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absorption intensity of active layers.[5–10] 
However, the performance of OSCs still 
inferior to other photovoltaic technolo-
gies due to several intrinsic defects (e.g., 
the thermalization losses of high energy 
photons and the transmission losses of 
low energy photons). To overcome these 
intrinsic losses of OSCs and enhance the 
PCE, one promising approach is adopting 
tandem structure. This type of device has 
two or more subcells stacked in series with 
complementary light absorption spec-
trum, in which the thermalization losses 
can be reduced by the utilization of high 
energy photons in front cell with wide-
bandgap active layer and the transmission 
losses can be reduced by the utilization 
of low energy photons in back cell with 
narrow-bandgap active layer.[11–14] Thus, 
both the high energy and low energy 
photos can be utilized to generate photo-
current. Generally, the open-circuit voltage 
(Voc) of tandem OSC should be the sum 
of subcells’s Voc, while the short-circuit 
current density (Jsc) is restricted by the 

minimum Jsc of subcells.[15–18] Thus, another striking advan-
tage of tandem structure OSCs is that it exhibits a relatively 
low photocurrent and thus is favorable for achieving efficient 
large area module OSCs, since the power loss on the series 
resistance in large area electrode (can be simply expressed by 
Ohm’s law, PR = I2Rs, where the I is current while Rs is the 
series resistance) will be obviously suppressed due to the lower 
photocurrent.[19–22]

To achieve high performance tandem OSCs, much effort has 
been dedicated to the rational molecular design of materials 
with complementary absorption spectrum that are suitable for 
high performance subcell active layer.[23–25] Thanks to the sig-
nificant progress of recently emerged nonfullerene acceptors 
with easily tunable absorption spectra, more complementary 
spectrum of both subcells can be obtained by utilizing non-
fullerene-based active layer, and very promising tandem OSCs 
have been achieved.[26,27]

In addition to the attentively researched novel pair of active 
layers in different subcells, the construction of interconnecting 
layer (ICL) also plays a critical role in achieving high perfor-
mance tandem device. In general, the ICL is composed of a hole 
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Organic Solar Cells

Organic solar cells (OSCs) based on organic materials offer spe-
cific advantages such as low cost, light weight, solution process-
able, and mechanical flexible.[1–4] After decades of development 
in material design, remarkable progress in power conversion 
efficiency (PCE) have been achieved by virtue of the attainment 
of extending light absorption spectrum and enhancing the light 
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transport layer (HTL) and electron transport layer (ETL) pair 
which should provide Ohmic contact with both subcells for the 
charge extraction and recombination.[28–30] Another important 
criterion for ICL is its compatibility for future printed large area 
device.[31–33] The ICL should be processed from environmentally 
friendly solvent at low temperature and be able to provide good 
solvent resistance for the bottom subcell to protect it from being 
eroded by following subcell solution. Currently, nearly all of the 
high performance tandem OSCs were realized with ICL con-
taining the n-type metal oxide combined with the p-type metal 
oxide or p-type polymer,[34] such as ZnO/PEDOT:PSS,[35,36] ZnO/
CuSCN,[37] and ZnO/conjugated polymers.[26,27,38] Although these 
combinations resulted in excellent device performances, the 
inorganic metal oxides may suffer from several intrinsic weak-
nesses. For example, it was reported that the high annealing tem-
perature and inorganic nature of metal oxides may hinder their 
application in flexible or wearable OSCs (e.g., exfoliation when 
bending device).[36] In addition, in some cases the n-type metal 
oxides are degraded by photoetching, and device stability will be 
reduced.[39,40] Under such circumstances, organic/organic ICLs 
can be an ideal option to address these problems. Unfortunately, 
there are only a few works reported on this topic. Kippelen’s group  
and Jang’s group reported the use of polymeric ICL to con-
struct inverted tandem OSCs and obtained a PCE of 8.2% and 
8.91% respectively.[41,42] Yang’s group achieved a tandem OSCs 
with PCE of 10.1% by adapting a relatively complicated poly-
electrolyte 1/polyelectrolyte 2/PEDOT:PSS trilayer structure.[43] 
Chang’s group demonstrated flexible tandem OSC with PCE 
of 9.2% employing all organic ICL.[44] These pioneer contribu-
tions proved the feasibility of using solution processed organic/
organic ICL for flexible tandem OSCs.

In this work, we demonstrate an new way of achieving water/
alcohol processed polymeric ICL for conventional tandem OSCs 
by adopting poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-
fluorene)-alt-5,5′-bis(2,2′-thiophene)-2,6-naphthalene-1,4,5,8-
tetracaboxylic-N,N′-di(2-ethylhexyl)imide] (PNDIT-F3N) blended 
with poly(ethyleneimine) (PEI) as the ETL and PEDOT:PSS as the 
HTL. This new ICL can successfully protect the front cell from 
being eroded by back cell solutions. It is found that the modifi-
cation ability of PNDIT-F3N on PEDOT can be linearly tuned by 
the incorporation of PEI, which offers us an ideal model to study 
the charge recombination behavior in ICL. Moreover, efficient 
ICL with excellent charge recombination property with ICL thick-
ness varied from 60 to 140 nm are obtained. The front cell is con-
structed with a novel wide-bandgap conjugated polymer poly((4,8-
bis(5-((2-ethylhexyl)thio)thiophen-2-yl)benzo[1,2-b:4,5-b′]dithio-
phene-2,6-diyl)-alt-2-(3-ethylheptyl)-6-octyl-[1,2,3]triazolo[4,5-f]
isoindole-5,7(2H,6H)-dione) (PSTzBI-EHp), which presents a PCE 
of 9.2% when blending with PC71BM. The back cell consists of a 
narrow-bandgap conjugated polymer consist of thienyl-substituted 
benzo[1,2-b:4,5-b′]dithiophene unit and alkoxycarbonyl-substituted 
thieno[3,4-b]thiophene unit (PBDTTT-E-T) and a nonfullerene 
acceptor, 2,2′-((2Z,2′Z)-((5,5′-(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-
dihydros-indaceno[1,2-b:5,6-b′]dithiophene-2,7-diyl)bis(4-((2-
ethylhexyl)-oxy)thiophene-5,2-diyl))bis(methanylylidene))-
bis(3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile 
(IEICO), which presents long-wavelength absorbance that is 
complementary with the front cell. The combination of such 
two subcells using the newly developed ICL leads to a tandem 

OSC with highest PCE of 12.6% (measured to be 13.2% without 
aperture), which is one of the best tandem OSCs that reported 
as far as we know. This result is comparable to tandem OSCs 
with inorganic metal oxides ICL, and offers a new selection  
for constructing efficient ICL in high performance tandem OSCs. 
This ICL with specific advantages of environmentally friendly sol-
vent processing and thickness insensitivity exhibits great potential 
in future printed flexible large area module device, and provides a 
new guideline for the rational design of organic ICL.

The chemical structures of the materials used in this work and 
tandem device structure are shown in Figure 1a,b. The novel wide-
bandgap polymer PSTzBI-EHp used as the front cell active layer 
is optimized from our reported wide-bandgap donor–acceptor 
type conjugated polymer PTzBI,[45] which shows improved 
solubility and slightly higher Voc when blending with PC71BM. 
As shown in Figure 1c, the main absorption range of PSTzBI-
EHp:PC71BM (1:1, w/w) for the front cell covers the range from 
300 to 710 nm, which is complementary with the absorption spec-
trum of PBDTTT-E-T:IEICO (1:1.2, w/w)[46] for the back cell that 
covers a broad range from 300 to 920 nm, demonstrating that the 
constructed tandem OSCs can effectively harvest solar photon in 
a wide range. To identify the dependence of photovoltaic perfor-
mances on thickness of novel PSTzBI-EHp:PC71BM, we initially 
evaluated the device based on PSTzBI-EHp with configura-
tion of ITO/PEDOT:PSS/PSTzBI-EHp:PC71BM/PNDIT-F3N/
Ag, where the active layer thickness varied from 70 to 170 nm. 
Detailed device data are shown in Figure S1 and Table S1 of the 
Supporting Information. For the device with 70 nm active layer, 
a PCE of 8.7% was achieved. When the thickness increased to 
90 nm, a best PCE of 9.2% with Jsc of 13.5 mA cm−2, Voc of 0.93 V,  
and fill factor (FF) of 73% was achieved (Figure 2a). However, 
further increasing the active layer thickness to 170 nm resulted 
in a decreased PCE of 7.6%, this can be ascribed to the increased 
charge recombination as the thickness increasing.[47] By con-
trast, for the back cell based on PBDTTT-E-T:IEICO, a PCE of 
9.6% with Jsc of 17.5 mA cm−2, Voc of 0.82 V, and FF of 67% was 
achieved with active layer thickness of 100 nm, which is compa-
rable to the reported value.[26] The Jscs of these devices were veri-
fied by external quantum efficiency (EQE) measurement and are 
shown in Figure 2b and Table S1 (Supporting Information).

We have reported a naphthalene diimide-based water/alcohol 
soluble polymer PNDIT-F3N as an efficient ETL in both OSCs 
and perovskite solar cells, and it was found that this ETL can be 
applied to produce high performance devices in a wide range of 
thicknesses owing to the good electron transport property of the 
backbone.[48,49] These features offer the possibility of achieving 
robust ICL to protect the bottom subcell from being destroyed by 
following subcell solution. The tandem OSCs with device struc-
ture of ITO/PEDOT (40 nm)/front cell (90 nm)/PNDIT-F3N:PEI 
(x:y, w/w, 20 nm)/PEDOT (40 nm)/back cell (100 nm)/PNDIT-
F3N (10 nm)/Ag (100 nm) were fabricated. Here the thickness of 
front cell and back cell are temporarily set to be the same as the 
optimized conditions in single-junction cells. To achieve all solu-
tion processed polymeric ICL, we first used PNDIT-F3N/PEDOT 
as ICL. However, the resulted tandem OSCs exhibited very poor 
device performance, indeed S-shaped J–V curves were observed 
(shown in Figure 3a), showed a low PCE with a Voc of 1.28 V. 
Since both PNDIT-F3N and PEDOT were reported to be excellent 
ETL and HTL for charge extraction in single junction cells, the 
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poor performance of tandem cell was suspected result from the 
poor charge recombination in ICL itself. Interestingly, we found 
blending PEI into PNDIT-F3N can eliminate the S shape and 
even result in an efficient tandem OSC. Here PEI was selected as 
the second component in ICL because the large amount of amine-
group on PEI main chain and side chain endowed it the ability to 
largely reduce the work function (WF) of PEDOT.[50] Moreover, 
both PNDIT-F3N and PEI (with weight average molecular weight 
of 10 000 kDa) show excellent methanol solubility but insoluble 

in water, which offer them the feasibility to be solution processed 
without being dissolved during the spin-cast of PEDOT. The J–V 
curves of the tandem OCSs with different ratio of PNDIT-F3N:PEI-
based ICL are shown in Figure 3a and Table 1. When a small 
amount of PEI was blended into PNDIT-F3N (x:y = 4:1, w/w), the 
Voc of tandem OSC increased to 1.61 V. Further increasing the 
blend ratio of PNDIT-F3N:PEI to 3:2, the resulted device was suc-
cessfully connected in series with Voc equal to the sum of both 
subcells. The devices also showed a decent FF of 70% and a Jsc 

Adv. Energy Mater. 2018, 8, 1703180

Figure 1. a) Chemical structures of the active layer and interlayer materials used in this study. b) Tandem OSC device structure and c) normalized 
absorption spectra of the active layers for the front and back cells.

Figure 2. a) J–V and b) EQE characteristics of wide-bandgap active layer and narrow-bandgap active layer in single junction cells.
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of 8.3 mA cm−2, leading to a PCE of 10.2%. However, further  
increasing the PEI content resulted in a decrease in device per-
formance. In the extreme case, when 20 nm pure PEI was used 
in the ICL, the device showed nearly no J–V characteristics. 
Since PEI is a completely insulating material, the incorporation 

of 20 nm PEI would introduce a very large series resistance in 
the ICL, and therefore electrons are unable to transport from 
front cell through PEI layer to combine with holes in ICL. Actu-
ally, in single-junction cells, the optimal thickness of PEI is pre-
cisely controlled within 10 nm.[50] However, in the tandem OSCs, 
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Figure 3. a) J–V characteristics of tandem OSCs with ICL contained different ratio of PNDIT-F3N:PEI. b) J–V characteristics of Schottky junction 
devices based on PNDIT-F3N and PNDIT-F3N:PEI (3:2). c) The WF of PEDOT coated with different ratio of PNDIT-F3N:PEI. d) The J–V characteristics 
of equivalent devices ITO/PEDOT/PSTzBI-EHp:PC71BM/ETL/PEDOT/Ag with PNDIT-F3N and PNDIT-F3N:PEI (3:2) as ETL. Illustrations of e) charge 
accumulation in ICL and f) charge recombination in ICL.
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the introduction of 10 nm pure PEI in the ICL only resulted in 
mediocre device performance with PCE of 4.6% and Voc of 0.91 V 
(shown in Figure S2, Supporting Information), suggesting that 
the ICL was unable to create an efficient recombination junction 
and resulted in photovoltage loss since 10 nm PEI was not robust 
enough to prevent PEDOT penetration.

To understand why blend insulating polymer PEI into semi-
conducting polymer PNDIT-F3N resulting efficient tandem 
OSCs, the morphology test was carried out by using atomic 
force microscope. These results are shown in Figure S3 of the 
Supporting Information. The pure PNDIT-F3N film and PEI 
film exhibited a very smooth surface with roughness of 0.6 and 
0.5 nm, respectively. When PEI was blended into PNDIT-F3N, 
the surface roughness slightly increased to 4.8 nm (4:1), 5.6 nm 
(3:2), 5.2 nm (2:3), and 4.5 nm (1:4), which may be favorable 
for providing better contact between HTL (PEDOT) and ETL 
(PNDIT-F3N:PEI), and thus facilitate the charge encounter. 
However, the best performed tandem device was obtained with 
PNIDT-F3N:PEI ratio of 3:2, demonstrating that morphology 
change should not be responsible for the device performance 
improvement. We carried out the conductivity test of PNDIT-
F3N blended with or without PEI. PNDIT-F3N and the best 
performed ratio PNDIT-F3N:PEI (3:2) were selected to fabricate 
Schottky devices with device structure ITO/PNDIT-F3N:PEI (5:0 
and 3:2, 20 nm)/Ag. The J–V curves are shown in Figure 3b. It 
can be seen that with the addition of a small amount of PEI into 
PNDIT-F3N, the conductivity of PNDIT-F3N slightly decreased, 
but still remained in a reasonable level, implying that the elec-
tron transport pathway was not hindered by the addition of small 
amount of PEI. It also indicated that the variation of conductivity 
cannot be responsible for the obvious tandem OSC improve-
ment. There must be some other triggers. To further understand 
what happened in the ICL when PEI was blended into PNDIT-
F3N, the WF of PEDOT modified by PNDIT-F3N:PEI (as shown 
in Figure 3c and Table S2, Supporting Information) was studied. 
Ag was also included for comparison. Scanning Kelvin probe 
microscope revealed that the WF of PEDOT and Ag were 4.98 
and 4.59 eV, respectively, which agreed with generally reported 
values.[51] After the modification by PNDIT-F3N, the WF of Ag 
was reduced to 4.04 eV, which is quite close to the lowest unoc-
cupied molecular orbital (LUMO) level of PC71BM (≈4.1 eV), 
thus electron was able to be collected by Ag electrode in single 
junction OSCs.[6,48] However, the WF of PEDOT was slightly 
reduced to 4.43 eV with the modification of PNDIT-F3N, which 

meant that there was a big energy barrier between the PNDIT-
F3N modified PEDOT and the LUMO of PC71BM, the electrons 
were inefficiently extracted from front cell to recombine with 
holes that extracted from back cell in ICL. These results can be 
understood since amine-group was reported to play a key role 
in determining the WF modification ability of water/alcohol 
soluble ETL materials.[41,52] In our study, the large amount of 
amine-group on PEI main chain and side chain endowed it the 
ability to largely reduce the WF of PEDOT (reduced to 3.75 eV, 
summarized in Table S2, Supporting Information), however, the 
relatively low amine content in PNDIT-F3N side chain offered 
it moderate modification ability on PEDOT (reduced to 4.43 eV, 
summarized in Table S2, Supporting Information). It is of par-
ticular interest to note that the WF of PEDOT can be linearly 
tuned upon the incorporation of PEI into PNDIT-F3N. As shown 
in Figure 3c and Table S2 (Supporting Information), the WF of 
PEDOT was reduced to 4.13 eV with the modification of PNDIT-
F3N:PEI (3:2), which is low enough to collect electron from 
front cell, thus the tandem device with PNDIT-F3N:PEI (3:2) as 
ETL showed an ideal tandem behavior. To get insight into these 
results, we compared devices based on PNDIT-F3N and the best 
performed ratio PNDIT-F3N:PEI (3:2) with device of structure 
ITO/PEDOT (40 nm)/PSTzBI-EHp:PC71BM (90 nm)/PNDIT-
F3N:PEI (5:0 and 3:2, 20 nm)/PEDOT (40 nm)/Ag. Note here 
the PEDOT/Ag functioned as cathode. The device based on pure 
PNDIT-F3N showed apparent S shape (shown in Figure 3d), just 
as the same case in tandem device, which can be ascribed to the 
low efficient electron extraction from active layer to PEDOT/
Ag. However, the device with PNDIT-F3N:PEI (3:2) showed a 
very typical OSC J–V curve with Voc of 0.92 V and FF of 70%, 
implying that electrons were efficiently collected by PEDOT/
Ag electrode. Thus, the charge recombination behaviors can be 
depicted now. As illustrated in Figure 3e,f, due to the big energy 
barrier between front cell active layer and PNDIT-F3N modified 
PEDOT, electrons were inefficiently extracted from front cell to 
recombine with holes, which resulted in the holes accumula-
tion and S shape curve. However, the energy barrier was largely 
reduced by the addition of PEI into PNDIT-F3N, therefore, elec-
trons were able to be extracted to recombine with holes, which 
resulted in an efficient tandem device. Moreover, it was found 
that due to the n-type semiconducting backbone, PNDIT-F3N 
can work as both ETL and electron acceptor in OSCs, which 
enhanced electron collection as well as provided extra current 
contribution due to charge dissociation between donor in the 
active layer and PNDIT-F3N.[53–55] To verify if the addition of PEI 
into PNDIT-F3N hinder the charge dissociation between active 
layer and PNDIT-F3N, double layer devices with structure ITO/
PEDOT/donor materials/PNDIT-F3N:PEI (5:0 and 3:2)/Ag were 
fabricated, the device without ETL was also included as a com-
parison. The J–V curves and device data are shown in Figure S4 
and Table S3 of the Supporting Information. It can be seen that 
the addition of PEI into PNDIT-F3N did not hinder the charge 
dissociation between donor materials and PNDIT-F3N, which 
is beneficial for providing extra photocurrent in the tandem 
OSC. All of these results proved that although PNDIT-F3N was 
unable to low the WF of PEDOT enough to collect electrons, 
this problem can be overcome by the addition of PEI. Moreover, 
the electron transport ability of PNDIT-F3N was not obviously 
reduced, thus the PNDIT-F3N:PEI combination offered several 
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Table 1. Device data of tandem OSCs with ICL contained different ratio 
of PNDIT-F3N:PEI.

PNDIT-F3N:PEI 

(20 nm, x:y)

Jsc  

[mA cm−2]

Voc  

[V]

FF  

[%]

PCEa) (avg/max)  

[%]

5:0 8.2 1.28 42 4.0 ± 0.4 (4.4)

4:1 8.3 1.61 49 6.3 ± 0.3 (6.6)

3:2 8.3 1.75 70 9.9 ± 0.3 (10.2)

2:3 7.8 1.73 64 8.4 ± 0.2 (8.6)

1:4 5.5 1.32 22 1.5 ± 0.1 (1.6)

0:5 0.3 1.10 18 0.5 ± 0.2(0.7)

a)The average data were achieved from ten independent devices.
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distinct advantages, such as water/alcohol solubility and thick-
ness insensitivity, which make it very attractive in printing elec-
tronic devices.

Despite efficient tandem OSCs have been realized based 
on this newly designed ICL, the active layer thickness of both 
subcells were selected according to the corresponding optimal 
single junction devices, and had not yet been optimized in 
tandem devices. Thus there should be still room to further 
improve the device performance. Optical modeling of the elec-
tric field distribution within the OSCs is a powerful mean to 
predict the optimized structure for the complicated multilayer 
tandem devices.[11,56,57] Therefore, we performed optical anal-
ysis of our tandem OSCs using the transfer matrix modeling 
method to provide guideline on the best device architecture. 
According to the simulation result that shown in Figure 4a,b, 
the optimal thicknesses of the front and back cell were 150 and 
90 nm, respectively, with maximum Jsc of 11.8 mA cm−2. To 
verify the simulated and experimental results, we fabricated 
devices with the thickness of the front cell increased from 90 to 
150 nm while keeping the back cell thickness to be 100 nm. It 
can be seen in Figure 4c and Table 2 that when the thickness 
of the front cell increased from 90 to 150 nm, the Jsc of devices 
increased apparently from 8.3 to 10.6 mA cm−2 although the 
Voc and FF of tandem solar cell had slightly decreased. This  

combination resulted in an improved PCE of 12.1% at the 
optimal conditions. Meanwhile, decreasing the back cell thick-
ness from 100 to 90 nm while keeping the front cell thickness 
at 150 nm further increased the Jsc to 10.8 mA cm−2, leading to 
a higher PCE of 12.6% (measured to be 13.2% without aper-
ture). These results are in excellent consistence with the simu-
late results. Notably, these measured results can be verified by 
the EQE curves of the different subcells. As shown in Figure 4d, 
the front cell that excited by 850 nm light bias absorbed most 
of the high-energy photons within the range of 300–700 nm. 
The integrated Jsc of front cell reached to 10.92 mA cm−2. The 
back cell that excited by 550 nm light bias showed a broad EQE 
spectrum with a relatively low EQE at the visible range and 
a high EQE at the infrared range, which corresponded to an 
integrated Jsc of 10.88 mA cm−2. Moreover, EQE measurement 
with both bias light and bias voltage are also tested and shown 
in Figure S5 of the Supporting Information. These data show 
a good consistent with the Jsc of the tandem OSC measured 
under AM 1.5G condition, demonstrating that the measured Jsc 
in our manuscript is reliable. It should be noted that, compare 
with the reported champion tandem OSC,[27] the slightly lower 
PCE of our tandem device was resulted from the moderately 
performed subcells. We believe higher PCE can be obtained if 
better performed subcells were used. Moreover, the stability of 
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Figure 4. a) Simulated Jsc generated in conventional double-junction tandem OSC as a function of thickness of the front and back cells. b) The simu-
lated energy distribution in the optimized tandem OSC with front cell of 150 nm and back cell of 90 nm. c) J–V characteristics of tandem OSC with 
various thicknesses of front and back cells ((a) device was measured without aperture). d) EQE spectra of the front cell, back cell, and summed EQE 
spectra of the front and back cells.
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tandem solar cell together with both single junction front cell 
and back cell were tested. As shown in Figure S6 of the Sup-
porting Information, the single junction front cell and back cell 
retained 91% and 94% of their initial PCE after 12 d storage, 
while the tandem device exhibited better stability with PCE of 
12.1% (96% of its initial PCE) after 12 d storage, implying that 
tandem device has a good stability. To further test the univer-
sality of this ICL in other OSC system, we have applied the 
ICL in PTB7-Th:PC71BM-based homojunction tandem device. 
These results are shown in Table S4 of the Supporting Informa-
tion. It can be seen that this ICL can drive the PCE of homo-
junction tandem device close to 11%, which is much higher 
than the single junction device, demonstrating a good univer-
sality of this ICL in other OSC system.

Since PNDIT-F3N provides the matrix for electron trans-
port, while the addition of PEI does not decrease the con-
ductivity of PNDIT-F3N apparently, which indicates that the 
PNDIT-F3N:PEI (3:2) can also exhibit an excellent perfor-
mance within a wide range of thicknesses. The dependence of 
tandem OSC performance on ICL thickness is tested. As shown 
in Figure 5 and Table 2, when the thickness of PNDIT-F3N:PEI 

(3:2) increased from 20 to 70 nm, the PCE decreased slightly 
from 12.6% to 11.4% as a result of the slightly decreased Jsc 
from 10.8 to 10.2 mA cm−2, while the Voc and FF of tandem 
OSCs remained almost unchanged. This can be ascribed to 
the excellent charge transport ability of PNDIT-F3N. Further 
increasing the thickness of PEDOT to 70 nm (with ICL total 
thickness of 140 nm) resulted in an impressive PCE of 11.3%. 
This feature is very important since it offers this ICL the oppor-
tunity to be printed even with a large thickness variation, exhib-
iting great potential for the application in large area module 
device fabrication.

In summary, a new ICL configuration based on PNDIT-
F3N:PEI/PEDOT:PSS was developed and applied for the fabrica-
tion of high performance tandem OSCs. It was found that the 
WF modification ability of PNDIT-F3N on PEDOT can be lin-
early tuned by the incorporation of PEI. The optimized PNDIT-
F3N:PEI (3:2)/PEDOT blend can form Ohmic contact with both 
subcells in the tandem OSCs and also protect the front cell from 
being destroyed by back cell solution. Tandem OSCs employing 
this ICL achieved a high PCE of 12.6% with ICL thickness of 
60 nm and even reached to 11.3% with ICL thickness of 140 nm. 

Adv. Energy Mater. 2018, 8, 1703180

Table 2. Device data of tandem OSCs with various thicknesses of front cells, back cells, and ICL.

Subcell  

thickness [nm]  

Front/back

ICL thickness  

[nm]  

ETL/HTL

Simulated  

Jsc  

[mA cm−2]

Measured  
Jsc  

[mA cm−2]

Integrated Jsc  

[mA cm−2]  

Front/back

Voc  

[V]

FF  

[%]

PCEa)  

(avg/max) [%]

90/100 20/40 9.0 8.3 – 1.75 70 9.9 ± 0.3 (10.2)

130/100 20/40 11.1 9.9 – 1.73 69 11.4 ± 0.3 (11.7)

150/100 20/40 11.5 10.6 – 1.72 66 11.9 ± 0.2 (12.1)

150/90 20/40 11.8 10.8 10.92/10.88 1.72 68 12.3 ± 0.3 (12.6)

150/90b) 20/40 – 11.4 – 1.72 67 12.9 ± 0.3 (13.2)

150/90 40/40 – 10.7 – 1.72 68 12.2 ± 0.3 (12.5)

150/90 70/40 – 10.2 – 1.72 66 11.2 ± 0.2 (11.4)

150/90 70/70 – 10.1 – 1.72 65 11.1 ± 0.2 (11.3)

a)The average data were achieved from ten independent devices; b)The device was measured without aperture with device area of 5.16 mm2.

Figure 5. a) J–V characteristics of tandem OSCs with various thickness of ICL and b) EQE spectra of the front cell and back cell with ICL thickness of 
70/70 nm, where the thickness of front cell and back cell were 150 and 90 nm.
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This result is comparable to tandem OSCs with inorganic metal 
oxides ICL, and offers a new selection for constructing efficient 
ICL in high performance tandem OSCs. Our results provide a 
new guideline of design new ETL materials for ICL construction, 
and may even be integrated in future printed flexible large area 
module device fabrication with the advantages of environmen-
tally friendly solvent processing and thickness insensitivity.

Experimental Section
Single-Junction OSC Fabrication: ITO-coated glass substrates were 

rinsed with standard procedure. The single-junction cells of the PSTzBI-
EHp:PC71BM and PBDTTT-E-T:IEICO were fabricated according to 
previously reports[45,46] except that PNDIT-F3N was used as the cathode 
interlayer and Ag (100 nm) was used as the cathode. The PNDIT-F3N 
was spin-coated from MeOH solution to achieve a film of 10 nm. The 
equivalent devices were fabricated with the same procedure as single-
junction device except that PEDOT was spin-coated onto ETL before the 
deposition of Ag electrode.

Tandem OSC Fabrication: 40 nm PEDOT:PSS (Clevios P VP AI4083) 
was spin-coated onto ITO substrates and baked at 150 °C for 20 min. 
Then, PSTzBI-EHp:PC71BM active layers (1:1 w/w) were spin-coated 
from its dichlorobenzene solution onto PEDOT:PSS to achieve films with 
thickness of 90–150 nm and baked at 120 °C for 10 min in a nitrogen 
protected glove box. PNDIT-F3N:PEI with different blend ratio were spin-
coated onto PSTzBI-EHp:PC71BM by varying the concentration and spin-
coat speed to achieve different thicknesses. After that, PEDOT:PSS was 
spin-coated onto the PNDIT-F3N:PEI blend film in ambient atmosphere 
and stored in low vacuum (100 Pa) for 30 min to remove the residual 
water. Then, 90–100 nm PBDTTT-E-T:IEICO active layer were spin-
coated onto PEDOT:PSS from its mixed solvent of chlorobenzene/1,8-
diiodooctane (100:2 v/v) solution and baked at 100 °C for 10 min 
to complete the thermal annealing process. Subsequently, 10 nm 
PNDIT-F3N was spin-coated onto PBDTTT-E-T:IEICO. Devices were 
at last finished by evaporating 100 nm Ag through a shadow mask 
(5.16 mm2) in a vacuum chamber with a base pressure of 1 × 10−7 Torr.

Device Characterization: The J–V curves were measured on a 
computer-controlled Keithley 2400 sourcemeter under 1 sun, AM 
1.5 G spectra from a class solar simulator (Taiwan, Enlitech), the light 
intensity was 100 mW cm−2 as calibrated by a China general certification 
center certified reference monocrystal silicon cell (Enlitech). Before the 
J–V test, a physical mask of an aperture with precise area of 4 mm2 was 
used to define the device area. The EQE spectra were performed on a 
commercial EQE measurement system (Taiwan, Enlitech, QE-R3011). 
Light biases of 550 and 850 nm were selected to excite the front and 
back subcells in the tandem devices.

Optical Modeling: The optical model was preformed based on the 
transfer matrix formalism. The optical parameters, n and k, of the different 
films were measured using a dual rotating-compensator Mueller matrix 
ellipsometer (ME-L ellipsometer, Wuhan Eoptics Technology Co., Wuhan, 
China). More detail description of the modeling and fitting methods for 
the optical parameters is provided in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Materials: PEI and PC71BM were purchased from Aldrich and used as received. 

PBDTTT-E-T and IEICO were purchased from Solarmer Materials (Beijing) and used 

as received. PNDIT-F3N was synthesized according to our previous work.
[1]

 The 

synthesis route of PSTzBI-EHp are as follows: 

 



(4,8-Bis(5-((2-ethylhexyl)thio)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)

bis(trimethylstannane) (1) and 

4,8-bis(5-bromothiophen-2-yl)-2-(3-ethylheptyl)-6-octyl-[1,2,3]triazolo[4,5-f]isoindol

e-5,7(2H,6H)-dione (2) were prepared according to the reported methods.
[2, 3]

 

(4,8-Bis(5-((2-ethylhexyl)thio)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)

bis(trimethylstannane) (1, 0.1 mmol, 97.0 mg), 

4,8-bis(5-bromothiophen-2-yl)-2-(3-ethylheptyl)-6-octyl-[1,2,3]triazolo[4,5-f]isoindol

e-5,7(2H,6H)-dione (2, 0.1 mmol, 74.6 mg), and 2 mL dry chlorobenzene were 

combined in a 15 mL pressure pipe and purged with argon for 15 min. After 6 mg 

Pd2(PPh3)4 was quick added， the pressure pipe was sealed and the mixture was 

stirred at 130 
o
C in oil bath for 48 h. After cooled to room temperature, the dark 

purple mixture was precipitated into 250 mL methanol by a glass dropper. The 

obtained solid was filtered and extracted with methane, acetone, hexane, and 

chloroform. The chloroform ingredient was concentrated, precipitated again into 250 

mL methanol, filtered and dried under vacuum to give the final polymer. Yield: 

83.4%. 

 

n, k value measurement: At first, thin films with thickness of about 100 nm are 

manufactured by depositing the studied materials on the ITO glass. Dual 

rotating-compensator Mueller matrix ellipsometer (ME-L ellipsometer, Wuhan 

Eoptics Technology Co., Wuhan, China)
[4]

 was used to collect the ellipsometric data 

of the thin film samples. The layout of the MME in order of light propagation is 

PCr1SCr2A, where P and A stand for the polarizer and analyzer, Cr1 and Cr2 refer to 

the 1st and 2nd rotating compensators, and S stands for the sample. With this dual 

rotating-compensator configuration, the full Mueller matrix elements can be obtained 

in a single measurement. The spectral range is from 200 nm to 1000 nm. The beam 



diameter can be changed from the normal value of about 3 mm to a value less than 

200 μm with the focusing lens. The two arms of the instrument and the sample stage 

can be rotated to change the incidence angle and azimuthal angle in the experiments. 

And then, the optical constant of the studied materials as well as the film thickness 

can be extracted from the measured ellipsometric data, by performing a weighted 

least-squares regression analysis method (Levenberg-Marquardt algorithm)
[5]

. In the 

data analysis, the optical constant of the ITO film as well as the glass are determined 

by performing a measurement on a blank ITO coated film. And the optical constant of 

the studied materials can be characterized by superimposing the general oscillator 

models (such as Lorentz model,
[6]

 Tauc-Lorentz model,
[7]

 Gaussian model
[8]

 etc.), 

which can characterize simple materials. This is done by linearly adding the general 

oscillator models to the polo model, which is a zero-broadening oscillator. 

In our experiment, in order to achieve a high accuracy result, the incident angle is 

set to be 55° to 65° by 5° to eliminate the effect of data coupling. The spectral range is 

300 nm to 1000 nm by 1nm.  

 

Optical modeling: In the series structure, voltage is the sum of each sub cell but 

current is limited by the minimum one of all sub-cells in theory. To deal with this 

‘‘Cask Effect’’ of short circuit current density (Jsc), thicknesses of the BHJ layers 

should be optimized in order to achieve a balanced and high Jsc. The optical model 

based on Transfer Matrix Formalism (TMF) can simplify the optimization design and 

predict the performance of device with certain structure. 



The TMF method analyzes the propagation of light incident on stacks of layers. 

This theory assumes that all layers are homogeneous and their interfaces are flat and 

parallel so that each layer can just be described by its thickness and optical parameter 

N which is so-called complex refractive index and all of these parameters can be 

determined by spectroscopic ellipsometry. In addition, the incidence light should be 

described by plane waves. Based on these aforementioned assumptions, light 

propagation in medium or at interface can be skillfully described by matrices due to 

the linearity and continuity of electric field component. TMF takes account of the 

effects of light wave character and reflection and transmission at medium interfaces 

so it can give a precise description of light propagation in layer stacks. 

Optical model can utilize TMF to calculate the optical electric field intensity (|E|) at 

each position of the whole multilayer structure. Then we can use the relationship 

between |E| and absorption strength to obtain the distribution of energy. After 

integrating the absorbed energy in each BHJ layer, we can get Jsc of each sub-cell and 

the smallest one represents the whole device’s Jsc. Because the model just considers 

the optics aspect, the Jsc is an ideal value based on the 100-percent IQE, that is, all 

absorbed photons are contributing to the steady state photocurrent. 

We can get Jscs of devices with different thicknesses of BHJ layers by optical 

model and then easily find the optimal design. 

 

 

 

 

 

 



 

Figure S1. a) J-V and b) EQE characteristics of wide-bandgap active layer with 

thickness varied from 70 nm to 170 nm.  
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Table S1. Device performances of wide-bandgap active layer and narrow-bandgap 

active layer in single junction cells. 

Active layer Thickness 

(nm) 

Measured Jsc 

(mA cm-2) 

Integrated Jsc 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE (avga/max) 

 (%) 

PSTzBI-EHp:PC71BM 70 12.8 12.5 0.93 72 8.6±0.1(8.7) 

 90 13.5 13.1 0.93 73 9.0±0.2(9.2) 

 110 13.2 12.7 0.92 72 8.5±0.2(8.7) 

 130 12.8 12.5 0.91 70 8.1±0.2(8.3) 

 150 12.9 12.5 0.90 69 7.7±0.3(8.0) 

 170 12.5 12.3 0.90 67 7.4±0.2(7.6) 

PBDTTT-E-T:IEICO 100 17.5 17.3 0.82 67 9.4±0.2(9.6) 

a)
The average data were achieved from 10 independent devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S2. J-V characteristics of tandem OSC with ICL containing 10 PEI as ETL. 
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Table S2. Work function of PEDOT and Ag coated with different ratio of 

PNDIT-F3N:PEI 

Substrate WF (eV) Substrate WF (eV) 

PEDOT 4.98 Ag 4.59 

PEDOT/PNDIT-F3N:PEI (5:0) 4.43 Ag/PNDIT-F3N(5:0) 4.04 

PEDOT/PNDIT-F3N:PEI (4:1) 4.30   

PEDOT/PNDIT-F3N:PEI (3:2) 4.13   

PEDOT/PNDIT-F3N:PEI (2:3) 4.01   

PEDOT/PNDIT-F3N:PEI (1:4) 3.89   

PEDOT/PNDIT-F3N:PEI (0:5) 3.75   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S3. AFM images of PNDIT-F3N:PEI films with different blend ratios. 
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Figure S4. a) J-V and b) EQE characteristics of bilayer devices based on 

PSTzBI-EHp/PNDIT-F3N:PEI. c) J-V and d) EQE characteristics of bilayer devices 

based on PBDTTT-E-T/PNDIT-F3N:PEI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-4

-2

0

2

4

-0.2 0 0.2 0.4 0.6 0.8 1

PSTzBI-EHp
PSTzBI-EHp/PNDIT-F3N:PEI
PSTzBI-EHp/PNDIT-F3N

C
u

tt
e

n
t 

D
e

n
s

it
y

 (
m

A
 c

m
-2

)

Voltage (V)

(a)

0

5

10

15

20

320 400 480 560 640 720 800 880

PSTzBI-EHp
PSTzBI-EHp/PNDIT-F3N:PEI
PSTzBI-EHp/PNDIT-F3N

E
Q

E
 (

%
)

Wavelength (nm)

(b)

-4

-2

0

2

4

-0.2 0 0.2 0.4 0.6 0.8 1

PBDTTT-E-T
PBDTTT-E-T/PNDIT-F3N:PEI
PBDTTT-E-T/PNDIT-F3N

C
u

tt
e

n
t 

d
e

n
s

it
y

 (
m

A
 c

m
-2

)

Voltage (V)

(c)

0

5

10

15

320 400 480 560 640 720 800 880

PBDTTT-E-T
PBDTTT-E-T/PNDIT-F3N:PEI
PBDTTT-E-T/PNDIT-F3N

E
Q

E
 (

%
)

Wavelength (nm)

(d)



Table S3. Device data based on PSTzBI-EHp/PNDIT-F3N:PEI and 

PBDTTT-E-T/PNDIT-F3N:PEI. 

Donor  ETL 

(acceptor) 

Mea. Jsc 

(mA cm-2) 

Cal. Jsc  

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE (%) 

PSTzBI-EHp NO 0.74 0.68 0.05 25 0.01 

 PNDIT-F3N 1.33 1.23 0.76 35 0.35 

 PNDIT-F3N:PEI (3:2) 1.12 1.03 0.75 30 0.25 

PBDTTT-E-T NO 0.61 0.57 0.11 26 0.02 

 PNDIT-F3N 1.45 1.33 0.65 39 0.37 

 PNDIT-F3N:PEI (3:2) 1.32 1.26 0.68 28 0.25 
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Figure S5. EQE spectra of the front cell and back cell with both bias light and bias 

voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S4. Performance of PTB7-Th:PC71BM based single junction device and 

homo-junction tandem device 

 Jsc 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE (avga/max) 

(%) 

Single junction 16.8 0.78 73 9.6±0.1(9.7) 

tandem 9.6 1.56 72 10.7±0.2(10.9) 

a)
The average data were achieved from 10 independent devices. 
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Figure S6. Average device PCE versus storage time with devices were stored in N2 

protected glove box without encapsulation. Average data were obtained from 8 

independent devices. 
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