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Abstract 
We report the effect of ruthenium dye on negative capacitance of nanocrystalline titanium diox-
ide/poly(3-hexyl thiophene), nc-TiO2/P3HT, heterojunction solar cells. It has been found that the 
low frequency capacitance reaches a high positive value and then drop to the negative region. In 
P3HT/Ru-Dye/nc-TiO2 solar cells, the negative capacitance is observed under very low forward 
bias condition unlike the negative capacitance in P3HT/ncTiO2 solar cells. That is attributed to the 
difference of the concentration of dipole and presence of depletion region at interface between the 
P3HT and nc-TiO2. 
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1. Introduction 
The capacitance measurements have been conducted on organic/inorganic solar cells to understand the proper-
ties of materials and interfaces [1]-[5]. In the past decades, the negative capacitance phenomenon in organic/in- 
organic electronic devices has been observed and gains a lot of interests. One example of such devices is organic 
light emitting diode. C. Zhu reported [4] that the injection carrier’s recombination occurred in active region 
added a negative contribution to the capacitance in OLED. According to Lungenshmeid’s work [5], the organic 
solar cells based on P3HT and PCBM materials produce large negative capacitance. They have found that the 
appearance of negative capacitance in this device is associated with slow electron hole bimolecular recombina-
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tion at the heterojunction interfaces and the ambient conditions. Under illumination long lived photogenerated 
charges at the P3HT:PCBM interfaces increase electron-hole bimolecular recombination rate, which in turn ren-
ders the capacitance less negative. In our recent report [6], the negative capacitance of P3HT/nc-TiO2 shows a 
dependence of the presence of air around the device. Under vacuum the negative capacitance gradually disap-
pears with increasing the pressure in vacuum chamber. In 2013, Demet [2] found that the negative capacitance 
of Au/n-GaAs Schottky barrier diodes (SBDs) may be explained to the polarization especially at low frequencies 
and the introduction of more carriers in the structure. In addition to that, Xichang Bao [3] also observed the 
negative capacitance in GaN-based p-i-n photo detectors. In this device, the negative capacitance is mainly due 
to the carrier confinement of the deep level centers in the detector, which mainly includes lattice defects formed 
by high dose ion implantation and subsequent annealing. Therefore, a lot of works are conducted to explain the 
parameters which affect the negative capacitance. In organic/nc-TiO2 solar cells, no one studies the relationship 
between the presence of a dye at interface and the negative capacitance. The purpose of the present work is to 
investigate the appearance of negative capacitance in P3HT/nc-TiO2 with and without dye.  

2. Experimental Procedures 
Figure 1 shows molecular structure of materials used in fabricated our solar cells. The devices studied here were 
composed of fluorine-doped tin oxide (SnO2:Fn) electrodes pre-coated with a thin compact layer of TiO2, depos-
ited by spray pyrolysis, the nc-TiO2 (Ti-nanoxide T) in the form of a sol-gel paste and the sensitizing dye ruthe-
nium 535 (RuL2(NCS)2:2 TBA) all purchased from Solaronix Co., Switzerland, and P3HT from Sigma-Al- 
drich Ltd. These solar cells were fabricated as following procedures. The bottom layer of the device (SnO2:F + 
compact TiO2) were cleaned properly by rubbing it with decon 90 soap and then held under tap water, hot water 
and ultrapure water subsequently. After drying the surface, a nc-TiO2 paste was then spread over the substrates 
using a doctor blade left for 20 minute in air until the milky color on the surface it disappear. Then it was cured 
were heated in stages up to 450˚C and held at that temperature for 30 min before cooling to room temperature 
over 30 min to form the anatase phase. Typically, the resulting porous, nc-TiO2 layer was ~2 μm thick soaking 
inside sensitizing dye ruthenium 535 (RuL2(NCS)2:2 TBA)-ethanol solution for 48 hours. The substrate was 
removed from the solution and rinsed in ethanol immediately and then dried under a nitrogen flow for three 
minutes. The p-type semiconductor (P3HT) was coated on the upper surface of Ru dye/nc-TiO2 layer using 
model 4000 photoresist Spinner. A drop of P3HT in chloroform (15 mg/mL) was allowed to suffuse into this 
layer for several seconds prior to spincoating at 1000 rpm. The top electrode with area of of 3 mm2 was formed 
with 50 nm thick gold deposition. In addition, two layer solar cells (P3HT/nc-TiO2 solar cells) consists of same 
materials in the above without Ru-dye were fabricated by following the same procedures.  

For AC electrical characterisation, a Solartron 1260 Frequency was used. The capacitance and conductance 
were measured as a function of frequency from 100 Hz to 1 MHz at a fixed voltage using a test signal of 50 mV. 
All AC measurements were conducted at room temperature. Capacitance-voltage measurements were also car-
ried out within the range +2.5 V to −2.5 V at 0.1 V step at fixed frequencies of 100 Hz. Finally, The voltage bias 
was applied on bottom electrode of SnO:Fn and make the device under forward bias from 0 V to −2.5 V and 
under reverse bias condition from +2.5 V to zero voltage. 
 

 
(a)                                  (b) 

Figure 1. Structure of (a) P3HT and (b) ruthenium 535 (RuL2(NCS)2:2 TBA) 
dye.                                                               
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3. Results 
Figure 2 and Figure 3 show the voltage dependence of the capacitance C  and conductance/angular frequency 
( )G ω  of P3HT/Ru dye/nc-TiO2 solar cells at fixed frequency of 100 Hz. The C  and ( )G ω  at the positive 
bias are almost constant and shows a weak dependence on voltage applied. That was expected because the de-
vice is under reverse bias condition. The C  and ( )G ω are dominated by electrical properties of the bulk re-
gion of device. Under negative bias condition (forward bias), the C  and ( )G ω

 
curves are affected by the 

voltage applied on SnO2 electrode. A peak voltage in capacitance-voltage curve was observed around −0.8 V and 
the capacitance is equal to 35 nF. When the voltage applied on the device was bigger than the peak voltage, the 
capacitance decrease to zero capacitance at 0.98 V and move to negative region to reach −170 nF at −2.5 V. In-
terestingly, the conductance/angular starts to grow up rapidly at 0.8 V where the peak of capacitance-voltage 
curve appeared. It was around 2260 nF at −0.8 V and increased to value of 31,100 nF at 2.5 V.  

The measurements in the above were conducted on P3HT/nc-TiO2 solar cells without dye. Figure 4 shows 
that the negative capacitance was observed at different value of negative bias voltage in comparison with 
P3HT/dye/nc-TiO2 solar cells. Under positive bias condition, the capacitance was low and did not respond to 
change in voltage bias applied on the device. The peak voltage in capacitance-voltage curve was obtained at 
high negative bias voltage around −1.5 V at 100 HZ and then the capacitance start to decrease to negative region. 
Besides the difference in capacitance-voltage (C-V) curve characteristics between the two devices, the conduc-
tance/angular frequency versus voltage ( )-G W V  characteristics was compared between them. Figure 5 
shows that the ( )G ω  was very low at reverses bias as expected and start to increase rapidly with high nega-
tive bias condition. The devices display low conductance/angular frequency in the absence of dye between the 
P3HT and nc-TiO2.  
 

 
Figure 2. Capacitance-voltage characteristics of the P3HT/Ru-Dye/nc-TiO2 solar 
cells.                                                                       

 

 
Figure 3. Conductance/Angular frequency-voltage characteristics of the 
P3HT/Ru-Dye/nc-TiO2 solar cells.                                        
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Figure 4. Capacitance-voltage characteristics of the P3HT/nc-TiO2 solar cells.   

 

 
Figure 5. Conductance/Angular frequency-voltage characteristics of the 
P3HT/nc-TiO2 solar cells.                                              

 
To understand the differences in capacitance and conductance between the two devices, the measurements 

were also conducted on broader frequency range. Figure 6 shows the frequency dependence of capacitance of 
P3HT/dye/nc-TiO2 solar cells at various applied voltage bias. The capacitance is weakly dependent on the high 
frequency in comparison with low frequency. For higher negative bias (above −0.8 V), the negative capacitance 
is observed and increase rapidly with 1) decrease of frequency and 2) increase of negative voltage bias. The high 
frequency capacitance corresponds to geometric capacitance between the two electrodes, the capacitance was 
low. In addition, the conductance-frequency characteristics of solar cells were also investigated at different bi-
ases in Figure 7. At zero bias voltage, the conductance was low in the whole frequency. The conductance at low 
frequency was increasing rapidly with decrease of negative bias especially when the frequency was below 1000 
Hz. This corresponds to forward bias and a high conduction current through the junction.  

For P3HT/nc-TiO2 solar cells, Figure 8 shows the capacitance versus frequency at different applied voltage. 
The results emphasis the effect of dye layer on appearance of negative capacitance phenomenon. Under high 
negative voltage (−2 V), the capacitance was only observed negative while in P3HT/dye/ncTiO2 solar cells it 
was below −1 V. That accompanied also with difference in characterizes of conductance of P3HT/nc-TiO2 ver-
sus frequency at different voltage in Figure 9. It was decreasing with increase of frequency on broader voltage 
range, the low frequency conductance increase rapidly and was lower than P3HT/dye/ncTiO2 solar cells. 

4. Discussion 
The AC measurements (C-V, ( )G ω ) show classical behaviour of the Schottky diode in the high frequency  
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Figure 6. Capacitance-frequency characteristics of the P3HT/Ru-dye/nc-TiO2 
solar cells for different voltages applied to the SnO2:Fn electrode.                

 

 
Figure 7. Conductance/Angular frequency-frequency characteristics of the 
P3HT/Ru-dye/nc-TiO2 solar cells for different voltages applied to the SnO2:Fn 
electrode.                                                           

 

 
Figure 8. Capacitance-frequency characteristics of the P3HT/nc-TiO2 solar 
cells for different voltages applied to the SnO2:Fn.                          

 
where the capacitance is constant and increased to positive region [7]. Based on that, Figure 10 shows the 
equivalent circuit of our device. This circuit consists of three RC circuits connected on series. It is composed of 
1) the bulk region of nc-TiO2 layer, 2) bulk region of P3HT layer and 3) the junction region between the P3HT 
and nc-TiO2.  
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Figure 9. Conductance/Angular frequency-freqeuncy characteristics of the 
P3HT/nc-TiO2 solar cells for different voltages applied to the SnO2:Fn elec-
trode.                                                                 

 

 
Figure 10. Equivalent circuits of the solar cells.                                                            

 
The total capacitance ( )totalC  of our device is given by 

total 1 2

1 1 1 1

b j bC C C C
= + +

 
where 1bC  and 1bR  represent capacitance and resistant of bulk region in nc-TiO2, 2bC  and 2bR  represent 
capacitance and resistant of bulk region in P3HT and jC  and jR  represent capacitance and resistant of junc-
tion between the P3HT and nc-TiO2 layer. The high frequency capacitance ( )10 KHzf >  of two devices was 
asymptotes to the horizontal axis and low. It corresponds to the bulk region capacitance because the junction 
capacitance is shunted by its resistance. In this case, the charge carriers in the bulk part of the device lag behind 
the ac voltage or simply fail to follow ac voltage. The capacitance was almost constant and low. On other hand, 
the difference in conductivity and permittivity between the P3HT and nc-TiO2 form interfacial polarization or 
Maxwell-Wagner Effect [8]. The low frequency-dielectric constant (capacitance) is dominated by the Maxwell 
Wanger relaxation given by  

( )2 21
sε ε

ε
ω τ

∞−′ =
+

 

where the 2πfω =  is the angular frequency, τ  is the relaxation time, sε  is static dielectric constants and 
ε∞  is high frequency dielectric constant. The capacitance at low frequency is sensitive to the applied bias volt-
age because the series resistance in bulk regions is high and shunt their capacitance. Therefore the, the total ca-
pacitance is determined by junction capacitance. As shown in Figure 2. It increases rapidly to reach a peak in 
positive region. Such behavior suggests that, Maxwell Wanger relaxation or polarization is occurred at interface 
[9]. This dispersion or increase in capacitance comes from the change in the properties of interfacial layer in our 
solar cells. In PEHT/nc-TiO2 solar cells, the junction capacitance is sum of depletion capacitance and diffusion 
capacitance on parallel give by equation 



H. Al-Dmour 
 

 
101 

diff depeltionjC C C= +  

The initial increase in capacitance and conductance are consistent with the decrease of the depletion region at 
interface between the P3HT and nc-TiO2 layer. The junction capacitance or total capacitance is dominated by the 
depletion region capacitance. Subsequently, the carrier injection was less blocked and the current becomes bar-
rier-unlimited, therefore the device was effectively in a good conductance state. With high forward bias at low 
frequency and collapse of depletion region, the diffusion capacitance contributes to the junction capacitance [10]. 
This capacitance depends on rearrangement of minority carriers injected at interface where the conduction be-
comes bulk-limited and the device is in its high conductance states. As result of that, the capacitance in P3HT/ 
nc-TiO2 solar cells require high forward bias to increase the capacitance rapidly to reach a peak and overcome 
the effect of depletion region on transportation of charge carrier though interface. Nevertheless, after the low 
frequency capacitance had reached a peak, it has decreased to negative region. According to report [9], the de-
pletion region at interface produces large number of localized defect states where the injected charge carriers 
gets trapped. The carriers produced induced current by escaping them from traps under high forward bias. 
However the time requires hoping the carrier from their traps is very slow which cause to current to lags behind 
the voltage applied. That led to create inductive effective or negative capacitance. In addition, the dipole effect is 
created also at interface from hoping motion of detrapping carrier which also contributes to negative capaci-
tance.  

In P3HT/dye/nc-TiO2 solar cells, the dye inserted between nc-TiO2 and P3HT reduce the effect of depletion 
region at interface. The low frequency capacitance here is dominated only by diffusion capacitance. It is created 
by accumulating minority charge carrier at interface. Because of the dye layer, charge carriers move easily 
though through the junction and contribute to the total capacitance. The diffusion capacitance cause the rapidly 
increase in low forward capacitance to reach peaks under lower forward bias condition in comparison with 
P3HT/nc-TiO2. In addition, dye layer adsorbed on nc-TiO2 lead to form dipoles at interface with P3HT. The di-
poles come from by 1) the protons which adsorb on the surface and carboxyl ate ion and 2) negatively charged 
thiocyanate legends of the dye. With increase the injection of charge carriers and the presence of dipole, the 
charge carrier get trapped with dipole. That leads to drop the capacitance to negative region at −1 V while it was 
−2 V for the P3HT/nc-TiO2 [11]. That is attributed to the difference in concentration of dipoles at interface and 
the depletion region in the two devices.  

5. Conclusion 
In air, a low frequency negative capacitance of P3HT/Ru-dye/nc-TiO2 solar cells has been observed under very 
low forward bias condition in comparison with the P3HT/nc-TiO2 solar cells. In addition, the conductance/an- 
gular frequency of solar cells with dyes was increased to 20,000 nF while it was around 2500 for solar cells 
without dyes at −2 voltage bias. That difference is ascribed to the formation of dipoles by adding dye layer be-
tween the P3HT and nc-TiO2 layers which cause lag more trapped charges with the voltage applied at interface 
and produce negative capacitance.  
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