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Effect of copper phthalocyanine buffer layer
on open circuit voltage in organic solar cells

WANG Gui-Wei , XING Ying-Jie "

(Laboratory for the Physics and Chemistry of Nanodevices, Peking University, Beijing 100871, China)

Abstract: The effect of copper phthalocyanine ( CuPc) buffer layer on open circuit voltage in indium tin oxide/
zinc phthalocyanine ( ZnPc)/C60/CuPc/ Al devices is investigated. A dependence of the open circuit voltage on
the thickness of CuPc layer is observed. We analyze the current-voltage curves under illumination based on semi-
conductor device theory. A high ideality factor is found as the reason for the high open circuit voltage. We propose
that both ZnPc/C60 junction and CuPc/ Al contact contribute the high ideality factor. Our result shows that the open
circuit voltage may be improved by introducing an extra rectifying buffer/cathode junction.
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Introduction

Organic solar cell is regarded as one kind of low-
cost renewable energy source which may approach the
commercial market in near future. The power conversion
efficiency of organic solar cells keeps increasing during
the last decade, and considerable progress in under-
standing their working mechanism is achieved in this
process' . Interface engineering is one important work
in organic photovoltaic devices'>'. By inserting a thin
buffer layer between the acceptor layer and the cathode
metal in planar heterojunction photovoltaic cells, higher
power conversion efficiency is obtained due to an exciton-

blocking effect’®’. Some small molecules, such as batho-
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cuproine ( BCP, insulator) , tris-(8-hydroxyquinolinato )
aluminium ( Alq3, electron-transporting material ) and
copper phthalocyanine ( CuPc, hole-transporting materi-
al) , are used as the exciton-blocking materials, and sim-
ilar behaviours are always measured **. Electron-trans-
porting through thin buffer layer is thus supposed via the
trap states.

Effect of cathode metal and buffer layer on the open
circuit voltage (V,,) in organic solar cells has been stud-
ied for a long time and reviewed in Ref. 2. There are two
widely accepted models for evaluating V. in organic solar
cells: metal-insulator-metal ( MIM) model and effective
energy gap model. In this work, we present another
method to enhance V,, by using a buffer layer which
makes Schottky contact with the cathode metal. In an i-
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deal photovoltaic diode described by the traditional de-
vice physics' | V.. can be roughly calculated as V,, =n
K,T ],

B 11’1( sC
a
verse saturation current density, J_.

current density, ¢ is the electron charge, k, is the Boltz-

mann constant, and T is the absolute temperature. This
equation provides a clue to increase V. other than syn-

), where n is the ideality factor, J, is the re-

is the short circuit

thesis of new material; enhancing the value of n. We
found that a large V_ is obtained when a CuPc layer with
the thickness of approximately 10 nm is inserted between
C60 and Al. We propose that CuPc/Al Schottky contact
increases the ideality factor of the photovoltaic device and
the open circuit voltage show a significant improvement
accordingly.

1 Experimental

Small molecule solar cells were prepared on cleaned
indium tin oxide (ITO) glasses. Zinc phthalocyanine
(ZnPc) (Yannuo Chem. , purity 99% ) and C60 ( Acros
Organics, purity 99% ) were used as the donor and the
acceptor materials, respectively. CuPc ( Yannuo
Chem. , purity 99% ) or BCP (J&K Scientific LTD, pu-
rity 99% ) was used as the buffer materials. All above
materials were used as received. The configuration for all
devices is ITO/ZnPc (25 nm)/C60 (30 nm)/buffer lay-
er/Al (150nm). The thickness of CuPc varies from 6
nm to 16 nm. Thinner and thicker CuPc layers deterio-
rate the photovoltaic effect severely. The devices were
fabricated in a commercial vacuum deposition system
(ULVAC-KIKO VWR-400M/ERH). Organic materials
were deposited onto ITO substrates successively at a rate
of ~0.05 nm/s under a pressure of 5 x 10* Pa. Then
we broke the vacuum and changed the masks for elec-
trode deposition. Aluminium was deposited at a rate of
~0.5 nm/s under a pressure of 5 x 10° Pa. The film
thickness and deposition rate were monitored in situ using
a quartz crystal oscillator. The area of a single device is
4 mm’. Before TV measurement, the sample was an-
nealed at 110°C for a half hour in a vacuum oven. A
sunlight simulator ( Newport Oriel 91160) was used to il-
luminate the sample with the power of 100 mW/cm’.
The current-voltage curves were measured with a digital
source meter ( Keithley 2602 ). All IV measurements
were performed in air. Optical absorption was measured
with a UV-Vis-NIR spectrophotometer ( Cary 5000) in

air.
2 Results and discussion
In our experiments, in order to obtain good rectif-

ying I-V curves under both positive and negative bias
voltage and to eliminate the influence of traps and disor-

Table 1 Measured and extracted device parameters
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der, thin active layer (25 nm ZnPc and 30 nm C60) was
employed in all devices. This thickness was not opti-
mized for a high efficiency. Figure 1(a) shows the cur-
rent density-voltage (J-V) curves of the photovoltaic de-
vices with CuPc buffer layers under illumination (AM 1.
5, 100 mW/cm”). The device with BCP buffer layer
(thickness 7 nm) was also fabricated and measured as a
reference (shown in Fig. 1(a)). The characteristics of
all devices are summarized in Table 1.
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Fig. 1 (a) Iluminated J-V characteristics of photovolta-
ic devices with different buffer layers, (b) Comparison
of measured data (dots) versus simulated results (lines)
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Typical rectifying curves were observed in all de-
vices with CuPc buffer layers. The dependences of [,
and V,, on the thickness of CuPc layer are shown in Fig.
2(a). A slightly low J_ is measured in the device with a
thin CuPc layer (thickness 6 nm). This behavior is the
same as the result in Ref. 7. We think the low J_ mainly
come from a reduction of the optical absorption in the de-
vice with a thin CuPc layer. We deposited ZnPc (25
nm)/C60(30 nm)/CuPc on quartz substrates and meas-
ured the absorption spectrum in air ( shown in Fig. 2
(b)). The absorbance of the sample with 6 nm CuPc
layer is less than those of the samples with thicker CuPc

Buffer layer J/(mA/em?) Vo/V Jo/ (mA/cm?) n R/Qcm? R/ Qem? Jph/(mA/0m2)
CuPc 6 nm 0.93 0.25 1.99 x 102 2.71 13.4 1.06 x 10° 0.92
CuPc 10 nm 1.48 0.53 5.37x103 3.9 5.6 9.72 x10% 1.49
CuPc 16 nm 1.49 0.38 2.17x107 2.24 29 3.12 x10° 1.50
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layers within almost entire visible band. Another possible
reason for the low J_ may be the optical spacer effect, by
which the optical/electrical field distribution is modified
when the thickness of CuPc layer changes, as the calcu-
lating results in Ref. 8. This fact reveals that CuPc
shows a much stronger influence on the optical absor-
bance inside the device than BCP due to its intermediate
band gap. The values of J_, in devices with 10 and 16 nm
CuPc layers are almost the same with that in a device
with 7 nm BCP layer. No reduction of J_ occurs when
the thickness of CuPc layer increases from 10 to 16 nm.
This phenomenon may be explained by a half-filled ener-
gy level in thick a-phase CuPc layers, by which elec-
trons transport from C60 to the cathode without surpass-
ing any large barrier ”'. An interesting phenomenon in
our experiments is that V,_ varies with the thickness of
CuPc layers. The V_ -thickness plot clearly demonstrates
a peak at approximately 10 nm ( shown in Fig. 2(a)).
A value of 0.53 V (with 10 nm CuPc layer) is signifi-
cantly larger than V,, measured in devices with other
thickness of CuPc layer. Above results show that 10 nm
is the optimized thickness for CuPc buffer layer in our
devices. A large variation of V,, has not been reported
and analyzed yet, although CuPc was used as a buffer
material in literatures 7.

We use Shockley equation to analyze the current-
voltage curves of planar heterojunction photovoltaic de-

. 9 . . . .
vices'”). This equation is given as

~ V-R.] V-R.J
]_]O(eXp(nkBT/q)_1)+ R, Jw > (D

where J; is the photocurrent density, R, is the series re-

sh

sistance, R, is the shunt resistance. The extracted val-
ues of the saturation current density (J,), the photocur-
rent density (J,), the series resistance (R,) , the shunt

resistance (R, ) and the ideality factor (n) are listed in

sh
Table 1. Simulated data are calculated according to Eq.
(1) and plotted in Fig. 1(b). Measured results are also
plotted in Fig. 1(b) for comparison. Good agreement is
seen in all devices, indicating the rationality of extracted
parameters. The series resistance in the device with 10
nm CuPc buffer layer is smaller than that with 6 nm CuPc
buffer layer. This phenomenon may be explained by high
electron mobility through the intrinsic level than trap
states in CuPc film'”'. A half filled b,, energy state in-
stead of trap states was proposed as the route for high ef-
ficiency electron-transporting through thick CuPc layer.
This property makes it possible to improve the electron-
transporting by an intrinsic energy level in buffer layers.
The large series resistance in the device with 16 nm CuPc
layer will be discussed in the following part. The most
confusing parameter is the ideality factor, because the
values of n in all devices with CuPc buffer layers are lar-
ger than 2. A particularly large value, 3.9, occurs in
the device with 10 nm CuPc layer. We believe this high
ideality factor induces the high open circuit voltage (0.
53 V). We think that such an anomalously high ideality
factor may come from the CuPc/ Al contact, which makes
an extra metal-semiconductor diode in our devices.

High ideality factor has been found in AlGaN/GaN

diodes for a long time """/, Tt is reported that in addition
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Fig.2 (a) Effect of the thickness of CuPc layer on open
circuit voltage ( V, ) and short circuit current density

(J.). (b) Optical absorbance of ZnPc(25 nm)/C60 (30
nm ) /CuPc film deposited on quartz substrates

K2 (a)CuPc ZEEXT vV, 1 J BN, (b) CuPc JZ
JEEREXT ZnPe (25 nm)/C60 (30 nm)./CuPe I M W 14 5%
)

to the AlGaN/GaN p-n junction, a rectifying n-n junc-
tion and a metal-semiconductor contact create two other
diodes in the real device. A formula of n = 3 ,n, was giv-
en in Ref. 11, in which n and n, are the ideality factors
of a real device and individual diodes, respectively. That
is to say, an ideality factor much greater than 2 may be
extracted from the measured IV curves if some extra rec-
tifying contacts exist in a real diode device. In our exper-
iments, a half-filling energy level in the thick a-phase
CuPc layer makes CuPc/Al contact a Schottky diode.
Schottky devices based on CuPc/Al contact have been
studied by several groups '"*"*'. It was demonstrated that
a Schottky diode can be fabricated by depositing alumin-
ium on thick CuPc film. The thickness of hole depletion
layer in CuPc side is estimated to be 16 nm under zero
bias voltage by CV measurements'"). Our devices with
thick CuPc buffer layers (thickness large than 10 nm)
should also contain Schottky diode due to CuPc/Al con-
tact. The schematic energy diagrams for organic photo-
voltaic devices with thin and thick CuPc buffer layers are
drawn in Fig. 3(a) and (b), respectively. A band ben-
ding in thick CuPc layer ( Fig. 3 (b)) was pro-
posed ! | whereas for thin CuPc layer (Fig. 3(a)),
trap states are supposed as the transporting routes for e-
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Fig. 3 Schematic energy level diagrams of ITO/ZnPc/C60/
CuPc/Al devices. (a) Thin CuPc film ( thickness 6 nm) ;
trap states are routes for electron-transporting, constant vacu-
um level is supposed in CuPc layer. (b) Thick CuPc film
(thickness > 10 nm) : b,, energy level is the route for elec-
tron-transporting and band bending exists in CuPc layer due to
CuPc/Al contact, constant vacuum level is not valid in CuPc
layer. The unit of all energy level values is eV. The values
are adopted from Ref. 8 and 10.

3 ITO/ZnPc/C60/CuPc/Al £t {1 ) BT R X & (a)
CuPc B#/5 7 6 nm i, B 38 i s [ &4z, (b) CuPe fiiE
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lectrons and constant vacuum level is assumed'® . The
band model for thick CuPc buffer layer shows some influ-
ences on the measured IV curves. A high ideality factor
is therefore reasonable if there are two diodes ( ZnPc/
C60 and CuPc/Al) in series in our devices. In other
words, 3.9 is the sum of two ideality factors.

The influence of the thickness of CuPc layer on the
series resistance is evident. The series resistances of de-
vices with 10 and 16 nm buffer layers are 5.6 and 29 ()

- em’, respectively. 5.6 Q - em’ is close to the series
resistances in other optimized small molecule solar
cells'" | revealing that connecting two diodes ( ZnPc/
C60 and CuPc/Al) in series does not deteriorate the e-
lectron-transporting. This result reflects another benefit
due to CuPc/Al contact, by which the band bending in-
side CuPc layer induces an extra built-in field for sweep-
ing the electrons to the cathode. Negligible carrier loss
occurs if the effective field (the sum of built-in field and
bias field ) helps the electron-transporting all the way
through the CuPc layer, as in the case of 10 nm CuPc

layer. In contrast, the resistance of 29 Q) - c¢m’ in the
device with 16 nm buffer layer means much more carrier
loss due to thicker CuPc film. Based on the common
knowledge of organic film, higher series resistance is ex-
pected when 16 nm CuPec layer is used instead of 10 nm
layer. However, the resistance difference between 10
and 16 nm CuPec film itself may not cause such a big en-
hancement (from 5.6 t029 Q - em®). We think that for
CuPc buffer layer, 16 nm is larger than the thickness of
the depletion layer under a positive bias voltage, and the
CuPc/Al contact behaves like a defective diode with a
large series resistance. Then the current dependence on
voltage in CuPc/ Al contact will deviate from the standard
exponential curve to an approximately linear plot. This
change may lead two results in our devices: the enhance-
ment of the series resistance and the reduction of the ide-
ality factor.

3 Conclusions

In summary, a thickness dependent of open circuit
voltage is observed when CuPc is used as the buffer ma-
terial. The device with 10 nm CuPc film shows the high-
est open circuit voltage. An anomalously high ideality
factor is proposed as the reason for this high open circuit
voltage. Both ZnPc/C60 junction and CuPc/Al contact
contribute the ideality factor of the device with thick
CuPc buffer layer. Our result shows that an extra rectif-
ying buffer/cathode junction may enhance the open cir-
cuit voltage of the organic photovoltaic devices.
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