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The role of n–p junction electrodes in minimizing the charge
recombination and enhancement of photocurrent

and photovoltage in dye sensitized solar cells
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Abstract

The composite electrode comprising n-type TiO2 and p-type NiO oxides when sensitized with Ru-dye showed short-circuit photocurrent
(Isc) of 17 mA/cm2 and open-circuit photovoltage (Voc) of 730 mV compared toIsc of 12 mA/cm2 and 700 mV for TiO2 electrodes. Formation
of a n–p junction between TiOand NiO oxide layers contributes to the enhanced photocurrent, photovoltage, fill factor and efficiency. In
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ddition to the junction effect, NiO acts as a barrier for charge recombination leading to higher cell performance. The efficiency o
oated TiO2 solar cell is 30% more than that of bare TiO2. The negative shift of the flat-band potential of the NiO coated TiO2 electrode
ompared to TiO2 also could be one of the reasons for higher photovoltage observed for TiO2/NiO electrode. The highest cell efficienc
ere obtained immersing TiO2 thin films in Ni2+ solution and converting them to NiO by firing and the optimum NiO coating thicknes

ound to be only a few angstroms. The energy levels of the excited dye and the band positions of TiO2 and NiO suggest that the electr
ransfer from the excited dye to the underlying n-type oxide layer occurs by tunneling through the p-type NiO layer.

2004 Published by Elsevier B.V.
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. Introduction

Dye sensitized photoelectrochemical cells (PEC) con-
tructed using nano-porous films are gaining recognition as
romising photovoltaic devices for conversion of solar energy

1–5]. The efficient sensitization of semiconductor nanocrys-
allites with inorganic and organic dyes have been demon-
trated[6–8]. PECs with Ru-bipyridyl dye coated TiO2 films
n I−/I3− redox electrolyte generate short-circuit photocur-
ents (Isc) at near unity incident photons to photocurrent con-
ersion efficiencies (IPCE) and 10% energy conversion effi-
iency (η) has been achieved[3]. The large electron effective
ass in TiO2 found to be one of the major reasons for its
igher energy conversion efficiency as high electron mass
revents the leakage of trapped electrons into the electrolyte
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interface[9]. In spite of better cell performance of dye s
sitized TiO2, during the past few years, reports have b
appeared in literature that describe the construction o
PECs from modified TiO2 electrodes[10–13]. The attempt
have been made to increase the solar power efficiency
mizing the charge recombination processes. In order to
imize the charge recombination, it is imperative contro
electron transfer from nanocrystalline films and conduc
ITO to redox medium. The back electron transfer from T2
and other oxides has been minimized using a thin insul
layer on the semiconducting nanocrystalline films[9–11].

The electrode material, film morphology, photophys
and structural properties of the sensitizer and the redox
ple used are found to be the major factors, which contro
overall cell performance. In semiconductor suspension
presence of Schottky barrier helps charge separation,
ever in nanocrystalline semiconductor films, an ideal Sc
tky barrier is absent and hence the driving force for ch
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separation is absent[14–16]. However, a potential gradient
arising from varying degree of electron accumulation within
the semiconductor particles acts as a driving force for trans-
port of injected electrons across the films[17–20]. Hence,
better charge separation could achieve if a potential gradi-
ent could be introduced across the film and the presence of
a n–p junction would be one of the methods to introduce
such a potential gradient. In such a way, the introduction of
a n–p junction in DSC would suppress the dark current aris-
ing from the reduction of the redox electrolyte at the semi-
conductor surface, improving the photovoltage. In an earlier
publication, we constructed a n–p junction using n-type SnO2
and p-type NiO and explained how the NiO layer on SnO2
could improve the cell efficiency by suppressing the leakage
of trapped electrons to the electrolyte interface[21]. The aim
of the present study is to construct a different n–p junction for
dye sensitized solar cells with n-type TiO2 and p-type NiO
and compare the results with SnO2/NiO solar cell.

2. Experimental

Thin films of nanocrystalline TiO2 were prepared mix-
ing p-25 Degussa (1.0 g), HNO3 (5.0 ml) and H2O (1.0 ml)
in an agate motor and added few drops of carbowax and
p n
c sin-
t
c ion of
n d
w ing
i ).
T r
c ed
T -
t hod
( pre-
p ilms
d e
d ]
R
s -
i was
f ter-
e the
c pyl
i
p

ton
t sing
a ckel
c pec-
t O
( O
f ere
d

susV, whereC was the capacitance andV was the potential
across the space charge layer). To measure the capacitance,
oxide coated plates were immersed in Na2SO4 solution and
the capacitances were measured as a function of the poten-
tial across the space charge layer at frequencies of 500 Hz
and 1 kHz. Electron micrographs are taken with a LEO-1400
model scanning electron microscope (SEM). X-ray diffrac-
tion (XRD) measurements were done using Shimadzu-XD-
7A.

3. Results and discussion

The photovoltaic performance of the NiO coated TiO2
nanocrystalline films were done by the following methods.
I–V characteristics of the solar cells constructed with TiO2
and NiO coated TiO2 (TiO2/NiO) under 1,5 AM illumination
are shown inFig. 1. The solar cell fabricated entirely with NiO
electrode (not shown inFig. 1) sensitized with Ru-dye shows
a cathodic photocurrent of 25�A/cm2 and a cathodic photo-
voltage of 50 mV at the illumination intensity of 1000 Wm−2

while the solar cells fabricated with TiO2 and TiO2/NiO show
photoanodic behaviour. According to the device performance
shown inFig. 1, increase in bothIsc andVoc was clearly no-
ticed for the DS cells made from nanocrystalline films of
T
c
g
e .
F
a a-
t are
6 nted
a
e e-
s e
c d at

F
a

olyethylene glycol. The final TiO2 slurry was applied o
leaned conducting glass by doctor blade method and
ered in air at 550◦C for 30 min. For NiO coating, TiO2
oated plates were then immersed in an aqueous solut
ickel sulphate (∼0.2× 10−2 mol l−1) for 60 min and washe
ith distilled water to remove any nickel sulphate remain

n the film and sintered at 550◦C for 30 min (method 1
he white TiO2 films turned slightly yellowish colour afte
oating a thin layer of NiO. Also thin films of NiO coat
iO2 were prepared mixing TiO2 and Ni2+ in an agate mo

or and thin films were fabricated by doctor blade met
method 2). The NiO films on conducting glass were
ared using NiO powder and doctor blade method. F
eposited on CTO glass plates were coated with the dycis-
ithiocyanato [N-bis(2-2′-bipyridyl-4,4′-dicarboxylic acid)
u(II) by immersing the plates in a warm (∼80◦C) alcoholic
olution (3.0× 10−3 mol l−l ) of this dye for 4 h. After rins
ng the plate with acetonitrile and drying, the solar cell
ormed by clamping the dyed film surface to the coun
lectrode (lightly platinized CTO glass plate) and filling
apillary space with the electrolyte (0.6 M dimethylpro
midazolium iodide + 0.1 M LiI + 0.05 M I2 + 0.5 M t-butyl
yridine in methoxyacetonitrile).

TheI–Vcharacteristics of the cells and the incident pho
o photocurrent conversion efficiencies were recorded u
solar cell evaluation system (JASCO, CEP-25BX). Ni

ontent in the film was estimated by atomic absorption s
roscopy (AAS) after extracting Ni with concentrated HN3
film is scraped off and digested with concentrated HN3
or several hours). The flat-band potential of the oxides w
etermined from Mott–Schottky plots (i.e. a plot of C−2 ver-
iO2/NiO compared to uncoated TiO2 with Ru-dye. i.e. DS
ells made from nanocrystalline films of TiO2 with Ru-dye
ive Voc of the order∼675 mV, Isc of ∼12.0 mA/cm2 and
fficiency (η) of the order 6.1% with a fill factor of 64%
or the DS cells made of NiO coated TiO2, Voc (∼730 mV)
ndIsc (∼16.7 mA/cm2) were noticed at the same illumin

ion intensity and the calculated fill factor and efficiency
6.5% and∼7.8%, respectively. From the results prese
bove, it is clearly seen that the addition of NiO to TiO2 films
nhances theIsc, Voc andη by about 16%, 4% and 30%, r
pectively compared with uncoated TiO2 electrode. For dy
oated TiO2 electrode, 27.2% IPCE value was observe

ig. 1. I–V characteristics of the DS made from: (a) TiO2 and (b) TiO2/NiO
t an illumination intensity of 1000 Wm−2 1.5 AM.
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590 nm while for TiO2/NiO electrode, 36.4% IPCE was no-
ticed at the same wavelength. For the results presented in
Fig. 1, electrodes were prepared by method 1 because both
preparation methods gave the comparable results.

Device performances of the NiO coated TiO2 electrodes
were found to be highly dependent on the NiO amount and the
variation ofIsc andVoc with the variation of NiO percentage
are shown inTable 1. As shown inTable 1, with the increase
of NiO content,Isc increases and the maximumIsc was no-
ticed when the NiO amount was∼4% (w/w). Increase in NiO
amount further, decreases theIscgradually. However,Voc was
found to increase as the amount of NiO increases and at the
maximumIscthe correspondingVoc was∼730 mV. The max-
imum value ofIsc also corresponds to the position of maxi-
mum efficiency and contains 1.0 g of TiO2 and∼0.03–0.04 g
of NiO. The SEM images of TiO2 and NiO coated TiO2 are
shown inFig. 2. Interconnected aggregates of TiO2 crystal-
lites appeared clearly in both SEM images but did not reveal
any distinguished difference between TiO2/NiO (4.0%) and
TiO2 films. This could be due to fact that a very thin NiO layer
is formed on TiO2 that could not be seen by SEM analysis.
Therefore, the thickness of the NiO layer at the maximum
solar cell efficiency was estimated from the amount of Ni2+

added which is equal to 13.3�mol of NiO/m2 of TiO2 taking
the surface area of TiO2 as 40 m2/g. The calculated thickness
o 2
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Fig. 2. SEM images of (a) TiO2 and (b) TiO2/NiO (4%).

the dark current does not necessarily indicative of the pho-
tocurrent and the lower efficiency of NiO electrode could be
due to inappropriate redox potentials of the redox couple and
the unsuitable valence band (VB) potentials as described in
[21,22]. The TiO2 electrode shows slightly a better rectifica-
tion than that of NiO coated TiO2 films under dark conditions.
The anodic onset voltage of TiO2/NiO is less than that of bare
TiO2, which could be due to slight increase of series resis-
tance as a result of introduction of NiO layer. However, under
illumination, a better diode behaviour was noticed for NiO
coated TiO2 than TiO2 alone and hence under illumination,
the TiO2/NiO electrode behaves differently.Fig. 5shows the
Mott–Schottky plots of NiO, TiO2 and TiO2/NiO and the neg-
ative shift of flat-band of TiO2/NiO (4%) is clearly noticed. It
is clearly seen the p-type behaviour for NiO electrodes while
for TiO2 electrodes n-type behaviour was noticed. TiO2/NiO
(4%) electrode also behaves similar to n-type but the flat-band
position of TiO2 has been shifted from−0.18 to−0.32 eV
at pH 5.5. Hence, the negative shift of flat-band potential
of TiO2/NiO (4%) results in increase inVoc. The calculated
conduction band (CB) and valence band potentials of NiO,
f the NiO layer on TiO2 was 0.15 nm (or 1.0 mg of NiO/m
f TiO2) considering the bulk density of NiO as 6.57 g/c3.
rom the above results, it can be concluded that a very
iO layer is formed around TiO2 nanocrystallites. The XR
attern shown inFig. 3 did not resolve NiO peaks for th
iO2/NiO electrode when the NiO contenet = 4% or the N

ayer thickness is 0.15 nm. Since no diffraction peaks w
bserved for the NiO of the composite film of TiO2/NiO
4%), the XRD results justify the formation of a thin N
ayer on TiO2 particles. However, on increasing the NiO
nly NiO and TiO2 peaks appeared indicating the absenc
ixed oxide.
The darkI–V characteristics of the cells made of N

iO2 and TiO2/NiO in the forward and reverse bias are sho
n Fig. 4. As shown inFig. 4, NiO, TiO2 and TiO2/NiO
4%) electrodes show good rectification behaviour, w
s needed for functioning as a photovoltaic device. The
lectrode show rectification behaviour even though the
ells made of NiO electrodes shows poor efficiencies. T

able 1
olar cell performance of TiO2 and NiO coated TiO2 with the variation o
iO percentage

Voc (mV) Isc (mA/cm2) FF (%) Efficiency (%

iO2 675 12.0 63.9 6.09
iO2/NiO (2%) 703 16.0 67.3 6.61
iO2/NiO (4%) 730 16.7 66.4 7.74
iO2/NiO (6%) 756 15.9 61.2 6.00
iO2/NiO (10%) 761 7.8 55.9 3.36
iO2/NiO (15%) 788 5.5 52.5 2.29
iO2/NiO (25%) 800 4.1 49.5 1.6
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Fig. 3. XRD patterns of NiO, TiO2 and TiO2/NiO (4%).

TiO2, and TiO2/NiO (4%) from Mott–Schottky are given in
Table 2.

In an earlier publication, we reported that the n–p junc-
tion formed between n-type SnO2 and p-type NiO leads to
enhance solar cell performance when sensitized with Ru-
dye [21]. The solar cells made from nanocrystalline films
of SnO2 with Ru-dye giveVoc of the order∼330 mV, Isc of
∼2.8 mA/cm2 and very low efficiencies i.e. of the order 0.5%
with a fill factor of 45%. For the DS cells made of SnO2 and

NiO composite, a dramatic increase inVoc (∼510 mV) andIsc
(∼8.6 mA/cm2) was noticed at the same illumination inten-
sity and the calculated fill factor and efficiency are 60% and
∼2.7%, respectively. Similarly, the results presented above
for TiO2/NiO electrode shows the enhancement ofIsc, Voc by
16% and 4%, respectively for the dye sensitized solar cells
when they were fabricated coating of a NiO layer on TiO2.
Therefore, one can conclude that the reason for enhanced
solar cell performance of TiO2/NiO could be the same as
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Fig. 4. DarkI–V characteristics of the DS made from: (a) NiO, (b) TiO2 and
(c) TiO2/NiO.

Fig. 5. (a) Mott–Schottky plot of NiO, (b) Mott–Schottky plots of TiO2

(X) and TiO2/NiO (Y). Capacitances were displayed only for frequency of
1.0 kHz and the pH of the solution was at 5.5.

for SnO2/NiO and the possible charge transfer mechanism
and the function of the n–p junction electrodes are described
below.

It has been reported, that the coating of an insulating oxide
layer on nanocrystalline thin films results in increase inIsc
andVoc in which an insulating layer acts as a barrier for charge
recombination of the transferred electrons[9,13]. Similarly,
the function of NiO could be explained using the same argu-

Table 2
Calculated VB and CB positions of NiO, TiO2 and TiO2/NiO (4%) by
Mott–Schottky plot

VB (eV) (NHE) CB (eV) (NHE)

TiO2 3.02 −0.18
NiO −3.00 0.50
TiO2/NiO 2.88 −0.32

The pH of the solution was 5.5.

Fig. 6. Schematic diagram illustrating the energy levels of TiO2, NiO and
the ground and excited energy levels of the Ru-dye.

ments. Coating of a thin NiO layer on TiO2 nanocrystalline
thin films leads to the formation of n–p junction and the elec-
trodes were fabricated in such a way, that the inner TiO2
particles were surrounded by an outer NiO shell which cause
dye adsorption on NiO layer than TiO2 particles. According
to the CB and VB potentials of TiO2, NiO and the ground
and excited levels of the Ru-dye shown inFig. 6, photogen-
erated electrons of the dye adsorbed on NiO layer cannot
be transferred to the CB of NiO as the CB potential level is
higher than the dye excited level. The other possibility is that
the energized electrons transfer to the CB of TiO2 via tun-
neling through the thin NiO layer. Once the electrons were
transferred to the CB of TiO2 from the excited dye, the NiO
layer could act as a barrier layer for electron recombination
leading to higher IPCE. Tunneling of electrons through a thin
NiO would be facilitated being NiO a p-type oxide. i.e. less
scattering of electrons is expected via tunneling through NiO
because the electrons are the minor carriers in such p-type
oxide.

Additionally, in nanocrystalline semiconductor films an
ideal Schottky barrier, which helps charge separation, is ab-
sent resulting in less efficient charge separation[14–16].
However, a potential gradient arising from varying degree
of electron accumulation within the semiconductor particles
acts as a driving force for the transport of injected electrons
a t by
a c-
t .
T
t n of
e n-
t
N to
T

ibed
a rge
cross the films. The inclusion of a potential gradien
n–p junction of TiO2–NiO would have directed the ele

ron traverse from NiO particles to TiO2 particles effectively
herefore, the function of a thin NiO layer on TiO2 par-

icles are: (a) it acts as a barrier for the recombinatio
lectrons in CB of TiO2 and the oxidized dye/electrolyte i

erface; (b) the n–p junction that formed between TiO2 and
iO would have facilitated the electron transfer from NiO
iO2.

According to the charge transfer mechanism descr
bove, n–p junction would have facilitated the cha
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transfer from p-type NiO to n-type TiO2 and the band po-
sitions of NiO and TiO2 allows charge transfer from NiO to
TiO2 as shown inFig. 6. In order to confirm that the electrons
transfer occurs from NiO to TiO2, a solar cell was fabricated
coating a thin TiO2 layer on NiO films. The NiO films were
fabricated on conducting glass by doctor blade method fol-
lowed by coating of a TiO2 layer by immersing in TiO2 col-
loid suspension. The DS solar cell of NiO/TiO2 (NiO/TiO2
denotes that the DS cells made coating of TiO2 on NiO par-
ticles) sensitized with Ru-dye givesVoc of the order 150 mV,
Isc of 0.1 mA/cm2 and very low efficiencies. TheVoc, Isc and
efficiency values for NiO/TiO2 are negligible to the corre-
sponding values of TiO2/NiO electrodes. The reason for the
low efficiency could be due to fact that the NiO/TiO2 elec-
trode is fabricated in such a way, that NiO is contacting the
ITO glass and in the NiO–TiO2 p–n junction, dye molecules
are mainly adsorbed on outer TiO2 layer. As the CB of NiO
position is higher than that of TiO2, the electrons injected
from the excited dye molecules to the CB of TiO2 should
surmount the NiO energy barrier and compete with the re-
combination at the interface. Therefore, the relaxed electrons
in the CB of TiO2 could not tunnel to the NiO layer efficiently
and reach the conducting glass. Considering all these factors,
it can be concluded that the charge transfer occurs from NiO
to TiO2 traversing electrons through NiO layer.
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if the dye adsorption occurs on the p-type oxide and the pos-
sible charge transfer mechanism is discussed. In addition to
the junction effect, the NiO layer acts as a barrier for charge
recombination leading to higher IPCE.

Acknowledgement

We thank Dr. C.P.K. Udawatta for XRD analysis.

References

[1] C.W. Tang, Appl. Phys. Lett. 48 (1986) 183.
[2] H. Sato, K. Kawasaki, K. Kasatani, Y. Higuchi, T. Azuma, Y.

Nishiyama, J. Phys Chem. 92 (1988) 754.
[3] B. O’Regan, M. Gratzel, Nature 253 (1991) 737.
[4] J. Bisquert, A. Zaban, A. Salvador, J. Phys. Chem. B 106 (2002)

8774.
[5] I. Montanari, J. Nelson, J.R. Durrant, J. Phys. Chem. B 106 (2002)

12203.
[6] A. Kay, M. Gratzel, J. Phys. Chem. 97 (1993) 6272.
[7] L.S. Roman, M. Anderson, T. Yohannes, O. Inganas, Adv. Mater. 9

(1997) 1164.
[8] L.S. Roman, W. Mammo, L.A.A. Pettersson, M.A. Anderson, T.

Yohannes, O. Inganas, Adv. Mater. 10 (1998) 774.
[9] K. Tennakone, J. Bandara, P.K.M. Bandaranayake, G.R.R.A. Ku-

mara, A. Konno, Jpn. J. Appl. Phys. 40 (2001) 732.
[ t, J.

[
[ r. 13

[ 000)

[ ell

[ 985.
[ State

[ 994)

[ 992)

[
[ . 97

[ ater.

[ . B
The enhancement of solar cell performance presents
or the TiO2/NiO n–p junction electrode is comparable
hat of using an insulating oxide layer on semiconduc
xide crystallites films. The advantage of using p-type o

ayer is that it introduces a potential gradient across the
espite it acts as a charge recombination barrier. How
uch a potential gradient is not generated by the introdu
f an insulating layer and therefore the use of n–p junc
lectrode for dye sensitized solar cells would be prefe
ver the use of an insulating oxide layer.

. Conclusion

The effects of n–p junction formed between TiO2 and NiO
ayer for minimizing charge recombination were studied.
–p junction formed between TiO2 and NiO facilitate the ef
cient electron transfer and hence increase in bothIscandVoc
re noticed. The n–p junctions of TiO2/NiO and SnO2/NiO
ehave similarly and such n–p junction solar cells work b
10] E. Palomares, J.N. Cliford, S.A. Haque, T. Lutz, J.R. Durran
Am. Chem. Soc. 15 (2003) 475.

11] A. Kay, M. Gratzel, Chem. Mater. 14 (2002) 2930.
12] S.G. Chen, S. Chappel, Y. Diamont, A. Zaban, Chem. Mate

(2001) 4629.
13] A. Zaban, S.G. Chen, S. Chappel, B.A. Gregg, Chem. Comm. (2

2231.
14] A. Hagfeldt, S.E. Lindquist, M. Gratzel, Sol. Energy Mater. Sol. C

32 (1994) 245.
15] A. Zaban, A. Meier, B.A. Gregg, J. Phys. Chem. 101 (1997) 7
16] J. Bisquert, G. Garcia-Belmont, F. Fabregat-santiago, J. Solid

Electrochem. 3 (1999) 337.
17] I. Bedja, S. Hotchandani, P.V. Kamat, J. Phys. Chem. 98 (1

4133.
18] G. Hodes, I.D.J. Howell, L.M. Peter, J. Electrochem. Soc. 139 (1

3136.
19] D. Liu, P.V. Kamat, J. Phys. Chem. 97 (1993) 10769.
20] K. Vinodgopal, S. Hotchandani, P.V. Kamat, J. Phys. Chem

(1993) 9040.
21] J. Bandara, C.M. Divarathne, S.D. Nanayakkara, Sol. Energy M

Sol. Cell 81 (2004) 429.
22] J. He, H. Lindstrom, A. Hagfeldt, S.E. Lindquist, J. Phys. Chem

103 (1999) 8940.


	The role of n-p junction electrodes in minimizing the charge recombination and enhancement of photocurrent and photovoltage in dye sensitized solar cells
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgement
	References


