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A Metal-Oxide Interconnection Layer for Polymer Tandem 
Solar Cells with an Inverted Architecture
 In the past decade, polymer solar cells have attracted consider-
able interest due to their potential for low-cost, light-weight and 
fl exible applications. [  1  ,  2  ]  As a result of effi cient exciton disso-
ciation in polymer-fullerene blends, polymer bulk heterojunc-
tion (BHJ) solar cells with high external quantum effi ciencies 
(EQE, ratio of extracted charge carriers to incident photons) 
can be achieved by carefully controlling the morphology of the 
polymer blend. [  3  ,  4  ]  The power conversion effi ciency (PCE) can 
be further improved by using low band gap polymers which 
absorb a broader range of photon energies that also provide 
a better match to the solar spectrum. [  5–7  ]  However, the ulti-
mate achievable effi ciency of the solar cell is still limited by 
the low carrier mobility and narrow absorption spectra of the 
polymers. [  8  ]  Low mobility of the polymer material constrains 
the active layer thickness because a thicker fi lm will lower the 
extraction effi ciency of charge carriers, while a thinner fi lm will 
lead to insuffi cient absorption of incident photons. The limited 
absorption spectrum of the polymer also results in ineffi cient 
utilization of the solar spectrum. To overcome these challenges, 
it is desirable to stack individual cells with complementary 
absorption in a tandem structure to realize high effi ciency 
polymer tandem cells. [  9–13  ]  Typical polymer tandem cells consist 
of two diodes, head-to-tail connected via an interlayer. Conduc-
tive polymers, e.g., poly(3,4-ethylenedioxythiophene) blended 
with poly(styrenesulfonate) (PEDOT:PSS), and n-type metal 
oxides are commonly used as the interlayer. However, the acidic 
nature of PEDOT:PSS raises stability concerns. [  14  ]  In addition, 
optical loss due to absorption of the PEDOT:PSS fi lm is signifi -
cant, approaching 10% in the visible range, and even higher 
in the near infrared (NIR) region. [  15  ]  Metal oxides with higher 
stability and optical transparency has thus been proposed to 
replace PEDOT:PSS as the interfacial layer between indium tin 
oxide (ITO) and polymer BHJs. Furthermore, the polarity of 
the solar cells can be controlled by the properties of the metal 
oxides. [  16  ,  17  ]  Devices with an inverted architecture, where the 
positions of the anode and cathode are reversed, have been 
demonstrated with better stability. This is because the reactive 
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low work function metal in a regular confi guration is replaced 
by an inorganic electron collection layer, including Cs 2 CO 3 , [  17  ,  18  ]  
TiO 2,  [  19  ,  20  ]  TiO 2 :Cs 2 CO 3 , [  21  ]  or ZnO. [  22–24  ]  The counter electrode 
is composed of a relatively stable hole collection layer covered 
by a high work function metal. The absence of PEDOT:PSS and 
low work function metals indicates promising long term sta-
bility of the inverted structure. 

 Despite recent advancements in polymer solar cells with 
the tandem and inverted architectures, reports on high effi -
ciency polymer tandem cell utilizing the inverted confi guration 
remain scarce. The challenge lies in designing and realizing 
the optimal combination of both the polymer materials and 
the interlayer. While complementary absorption of the tandem 
structure meets this optical requirement, the interlayer inserted 
between the two sub-cells should be not only robust enough to 
protect the underlying layers against subsequent solvents, but 
also provide an effective electrical contact. Fundamentally, the 
interlayer works as a metal wire bringing together the electron 
quasi-Fermi level of one sub-cell to the hole quasi-Fermi level 
of the other, adding up the potential of the two polymer BHJs. 
Therefore, an interlayer simultaneously satisfying the optical 
and electrical properties is a prerequisite for high effi ciency 
polymer tandem cells. Resistance against solvents in solution 
processes is yet another challenge for metal oxides as the 
interlayer, according to the obvious open circuit voltage ( V oc) 
loss when using MoO 3  as the anode buffer layer. [  26  ]  

 In this manuscript, we explore the confi guration of tandem 
polymer solar cells with the inverted structure, employing 
a metal oxide-only interlayer to connect two polymer BHJs 
with the benefi ts of complementary absorption and poten-
tially improved stability. Good electrical and optical coupling 
of the two sub-cells is achieved by using a carefully-designed 
MoO 3 /Al/ZnO layer, which leads to a PCE of 5.1% in our 
inverted tandem solar cell. Compared to PEDOT:PSS, the absorp-
tion of the metal oxide-based interlayer is negligible throughout 
the visible to NIR spectral range, resulting in high photocurrent 
for both single and tandem cells. Our results demonstrated that 
effective connection between polymer BHJs can be realized by 
this simple oxide interlayer. As a result, the materials and con-
fi gurations of the interlayer are no longer limited by the acidic 
PEDOT:PSS. 

 The device structure of the optimized inverted polymer 
tandem solar cell is shown in  Figure    1   a . Two polymers with 
complementary absorption spectra are selected for the active 
layers. Starting from the transparent cathode side, i.e., indium 
tin oxide (ITO)/ZnO, the bottom sub-cell is based on a 
poly(3-hexylthiophene) (P3HT): [6,6]-phenyl C 61  butyric acid 
methyl ester (PC 60 BM) layer. As for the top sub-cell, a low band 
gap polymer poly[(4,4 ′ -bis(2-ethylhexyl)dithieno[3,2-b:2 ′ ,3 ′ -d]
silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT) 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1282–1286
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      Figure  1 .      a ) The device structure,  b ) cross-sectional SEM image,  c ) TEM image (right) of the inverted polymer tandem solar cell and  d ) TEM 
diffraction of ZnO-d fi lms.  e ) Absorption spectra of reference BHJ fi lms and the tandem cell prior to cathode deposition, and the transmittance spectra 
of the interlayers with and without the ZnO-d fi lm.  f  ) Energy-level diagram of the tandem cell.  
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blended with PC 70 BM is used. [  6  ]  The optimal thicknesses 
of the bottom and top sub-cells are 150 and 120 nm, respec-
tively. The connecting metal-oxide interlayer consists of MoO 3  
(10 nm by thermal evaporation) and ZnO (30 nm by sol-gel 
process) for effective hole and electron collection, respectively. 
An aluminum layer (1 nm by thermal evaporation) is inserted 
between MoO 3  and ZnO to provide excellent electrical con-
tacts and good processability, which its role will be discussed 
later. Cross-sectional scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) images in Figure  1 b,c 
show well-defi ned individual layers. The absorption spectra of 
the optimized tandem cell, as well as the P3HT:PC 60 BM and 
PSBTBT:PC 70 BM blends, are shown in Figure  1 e. The absorption 
of P3HT:PC 60 BM fi lm spans from 400 to 630 nm, which mainly 
corresponds to the  π – π  ∗  transition of P3HT and a minor contri-
bution from PC 60 BM. The low band gap PSBTBT:PC 70 BM fi lm 
shows a relatively fl at absorption curve throughout the visible 
range from the combined absorption of the polymer in the NIR 
range and the PC 70 BM in the visible range. The overall absorp-
tion of the stacked polymer BHJs, together with the MoO 3 /Al/
ZnO interlayer, exceeds 0.8 optical density (O.D.) from 350–600 
nm, and reaches 0.3 O.D. at 750 nm. Figure  1 e also compares 
the transmittance (T%) of these metal oxides with 1 nm-thick 
Al layer (V 2 O 5 /Al and MoO 3 /Al) before and after the ZnO fi lm 
deposition. The high T% exceeding 95% of MoO 3 /Al/ZnO fi lm 
and similar V 2 O 5 -based interlayer ensures minimal optical loss 
in the UV-visible-NIR region. Considering the transmittance 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 1282–1286
and work function, MoO 3  was chosen as the anode buffer layer 
for both subcells for hole extraction. Consequently, the MoO 3 /
Al/ZnO transparent interlayer was constructed as the intercon-
necting layer in the tandem structure to facilitate charge recom-
bination between the bottom and top sub-cells.  

 Figure  1 f illustrates the energy level diagram of the tandem 
cell structure, indicating the highest occupied molecular orbital 
(HOMO) energies and the lowest unoccupied molecular orbital 
(LUMO) energies of each component, as well as the work func-
tions of the conductive electrodes. ZnO on ITO forms a low 
work function cathode contact for the bottom sub-cell, while 
MoO 3  (work function  ∼ 5.3 eV) delivers an effi cient anode con-
tact. [  25  ]  Similarly, the top sub-cell also starts from ZnO, with a 
top anode contact composed of MoO 3 /Al. 

 The performances of the tandem and reference single cells 
are characterized under simulated AM 1.5G solar illumination 
of 100 mW cm  − 2  as shown in  Figure    2   a . The P3HT:PC 60 BM 
single cell yields a PCE of 3.2%, with open-circuit voltage ( V  oc ) of 
0.58 V, short-circuit current ( J  sc ) of 8.6 mA cm  − 2 , and fi ll factor 
(FF) of 64%. The low band gap PSBTBT:PC 70 BM reference cell 
exhibits a PCE of 3.7%, with  V  oc   =  0.64 V,  J  sc   =  11.7 mA cm  − 2 , 
and FF  =  49%. The inverted confi guration has been well estab-
lished for P3HT:PCBM system, here we further explore that 
relatively high PCE can also be obtained from other polymers. 
The large difference in  J  sc  from the reference cells was com-
pensated by placing the P3HT:PC 60 BM BHJ in the front as the 
bottom sub-cell. The tandem cell yields a PCE of 5.1%, with 
mbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1283
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      Figure  2 .      a)   J–V  characteristics of the reference single (ITO/ZnO-d/photoactive polymer:fullerene blend/MoO 3 /Al), and tandem cells using MoO 3 /Al/
ZnO as the interlayer between the two sub-cells, measured under simulated AM1.5G, 100 mW cm  − 2  illumination.  b)  EQE of sub-cells in the tandem 
structure (with monocolor light bias) and respective reference single cells.  
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 V  oc   =  1.20 V,  J  sc   =  7.8 mA cm  − 2 , and FF  =  54%. From the view 
point of electrical connection, the Voc of the tandem cell is 
equal to the sum of the two sub-cells, confi rming the effi cient 
coupling of the two sub-cells in series, in which the quasi-Fermi 
level alignment between MoO 3  and ZnO results in a signifi cant 
vacuum level shift. The  J  sc  from the inverted tandem cell is 
slightly higher than the reported value from regular structure 
based on PEDOT:PSS as the anode buffer layer. [  13  ]  We believe 
this is due to the high T% of the metal oxide layers, resulting 
in minimal optical loss. The EQE measurement for each sub-
cell and reference single cells was performed, [  12  ]  and the results 
are shown in Figure  2 b. The P3HT:PC 60 BM cell exhibits EQE 
maximum at 500 nm, whilst the EQE of the PSBTBT:PCBM 
cell is approximately around 45% from 400 to 800 nm. When 
incorporated into the tandem architecture, we employ mono-
chromatic light to selectively turn on one of the sub-cells to 
conduct accurate EQE measurements for the other. The EQE 
of the P3HT:PCBM bottom cell decreases to  ∼ 50% at 500 nm, 
while the PSBTBT:PCBM top sub-cell signifi cantly drops from 
350 to 650 nm, mainly due to the spectral overlap. The  J–V  
characteristics and the EQE results confi rm that the interlayer 
© 2011 WILEY-VCH Verlag wileyonlinelibrary.com4

      Figure  3 .      a)  Dark  J–V  curves of the single cells with amorphous ZnO-d laye
images of ZnO on ITO with annealing temperature at 150  ° C and 300  ° C,
combination, I: Al/ZnO-d, II: V 2 O 5 /Al/ZnO-d, III: MoO 3 /Al/ZnO-d, under s
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provides an optimal coupling between the two sub-cells with 
minimal optical or electrical losses.  

 The interlayer engineering needs to take into account sev-
eral factors. An effective interlayer should possess the following 
properties: (1) high transmittance; (2) good electrical contact for 
both sub-cells; (3) impermeability to protect against solvents. 
For the interlayer consisting of metal oxides, a compatible depo-
sition technique is also of essential importance. New processing 
issues arise for the inverted tandem cells since the interlayer 
deposition sequence is reversed. ZnO was chosen as the elec-
tron collection layer for both the bottom and top sub-cells based 
on its stability and processability. For sol-gel processed ZnO using 
zinc acetate as the precursor, temperature as high as 300  ° C 
is needed to complete the thermal decomposition of the zinc 
acetate and even higher temperature is required to form crys-
talline ZnO (abbreviated ZnO-c). [  24  ]  In order to avoid the high 
temperature process, which is detrimental to the underlying 
polymer, low temperature process at 150  ° C for hydrolysis of the 
ZnO layers was developed. At this temperature, the evaporated 
solvent (2-methoxyethanol) leaves behind zinc acetate residue 
in the resultant ZnO fi lm (abbreviated ZnO-d). [  27  ]  To test the 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1282–1286

r (solid triangle) and crystalline ZnO-c layer (triangle) devices. Insert: SEM 
 respectively.  b)   J–V  characteristics of tandem cells with different interlayer 
imulated AM1.5G solar illumination of 100 mW cm  − 2 .  
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feasibility of the ZnO-d fi lm as the electron collection layer in 
the inverted structure, P3HT:PC 60 BM cells on two types of ZnO 
fi lms were fabricated. According to the dark  J–V  characteristics 
shown in  Figure    3   a , the ZnO-d device exhibited excellent diode 
characteristics with higher rectifi cation ratio and lower leakage 
current under reverse bias than the device based on the ZnO-c 
fi lm. To further identify the origin of the leakage current, micro-
scopic studies were carried out. The SEM images in the inset of 
Figure  3 a reveal a dense and smooth ZnO-d fi lm. On the con-
trary, the ZnO-c fi lm appears relatively porous and rough, where 
the voids are likely formed during Zn(OAc) 2  decomposition. [  24  ,  27  ]  
The TEM diffraction pattern in Figure  1 d implies that the ZnO-d 
fi lm has an amorphous structure, although no difference in the 
series resistance (Rs) was observed from the  J–V  characteristics. 
This indicates that ZnO-d has excellent electron transporting 
properties despite its amorphous nature. Unfortunately, elec-
trical properties such as the carrier density and conductivity of 
the amorphous ZnO-d layer were diffi cult to characterize quan-
titatively and further evaluation of the interlayer is undergoing. 
The instability of ZnO under ultrahigh vacuum hinders reliable 
characterization of the work functions via ultra-violet photoelec-
tron spectroscopy (UPS). However, possible work function dif-
ferences aside, the smooth surface and dense structure of the 
ZnO-d fi lm suppress hole injection from the ITO side under 
reverse bias, leading to a high FF of 64% in the single cell. Fur-
thermore, in the tandem architecture, the ZnO-d fi lm is effec-
tive in blocking solvent penetration upon subsequent polymer 
active layer deposition, and its processing temperature is com-
patible with polymer BHJs, which is extremely critical for the 
interlayer connecting two sub-cells in the tandem structure. The 
dense ZnO-d fi lms are helpful to achieve  V  oc  add-up in tandem 
cells. Gilot et al. proposed that the  V   oc   of the tandem cells is 
usually lower than the  V  oc  summation of single reference cells 
due to the counterdiode behavior of the p-n junction connecting 
the two sub-cells. [  9  ]  However, this counterdiode effect can be 
avoided with proper materials combination. Our fi ndings indi-
cate that low temperature processed-ZnO-d fi lms function not 
only as an effi cient n-type contact layer for polymer BHJs, but 
also as an effective electrical connection in tandem structures.   

 The compatibility of ZnO-d with hole-collecting metal oxides 
in the interlayer was also studied. Tandem devices with three 
types of interlayers, namely Al/ZnO-d, V 2 O 5 /Al/ZnO-d and 
MoO 3 /Al/ZnO-d were fabricated. The ultrathin Al layer serves 
as a wetting layer for the ZnO deposition, as well as forming 
ohmic contacts and providing additional recombination 
sites. [  28  ,  29  ]  The  J–V  curves and detailed photovoltaic perform-
ance of the tandem cells implementing interlayers of various 
metal oxides are shown in Figure  3 b and summarized in 
 Table  1  , respectively. The device utilizing MoO 3  delivered 
excellent photovoltaic behavior, while the other two devices 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 1282–1286

   Table  1.     Photovoltaic performance of tandem cells with three interlayer 
structures. 

Interlayer  V  oc  (V)  J  sc  (mA/cm 2 ) PCE (%) FF (%)  R  p  ( Ω  cm 2 )  R  s  ( Ω  cm 2 )

Al/ZnO 1.05 6.55 2.0 28.7 3546.2 19.7

V 2 O 5 /Al/ZnO 1.05 6.47 2.0 29.0 1053.5 17.0

MoO 3 /Al/ZnO 1.20 7.84 5.1 54.1 6857.3 2.27
exhibit much inferior performance. The lower photocurrent 
can be ascribed to poor charge selectivity of the interlayer, while 
the s-shape  J–V  behavior near Voc indicates a signifi cant energy 
barrier for charge extraction and injection. [  30  ,  31  ]  For Al/ZnO-d, 
incomplete coverage of the ultrathin aluminum layer is inca-
pable of separating the P3HT:PCBM BHJ from the ZnO-d fi lm 
in the interlayer. In this case, the P3HT:PCBM fi lm simultane-
ously contacts with both the top and bottom ZnO fi lms, which 
reduces the build-in potential of the bottom sub-cell. Conse-
quently, the electrons may fl ow out of the BHJ fi lm from both 
sides, and reduces the photocurrent as shown in Figure  3 b. 
The poor charge selectivity of the interlayer also induces sig-
nifi cant electron accumulation in the ZnO layer due to the over-
whelming electrons from both the bottom and top BHJs. The 
unbalanced charge injection into the interlayer results in the 
s-shape behavior and a substantially lower  V  oc  of 1.05 V, as well 
as larger Rs. Interestingly, the tandem cell based on a V 2 O 5 /Al/
ZnO-d interlayer also shows a similar S-shape behavior. This is 
due to the fact that V 2 O 5  is an amphoteric oxide that reacts with 
both strong non-reducing acids and alkali. It is thus dissolved in 
the ZnO precursor solution that produces acetic acid during the 
sol-gel process. Electrons are drained out through direct contact 
of the bottom BHJ with the ZnO layer, which is consistent with 
a low shunt resistance ( R  sh ) of the two tandem cells without 
MoO 3  shown in Table  1 . In contrast, MoO 3  is acidic in nature 
and dissolves in water over neutral to alkaline pH range and is 
more robust against the ZnO sol-gel process. [  32  ]  Therefore, the 
MoO 3 -based interlayer retains its hole collection capability even 
after the ZnO process. Due to the above issues, it is shown that 
the processability of the interlayer is crucial to construct effi -
cient tandem solar cells. 

 In conclusion, we have successfully demonstrated a highly 
effi cient inverted polymer tandem solar cell. A highly trans-
parent, low temperature processable amorphous ZnO-d layer 
with excellent charge selectivity is introduced, which is the 
foundation in achieving the high PCE in our inverted devices. 
Physical and chemical compatibility of the metal oxide systems 
for electrical connectivity, i.e., charge collection and recombina-
tion, were also studied. Effective electrical and optical coupling 
of the two sub-cells are achieved by using the carefully designed 
MoO 3 /Al/ZnO-d layer. The proposed interlayer structures, as 
well as the materials selection and processing, could be applied 
to various polymer materials and open opportunities for multi-
stacked inverted tandem solar cells.  

 Experimental Section 
 The device architecture of the inverted tandem cell is shown in 
Figure  1 a. The tandem cells were fabricated on ITO-coated glass 
substrates, with sheet resistance of 15 Ω /�. The pre-cleaned ITO 
substrates were treated with UV-ozone prior to the spin-coating of the 
ZnO-d precursor solution consisting of 0.5 M zinc acetate dihydrate 
in 0.5 M monoethanolamine and 2-methoxyethanol at 4000 r.p.m. for 
40 s, followed by baking at 150  ° C for 5 min in ambient air. The ZnO-d 
fi lms were then rinsed in de-ionized water, acetone, and isopropyl 
alcohol and then dried to remove organic residues from the surface, 
and transferred to a nitrogen-fi lled glove box for polymer deposition. 
The fi rst active layer was deposited by spin-coating P3HT:P 60 CBM blend 
fi lms by the solvent annealing method [  1  ]  from a 1:1 wt. ratio solution in 
1,2-dichlorobenzene (15 mg of P3HT in 1 mL of solvent) at 600 r.p.m. 
mbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1285
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The fi lms were then annealed at 110  ° C for 10 min. 10 nm MoO 3  and 
1 nm Al were subsequently thermally evaporated on top of the bottom 
cell. An amorphous ZnO-d layer was deposited with a precursor solution 
consisting of 0.3 M zinc acetate and 0.3 M monoethanolamine in 
2-methoxyethanol at a spin speed of 4000 rpm for 40 s). The fi lm was 
annealed at 150  ° C for 5 min in ambient air. The second active layer 
was spin-coated at 4500 r.p.m. for 30 s from PSBTBT:PC 70 BM (1:1) in 
chloroform (10 mg of PSBTBT/ 1 mL of solvent) and thermally annealed 
at 150  ° C for 5 min. Finally, to complete the solar cell device, 10 nm of 
MoO 3  and 70 nm of aluminum as the anode were thermally evaporated 
through a shadow mask. The device area, as defi ned by the overlap 
between the ITO and Al electrodes, was 0.093 cm 2.  The absorption and 
transmittance data was taken using a Varian Cary 50 Ultraviolet-Visible 
Spectrophotometer. All the electrical measurements were performed 
in a nitrogen-fi lled glove box at room temperature. Current-Voltage 
characteristics of the tandem cell both in the dark and under light were 
taken using a Kiethley 2400 source unit. Light  I–V  curves were taken 
under 100 mW cm  − 2  simulated AM1.5G illumination from an Oriel 9600 
solar simulator. EQE spectra were measured by using a lock-in amplifi er 
(SR830, Stanford Research Systems) under short circuit condition while 
the devices were illuminated by a monochromatic light from a xenon 
lamp passing through a monochromator (SpectraPro-2150i, Acton 
Research Corporation). To measure EQE of individual sub-cells in the 
tandem structure, monochromatic light at 500 and 700 nm are used to 
excite the bottom P3HT and top PSBTBT sub-cells, respectively.  
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