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Tuning the Energy Level Offset between Donor and 
Acceptor with Ferroelectric Dipole Layers for Increased 
Efficiency in Bilayer Organic Photovoltaic Cells
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Stephen Ducharme, Alexei Gruverman, Ravi Saraf, and Jinsong Huang*
Organic photovoltaic (OPV) technology is one of the most attrac-
tive candidates for solving future energy problems due to its 
advantages of light weight, flexibility, low cost of materials and 
large scale production. The highest power conversion efficiency 
(PCE) of OPV devices has been increased to 8–9%.[1–7] Despite 
significant progress, further increasing the PCE to over 15% is 
needed for OPV to compete with silicon solar cells and other 
thin-film photovoltaic technologies for commercialization. The 
thermodynamic efficiency limit of OPV devices is 22–27%,[8,9] 
so there is much space for improvement. One grand challenge 
facing OPV device efficiency improvement is the significant 
energy loss incurred during the charge transfer from the donor 
to the acceptor, because of the energy level mismatch and the 
inefficient separation as well as the inefficient extraction of the 
bound electron-hole pairs, causing a large photovoltage loss in 
most OPV devices.[9,10] For example, the open circuit voltage 
(Voc) in all of the reported high-efficiency (above 6%) polymeric 
OPV devices is less than half of the optical bandgap of the used 
semiconducting polymers.[1–7] The commonly accepted reason 
for this energy loss is that in order to obtain a required photoin-
duced charge transfer, the lowest unoccupied molecular orbital 
(LUMO) offset between the donor and the acceptor must be 
larger than the exciton binding energy in the donor polymer.  
However, it is still in doubt that there is a fundamental correlation 
between the polymer exciton binding energy and the energy offset 
needed to ensure efficient charge transfer at the donor/acceptor 
interface.[11] Recently the LUMO offset as small as 0.12 eV,  
which was even smaller than the Frenkel exciton binding 
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energy, has been demonstrated for efficient charge transfer.[12] 
Therefore, there still is a huge opportunity to further increase 
the PCE of OPV devices by reducing the LUMO offset between 
the donor and the acceptor. For this purpose, there have been 
tremendous efforts to tune the energy levels of donors[1,2,4–6] 
and acceptors[13–16] by designing new molecule structures.

In this manuscript, we report another general method to 
increase the Voc by tuning the LUMO offset between the donor 
and the acceptor without changing their chemical structures. 
A tunable dipole layer, consisting of an ultrathin ferroelectric 
polymer film, was inserted between the donor and the acceptor 
semiconductor layers, which shifts the relative energy levels of 
the donor and the acceptor. The device structure and working 
principle of this method are shown in Figure 1. A polyvinyli-
dene fluoride (70%)-trifluoroethylene (30%) copolymer, P(VDF-
TrFE), was used as the tunable dipole layer. This polymer shows 
high polarization charge density of 100 mC m−2 originated 
from the large electron affinity difference between the fluorine 
(F) and hydrogen (H) atoms, as shown in Figure 1a. In addi-
tion, P(VDF-TrFE) was chosen for this application due to its 
chemical inertness, low fabrication temperatures, photostability, 
and compatibility with polymer semiconducting materials. The 
P(VDF-TrFE) maintains its ferroelectric polarization even in 
films as thin as approximately 1 nm without a “finite thickness” 
limit.[17] In our previous study, we have demonstrated a remark-
able three-fold enhancement in the PCE of a conventional OPV 
device by inserting a ferroelectric polymer layer between the 
active layer and the cathode to induce a strong electric field 
into the photoactive layer.[18] Here we show how a ferroelec-
tric poly mer layer inserted between the donor and the acceptor 
layers acts as tunable dipole layer to shift the energy level of 
semiconducting polymers.

As shown in Figure 1c-d, the relative energy levels can be 
tuned by a dipole layer so that the LUMO offset between the 
donor and the acceptor can be reduced to an optimum value 
for charge transfer, and then the energy difference between 
the highest occupied molecular orbital (HOMO) of the donor 
and the LUMO of the acceptor (EDA), will be maximized. Pre-
vious studies have generally suggested that the Voc of OPV 
devices is linearly correlated with EDA.[19,20] Therefore, the Voc 
will be increased with reduction in the LUMO offset between 
the donor and the acceptor. Poly(3-hexylthiophene) (P3HT) and 
[6,6]-phenyl-C61-butyric acid methylester (PCBM) were used 
for this study because they are promising candidates for the 
commercialized OPVs due to their excellent stability and proc-
essability by large scale deposition techniques such as gravure 
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Figure 1. (a) The molecular structure of a ferroelectric P(VDF-TrFE) dipole layer, (b) the device 
structure with a dipole layer inserted between the acceptor and the donor layers, (c) and (d): 
the energy level diagram of the semiconductor heterostructure without and with a dipole layer 
inserted between the acceptor and the donor layers.
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Figure 2. PL intensity from a plain P3HT layer (blue triangles), a bilayer 
film with structure of PCBM on P3HT layer (green squares), and a tri-
layer film with structure of 1 ML P(VDF-TrFE) inserted between P3HT and 
PCBM layers (red balls). The light was incident from the PCBM side.
printing, spray printing etc. The P3HT/PCBM system, however, 
has a Voc output of only about 0.6 V, which is significantly lower 
than the optical bandgap (∼2.0 eV) of P3HT. This discrepancy 
is caused by a very large LUMO offset close to 1.0 eV. The 
addition of a dipole layer presented here is a general method 
to improve the OPV efficiency, without the need to change the 
chemical structure of the active layer molecules. Therefore it 
is an important strategy to improve the device efficiency while 
preserving the advantages of the P3HT/PCBM system. In this 
study, the P(VDF-TrFE) layer was inserted between P3HT and 
PCBM bilayers by Langmuir-Blodgett (LB) deposition tech-
nique which can precisely grow the ferroelectric layer thickness 
by monolayer (ML) and generates P(VDF-TrFE) with excellent 
crystallinity, resulting in the Voc increase from 0.55 V to 0.67 V 
and two-fold increase in PCE, as compared to devices without 
aligning the dipole layer.

Efficient photoinduced charge transfer is a prerequisite 
for achieving efficient OPV devices. One concern that might 
arise is whether the increased spacing between the donor and 
acceptor molecules due to the inserted dipole layer would 
reduce the photoinduced charge transfer efficiency. It is clear 
that a high polarization charge density is important to afford 
the smallest reasonable dipole layer thickness, so that the pho-
toinduced charge transfer through the dipole layer is efficient. 
The minimum required dipole layer thickness (d) can be 
estimated from polarization charge density (σP), dielectric 
constant of P(VDF-TrFE) (εFE), and desired energy level shift 
(E),[18]
456 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
d =
ε0εF E E

σP q  
(1)

where ε0 is the vacuum dielectric constant and 
q is the elemental electron charge. According 
to Equation 1, a calculated thickness as thin 
as 0.6 nm P(VDF-TrFE), about one monomo-
lecular layer, is needed to induce an energy 
level shift of 0.8 eV (0.2 eV LUMO offset 
for efficient charge transfer). We expect that 
such a thin dipole layer will have minimal 
effect on the charge transfer process by tun-
neling. To test this hypothesis, we studied the 
influence of the inserted dipole layer on the 
efficiency of photoinduced charge transfer 
through photoluminescence (PL) measure-
ments. As shown in Figure 2, direct contact 
of the P3HT layer with the PCBM layer led 
to a dramatically reduced PL intensity from 
P3HT due to the efficient photoinduced 
charge transfer. The decrease of PL inten-
sity for bilayer sample P3HT/PCBM can be 
understood by the formation of interpen-
etrating donor/acceptor network by interdif-
fusion of PCBM into the amorphous region 
of P3HT matrix. In this case, the size of 
PCBM and the P3HT domains after interdif-
fusion is then within the exciton diffusion 
length of each material.[21,22] After inserting 1 
ML P(VDF-TrFE) LB film between the P3HT 
layer and the PCBM layer, the PL intensity 
was found to reduce further. This result demonstrates that the 
inserting 1 ML P(VDF-TrFE) LB film does not hinder photoin-
duced charge transfer from the donor to the acceptor due to its 
small average thickness of 1.7 nm; instead, it appears to improve 
the photoinduced charge transfer. One possible reason is that 
the LUMO offset is larger than the molecule reorganization  
heim Adv. Mater. 2012, 24, 1455–1460
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energy, entering the so-called “inverted” region of Marcus 
theory, resulting in an increased electron transfer rate.[23]

The device performance was significantly improved after addi-
tion of the ferroelectric dipole layer of P(VDF-TrFE), as shown in 
Figure 3a. The short circuit current density (Jsc), Voc, fill factor (FF),  
and PCE of the resulting trilayer device were 8.2 mA cm−2, 0.55 V,  
33% and 1.5%, respectively, which are typical values for bilayer 
P3HT/PCBM OPV devices.[21,24] The Voc was increased from 0.55 V  
to 0.67 V after poling the P(VDF-TrFE) layer by applying a reverse 
bias on the device. The dipoles can preserve their alignment after 
removing the bias, which is the unique property of a ferroelec-
tric film.[17,25] This Voc of 0.67 V is significantly larger than values 
reported either in bilayer or bulk heterojunction OPV devices 
based on P3HT/PCBM as active layers.[21,24,26] An increase in Jsc 
of 0.8 mA cm−2 was also observed after poling the P(VDF-TrFE) 
LB film by a reverse bias. The FF was enhanced from 33% to 
55%. Thus, the PCE was more than doubled from 1.5% to 3.3%. 
It is expected the efficiency will be further increased by replacing 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 24, 1455–1460

Figure 3. Device performance variation with the insertion of 1 ML P(VDF-
TrFE) dipole layer between P3HT and PCBM layers: (a) J–V curves under 
the simulated Air Mass 1.5 Global Irradiation (100 mW cm−2) for the 
as made trilayer device (black balls), after poling the P(VDF-TrFE) layer 
with reverse bias (red triangles) and forward bias pulses (blue squares), 
respectively; (b) J–V curves in dark of the device under the three poling 
conditions.
PCBM with [6,6]-phenyl-C71 butyric acid methyl ester (PC70BM) 
or indene-C60 bisadduct (ICBA).[16]

A unique feature of using a ferroelectric film as the dipole 
layer is that its polarization direction is bistable and it can be 
switched between opposite states by a voltage pulse. This tuna-
bility is clearly demonstrated by the data as shown in Figure 3a. 
The black circles show the photovoltaic characteristics before 
poling the P(VDF-TrFE) film. After poling the ferroelectric 
P(VDF-TrFE) film by a large reverse bias of –16 V, all of the 
photovoltaic device characteristics Voc, FF and Jsc were greatly 
improved. In contrast, after poling the ferroelectric P(VDF-
TrFE) film by forward bias +2 V, the photovoltaic characteristics 
were reduced as compared to the reverse bias poled state. Here 
a relative small forward bias of +2 V was applied for poling 
to avoid the burning of the devices by the high current den-
sity at forward bias. There is no such problem for the reverse 
bias poling because our devices are diodes. Therefore it is very 
likely that the ferroelectric dipole was only partially switched 
by the +2 V poling, which explains the small difference in cur-
rent-voltage (J–V) curves between the reverse bias and forward 
bias poling. The photocurrent can be switched between these 
two states repeatedly. This reproducible switching behavior is 
most likely caused by the ferroelectric phase of P(VDF-TrFE) 
film rather than the claimed electrochemical reaction,[27] which 
will be demonstrated in the following part of this manuscript.

In addition to the tunable photocurrent, the dark current of 
the devices was also tuned by polarization of the dipole layer, 
as shown in Figure 3b. The dark current reduced by a factor of 
four after reverse bias poling the ferroelectric dipole layer. This 
reduction in dark current is also due to the tuning of energy 
levels by poling the ferroelectric dipole layer with reverse bias. 
Previous study found that the dark current in bilayer OPV 
devices originates from the thermal activation of the electrons 
from the HOMO of the donor to the LUMO of the acceptor 
with an activation energy of EDA. This can be understood from 
the general expression for Voc in OPV devices:[28–32]

Voc =
nkT

q
ln

Jsc
J0

+1)≈
nkT

q
ln

Jsc
J0

( ( )
 

(2)

J0 = J00 exp
−E DA

nkT
)(

 
(3)

where k is the Boltzmann constant, T is temperature, q is the 
elemental electron charge, J0 is the saturated dark current den-
sity, J00 is a factor for recombination of charge transfer exci-
tons (CTEs) which are the bound electron-hole pairs, and n is 
the diode ideality factor. As shown in Figure 1c,d, the value of 
EDA increases with the insertion of the dipole layer between the 
donor and the acceptor layers by shifting the LUMO of acceptor 
upwards. According to Equations 2 and 3, the inserted dipole 
layer can reduce the saturated dark current density and thus 
increase the correlated Voc by increasing EDA after reverse bias 
poling the dipole layer. Additionally, the inserted dipole layer can 
also reduce the electronic coupling between the donor and the 
acceptor molecules by increasing the spacing between them, and 
hence reduce the recombination of CTEs. The reduced recombi-
nation of CTEs is reflected by a reduction in J00, which therefore 
results in additional Voc enhancement. It is not straightforward 
to explain the increases in Jsc and FF observed after poling the 
1457wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 4. (a, b) PFM images of ferroelectric P(VDF-TrFE) nanoislands sandwiched between P3HT layer and PCBM layer (1.0 μm × 1.0 μm): (a) PFM 
amplitude, (b) PFM phase. (c-f) show the ferroelectric switching of a P(VDF-TrFE) nanoisland: (c) topographic image of a single P(VDF-TrFE) nano-
island; (d) PFM hysteresis loops (phase and amplitude) of the P(VDF-TrFE) nanoisland; (e, f) PFM phase images of the P(VDF-TrFE) nanoisland before 
and after applying the voltage pulse (–6 V, 2 s). The red dot in (e) marks the location of the PFM tip during voltage pulse application.
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dipole layer within the theoretical frame of the energy levels, but 
it can be well understood by the reduced CTEs recombination 
which generally results in increases in Jsc and FF.

Although the Voc of 0.67 V is significantly higher than what 
achieved in optimized bilayer or bulk heterojunction P3HT/
PCBM OPV devices, it is still far less than the maximum attain-
able Voc of 1.5 V which assumes LUMO offset 0.2 V loss for the 
efficient charge transfer and a Voc loss of 0.3 V due to the non-
ideal diode[20] in P3HT/PCBM OPV devices. In order to find 
out the reason for such huge discrepancy, piezoresponse force 
58 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
microscopy (PFM) measurements were conducted on the tri-
layer samples with the insertion of 1 ML P(VDF-TrFE) between 
the PCBM film and the P3HT film, to reveal the morphology 
and ferroelectric state of this dipole layer. PFM has the unique 
capability to measure the local piezoelectric response, not only 
on the surface but also for layers embedded under the thin 
PCBM layer (∼20 nm) or under a thin layer of metal.[33] The 
piezoelectric response is related to the net electric polarization 
and is therefore a good local probe of the polarization state.[34,35] 
It was clearly evident from Figure 4a,b that only approximately 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 1455–1460
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Figure 5. (a) topography and (b) surface potential map of the P(VDF-TrFE) film, where the 
area was marked by a white rectangle was poled by a +4 V direct-current voltage applied by the 
PFM tip (Image size is 1.0 μm × 3.0 μm), (c) cross-sectional analysis of the surface potential 
map along the i and ii lines as labeled in (b), (d) schematic illustration of the origin of the 
potential difference.
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20% of the P3HT surface was covered by 
the ferroelectric P(VDF-TrFE) nanoislands 
because P(VDF-TrFE) tends to shrink on 
P3HT surface after thermal annealing. This 
is due to the large surface energy mismatch 
between these two materials: 51 mJ m−2 for 
P(VDF-TrFE)[36] and 26.9 mJ m−2 for P3HT.[37] 
A three-dimensional growth mode is pre-
ferred for P(VDF-TrFE) on P3HT to mini-
mize the surface energy. This local piezo-
electric response of the P(VDF-TrFE) grains 
embedded under thin PCBM layer confirmed 
that the inserted P(VDF-TrFE) layer was in 
the ferroelectric state which is crucial for 
maintaining a permanent polarization. The 
ferroelectricity of the P(VDF-TrFE) nano-
islands was further confirmed by the direct 
observation of their polarization by applying 
pulse voltage between the PFM tip and 
the P(VDF-TrFE) nanoislands. The typical 
PFM phase and amplitude hysteresis loops 
obtained for the P(VDF-TrFE) grain on P3HT 
were shown in Figure 4c,d. It was found 
that the reverse coercive bias is –2.6 V while 
the forward coercive bias is +3 V. As clearly 
shown in Figure 4e,f, the polarization direc-
tion of P(VDF-TrFE) dipoles was reversed 
after applying a reverse bias of –6 V.

The low coverage (∼20%) of P(VDF-TrFE) 
on P3HT layer should lead to the direct con-
tact of P3HT and PCBM, and explains the 
much lower Voc than the theoretical limit. 
The observed Voc is the average Voc of all the 
nanometer-sized OPV devices connected in 
parallel. Further improvement of the device 
performance by this method then requires a 
better control of the P(VDF-TrFE) film mor-
phology for a higher coverage and uniform 
thickness on P3HT which is in our current 

study. It is speculated that if the coverage of 100% ferroelec-
tric P(VDF-TrFE) on P3HT layer can be obtained, the Voc is 
expected to be tuned up to about 1.0-1.5 V in the P3HT/PCBM 
OPV devices.

The tuning of the relative energy levels of the P3HT and 
the PCBM was confirmed by the electrostatic force micros-
copy (EFM) (Figure 5). In this measurement, a forward bias of 
+4 V was applied between the EFM tip and the film substrate 
to align the dipoles in a rectangle area in a contact mode, and 
the potential image of the whole film was measured in a non-
contact mode with a small bias of 0.2 V on the EFM tip. The 
topography was not found to change after the poling process. It 
was clearly observed that the electrical potential on the P(VDF-
TrFE) surface polarized by +4 V bias was tuned to be 100 mV 
lower by the applied bias (the deeper color in Figure 5b). The 
charging of the insulating P(VDF-TrFE) polymer by the EFM 
tip can be ruled out because it will generate a higher poten-
tial in the poled region (i.e. positive charges will be left on 
the P(VDF-TrFE) surface). This potential difference is then 
concluded to be resulted from the reversal of the electrical 
© 2012 WILEY-VCH Verlag GAdv. Mater. 2012, 24, 1455–1460
dipoles in P(VDF-TrFE) film, as illustrated in the Figure 5d. 
The average surface potential difference is 0.1 V, which is con-
sistent with tuned Voc. The fluctuation of surface potential 
is consistent with the nonuniform distribution of the ferro-
electric P(VDF-TrFE) nanoislands on P3HT layer. The peak to 
valley potential difference reaches 0.3 V, or maybe even higher  
which is not shown due to the low resolution of the EFM scan-
ning (50 nm in our case). Again this result indicates a large 
potential to further increase the energy tuning capability by 
the ferroelectric dipoles with increased coverage of the dipole 
layer.

In conclusion, we demonstrated a method to increase the Voc 
of bilayer OPV devices by tuning the energy level offset of the 
donor and the acceptor with tunable ferroelectric P(VDF-TrFE) 
dipole layers. Additionally, both Jsc and FF also increased due 
to the reduced recombination loss of CTEs. Thus, a double effi-
ciency was achieved for P3HT and PCBM based bilayer OPV 
devices. We expect that a further increase of Voc can be achieved 
by improving the coverage of the P(VDF-TrFE) dipole layer 
on P3HT. The Voc can be potentially improved to above 1.0 V 
1459wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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without compromising other photovoltaic parameters such as 
Jsc and FF.

Experimental Section
A cleaned indium tin oxide (ITO)/glass substrate was firstly treated by 
ultraviolet-ozone for 10 min. Poly(3,4-ethylenedioxythiophene):poly(st-
yrenesulfonate) (PEDOT:PSS) (Baytron-P 4083) was then spin-coated 
onto it at a spin speed of 3500 rpm, which produced a PEDOT:PSS 
film thickness of approximately 30 nm, as measured with a Dektak 
profilometer. After that, the PEDOT:PSS film was baked at 125 °C for 
30 min. Subsequently, the P3HT (Rieke, used as received) which was 
pre-dissolved in 1,2-dichlorobenzene to form a solution (concentration 
of 20 mg mL−1), was spin-coated onto PEDOT:PSS film at a spin speed 
of 1000 rpm for 25 s followed by 2000 rpm for 35 s to form a layer 
thickness of around 80 nm.[21] Then, an ultrathin P(VDF-TrFE 70:30) 
dipole layer was coated onto the P3HT layer by LB deposition and then 
annealed at 135 °C for 30 min, the detailed fabrication process was 
stated elsewhere.[18] Subsequently, the PCBM (Nano-C, used as received, 
5 mg mL−1) pre-dissolved in dichloromethane was then spin-coated onto 
the obtained film and then annealed at 140 °C for 20 min. The device 
fabrication was finalized by thermally evaporating calcium of thickness  
10 nm as cathode and then covered by 100 nm thick aluminum. The active 
device area was approximately 0.07 cm2. Photocurrent was measured 
under simulated air mass 1.5 global irradiation (100 mW cm−2).

The PL measurements were performed using a commercial 
spectrophotometer (F-4500, Hitachi Inc.) equipped with the standard 
solid sample holder. The excitation light was provided by a Xenon 
lamp and restricted to a spectral window of 480 ± 2.5 nm. The 
photoluminescence emission from the sample was dispersed by a 
grating and the photoluminescence spectra recorded with a speed 
of 60 nm minute−1 using a photomultiplier tube (R3788, Hamamatsu 
Photonics K.K.) operated at 700 V.

For the EFM measurements, the ITO layer on the bottom was 
grounded and the sample was scanned by a platinum (Pt) tip in tapping 
mode during the poling process. A positive direct-current voltage of 
+4 V was applied on the Pt tip when the tip entered the target region. 
The whole poling process took about 10 min. After the poling process, 
a surface potential image was obtained by scanning the sample again in 
the same region.
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