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a  b  s t  r  a c t

A  p-n junction  of poly  (3,4-ethylenedioxythiophene)  (PEDOT)  -  dye-sensitized  TiO2 is introduced  into

the large-area  flexible  dye-sensitized  solar cell (DSSC)  as  an anode.  This  p-n  junction  is fabricated using a

cyclic voltammetry electropolymerization  of  PEDOT  onto a  Ti  foil  substrate, and  then  treated  in  the  aque-

ous ammonia,  finally  subjected  to  coating  TiO2 by  a  doctor-scraping  technique, all of  preparations  and

treatments are  carried  out  under  low temperature.  The obtained  p-n junction  forms  a  single directional

pathway for  electron  transport which  benefites the  charge  separation.  The  large-area (10  cm2)  flexible

DSSC with  the  p-n junction  demonstrates  an  enhanced photovoltaic conversion  efficiency  of  up to 6.51%

compared to  4.89% for  the  DSSC  without the  p-n  junction  due to its low  series  resistance and  charge-

transfer resistance,  high effective  electron  lifetime  for  recombination.  As a result,  the  DSSC  fabricated

using the  p-n  junction  can  be  suitable for  high  powered  DSSC  applications.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSSCs) represent a  low-cost alter-

native to conventional photovoltaic devices and have recently

attracted much research interest [1],  attributable to  their easy fab-

rication, good stability, and high conversion efficiency [2–5].  In

order to overcome some problems in general DSSCs in  which TiO2

porous films are solidified on a  conductive glass substrate, flexible

DSSCs based on metal foils or polymer substrates have attracted

wide researches, due to their light weight, good flexibility, impact-

proof, and low cost [6–8]. Besides, the flexible DSSC has been seen

as the 3rd generation photovoltaic cell as well as the organic pho-

tovoltaic (OPV) device [9],  owing to  its shape or surface can be

devised and constructed, and the technique of large-scale roll-to-

roll (R2R) processing and rapid coating can be used in the flexible

DSSC, which further decreases the cost and broadens the applica-

tion for the flexible DSSC. Where the R2R process has been utilized

for the industrial production of the OPV materials [10–12],  and the
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OPV cell shows good operational stability under the consensus sta-

bility testing protocols (ISOS standards) [13] and reaches one-day

energy pay-back for the factories [14]. Ti foils and Ti meshes have

been utilized to  manufacture large-area flexible DSSCs as  anode

and counter electrode materials, due to theirs flexibility and rela-

tively low sheet resistance compared to those of the conducting

glass substrate [15–17]. Ti-based materials have superior corro-

sion resistances in  the contacting I3
−/I− electrolyte because of the

passive oxide film of TiO2 on these substrates.

As we have seen, the research of novel architectures and high

performance flexible electrodes, such as that with a p-n junction

structure, good electroconductivity, and excellent flexibility is  still

a challenge for the science development [18]. Looking for a suit-

able p-type hole transporting material which can match with the

n-type semiconducting material of TiO2 is a key issue to form a  p-n

junction in  the flexible DSSC. Recently, Heng et al. reported a p-n

junction of CuI-TiO2 which was  introduced to the flexible DSSC and

showed an enhanced efficiency of  4.73% [19].  As extensively used

p-type conducting polymers, e.g., polypyrrole [20,21],  polyaniline

[22,23],  and poly (3,4-ethylenedioxythiophene) (PEDOT) [24–30],

have received considerable attention in DSSCs. These p-type con-

ducting polymers are advantageous over other small molecules

owing to their low cost, good stability, and simple easy prepara-

tion of designable structures. Among them, PEDOT has already been

reported as a cost-effective and stable counter electrode for catalyz-

ing the reaction of I3
−/I− redox couple in  DSSCs [24–26]. In addition,
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Fig. 1. Photographs and schematic diagram of the p-n junction based flexible dye-sensitized solar cell.

PEDOT is also potentially applicable as a hole transporting material

in a solid-state DSSCs [27–30].  For instance, Koh et al. were suc-

cessful at improving the power conversion efficiency significantly

up to 6.80% by using PEDOT, and the active area of the DSSC was

0.16 cm2 [30].

In this paper, integrating the merits of  the Ti-based substrates

and PEDOT, we report on low temperature fabrication a  new p-n

junction of dye-sensitized TiO2-PEDOT/Ti and using in  a  large-area

flexible DSSC with an active area of 10 cm2 (shown in Fig. 1).

2. Experimental

2.1. Materials

3, 4-ethylenedioxythiophene monomer (EDOT) was purchased

from Aldrich, USA. Sodium dodecyl sulfate (SDS), lithium pechlo-

rate (LiClO4), aqueous ammonia, hydrofluoric acid, ethanol, iodine,

lithium iodide, tetrabutyl ammonium iodide, 4-tert-butyl-pyridine,

and acetonitrile were purchased from Shanghai Chemical Agent

Ltd., China (Analysis purity grade). Titania nanopowder (P25)

was purchased from Degussa, Germany. Sensitized-dye N719

[cis-di(thiocyanato)-N,N′-bis  (2,2′-bipyridyl-4-carboxylic acid-4-

tetrabutylammonium carboxylate) ruthenium (II)] was  purchased

from Dyesol, Australia. The above agents were used without further

purification.

2.2. Fabrication of the flexible p-n junction

PEDOT was electrodeposited on the Ti foil by  the cyclic voltam-

metry (CV) measurement from an aqueous solution containing

2.0 mM EDOT, 10 mM  SDS, and 10 mM LiClO4. A three-electrode cell

with an Electrochemical Workstation (CHI660D, Shanghai Chenhua

Device Company, China), comprised of  the Ti foil (0.03 mm thick-

ness, purchased from Baoji Yunjie Metal Production Co., Ltd., China)

working electrode, a  Pt wire counter electrode, and an  Ag/AgCl ref-

erence electrode was used. Before the plating, Ti foil samples with

rectangular dimension of 2.5 cm × 5.5  cm were cleaned with mild

detergent and rinsed in distilled water. The Ti foil samples then

immersed in  hydrofluoric acid solution with suitable concentration

for 2 min  and rinsed in distilled water again. The cleaned Ti foil was

designated as sample A. The CV plating PEDOT on the cleaned Ti foil

was  carried out at a  “High E” of 1.1 V. The value of “Init E” was  same

as the “Low E”, the CV parameters were shown in  Fig. 2 in  detail. For

comparison, the value of  “Sweep Segments” was  changed, and the

samples plated under “Sweep Segments” =  15, 30, and 45 were des-

ignated as  sample B, C, and D, respectively. The obtained PEDOT/Ti

samples were rinsed in distilled water and then immersed in  an

aqueous ammonia for 12 h to change their conductive state to

semiconductor state. Finally, the samples were drying at 80 ◦C in a

vacuum drying oven (Suzhou Jiangdong Precision Instrument Co.,

Ltd., China).

The TiO2 colloid (prepared according to  our previous report [31])

was  coated on the cleaned Ti foil and different PEDOT/Ti samples

using a  doctor-scraping technique, respectively. The thickness of

Fig. 2.  Cyclic voltammetry for the electrodeposition of PEDOT on  the  Ti foil.
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Fig. 3. SEM images of sample A  (a), B (b), C (c),  and D (d), respectively.

the TiO2 film was controlled by  the thickness of the adhesive tape

around the edge of the cleaned Ti foil or  PEDOT/Ti foil [32–34].

The process was repeated for three times to form a  TiO2 film with

thickness of about 12 �m.  The resultant TiO2/Ti and TiO2-PEDOT/Ti

flexible films were heated at 100 ◦C for 30 min  in  the vacuum drying

oven. Finally, the TiO2/Ti and TiO2-PEDOT/Ti flexible films were

immersed in a 3.0 × 10−4 M dye N719 absolute ethanol solution for

24 h to absorb the dye adequately. Thus the dye-sensitized TiO2/Ti

and TiO2-PEDOT/Ti flexible electrodes were obtained.

2.3. Assemblage of flexible DSSCs

The Pt/Ti counter electrodes were prepared on the Ti mesh

substrates according to our previous reports under low temper-

ature [16,35]. The large-area flexible DSSC with an active area of

2.0 cm × 5.0 cm was  assembled by  injection of a  redox-active elec-

trolyte into the aperture between the TiO2-PEDOT/Ti anode and

the Pt/Ti mesh counter electrode (as shown in  Fig. 1). The two elec-

trodes were clipped together with two  transparent flexible plastics

and a cyanoacrylate adhesive was used as a sealant to  prevent the

electrolyte solution from leaking. Epoxy resin was used to  further

seal the cell in order to  enhance the cell stability. The redox elec-

trolyte consisted of 0.60 M  tetrabutyl ammonium iodide, 0.10 M

lithium iodide, 0.10 M iodine, and 0.50 M 4-tert-butyl-pyridine in

acetonitrile.

2.4. Characterization

The surface features of PEDOTs and TiO2 anodes were observed

using a scanning electron microscope (SEM, Hitachi S-4800, Japan).

Fourier transform infrared spectra (FTIR) of samples were recorded

on an Infrared Spectrometric Analyzer (Nicolet Impact 410 spec-

trometer, Japan) using KBr as pellets. Electrochemical impedance

spectroscopy (EIS) measurements of the flexible DSSCs were carried

out using a Zahner electrochemical workstation. The symmetric

dummy  cells were used for impedance studies. The impedance

studies were carried out simulating open-circuit conditions at

ambient atmosphere, and the impedance data covered a frequency

range of 10−1-106 Hz with zero bias potential and 10 mV of ampli-

tude, under a  dark condition. The resultant impedance spectra

were analyzed by means of the Z-view software. The reflectivity of

the flexible TiO2 anode was  carried out with an  ultraviolet-visible

spectrophotometer (UV-2550, Shimadzu, Japan). The dye adsorbed

on the anode was  determined by measuring the dye amount

released in the solution of 5 ml 0.05 M NaOH. The measurement was

carried out with an ultraviolet-visible spectrometer (UV-2800H,

UNICO (Shanghai) Instruments Co., Ltd.). The incident monochro-

matic photon-to-current conversion efficiency (IPCE) curves were

measured with a Newport Monochromator (Power Meter Model

2936-C, Newport Corporation, U. S. A.).

2.5. Photoelectrochemical measurements

The photocurrent density-voltage (J-V) characteristics were

made using a  computer-controlled Keithley 2400 source meter

under illumination by a solar simulator (Yamashita Denso YSS-

150A). The incident light intensity and the active cell area were

100 mW·cm−2 (AM 1.5) and 10 cm2, respectively. The photo-

electronic performances [i.e. fill factor (FF) and overall energy

conversion efficiency (�)] were calculated by the following equa-

tions [36]:

FF = Vmax × Jmax

Voc × Jsc

(1)

� (%) = Vmax × Jmax

Pin
× 100% = Voc × Jsc ×  FF

Pin
× 100% (2)

where JSC is the short-circuit current density (mA·cm−2), VOC is

the open-circuit voltage (V), Pin is  the incident light power, and

Jmax (mA·cm−2) and Vmax (V) are the current density and voltage

in the J-V curves, respectively, at the point of  maximum power

output.
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Table 1
EIS results of flexible DSSCs based on sample A (without p-n junction) and C  (with p-n junction).

sample RS (�·cm2) RCT(Pt) (�·cm2)  RCT(TiO2) (�·cm2) YCPE(Pt) (mF·cm−2) YCPE(TiO2) (mF·cm−2) W (�·cm2) ωmin (Hz) �r (ms)

A 6.51 1.29 3.54 1.14 1.01 7.89 3296 0.30

C 6.36 1.27 2.14 1.17 1.57 4.40 2087 0.48

3. Results and discussion

3.1. Morphology and composition of different PEDOTs

Fig. 3 represents the SEM images of the sample A, B,  C, and

D, respectively. It can be found that the surface of the cleaned Ti

foil was  roughened slightly after immersed in the hydrofluoric acid

solution. According to Fig. 3b,  c,  and d, it  is obvious that the PEDOT

was grown up with increasing the sweep segments, and Fig. 3c illus-

trates that the PEDOT with a  size diameter of about 100-200 nm was

electrodeposited on the Ti foil.

Fig. 4 demonstrates the FTIR spectra of different PEDOTs. The

signals in these three spectra are almost the same. The vibrations

at 1515 and 1337 cm−1 can be owing to the C =  C and C-C stretch-

ing of the quinoidal structure of the thiophene ring. The vibrations

at 1203, 1142 and 1091 cm−1 are possibility attributed to C-O-C

bond stretching in the ethylene dioxy group. The C-S bond stretch-

ing in the thiophene ring is also found at 980, 845, and 693 cm−1

[37,38]. The FTIR spectra therefore prove that the PEDOT thin films

were successfully electrodeposited on Ti foil substrates by  using

the cyclic voltammetry method.

3.2. Influence of different anodes on the morphology and

resistance

Fig. 5a and b show the SEM images of  flexible anodes prepared

on the sample A and C, respectively. The inset of Fig. 5a  represents

the cross-sectional image of TiO2 film with a  thickness of about

12 �m.  Compared to the two flexible anodes, the anode prepared on

PEDOT/Ti foil have a larger void space to harvest more light. Fig. 5c

shows the possible mechanism of the DSSC with the p-n junction.

In the traditional DSSC, the conductive band (CB) of semiconduc-

tor TiO2 collects the photon-generated electrons from the excited

dye molecules (D*) under sunlight. The most part of the collected

electrons in the CB of TiO2 can be exported by  the conducting glass,

and forming the photo-current by the external circuit. However, the

rest is wasted by the electron recombination to  dye molecules and

electron back reaction with electrolyte [39].  In order to  suppress the

above-mentioned electron recombination and electron back reac-

Fig. 4. FTIR spectra of PEDOTs based on sample B (b),  C  (c),  and D (d), respectively.

tion, a  p-n junction can be used by introducing a PEDOT layer to the

DSSC (shown in Fig. 1). As we all know, the p-n junction can supply

a single directional electron transmission from the n-type to the p-

type, but the backward transmission is prohibited. Therefore, the

directional electron transmission will benefit the charge separa-

tion, resulting in  quick and efficient transport for electrons in  the

film, and enhancing the efficiency of  the flexible DSSC [19,29,30].

Electrochemical impedance spectroscopy (EIS) was  used to

characterize the internal resistance and charge transfer kinetics of

p-n junction [40,41],  as shown in  Fig. 6.  The equivalent circuit of

this model (inset of Fig. 6a) has been already reported [29,30,42].

The intercept of the real axis at high frequency is the ohmic series

resistance (RS)  including the sheet resistance of the anode, the

counter electrode, and the electrolytic resistance. The first semi-

circle at high frequency refers to  the RCT(Pt) for the charge-transfer

resistance at the counter electrode/electrolyte interface, while the

second semicircle at middle frequency refers to the RCT(TiO2) for the

charge-transfer resistance at the electrolyte/anode interface [43],

and the third semicircle at low frequency represents the Nernst dif-

fusion impedance (W)  corresponding to  the diffusion resistance of

the I−/I3
− redox species. The constant phase elements (YCPE(Pt) and

YCPE(TiO2)) are frequently used as substitutes for the capacitors in

an equivalent circuit to  fit the impedance behavior of the electri-

cal double layer more accurately while the double layer does not

behave as  an ideal capacitor [43].

The results of the impedance data are shown in Table 1.  It can

be seen that the two  kinds of DSSCs have similar values of RCT(Pt)

and YCPE(Pt),  this is  because of the two kinds of cells have same Pt

counter electrode and electrolyte. However, the RS values are dif-

ferent, owing to  the different anodes. The DSSC fabricated with the

p-n junction exhibits a  lower RCT(TiO2), indicating lower resistance

to charge transport between the electrolyte and the TiO2-PEDOT/Ti

anode. In  addition, a larger YCPE(TiO2) of the TiO2-PEDOT/Ti anode

corresponds to  its larger surface area, which can improve the dye

absorption and harvest more light. Additionally, the Nernst diffu-

sion impedance for the DSSC with the p-n junction demonstrates

a lower W,  which reveals that the diffusion of I3
− in the TiO2-

PEDOT/Ti anode is easier. Based on the EIS model, the effective

electron lifetime for recombination (�r) in the anode can be cal-

culated from the minimum angular frequency (ωmin) value by  the

following equation: �r = 1/ωmin, where the ωmin values come from

the impedance semicircle at middle frequencies in  the Bode spec-

trum. The �r value for the flexible DSSC with the p-n junction has a

higher value of 0.48 ms.  This could effectively decrease the electron

recombination, resulting in significantly enhanced the electron

transfer and further improved the cell performance [19,29,30].

3.3. Influence of different anodes on the reflectivity and dye

adsorption

Fig. 7 shows the reflectance and dye absorption spectra of  flex-

ible dye-sensitized TiO2 anodes prepared on the sample A and C,

respectively. From Fig. 7a, the wavelength at 530 nm comes from

the dye absorption [44],  the reflectance of the anode with the p-n

junction is lower than that of the anode without the p-n junction.

One possible explanation is  the surface of the cleaned Ti  foil is flat

with little rough, and this structure leads to  a higher reflectance. The

anode based on the p-n junction with a  special surface of PEDOT

could be used to catch the light, resulting in a  smaller reflectance.
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Fig. 5. SEM images of TiO2/Ti based on sample A (a) and TiO2-PEDOT/Ti based on sample C (b), schematic of the mechanism of the p-n junction (c); Cross-sectional SEM

image of TiO2/Ti (inset of Fig. 5a).

Fig. 6. Nyquist plots (a) and Bode phase plots (b) of flexible DSSCs based on sample A (without p-n junction) and C (with p-n junction); Inset (a) is  the equivalent circuit of

the large-area flexible DSSC.

Fig. 7. Reflectance (a)  and dye adsorption (b) of the dye-sensitized TiO2 anodes based on sample A (without p-n junction) and C  (with p-n junction).
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Fig. 8. IPCE (a) and J-V curves (under light intensity of 100 mW·cm−2 and in the dark) (b) of flexible DSSCs based on  sample A (without p-n junction) and C (with p-n junction).

The lower reflectance means that less light is  reflected off the space

and more light is utilized. Other reason may  be attributed to the

different dye adsorption of  the two kinds of anodes. In Fig. 7b,  the

absorption peaks at 370 nm and 500 nm come from the dye absorp-

tion and blue-shift in  the alkali solution [44],  the absorbance for

the anode with the p-n junction is the higher than that of  the anode

without the p-n junction, which results in a more adsorption for the

dye. According to the Lambert-Beer’s law, higher absorbance means

the higher dye concentration. It  is well-known that the photo-

current of the DSSC is  directly correlated with the amount of the dye

molecule, the more dye molecules are  adsorbed, the more incident

light is harvested, and the larger photocurrent occurs. According to

our experiments, the flexible anode prepared on the PEDOT/Ti can

harvest more light and produce larger photocurrent.

3.4. Photovoltaic properties

Fig. 8a demonstrates the IPCE curves of the flexible DSSCs based

on the anode with and without the p-n junction respectively. It

is noticeable that the IPCE curve for the flexible DSSC using the

TiO2-PEDOT/Ti anode from 350 nm to  700 nm is  higher than that

for the TiO2/Ti anode, resulting in  a difference in  JSC. Fig. 8b shows

the J-V curves of flexible DSSCs with and without the p-n  junc-

tion under light intensity of 100 mW·cm−2 (above) and in  the dark

(below), respectively. As shown in Fig. 8b,  the JSC and VOC values

of the flexible DSSC with the p-n junction are higher than those

of the DSSC without the p-n junction. This is due to the differ-

ence of the reflectance and dye absorption of flexible anodes, and

the effect of electron transport of the p-n junction. On the one

hand, the flexible anode prepared on the PEDOT/TiO2 has lower

reflectance and higher dye absorption, which can harvest more

light and produce larger photocurrent [45]. On the other hand,

the TiO2-PEDOT/Ti anode can work as  a  high performance p-n

junction to provide a single directional pathway for electron trans-

port which benefits the charge separation, thereby enhancing the

efficiency of the flexible DSSC [19,29,30]. Moreover, the fill fac-

tor (FF) value of the DSSC with the p-n junction is higher than

that of the DSSC without the p-n junction, this is  owing to the

values of RS, RCT(TiO2) and W of the former are lower than those

of the latter [42,46]. Fig. 8b also shows the dark current-voltage

characteristics of the corresponding photocurrent-voltage curves

(below). It is obvious that the voltage of DSSC with the p-n junction

is higher than that without the p-n junction, which indicates that

the internal consumption of current is  lower, leading to the high

open-circuit voltage [47]. Therefore, the � value of the DSSC with

the p-n junction shows higher than that of  the DSSC without the p-n

junction.

Fig. 9. Time-course changes of  the normalized efficiency and photovoltaic perform-

ances of the large-area flexible DSSC based on sample C  (with p-n junction), under

light intensity of 100 mW·cm−2.

Fig. 9 shows the the operational stability of the large-area

flexible DSSC based on sample C (with p-n junction) under light

intensity of  100 mW·cm−2. As a whole, the photovoltaic perform-

ances and normalized efficiency decrease with the continuation of

time. However, the efficiency (�) of  the device reduces from 6.51%

to 5.55% after 100 days, thereby 85.3 percent of the energy conver-

sion efficiency is kept, indicating the device has a good long-term

stability.

The photovoltaic properties of flexible DSSCs based on different

TiO2-PEDOT/Ti anodes were also measured under irradiation with

a light intensity of 100 mW·cm−2, and the results were summa-

rized in Table 2. As shown, the JSC values increase firstly and then

decrease with the increase of the values of sweep segments, this

may be the proper size  diameter of the PEDOT particles can reduce

the reflectance, increase the dye absorption, and enhance the effect

of electron transport of the anode. It can be found that these DSSCs

based on different TiO2-PEDOT/Ti anodes have comparatively simi-

lar VOC (0.783 V). This can be  owing to  the VOC is mainly determined

Table 2
The photovoltaic performance of DSSCs with different photoanodes prepared at  a

“Sweep Segments” of 15, 30, and 45, respectively.

sample Sweep Segments JSC (mA·cm−2)  VOC (V) FF � (%)

B 15  10.47 0.781 0.691 5.65

C  30 11.91 0.783 0.698 6.51

D 45  11.26 0.783 0.697 6.15
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by the energy level difference between the Fermi level of the

electron in anode and the redox potential of the electrolyte [1,2],

since these flexible DSSCs have the same compositions, their VOC

are close. The fill factor (FF) values are slightly changed with the

enlargement the values of sweep segments. Therefore, the � values

of the DSSC increases firstly and then decreases with increasing

the values of the sweep segments, and the � value of 6.51% was

reached for the large-area (active area of 10 cm2)  flexible DSSC

with p-n junction, under a light irradiation with an intensity of

100 mW·cm−2.

4. Conclusion

In summary, a p-type hole transporting material PEDOT with a

size diameter of about 100-200 nm was electrodeposited onto the

Ti foil using a cyclic voltammetry method at 30 sweep segments,

which had optimum feature and high performance compared to the

other sweep segments preparation PEDOT/Ti. Then coating TiO2

onto the PEDOT/Ti to form a  p-n junction using in  the large-area

flexible DSSC as an anode. The obtained high performance p-n junc-

tion formed a single directional pathway for electron transport

which benefited the charge separation and improved the efficiency

of the flexible DSSC as a  result. This DSSC based on the p-n junc-

tion showed low series resistance of 6.36 �·cm2,  charge-transfer

resistance (RCT(TiO2)) of  2.14 �·cm2,  and higher effective electron

lifetime for recombination of 0.48 ms.  The light-to-electric energy

conversion efficiency of the large-area (10 cm2) flexible DSSC with

the p-n junction demonstrated an enhanced photovoltaic conver-

sion efficiency of up  to 6.51% compared to 4.89% for the DSSC

without the p-n junction, and reduced from 6.51% to 5.55% after 100

days, thereby 85.3 percent of the energy conversion efficiency was

kept, indicating the device had a good long-term stability. Based on

this result, the DSSC fabricated using the p-n junction is suitable for

high powered DSSC applications.
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