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 Recently, polymer solar cells (PSCs) have attracted much atten-
tion primarily due to their potential for fabricating low-cost and 
large-area fl exible solar cells. [  1–3  ]  Smart chemistry can design 
conjugated polymeric structures for PSCs with enhanced open-
circuit voltage ( V  OC ) and short-circuit current density ( J  SC ). This 
has resulted in signifi cant effi ciency enhancements in recent 
years. Nonetheless, most of the materials designed today always 
suffer from the inherent disadvantage of not having a broad 
absorption range, which limits the utilization of the full solar 
spectrum. [  4  ,  5  ]  A possible solution is to stack multiple photo-
active layers wherein the photoactive layers have complemen-
tary absorption. Recently, multiple-junction tandem PSCs with 
various confi guration have been demonstrated, in which two 
polymer:fullerene bulk heterojunctions (BHJs) are connected 
in series or parallel to fulfi ll this goal. [  6–8  ]  These confi gurations 
enable reduction of potential loss during photon-to-electron 
conversion process, and add-up of electrical potential or photo-
current of the individual BHJs, while the combination of poly-
mers with complimentary bandgaps broadens absorption band 
ranging 300 nm up to 900 nm, covering a larger portion of 
the solar spectrum. Recently, a 7.7% PCE from small organic 
molecule-based tandem solar cells has been achieved. [  9  ]  It 
strongly indicats that tandem structure is one of the promising 
approaches to break though 10% theoretical limit for single-
junction-based polymer solar cells. [  10  ]  

 In addition to the requirement for photoactive materials, 
a serial-connected tandem cell requires an inter-connecting 
layer (ICL) that joins the sequential subcells. It has to satisfy 
the following requirements. The ICL must ensure resistance-
free electrical connection between subcells therefore there is 
no/minimal electric potential loss. The ICL serves as charge 
recombination zone aligning the quasi-Fermi level of holes in 
one subcell to that of electrons in the other, in which charge car-
riers recombine consequently. Optically, it must be transparent 
to minimize absorption loss in the ICL. Most importantly, from 
the point of view of realizing successful tandem cells, the ICL 
should be physically robust to protect the underlying layers 
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against damage from further solution processing of the rear 
subcell. 

 The ICLs consisting of n-type metal oxides combined with 
high-workfunction metallic poly(3,4-ethylenedioxythiophene):-
poly(styrenesulfonate) (PEDOT:PSS) have been used for 
tandem polymer solar cells. [  8  ,  11–13  ]  Commercially available 
PEDOT:PSS which has been used in these previous reports has 
good fi lm formation properties, suffi cient electrical conductivity 
and high optical transparency. Unfortunately, processability 
has become the top critical issue to design and fabricate a suc-
cessful tandem PSC. The reason is that PEDOT:PSS fi lms have 
a thickness of only several tens of nanometers, and metal oxide 
layers are normally amorphous and not dense enough to pro-
tect the lower layers (front subcell) when depositing the second 
subcell (rear cell) by solution process. The penetration of sol-
vents through the ICL may disturb charge carrier selectivity of 
the ICL between the two subcells, and thus enhance the charge 
recombination loss. Therefore, reduced  V OC   has been widely 
observed from tandem cells using these materials as ICLs. 

 Currently, fast-drying solution process of the rear subcell 
(using solvents with low boiling point, such as chloroform or 
dichloromethane) is being used to partially circumvent this 
problem. [  8  ,  11–13  ]  It has been well understood that for single BHJ 
PSCs the optimal processing parameters vary signifi cantly with 
different type of polymers. However, this limits the choice for 
processing the rear cell, and thus its performance in tandem 
architectures. Its processing cannot take full advantage of well 
established processing methods for achieving maximal effi -
ciency, for example, a slow growth solvent annealing approach, 
addition of high boiling point tertiary solvent, and using a high 
boiling point solvent in general. [  3  ,  14–16  ]  Obviously, the existing 
ICL materials, in spite of their many features, have fatal fl aws 
to be utilized as a reliable approach for tandem PSC design and 
effi ciency improvement. It is to fulfi ll this technology gap that 
we need a multi-functional ICL to sustain the solution deposi-
tion of the rear layer. 

 In this work, a modifi ed PEDOT:PSS (m-PEDOT) layer was 
developed to be physically robust enough to endure slow drying 
solvents such as chlorobenzene (CB) and dichlorobenzene 
(DCB). Furthermore, we are able to modulate the optical fi eld 
distribution in the devices by varying the thickness of the ICL, 
as confi rmed via optical simulations. This ICL widely broadens 
the solvent selection for the secondary active layer process and 
eases the fabrication process of polymer tandem solar cells, 
so that each subcell is fabricated from its optimal solvent and 
deposition conditions, enabling us to achieve a high effi ciency 
of 7% for polymer tandem solar cells under AM1.5G spectrum 
(100 mW/cm 2 ) and 7.8% under lower light intensity (10 mW/cm 2 ). 
In addition, considering the importance of layer-by-layer solution 
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    Figure  1 .     Physical property comparison between PEDOT4083 and m-PEDOT. a) Optical micro-
scope image of PEDOT4083 fi lm deposited on P3HT:PC 70 BM fi lm after CB solvent treatment 
with a magnifi cation of 40X. b) Optical microscope image of m-PEDOT layer deposited on 
P3HT:PC 70 BM fi lm after CB solvent treatment with a magnifi cation of 40X. c) AFM tapping-
mode height image of m-PEDOT layer deposited on P3HT:PC 70 BM fi lm. d)  J–V  characteristic 
of the devices A-D.  
process for applications in other fi elds, our 
ICL could be applied into organic light emit-
ting devices and thin fi lm transistors. 

 The m-PEDOT solution was made by 
mixing commercial PEDOT:PSS (PH500, 
from H. C. Stark) with sodium polystyrene 
sulfonate (SPS) aqueous solution (100 mg/
ml). Varying the PEDOT and SPS volume 
ratio changes the viscosity of the solution, 
and thus the thickness of m-PEDOT layer 
can be easily tuned. The SPS is a fully trans-
parent material throughout visible and near 
IR range, so it induces no additional optical 
loss. Electrically, since good conductivity is 
essential and critical for the ICL, 5% dimeth-
ylformamide (DMF) which is commonly used 
as the conductivity enhancer for PEDOT:PSS 
was added to the m-PEDOT solution to fur-
ther enhance the conductivity. (please see 
Supporting information for details) [  17  ,  18  ]  Note 
here that effi ciency overestimation due to 
lateral conductivity has been ruled out using 
simple shadow masks upon measurement. 

 To know the physical robustness of 
m-PEDOT layer, we test its durability against 
CB solvent (see Experimental). With such 
a simple method, CB is used to rinse the 
fi lm of front subcell unit with the ICL. 
 Figure    1  a shows the optical microscope image 
of PEDOT4083 on poly(3-hexylthiophene) 
(P3HT): [6,6]-phenyl-C 71 -butyric acid methyl 
ester (PC 70 BM) after CB treatment. As shown 

by the arrow, the right part of the image was treated by CB. It 
is clear that the underlying P3HT:PC 70 BM fi lm was dissolved 
and destroyed by the solvent. In contrast, Figure  1 b demon-
strates that the solvent does not affect the P3HT:PC 70 BM fi lm 
protected by m-PEDOT at all. Figure  1 c shows tapping-mode 
AFM height image of m-PEDOT on top of P3HT:PC 70 BM fi lm. 
The m-PEDOT layer was relatively smooth with surface rough-
ness of 5 nm, providing a good platform for the second subcell 
deposition.  

 In order to investigate the electrical and physical properties, 
we construct devices with the following structures, Device A-D: 

 Device A: ITO/PEDOT/P3HT:PC 70 BM/TiO 2 /Al 
 Device B: ITO/PEDOT/P3HT:PC 70 BM/TiO 2 /PEDOT4083/Al 
 Device C: ITO/PEDOT/P3HT:PC 70 BM/TiO 2 /m-PEDOT/Al 
 Device D: ITO/PEDOT/P3HT:PC 70 BM/TiO 2 /m-PEDOT 
(treated by CB)/Al 
 The current density versus voltage ( J – V ) characteristics of 

the devices were measured under AM1.5G 100 mW/cm 2  illu-
mination as shown in Figure  1 d and photovoltaic parameters 
are listed in supplementary information. The control device 
(Device A) used TiO 2 /Al as the cathode. In all the cases, another 
0.5 nm of ultrathin aluminum was inserted to improve both 
the wettability and electrical contact of the TiO 2  fi lm on the 
P3HT:PC 70 BM layer. 4  An open-circuit voltage ( V  OC ) of 0.60 V, 
a short-circuit current density ( J  SC ) of 9.7 mA/cm 2 , and a fi ll 
factor ( FF ) of 65% were obtained, yielding a total effi ciency 
of 3.7%. For Device B and C, additional PEDOT4083 and 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
m-PEDOT layers were inserted between TiO 2  and Al cathode, 
respectively. Both devices had good performance (PCE of 3.4%), 
showing the good conductivity of the PEDOT layer for charge 
transport. Device D had the same structure as device C, but 
before depositing the Al cathode, CB solution was put on top 
of m-PEDOT layer and then after 30 sec removed by spinning 
substrate. In order to test the robustness of our ICL, the treat-
ment is even more severe than normal process of the second 
BHJ from high boiling point solvents. The device still showed 
reasonable PCE of 3.3% with  V  OC  of 0.59 V,  J  SC  of 9.2 mA/cm 2 , 
and  FF  of 61%. However, the device with PEDOT4083 was 
damaged after CB treatment. The device shorted every time. 
This confi rms that our m-PEDOT layer has enough robustness 
to protect the underlying polymer fi lm from the high-boiling 
point, slow drying solvent. To fully prove the feasibility of the 
ICL, we also construct tandem devices which the second active 
layers are fabricated from high-boiling point solvent by slow 
drying methods (please see Supporting information for details). 
Unprecedentedly, we successfully connected two subcells via 
solvent annealing process. Normally it takes at least 20 min for 
DCB solvent to dry in the solvent annealing process. As can be 
seen clearly, the front subcell was NOT affected, and the  V OC   
add-up of the two subcells is the direct proof of robustness of 
this convenient ICL. 

 With that, we explore more functionalities of our ICL. The 
high transparency and conductivity of the ICL also provide 
tenability of its thickness over large range from a few tens of 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, XX, 1–6
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nanometer to several hundred. Considering typical refraction 
index of 1.5 to 2.0 in organic compounds, the ICL becomes 
a powerful tool for us to manipulate optical fi eld distribution 
in multi-layered structures. The ease of optical fi eld tuning 
in the tandem device by using the m-PEDOT as a spacer 
layer is shown in Figure SI-2 of the Supporting Information 
and the relative photon fl ux absorption profi le is shown in 
 Figure    2  a. The thickness of m-PEDOT is controllable ranging 
from tens to hundreds of nanometers; by varying the ratio of 
SPS stock solution to the PH500 and tuning the viscosity of 
the m-PEDOT solution. The devices of the structure C having 
various m-PEDOT thickness of 90, 160 and 240 nm showed  J SC   
of 9.7, 9.0 and 8.8 mA/cm 2 , respectively, as shown in Figure  2 b. 
Though m-PEDOT causes negligible absorption, our simula-
tion results show that it infl uences the absorption profi le in 
P3HT active layer signifi cantly. Integrating overall absorption 
under AM1.5G (exciton generation) in the P3HT reference 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, XX, 1–6

    Figure  2 .     m-PEDOT as an optical spacer. a) Calculated relative photon fl ux 
absorption of the devices by varying different thickness of m-PEDOT layer 
with the structure: ITO/PEDOT4083/P3HT:PC 70 BM/TiO 2 /m-PEDOT/Al. 
b)  J–V  characteristic and EQE spectra of the corresponding devices in a).  
cells with varied m-PEDOT thicknesses of 90 nm, 160 nm and 
240 nm gives the relative values of 1.12, 1.03 and 1 respectively. 
These data are consistent with EQE measurement, and agree 
well with  J–V  characteristics. Confi rmation of these  J SC   values 
comes from external quantum effi ciency (EQE) measurement 
(Figure  2 b). Thus, a 90 nm m-PEDOT layer was chosen later for 
our tandem cell fabrication.  

 With this versatile and robust m-PEDOT layer in hand, we 
fabricate highly effi cient polymer tandem cells. In our tandem 
structure, P3HT was used as a front cell and the corresponding 
acceptor material was indene-C 60  bisadduct (IC 60 BA). [  19  ]  The 
advantage of this new acceptor is it has similar electric, optical 
and physical properties compared to commonly used PC 60 BM or 
PC 70 BM, but can enhance the  V OC   of the front cell. The rear cell 
consists of a lower 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), mixed with PC 70 BM. Taking the advantage 
of rubustness of m-PEDOT fi lm in ICL, CB is used as the sol-
vent to process PSBTBT:PC70BM BHJ, offering superior per-
formance than chloroform in our previous reports. [  13  ,  20  ]  Inspite 
of the myriad choices of high effi ciency donor polymers which 
can be used for the tandem structure, Table SI-1 shows that 
P3HT and PSBTBT are among the best candidates when com-
plementary absorption and effi ciency of the two sub-cells is 
considered. 

 Over 300 devices were fabricated based on this ICL with the 
structure: ITO (150 nm)/PEDOT 4083 (40 nm)/P3HT:IC 60 BA 
(150 nm)/TiO 2  (20 nm)/m-PEDOT (90 nm)/PSBTBT:PC 70 BM 
(100 nm)/Ca (20 nm)/Al (100 nm), and the average PCE was 6.8  ±  
0.2% under 100 mW/cm 2  illumination of AM1.5G solar simu-
lator. The best performance of the tandem cells was 7.0% with 
 V OC    =  1.47 V,  J SC    =  7.6 mA/cm 2 , and  FF   =  63% (see  Figure    3  a, 
and  Table    1  ). The EQE of both the single cells and the tandem 
cell were measured using the published method. [  11  ]  Integration 
of the EQE spectra under the AM1.5G solar spectrum yields  J SC   
values consistent with the one showed in Table 1. To the best 
of our knowledge, such effi ciency is the highest reported data 
for solution processed polymer-based tandem solar cells. Our 
structure exhibits signifi cantly enhanced performance under 
weak light conditions. For one exemplary device, the PCE 
under 100 mW/cm 2  light illumination was 6.6% ( V OC    =  1.47 V, 
 J SC    =  7.5 mA/cm 2 , and  FF  of 60%), while the PCE increased 
up to 7.8% at 10 mW/cm 2  ( V OC    =  1.32 V,  J SC    =  0.88 mA/cm 2 , 
and  FF  of 67%). Nearly 20% effi ciency gain should be due to 
the depression of non-geminate recombination in both BHJs, 
which resulted in higher photorepsonsibility and  FF . With 
improved light management using an anti-refl ection coating, 
over 9% PCE of the tandem device is expected under weak light 
conditions, suggesting potential application for in-door light 
harvesting. [  21  ,  22  ]    

 The successful tandem cells allow us to discuss the role and 
working mechanism of the ICL. Due to the thick m-PEDOT, 
we are able to sandwiched the ICL between ITO and Al. How-
ever, the device is insulating, because both electron and hole 
injection from conductive m-PEDOT into insulating TiO 2  layer 
is energetic forbidden. After UV illumination, it behaves as a 
resistor, allowing electron transfer between m-PEDOT and TiO 2  
no matter forward or reverse bias, while the hole transport 
should be still blocked by the deep valence band of TiO 2 . Such 
3bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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    Figure  3 .     Performance of polymer tandem solar cells fabricated based on 
m-PEDOT. a)  J–V  characteristics of the front and rear reference sub-cells 
and the tandem solar cell. b) EQE spectra of the front, rear single cells, 
and tandem solar cell under 700 nm and 550 nm light bias.  
light-activation enables good electrical connection for the two 
subcells. Applying forward bias from ITO side, electron injec-
tion from Al may fl ow through PEDOT/TiO 2  interface. Under 
reverse bias, it is highly possible that both electrons and holes 
can be injected into the device, and the recombination occurs 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

   Table  1.     Device performances of the front and rear reference subcells 
and the tandem solar cells. 

Device  V OC   (V)  J SC   (mA/cm 2 )  FF  (%) Effi ciency (%)

P3HT:IC 60 BA 0.82 8.5 65 4.5

PSBTBT:PC 70 BM 0.66 13.7 54 4.7

Tandem 1.47 7.6 63 7.0
at the TiO 2 /PEDOT interface, because PEDOT has higher hole 
density than electron density in TiO 2  fi lms (please see Sup-
porting information for details). 

 To further scrutinize electrical properties of the ICL in real 
situation in tandem cells, another device, with Ag inserted at 
the anode and V 2 O 5  at the cathode, was constructed, [ITO/Ag 
(10 nm)/P3HT:IC 60 BA/TiO 2 /m-PEDOT/PSBTBT:PC 70 BM/V 2 O 5  
(7 nm)/Al]. The corresponding energy diagram is shown in 
 Figure    4  a. Charge injection is blocked from Ag to P3HT:IC 60 BA 
layer due to moderate workfunction of Ag, i.e. 4.3 eV (please 
see Supporting information for details). Under forward bias, 
electron injection is blocked form Al to PSBTBT:PC 70 BM 
by V 2 O 5  layer. Under reverse bias, hole injection from V 2 O 5 /
Al happens, however, the injected holes should be completely 
blocked by the TiO 2  layer. Therefore, the device should be insu-
lating, as observed from the pristine device. However, after 
light-activation of TiO 2 , typical diode behaviors were observed 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, XX, 1–6

    Figure  4 .     Mechanism study of the ICL. a) The energy diagram of the 
device with the structure: ITO/Ag (10 nm)/P3HT:IC 60 BA/TiO 2 /m-PEDOT/
PSBTBT:PC 70 BM/V 2 O 5  (7 nm)/Al. b) The dark  J–V  characteristics of the 
same device in a) before and after light illumination.  
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under dark (Figure  4 b). This phenomenon strongly suggests 
charge injection from the ICL into the two subcells, i.e. genera-
tion of electrons and holes from the ICL under forward bias and 
subsequent injection into the front and rear subcells. Taking 
into account of both electron injection into front subcell and 
hole injection into rear one, the overall effect of UV activation 
is to allow electron to fl ow from the rear subcell into the front 
one. The UV-activated electrons in TiO 2  are hence the origin 
of the charge generation process, and energy level alignment 
which enables barrier-free electron injection from m-PEDOT to 
TiO 2 , when we combine the two experiments. [  23  ]   

 In conclusion, we realized a versatile and robust inter-
 connecting layer by which we are able to overcome several 
critical challenges in polymer tandem solar cells. This layer is 
ideal in the sense that it is optically transparent to minimize the 
optical loss, electrically conductive to connect the front and rear 
cells, physically strong to protect the underlying polymer. With 
fi ne optical fi eld tuning by the ICL, preliminary results showed 
that the PCE of the corresponding tandem cell reaches 7.0% 
under AM1.5G illumination (with up to 9% with anti-refl ection 
coating under weak light illumination conditions), even higher 
performance can be expected. Our new ICL offers a general 
solution to the common challenging issues in the fi eld of solu-
tion-processed tandem solar cells, enabling widely broaden the 
solvent selection for the secondary active layer process and ease 
the fabrication process of polymer tandem solar cells. Further-
more, considering the importance of layer-by-layer solution 
process for applications in other fi elds, our ICL could be gener-
alized to applications for organic light emitting devices and thin 
fi lm transistors.  

 Experimental Section 
  Modifi ed PEDOT:PSS (m-PEDOT) : 400 mg of sodium polystyrene 

sulfonate (SPS) was weighted and dissolved into 4 ml of deionized 
water. This stock solution was stirred for overnight and stored under 
ambient condition for further use. The m-PEDOT solution was made 
by mixing the commercial available PEDOT:PSS (Clevios PH 500 from 
H. C. Stark) and SPS stork solution with various volume ratios of 16:1, 
8:1, and 4:1, leading the corresponding PEDOT layer 90 nm, 160 nm, 
and 240 nm, respectively. In order to increase the conductivity of the 
modifi ed PEDOT, additional 5% DMF was added into the solution and 
kept stirring for overnight. The m-PEDOT solution is very stable and the 
performance would not drop even we left it in air for weeks. 

  Solvent Test for m-PEDOT to Verify Physical Strength : To test if 
m-PEDOT can protect the underlying poly(3-hexylthiophene):[6,6]-
phenyl-C 71 -butyric acid methyl ester (P3HT:PC 70 BM) fi lm from the 
slow drying solvent, we deposited one drop of CB solution on top of 
PEDOT4083 and on top of a m-PEDOT layer, waited for 30 s, and then 
quickly removed it by spinning. Other solvents with high boiling point 
such as DCB also gave the similar results. 

  Device Fabrication : Photovoltaic cells were fabricated on indium tin 
oxide (ITO) coated glass substrates with a sheet resistance of 15  Ω /
square. The PEDOT:PSS (VP AI 4083 from H. C. Stark, PEDOT4083) 
layer was spin-casted at 4000 rpm for 40 s and annealed at 120  ° C for 
15 min. The P3HT:H83 at a 1:0.8 weight ratio in 1.8 w.t.% chloroform 
solution was spin-casted at 4000 rpm for 30 s on top of a layer of 
PEDOT 4083. After thermal evaporation of 5 Å Al in vacuum, a thin 
layer of n-type nanocrystalline TiO 2  fi lm was spin-casted from 0.2 wt% 
of TiO 2  solution in a 1:1 volume ratio of 2-ethoxyethanol and ethanol at 
1000 rpm for 30 s. The fi lms were annealed at 150  ° C for 30 min. Then 
m-PEDOT layer was deposited by spin-coating with 4000 rpm for 40 s. 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, XX, 1–6
PSBTBT:PC70BM (1:1) from 2 w.t.% chlorobenzene solution was spin-
casted and another thermal annealing step was performed at 140  ° C for 
5 min. The device fabrication was completed by thermal evaporation 
of 20 nm Ca and 100 nm Al as the cathode under vacuum at a base 
pressure of 2  ×  10  − 6  Torr. 

  Electrical, Optical and Microscopic Characterization of Photovoltaic Cells 
and Thin Films : The n and k values for the different layers in the tandem 
cell were measured using an ellipsometer and the values obtained were 
fed into the software to get the optical fi eld profi le.  J–V  characteristics of 
photovoltaic cells were taken using a Keithley 4200 source unit under a 
simulated AM1.5G spectrum with an Oriel 9600 solar simulator. Atomic 
force microscopy (AFM) images were taken on a digital instruments 
multimode scanning probe microscope. 

   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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