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High-efficiency polymer photovoltaic cells using a solution-processable
insulating interfacial nanolayer: the role of the insulating nanolayer
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We employed a low-cost solution-processed ultrathin insulating polymeric layer of

poly(4-hydroxystyrene) (PHS), with a high glass transition temperature (Tg � 185 �C), as an interfacial

layer between the polymer:fullerene photoactive layer and the Al negative electrode for enhancing

device power conversion efficiency (PCE) of polymer bulk-heterojunction photovoltaic cells and

investigated the roles of the interfacial nanolayer by ultraviolet photoemission spectroscopy and

capacitance–voltage measurement. The thin polymeric layer forms a dipole layer and causes the

vacuum level of the adjacent negative electrode to shift upward, which resulted in an increase of the

built-in potential. As a result, the open-circuit voltage and PCE of the device using a PHS nanolayer

were remarkably improved. We finally achieved a very high PCE of 6.5% with the PHS/Al negative

electrode which is even much better than that of the device using an Al electrode (5.0%). The solution-

processed inexpensive PHS layer with a high Tg can be an attractive alternative to conventional

vacuum-deposited low-work-function metal and insulating metal fluoride interfacial layers.
Introduction

Organic photovoltaic cells (OPVs) have been the focus of interest

because of their potential for use as energy conversion devices.1–9

The advantage of OPVs is that they can be more easily realized

into flexible devices by low-cost and simple solution processes

than inorganic solar cells. However, OPVs have practical limi-

tations such as low power conversion efficiency (PCE), which is

determined by open circuit voltage (VOC), short circuit current

(JSC) and fill factor (FF). Achieving high PCE and long opera-

tional lifetime is one of the most crucial problems that must be

solved before OPVs can be commercialized.

Most research to achieve high efficiency of OPVs has focused

on the photoactive layers and control of their morphology.2,3 To

further improve the efficiency, it is quite necessary to develop

interfacial layers between a photoactive layer and electrodes

because the device performance of OPVs is largely dependent on

the layers.4–10 In the case of the ohmic contacts at both the

electrodes in bulk-heterojunction OPVs, the highest occupied

molecular orbital (HOMO) level of the donor polymer and the

lowest unoccupied molecular orbital (LUMO) level of the

acceptor are crucial factors for determining VOC.
11 However,
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when the non-ohmic contact is formed in the conventional OPVs

that have an indium-tin-oxide (ITO) positive electrode and an Al

negative electrode, VOC is determined by the work function

difference between the two electrodes.11 Therefore, modifying

electrodes or introducing charge extraction layers has been used

to improve VOC and charge extraction of both the electrodes.

Several different approaches such as incorporation of metal

fluorides, TiOx, and low work function cathodes have been

reported to improve the electron injection/extraction contact.4–11

It is still a common method to insert a thin metal fluoride layer or

low-work-function metal layer between the photoactive layer

and the negative electrode by vacuum deposition. An approach

introducing a thin polymeric layer by a solution process, instead

of metal fluorides, is also promising to realize printable photo-

voltaic cells via a simple and low cost non-vacuum process.12,13

Thin polymeric interfacial layers based on the conjugated poly-

electrolyte have been used as a cathode interlayer in polymer

light-emitting diodes and more recently OPVs. However, these

ionic conjugated polymers have been synthesized via time-

consuming long synthesis processes. Furthermore, polymers with

a high glass transition temperature (Tg) are quite necessary to

provide high thermal stability under hot outdoor operating

conditions. Therefore, inexpensive insulating polar polymers

having a high Tg prepared via a simple synthetic route are very

useful as an interfacial layer for low-cost printable OPVs.

Here, we used a solution-processed ultrathin poly(4-hydroxy-

styrene) (PHS) layer (Tg: 183
�C) as an interfacial nanolayer

(INL) between an polymer:fullerene photoactive layer and an Al

electrode. The alcohol-soluble PHS enables orthogonal film

processing on a polymeric active layer without dissolving the
J. Mater. Chem.
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Fig. 2 The current density–voltage (J–V) curves of P3HT:PCBM (a and

b) and PCDTBT:PC BM (c and d) devices with and without interfacial
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underneath layer. We also investigated the roles of an INL in

bulk-heterojunction OPVs, by analyzing the influence of INLs on

electronic states. The PHS nano-layer on a photoactive layer

induces a dipole layer whose direction is toward the active layer.

We found that due to the vacuum level shift at the negative

electrode, the built-in voltage and VOC of the device increased,

which was evidenced by ultraviolet photoelectron spectroscopy

and capacitance–voltage measurement. As a result, PCE was

remarkably improved. We achieved a very high PCE value of the

OPV with a PHS layer (6.5%) which was much higher than that

of the OPV without using the PHS layer (5.0%) as well. These

results demonstrate the feasibility of using a solution-processed

PHS layer to replace the vacuum-deposited metal fluoride or the

low-work-function metal layer.

70

nanolayers under AM 1.5 illumination at an irradiation intensity of 100

mW cm�2 (a and c) and under dark conditions (b and d).
Results and discussion

We used an ultrathin polymeric PHS layer as an INL in solution

processed OPVs and its chemical structure is shown in Fig. 1. We

used two different polymer–fullerene blends as a photoactive

layer, which is composed of regioregular poly(3-hexylthiophene)

(P3HT)and [6,6]-phenylC60-butyric acidmethyl ester (PCBM)or

poly(N-90-hepta-decanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-
20,10,30-benzothiadiazole) (PCDTBT):[6,6]-phenyl C70-butyric

acid methyl ester (PC70BM). We utilized poly(3,4-ethyl-

enedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS)

(Baytron PH, work function: �4.9 eV) as a hole extraction layer

for P3HT:PCBM devices and the PEDOT:PSS/perfluorinated

ionomer (PHPF161) (work function: �5.4 eV)14 for

PCDTBT:PC70BM.Fig. 1 depicts our structure of theOPVs (ITO/

PEDOT:PSS/P3HT:PCBM/INL/Al and ITO/PHPF161/

PCDTBT:PC70BM/INL/Al). To demonstrate the effect of the

PHS INL, we compared them to devices that did not include an

INL, and to devices that included a conventional thin LiF or Ca

layer deposited under high vacuum (<5 � 10�7 Torr). A PHS

solution with a very low concentration in ethyl alcohol was

deposited on a photo-active layer by spin-coating to form a nano-

scale interfacial layer. We measured the thicknesses of thin PHS

layers on a Si wafer using the ellipsometry. The actual thickness of

a photo-active layer may be a little different because of different

surface energy and morphology of the photoactive layer from

those of the Si wafer.We optimized the thickness of the PHS layer

(2.7 nm on a Si wafer) in order to maximize the effect of an

interfacial layer.

We observed current density–voltage (J–V) characteristics of

OPV devices with an ultrathin PHS INL (2.2–5.5 nm) and

compared with those of the devices without an INL and the

devices with a LiF or Ca layer, as shown in Fig. 2. Fig. 2a and c

show the J–V curves of P3HT:PCBM and PCDTBT:PC70BM
Fig. 1 Structure of organic photovoltaic cells using PHS as an interfacial

nanolayer (INL).

J. Mater. Chem.
devices under continuous solar simulated air-mass 1.5 global

(AM 1.5 G) irradiation at 100 mW cm�2, respectively, and

Fig. 2b and d show the results under dark conditions. Table 1

summarizes the device characteristics in terms of JSC, VOC, FF

and PCE with different INLs. The VOC values of the devices

using a PHS INL were remarkably improved compared with the

reference device without using any INL. The FF values also

increased in the devices with a PHS layer compared with those of

the reference device. As a result, PCEs of the devices with a PHS

layer (2.2–3.3 nm) were 3.9% for P3HT:PCBM and 6.5% for

PCDTBT:PC70BM which were much higher than those of the

reference devices (2.1 and 5.0%). It is noted that the PCEs of

PCDTBT devices using a PHS layer are higher than even that of

a device using a thin Ca (3 nm) layer. The improvement of VOC

can be attributed to the increase of the built-in-potential of the

devices with a PHS layer resulting from the upward shift of the

vacuum level at the negative electrode. The JSC values were

almost the same, irrespective of the use of the interfacial layers,

even if we observed a large current increase due to facilitated

electron injection by a PHS INL in the device under dark

conditions (Fig. 2b and d).15 The devices including a PHS INL

(2.7 nm) achieved a higher shunt resistance (Rsh) and a lower

series resistance (Rs) than those of the devices without an INL;

Rsh ¼ 782.4 (P3HT) and 555.6 ohm cm2 (PCDTBT), Rs ¼ 7.16

(P3HT) and 6.8 ohm cm2 (PCDTBT) for the device with a PHS

INL and Rsh ¼ 196.8 (P3HT) and 366.0 ohm cm2 (PCDTBT),

Rs ¼ 10.6 (P3HT) and 16.4 ohm cm2 (PCDTBT) for the devices

without an INL. They led to the increased FF of the PHS device

from 49.7 to 63.7 % for P3HT:PCBM and from 51.9 to 59.1 % for

PCDTBT:PC70BM.16

The increase in VOC in the device that includes a PHS INL can

be attributed to a dipole layer which is induced by a thin PHS

layer. Fig. 3 shows the schematic energy level of the OPVs;

Fig. 3a is for the reference OPV and Fig. 3b is for the OPV using

a PHS INL. On the hydrophobic surface of an active layer, the

backbone of the PHS layer, which has relatively hydrophobic

property, tends to face toward an active layer. The negatively

charged parts (e.g., hydroxyl groups) are naturally arranged in

the opposite direction. As a result, at the interface between the

active layer and the negative electrode, the dipole layer points

away from the negative electrode as described in Fig. 3b(I).
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Performance measurement of polymer photovoltaic cells

Photoactive layer INLa VOC [V] JSC [mA cm�2] FF [%] PCE [%]

P3HT:PCBM — 0.43 9.7 49.7 2.1b (2.03 � 0.05)c

P3HT:PCBM LiF 0.56 10.2 64.9 3.7 (3.57 � 0.07)
P3HT:PCBM PHS2.2 nm 0.56 10.8 64.3 3.9 (3.83 � 0.06)
P3HT:PCBM PHS2.7 nm 0.57 10.7 63.7 3.9 (3.80 � 0.08)
P3HT:PCBM PHS3.3 nm 0.56 10.4 66.6 3.9 (3.85 � 0.05)
P3HT:PCBM PHS5.5 nm 0.57 10.3 63.2 3.7 (3.63 � 0.05)
PCDTBT:PC70BM — 0.82 11.7 51.9 5.0 (4.84 � 0.20)
PCDTBT:PC70BM Ca 0.90 11.6 58.3 6.1 (6.07 � 0.02)
PCDTBT:PC70BM PHS2.7 nm 0.90 12.1 59.1 6.5 (6.45 � 0.03)

a Interfacial nanolayer (INL) between an active layer and a cathode. b The maximum PCE. c The average value of PCE � standard deviation of four
devices.
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Many studies have investigated the change of the electronic

energy levels due to the presence of the molecular dipoles. The

dipole layers have been used to adjust the work function and to

increase the efficiency of charge injection/extraction.16–21 Like

other cases, the dipole layer of PHS makes relatively the upward

shift of the vacuum level of the adjacent negative electrode layer.

The difference of effective work functions between two electrodes

can be enlarged due to this vacuum level shift. Fig. 3(II) and (III)

depict energy level alignment of OPV devices under short circuit

(i.e. no electric field) and open-circuit (i.e. flat band) conditions,

respectively. The Fermi levels of metal electrodes in metal–

semiconductor–metal structures are aligned at equilibrium under

short circuit conditions (Fig. 3a(II)). In the case of the device

with the PHS INL, the bending of conduction and valence bands

becomes much steeper than that of the reference device without

the INL because of the upward shift of the vacuum level of the

negative electrode, implying the decrease of the effective work

function of the negative electrode. Furthermore, the larger

difference in the effective work function between two electrodes
Fig. 3 The schematic energy diagram of solar cells depending on the applie

ITO/PEDOT:PSS/P3HT:PCBM/PHS/Al. The vacuum level shift and energy

bending is also depicted under short-circuit conditions (II) and open circuit c

This journal is ª The Royal Society of Chemistry 2012
caused a larger built-in voltage. In other words, the built-in

voltage (D) that is required to make flat band conditions

increased upon adding the PHS layer (D2 > D1). Consequently,

theVOC of the device with a PHS layer was remarkably improved

because the VOC tends to increase with the increasing built-in

voltages in these bulk-heterojunction OPVs.

J€onsson et al. reported the role of LiF between a negative

electrode and an active layer in polymer solar cells.22 According

to the reaction model, the thermally deposited LiF tends to

decompose upon deposition of reactive Al on LiF and then

release Li to make a low work function contact.22

Due to the large dipole moment of LiF (6.33 D) to decrease the

surface potential of the Al, the lowered effective work function of

the negative electrode can also be understood based on the dipole

model.23 The fact that the OPV device with a PHS layer showed

almost identical device characteristics to the device with a LiF

layer implies that the mechanism of the PHS INL in OPVs is

analogous to the dipole model of the LiF layer because there is no

chemical reactionbetween thephotoactive layer and thePHSINL.
d bias. Device structure: (a) ITO/PEDOT:PSS/P3HT:PCBM/Al and (b)

levels are depicted in the schematic energy diagram (I). The energy band

onditions (flat band conditions) (III).

J. Mater. Chem.
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Fig. 5 Effects of an interfacial nanolayer on capacitance–voltage (C–V)

curves of P3HT:PCBM devices at 1000 Hz.
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We investigated the electronic and energetic structures of

photoactive surface layers with or without a PHS layer using

ultraviolet photoelectron spectroscopy (UPS). We prepared two

samples on Si wafers in the same way as the devices were fabri-

cated: one had only a P3HT:PCBM active layer on the Si wafer,

and the other had a very thin PHS layer on the active layer. Fig. 4

shows the secondary cutoff of UPS spectra of two samples. The

change between the UPS spectra of the two samples appeared

only at the secondary electron cutoff on the high binding energy

side, as shown in Fig. 4. If the PHS layer is deposited on an active

layer, the secondary cutoff of a P3HT:PCBM layer under the

thin PHS layer shifts leftward by 0.43 eV, compared with that of

only P3HT:PCBM layer. This shift is related to the reduction in

the vacuum level of the P3HT:PCBM layer with a PHS layer as

depicted in the schematic energy diagram of Fig. 3b.

To better understand the effects of the PHS INL, we analyzed

the capacitance–voltage (C–V) characteristics at 1000 Hz (Fig. 5)

using the P3HT:PCBM devices described in Fig. 1 and 2. The

OPVs with two different INLs (LiF and PHS 2.7 nm) have quite

different capacitance–voltage behaviors from the device without

an INL (Fig. 5). As the bias voltage increased, the capacitances of

devices increased up to each peak and then decreased. The device

without an INL showed a distinct peak at 0.38 V in the capaci-

tance–voltage curve. The devices that include a LiF or PHS INL

showed much higher distinct peak capacitance at 0.54 and

0.54 V, respectively. We call the voltage with the peak capaci-

tance as the peak voltage (Vpeak) which is correlated with the

built-in voltage (Vbi) according to the following relationship.24

Vbi � Vpeakf
kBT

e
(1)

where kB is the Boltzmann constant and T is the temperature.

Similar to the VOC in OPVs, the Vpeak is always smaller than Vbi

at room temperature due to the space charges near the electrodes

and becomes closer to the Vbi as the temperature decreases.

Therefore, at room temperature, the Vpeak is considered as an

effective value of the Vbi. The higher Vpeak with INLs indicates

the higher Vbi in OPVs.

The capacitance is mainly correlated with the accumulated

space charges inside the devices. It implies that the Vpeak is

observed when the device is under open circuit conditions (or flat

band conditions). Above the open circuit voltage, the capaci-

tance tends to decrease sharply due to recombination of the space

charges with injected opposite charges. As described above, the

bending of conduction and valence bands becomes much steeper
Fig. 4 UPS spectra of the P3HT:PCBM layer (dotted line) and

P3HT:PCBM layer with a PHS interfacial layer (solid line).

J. Mater. Chem.
in the device with INL than without the INL (Fig. 3a(II)

and b(II)), therefore the applied voltage required for open circuit

conditions (or flat band conditions) is much larger in the device

with INL (Fig. 3a(III) and b(III)). The Vpeak with a PHS INL

(0.54 V) is the same as that with a LiF INL (0.54 V), which also

indicates that the PHS and LiF INLs had a quite similar effect on

the improvement of Vbi and thus VOC.
Conclusions

We used an inexpensive solution-processable polar polymer with

a highTg, PHS, as an INL to improve PCE in bulk-heterojunction

OPVs and elucidated the working mechanism of the INL. Our

UPS and capacitance–voltage measurements revealed that the

PHS nano-layer on a photoactive layer induces a dipole layer

whose direction is toward the active layer, which causes the

upward vacuum level shift at the negative electrode and thus

remarkable increase of the built-in voltage and VOC. As a result,

PCE was remarkably improved. Finally, we achieved a very high

PCE value (6.5%) in the PCDTBT:PC70BM device using the PHS

INLwhich ismuchhigher than that in the devicewithout using the

PHS layer (5.0%). Using the inexpensive PHS INL also has the

advantages that it can be deposited using a simple and inexpensive

solution process that does not require high-vacuum conditions.

Our results strongly indicate that the inexpensive PHS INLwith a

high Tg can be a promising candidate to replace a conventional

LiF and Ca interfacial layer in low-cost, printed OPVs.
Experimental

Organic photovoltaic cell fabrication

On the top of cleaned indium-tin-oxide (ITO)/glass, the

PEDOT:PSS (CLEVIOS� PH) diluted in isopropyl alcohol with

a 1 : 1 volume ratio was spin-coated in 35 nm thickness as the

hole extraction layer, followed by baking on a hotplate in air at

200 �C for 10 min. The active layer which is composed of a 1 : 1

mixture of poly(3-hexylthiophene) (P3HT) (regioregularity >

98%, average weight average molecular weight (Mw) �25 700)

from Rieke Metals Inc.) and [6,6]-phenyl C60-butyric acid

methyl ester (PCBM) (from nano-C Inc.) in 1,2-dichlorebenzene

was spin coated to make 210 nm thick films on the PEDOT:PSS

layer and then baked in a vacuum hotplate at 150 �C for 30 min
This journal is ª The Royal Society of Chemistry 2012
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and cooled for 10 min. Another blend of PCDTBT (1-material)

(7 mg) and PC70BM (Nano-c) (28 mg) in 1 ml DCB was also

prepared for the photoactive layer. PCDTBT:PC70BM layers

were spin-coated at 1600 rpm for 60 s to make 80 nm thick films

and then thermally annealed at 70 �C for 10 min in the N2 glove

box. For the device using a PHS layer as an INL, a PHS solution

dissolved in ethyl alcohol was deposited by spin-coating and then

dried at 50 �C for 10 min. The thickness of the INL was

controlled by solution concentration and spin coating condi-

tions. The average thickness and standard deviation were

measured by ellipsometry as 2.24 � 0.7 nm at 5000 rpm with

0.08 wt% solution, 2.74 � 0.6 nm at 1000 rpm with 0.08 wt%

solution, 3.38 � 0.7 nm at 1500 rpm with 0.12 wt% solution, and

5.54� 0.2 nm at 5500 rpmwith 0.12 wt% solution.We performed

UPS measurement by using the He I (21.22 eV) photon lines of a

He-discharge lamp at 4B1, Pohang Accelerator Laboratory,

Korea. The total energy resolution of the UPS measurement was

50 meV and we compared it with the INL on top of the

P3HT:PCBM layer and the bare P3HT:PCBM layer without the

INL. The dipole of the INL is defined here as the vacuum level

shift, determined at a different position of the secondary cutoff.

For the device using a LiF layer as an INL, a 1 nm thick LiF layer

was deposited under high vacuum (<5 � 10�7 Torr). Then, the

100 nm thick Al was deposited either on the P3HT:PCBM and

PCDTBT:PC70BM photoactive layers (reference devices) or on

the INL (PHS or LiF)/the photoactive layers (PHS device and

LiF device) under high vacuum below 5� 10�7 Torr. The devices

were encapsulated with a glass lid using a UV-curable epoxy

resin.
Device characterization

Current–voltage (J–V) characteristics were recorded by using a

computer-controlled Keithley 2400 Source Meter under simu-

lated AM 1.5 G irradiation at 100 mW cm�2 generated using a

Xenon lamp-based solar simulator system (Newport 94043A,

Class AAA, 450 W). The light intensity was calibrated versus a

reference solar cell (Newport 91150V). All pixels were 6 mm2 and

all measurements were conducted in air at room temperature.

The capacitance–voltage (C–V) measurements of the devices

were conducted at the room temperature in the dark, using

Neoscience Biologic SP-300. The devices were biased from �1 V

to + 1 V and superimposed with AC drive voltage with a constant

frequency of 1000 Hz.
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