
2 b y
Bzt I
[
D I /”.’
was | ) N
o | 300 mWicm2-"" PCE=3.88%
- o
=34 [ Lot
0 i A L " 1 " 1 " 1 n L L
0.0 0.2 0.4 0.6 0.8 1.0 1.2
0 /
& (c) /
E | £
G /
< Ve
E 2 Bottom cell /‘
; (56.4%, 1.94%) s
‘A
:E T e Tandem cell
i TR (49.9%, 2.23%)
o 4f
= T~
o Top cell
= (63.1%,2.40%)
o 6 . 1 N 1 N | . 1 L 1 .
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Voltage (V)

FIG. 3. (Color online) (a) The [-V characteristics of bottom single, top
single cells, and polymer-small molecule tandem cell under 100 mW/cm?>.
(b) The I-V characteristics of polymer-small molecule tandem cell under
different illuminations. The cells for the polymer-small molecule tandem
cell were postannealed at 140 °C for 5 min. (¢) The I-V characteristics of
the solution-processed polymer tandem cell, and the corresponding bottom
and top single cells under 100 mW/cm?. The corresponding FF and PCE
are shown in the format of (FF, PCE).

and P3HT [5.2 eV (Ref. 21)]. Thus thicker MoO; layer (15
nm in our case) will not result in significant degradation in
the tandem cell. Meanwhile, MoO; has the other function of
exciton blocking. The conduction band of MoO; [2.3 eV
(Ref. 17)] is well above the lowest unoccupied molecular
orbital of CuPc [3.5 eV (Ref. 4)] or P3HT (3.3 eV [Ref. 21)]
[Fig. 1(b)]. Excitons formed in the top cell will be blocked
by MoOj. Only after exciton dissociation (at the CuPc/Cg
interfaces), holes can be collected by MoOj; layer contribut-
ing to photocurrent.

We further applied this intermediate layer in a solution-
processed polymer tandem cell with a structure
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of ITO/PEDOT(40nm)/P3HT:PCBM(70 nm)/Al(1 nm)/
MoO;(15 nm)/P3HT:PCBM(70 nm)/Al(100 nm). With a
15 nm thick MoOj layer, dissolving of the prior-deposited
polymer (bottom cell) is avoided during spin coating of the
top cell polymer, i.e., a complete coverage of the bottom cell
is realized. The I-V characteristics of the solution-processed
polymer tandem OSC under 100 mW/cm? are shown in Fig.
3(c). For comparison, the I-V characteristics of the bottom
and top single cells are also presented. We can see that rea-
sonable performance is obtained (V,.=1.17 V and PCE
=2.23%) for this solution-processed polymer tandem OSC.
Therefore, the intermediate layer is a potential candidate for
the solution-processed multitandem solar cells (and OLEDs)
with complementary absorptions.

In conclusion, we have demonstrated an effective inter-
mediate layer made of 1 nm Al and 15 nm MoO; for tandem
OSCs. Such an intermediate layer, which can be easily fab-
ricated, is highly transparent in the entire solar spectrum, and
provides good protection of prior-deposited polymer layer in
solution-processed polymer tandem cell. We applied this in-
termediate layer in both polymer-small molecule and
solution-processed polymer tandem OSCs with good and re-
peatable results. The PCE of the polymer-small molecule
tandem cell was 2.82% at 100 mW/cm®> (3.88% at
300 mW/cm?), higher than either of the individual ones.
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