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Phthalocyanine (Pc) materials are commonly used in organic solar cells. Four different phthalocyanines, nickel
phthalocyanine (NiPc), copper phthalocyanine (CuPc), iron phthalocyanine (FePc), and cobalt phthalocyanine (CoPc) have
been investigated for organic solar cell applications. The devices consisted of indium tin oxide (ITO) coated glass substrate,
Pc layer, and aluminum (Al) electrode. It has been found that ITO/CuPc/Al Schottky cell exhibits the best performance. To
investigate the influence of the active layer thickness on the cell performance, cells with several different thicknesses were
fabricated and optimal value was found. Schottky cell exhibits optimal performance with one ohmic and one barrier contact.
However, it is suspected that ITO/CuPc contact is not ohmic. Therefore, we have investigated various ITO surface
treatments for improving the performance of CuPc based Schottky solar cell. We have found that cell on ITO treated with
HCI and UV-ozone exhibits the best performance. AM1 power conversion efficiency can be improved by 30% compared to
cell made with untreated ITO substrate. To improve power conversion efficiency, double or multilayer structure are
required, and it is expected that suitable ITO treatments for those devices will further improve their performance by
improving the contact between ITO and phthalocyanine layer.
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1. INTRODUCTION

Phthalocyanine (Pc) materials have attracted lots of attention for applications in solar cells,' photodetectors,” gas
sensors,” and organic light emitting diodes (OLED)* in the past few decades. In solar cell applications, phthalocyanine
materials can be either used alone in a Schottky barrier structure™ or used together with other n-type materials in a
multilayer structure’. The highest obtainable power conversion efficiency was (3.6 + 2)% in a multilayer structure under
intense AM2 solar irradiation®, while the typical power conversion efficiency of Schottky barrier solar cells ranged from
0.001%-0.01%. These values are low compared to inorganic solar cells, but organic materials offer the advantages of low
fabrication cost and simple fabrication procedure. Therefore, organic materials can offer the opportunity in producing cost-
effective energy.

Although multilayer solar cells show more promising performance in terms of higher power conversion efficiency,
Schottky barrier solar cells are convenient for investigation of the influence of materials properties, active layer thickness,
and electrode properties on the solar cells performance. Therefore, we have used Schottky barrier structure in this work to
investigate the suitability of four different Pcs in solar cell applications, the thickness dependent power conversion
efficiency, and the effects of ITO electrode properties. Solar cells with structure ITO/Pc/Al were fabricated for each Pc on
untreated ITO substrate. The thickness of Pc and Al was 100 nm and 60 nm respectively. We have found that copper
phthalocyanine (CuPc) cell exhibits best overall performance. In order to improve the performance, the CuPc layer
thickness has been varied from 75nm to 150nm for determination of the optimal thickness.

In Schottky barrier cells, optimal performance is obtained when active layer forms barrier contact with one electrode
and forms ohmic contact with another electrode. In ITO/CuPC/Al cell, the barrier contact is formed at the CuPc/Al contact.
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However, in this structure, ITO/CuPc cannot form good ohmic contact as the highest occupied molecular orbital (HOMO)
level of CuPc is about 5.2eV and the work function of ITO is about 4.5 eV. In order to optimize the cell performance, we
need to increase the work function of ITO electrode. Various ITO treatments such as plasma treatment’ and ultraviolet
ozone (UV-ozone) treatment'? are confirmed to increase the work function of ITO electrode. Significant amount of research
on ITO treatments has been done on organic light emitting diodes (OLEDs). Ishii et. al.'' have used combination of ITO
treatments to increase its work function. After UV-ozone treatment, ITO substrates have been subjected to argon-50%-
oxygen plasma treatment. The plasma was generated at a 100 W microwave power under 1073 torr. They reported ITO work
function as high as 6 eV. Increase in the ITO work function resulted in lower operating voltage of their OLED. Kim et. al. 12
also investigated comprehensively the effects of ITO treatments on single and double layer OLED. They found that ITO
treated with oxygen-plasma for 10 minutes had the highest work function and improved the OLED performance most
significantly. Apart from these dry treatments, there are several aqueous treatments, such as acid and base treatments.
Niiesch et. al." tried several aqueous treatments and found the ITO surface acido basicity was also very important in the
performance of organic devices. OLED performance in their work was improved by treating ITO with acid, where ITO was
in contact with p-type organic layer. These treatments are widely studied in OLEDs and mostly the improvement is
correlated with the increase in ITO work function which causes more efficient charge injection from the ITO to p-type
organic materials. However, work on electrode treatments for solar cell applications has been scarce. In our recent work on
OLEDs with ITO treatments,'* we have obtained some promising results and based on those results we have selected
several ITO treatments in ITO/CuPc/Al cells to investigate its effects on the solar cell performance. The best ITO treatment
is the combination of UV-o0zone treatment and hydrochloric acid (HCI) treatment, which gives a 30% increase in the power
conversion efficiency as compared to the cell made with untreated ITO substrate.

The paper will be organized as follows. In the following section, experimental details are described. In Section 3,
obtained results are presented and discussed. Finally, conclusions are drawn.

2. EXPERIMENT

Phthalocyanines including CuPc, CoPc, NiPc, and FePc, were bought from Strem Chemicals. ITO coated glass
substrates with surface sheet resistance 23.5 Q/square were supplied by Varitronix Limited, Hong Kong. ITO substrates
were first etched to the required pattern by dilute HCI solution. Before fabrication, they were cleaned thoroughly. First,
substrates were rubbed by cotton soaked in acetone and ethanol, respectively. Then the substrates were put in ultrasonic
bath in acetone, ethanol and de-ionized water for 10 minutes sequentially. The cleaning process was repeated until the
substrates were clean. Finally, substrates were blow dried in nitrogen. Films were evaporated under high vacuum of the
order of 10 Pa. The evaporation rate was kept between 1-2A/s. The distance from source to substrates was about 23 cm to
ensure uniformity of film thickness, and the substrate holder was rotating. After evaporation, film thickness was verified by
Talistep method. The thickness of the films had been controlled using quartz thickness monitor. The fabricated cells
typically consisted of ITO coated substrate as anode, 60 nm Aluminum (Al) as cathode, and the phthalocyanine layer was
sandwiched between the electrodes.

For ITO/CuPc/Al cell with ITO treatment, ITO substrates were treated in different ways, including HCI treatment, UV-
ozone treatment and combination of UV-ozone and HCI treatments. In HCI treatment, the cleaned ITO substrate was
immersed in 4% HCI solution for one minute. In UV-o0zone treatment, the cleaned ITO substrate was put in a UV-lamp box
with 20 W UV light source. The distance between the substrate and the UV light source is about 12 cm. The treatment was
done under the flow of pure oxygen for ten minutes. For combination of UV-ozone and HCl (UV-ozone/HCI) treatments,
the cleaned ITO was first treated with UV-ozone treatment and then HCI treatment.

Absorption spectra were measured using Hewlett Packard 8453 UV-VIS spectrometer. Current-voltage characteristics

were measured using Keithley 2400 source-measurement unit. The light source used in the measurements was Oriel 66002
Xenon arc lamp with AMI filter and the cells were illuminated through the ITO contact.
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3. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectrum of CuPc. Other metal phthalocyanines have very similar absorption spectra in
the visible spectral region, where two distinct absorption bands can be observed, the band around 2 eV (Q band) and around
3.5 eV (B or Soret band). Both bands have been assigned to T—7_ transitions of the macrocyclic n-system.'>'” The energy
levels of Cu d-orbitals are below ligand 7 orbitals by about 4 eV.'® Hence, there is little difference between the visible
spectra of different metal phthalocyanines.
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Figure 1. Absorption spectrum of CuPc film
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Figure 2. Dark and photocurrent of ITO/CuPc/Al and ITO/NiPc/Al
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Four different phthalocyanines have been investigated for solar cell applications. The phthalocyanine layer is
sandwiched between the ITO coated substrate and Al cathode. The thickness of phthalocyanine layer in all devices was
equal to 100 nm. Reported power conversion efficiency on CoPc and FePc Schottky barrier cells are order of magnitude
lower than that of CuPc cell.' In our work, all the cells show photoresponse. However, we have found that the dark current
of CoPc and FePc is very large. Their dark currents are nearly equal to one-third of the short circuit current. Therefore,
CoPc and FePc are considered to be unsuitable for solar cell applications. Figure 2 shows the photocurrent and dark current
voltage characteristic of CuPc and NiPc cells. CuPc cell and NiPc cell show similar performance. For NiPc cell, we obtain
the open circuit voltage V,.=0.96V, the short circuit current density /;,,=23.5 uA/cm?, and the power conversion efficiency
1N=0.005%, while for CuPc cell we obtain V,=0.95V, [,=23.5 uA/cmz, and n=0.004%. However, dark current in NiPc cell
is order of magnitude larger than that of CuPc cell. Therefore, overall performance of CuPc cell is better than that of NiPc
cell.

h ircui i
0.000024 —— S| ort circuit current Density | 00042
------ Efficiency

— - 0.0040
“E  0.000023 - A T
o Q
=3 L 00038 3
z g
2] .
g 0.000022 | 00036 g
= )
@ o
2 1-0.0034 >
5 0.000021 o
o =3
= a.
3 L 0.0032 g
£ 0.000020 <
o - 0.0030 X
»n

0.000019 +——— I 0.0028

T T+ 1 T T T
70 80 90 100 110 120 130 140 150 160
Thickness

Figure 3. Short circuit current density (Solid line: left axis) and power conversion efficiency
(dashed line: right axis) of ITO/CuPc/Al cells with different CuPc film thickness.

CuPc has been chosen for the investigation of thickness dependent power conversion efficiency. Thickness of the CuPc
layer was varied from 75nm to 150nm. Cells were illuminated through the ITO contact with 98mW/cm> AM1 solar
irradiation. Figure 3 shows short circuit current density and power conversion efficiency versus CuPc film thickness in
ITO/CuPc/Al cells. For cell with thin CuPc film (75nm), the current density is low, 19.4 pA/em® It is due to the lack of
solar energy absorption leading to less excitons generated. Therefore, less charge carriers are generated by excitons
dissociation resulting in low short circuit current density. For 125nm cell, the short circuit current density (21.0 uA/cm?) is
larger than that of 75nm cell. It is caused by increased solar energy absorption. Thus, more excitons are generated. This
gives rise to more charge carriers generated and an increase in current density. For 150nm cell, the short circuit current
density is 20.3uA/cm”. Compared to the value obtained from 125 nm cell, this value is lower even though more solar energy
is absorbed. Loutfy and Sharp'® reported the relation between photovoltaic action spectra and the illumination direction.
They found that the action spectrum matched well with the absorption spectrum when the device was illuminated through
the barrier contact. While the photovoltaic spectrum matched to the transmittance spectrum when it was illuminated through
the ohmic contact. As we have illuminated the cell through ITO (the ohmic contact), less portion of solar energy can be
transmitted to the depletion region in the device. This reduces the amount of excitons generated in the depletion region.
Moreover, it is expected that excitons generated outside the depletion region are unlikely to dissociate into charge carriers
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because of short exciton diffusion length. Therefore, less charge carriers are generated resulting in lower short circuit
current density. In this work, we have found optimal thickness of 100nm for ITO/CuPc/Al cell, giving a 23.5 uA/cm? short
circuit current and 0.0040% power conversion efficiency under intense AM1 solar irradiation.

For Schottky barrier solar cell, optimal performance can be obtained when there is one barrier contact and one
ohmic contact. In ITO/CuPc/Al Schottky cell, the barrier is formed at the CuPc/Al contact. However, ITO and CuPc cannot
form good ohmic contact because the HOMO level of CuPc is about 5.2 eV and the work function of ITO electrode is about
4.5-4.8 eV. Therefore, there is at least 0.4 eV barrier formed between CuPc and ITO. The energy diagram is shown in
Figure 3.

LUMO: 3.5eV
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HOMO : 5.2 eV
CuPc

Figure 3. Energy diagram of ITO/CuPc/Al cell

In order to optimize cell performance, the barrier at ITO/CuPc contact must be reduced. In other words, ITO work
function must be increased. According to our previous work investigating the effects of several ITO treatments on the
performance of OLED,'* we have found that the two layer OLED exhibited significant better performance when the ITO
substrate was treated with UV-ozone/HCI treatment. Therefore, we have selected HCI treatment, the commonly used UV-
ozone treatment, and the combination of them in this work.

Figure 4 shows the photocurrent-voltage characteristic of ITO/CuPc/Al cells subjected to different ITO treatments
together with the untreated one and Table 1 summarizes the parameters characterizing the solar cells with different ITO
treatments. When only HCI treatment is used, the observed short circuit current is increased. However, the open circuit
voltage is decreased and the rectifying behavior is worsened. When only UV-ozone treatment is used, the short circuit
current is also increased, but only slightly. However, when UV-ozone treatment is used in combination with HCI treatment,
the open circuit voltage is increased from 0.94 V to 0.99V and the short circuit current is increased from 23.5 HA/cm?’ to
28.9 pA/cm®. This results in an increase of power conversion efficiency from 0.0040% to 0.0052%. The increase in the
short circuit current in all the treatments can be attributed to the improvement of the contact on the ITO side. However,
exact mechanism of the improvement of the performance is not fully clear. ITO treatments have been proven to change the
work function, surface sheet resistance, and surface roughness of the ITO substrates. All these parameters can play a role in
the device performance. Sheet resistance of the ITO affects the short circuit current, but it does not affect open circuit
voltage. The observed changes in the open circuit voltage are likely to be correlated with the changes in the work function
though the exact relation between the ITO work function and the solar cell open circuit voltage is not clear from the
experimental results. Further studies on the surface morphology of the phthalocyanine films grown on treated ITO
substrates are needed to investigate how the electrode treatments influence the subsequent growth of the organic material.
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Figure 4. Photocurrent-voltage characteristic of CuPc cells with different ITO treatments. Inset
shows the corresponding dark current voltage characteristic of these cells.

ITO treatment Jse (pA/cmz) Voo (V) Fill Factor N (%)
Untreated 23.5 0.94 0.18 0.0040
HCI 27.3 0.80 0.19 0.0042
UV-Ozone 24.1 0.90 0.17 0.0038
UV-Ozone/HCI 28.9 0.98 0.18 0.0052

Table 1. Comparison of solar cells parameters for different ITO treatments. Cells were illuminated through ITO contact with 98mW/cm”
AMI excitation.

Increase in the ITO work function by ITO surface has been reported.''* However, the mechanisms behind are
different. For UV-ozone or oxygen plasma treatment, the increase in work function is attributed to the removal of surface
carbon contamination.”’ For acid treatment, the mechanism of the increase in work function is different. It has been
attributed to the protonation of the ITO surface, with remaining anion likely assembling on the top of adsorbed protons, thus
producing surface dipole and vacuum level shift.2' Apart from this, other parameters such as sheet resistance and surface
roughness are also affected by the ITO treatments. Therefore, not all treatments can cause an improvement in solar cell
performance even though the barrier in ITO/CuPc contact has been reduced. If acid treatment is performed without previous
cleaning of the surface with oxygen plasma,” or UV ozone as in this work, it is possible that the residue from chemical
reactions between acid and surface contaminants would modify the growth of organic layer and contribute significantly to
impurities and pinhole defects, thus causing higher current both in the light and in the dark, and lower open circuit voltage
for HCI only treated cell. When ITO is treated with UV-ozone/HCI treatment, the rectification properties are similar to the
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cell treated with UV ozone only, but significantly better than the cell treated with HCI only. The short circuit current under
irradiation is improved. This is likely due to the improved contact between ITO and CuPc, resulting in overall improvement
in the cell efficiency.

4. CONCLUSION

In conclusion, we have compared the suitability of four different phthalocyanines, namely CuPc, CoPc, FePc, NiPc
for solar cell applications. We have found that FePc and CoPc are not suitable in solar cell applications due to the large dark
current. NiPc and CuPc cells show similar performance in terms of power conversion efficiency while CuPc cell exhibits
lower dark current. Different thicknesses of the active layer have been investigated, and the highest efficiency has been
obtained for 100 nm thick CuPc layer. This optimal thickness has been used for investigating the effects of ITO properties
on solar cell performance. Among all ITO treatments, the combination of UV-ozone and HCI treatments have given the
most promising results. The power conversion efficiency is 0.0052%, which is 30% higher than that of the optimized CuPc
cell without any ITO treatment. Compared to that reported in the literature,' this value is already five times higher than
previously reported. The improvement is attributed to the improved ITO/CuPc contact. It is expected that similar
improvement in the performance will also be observed in the multilayer solar cells.
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