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Abstract

Small-molecule organic photovoltaic (OPV) cells with a heterostructure of indium tin oxide (ITO)/copper phthalocyanine (CuPc)/Cgo/
Ag were fabricated by physical vapor deposition at different source temperatures Ty,, and substrate temperatures Ty,,. The physical
properties of these as-deposited organic thin films including surface morphology, structural information, and electrical and optical
properties were measured (in layer-by-layer sequence) by atomic force microscopy, X-ray diffraction, current—voltage characteristics, and
electronic absorption spectra. At first, the effects of different deposition conditions (7, and Ty,,) on growth rate and film thickness of
these organic thin films were examined. Then, the interface properties of ITO/CuPc and CuPc/Cgo were studied with respect to Ty,
Short-circuit current density Jy. and open-circuit voltage V. for this ITO/CuPc/Cgy/Ag heterostructure under illumination were
performed, and the spectral response of Js. was analyzed. Finally, the Ty,,-dependence of the physical properties of the as-deposited

organic films and of the performance of the as-fabricated OPV cells were discussed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

With the awareness that fossil fuels are being depleted,
solar cells based on photovoltaic (PV) effect, which directly
convert incident sunlight into electricity, will ultimately
play an important role in the world’s energy market.
Currently, Si wafer-based p—n junction PV cells and GaAs-
based heterostructure PV cells are commercially available
and dominate this market. These PV cells with multilayer
structures are adopted, because the incident sunlight can be
splittingly absorbed by various layers of different energy
gaps, and thus the sunlight is converted into electricity
more efficiently. To fabricate multilayer structures,
thin film deposition technologies are employed, and the
materials deposited include amorphous silicon, polycrystal-
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line silicon, cadmium telluride, copper indium selenide/
sulfide, polymers, small organic molecules, etc. [1]. Among
them, PV cells made from organic semiconductor materials
(small-molecule organic compounds or polymers) possess
low fabrication cost, easy processability, light weight and
mechanical flexibility, and thus promise to open up new
markets for solar energy [2,3]. However, the development
of large-scale applications of organic photovoltaic (OPV)
cells is still limited by their low energy conversion efficiency
as well as by the device stability and degradation problems.

In multilayer OPV cells, after light absorption in the
active absorbing parts, strongly bound excitons are
generated. These bound excitons then diffuse and dis-
sociate into free charge carriers by interaction with
heterostructure interfaces, impurities or defects, and the
free electrons and holes are collected by the respective
electrodes. The overall performance of OPV cells is
sensitively dependent on light absorption, exciton diffusion
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and dissociation behaviors, and free-charges transport and
collection ability. Therefore, the choice of materials [3—11],
the design of cell structures [10-16] and the deposition
conditions [17,18] all play important roles in determining
the power conversion efficiency (PCE) of OPV cells.

To investigate the influences of deposition conditions on
PCE of OPV cells, in this paper, small-molecule OPV cells
based on a heterostructure of indium tin oxide (ITO)/
copper phthalocyanine (CuPc)/Cgo/Ag were fabricated by
physical vapor deposition (PVD) at various source
temperatures 7Ty,, and substrate temperatures Ty,,. From
a crystal grower’s point of view, during PVD processes,
both Ty, and T, markedly affect the qualities of the as-
deposited films, and these effects were clearly exhibited by
our earlier experimental results on Cg polycrystalline films
[19,20] and tris(8-hydroxyquinoline)aluminum (Alqs)
amorphous layers [21,22]. To extend these experimental
findings from a single layer structure to a sophisticated and
complicated optoelectronic heterostructure, the effects of
Tsou and Ty, on the performance of OPV cells with a
heterostructure of ITO/CuPc/Cgy/Ag prepared by PVD
were studied.

2. Experimental procedure

The samples were prepared by PVD in a thermal
evaporation chamber with a base pressure of about
2 x 107> Torr. ITO conducting glass with sheet resistance
of 13+2Q/square was used as a substrate. The distance
between source crucibles and ITO substrate was about
16 cm. The values of T, were varied from 330 to 360 °C
for CuPc and 370 to 460 °C for Cgg, and T, was fixed at
30 and 90 °C, respectively. Commercially available source
powders of CuPc (with a purity of 98%) and Cg (99.5%)
were used as received and were loaded separately in boron
nitride crucibles. Before reaching the setting T&,,, the
source powder was kept at 70, 180 and 280 °C in sequence
for an additional 20min heat treatment, in order to
evaporate any possible moisture or impurities involved
during the handling of the source powders into the system.
When T, and Ty, attained the setting values, the shutter
in between the source crucibles and substrate was removed
to allow vacuum deposition. The deposition rate was
maintained at 0.3-0.5 A/s. After the thickness of the CuPc
film reached the required value, the heating system was
turned off and cooled down naturally; then, the deposition
process was repeated again for the Cgq thin film. Finally,
the sample was removed out of the vacuum chamber, and
the Ag thin film with an active area 4=0.03 cm?> was ion-
sputtered through a mask on top of ITO/CuPc/Cg, as the
cathode.

The dark and illuminated current density—voltage (J-V)
characteristics were measured in dynamic vacuum condi-
tions to prevent the samples from photo-oxidation. To
measure the illuminated J-V curves, the sample was kept
under weak white light illumination (with a power of
0.85+0.05mW/cm?) from a simple incandescent lamp of

60 W. The intensity of light was measured separately using
a calibrated Si photodiode placed at the same position as
the sample. For electronic absorption studies, a 150 W
tungsten—halogen lamp with a scanning monochromator
was used as the light source. The photocurrent spectrum of
the sample at short-circuit was measured and normalized
with respect to the spectral intensity of incident light.

3. Results and discussion

During PVD processes in a vacuum chamber, Ty,
determines the vapor pressure of the source powder and
plays an important role in determining the growth rate of
the as-deposited film. Fig. 1 depicts a typical time-
dependence of the growth rate for a Cgy thin film with
Tsup = 30 °C and with a fixed amount of source powder. At
higher Ty, the growth rate decays quickly. In addition, if
Tsou is too high, the organic source compounds tend to
decompose easily. Therefore, T, associated with a
reasonably low growth rate is usually adopted in order to
have a better control of film thickness.

Fig. 2 presents the typical atomic force microscopic
(AFM) pictures of fine-grain surface morphology for ITO/
CuPc/Cgy deposited at Ty, = 30 and 90 °C, respectively.
For solid films made from small-molecule organic com-
pounds, the dominant force between organic molecules is
the weak van der Waals force. Thus, the dependence of
surface morphology on Ty, is expected to be strong. As
shown in Fig. 2, with increasing T, from 30 up to 90 °C,
to enhance the surface diffusion energy of the adhered
organic molecules, the average surface roughness observed
in Cgo interface then decreases from 8.84+0.4 down to
2.740.3nm. The strong Ty,-dependence of surface
morphology in molecular solids is in good agreement with
those results obtained in CuPc:Cgq (1:1) blend films with
Teup varied from 30 to 145°C [18]. For Tg,=>150°C,
formation of line fiber was observed in the surface of
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Fig. 1. Time dependence of growth rate at various Ty, for Cgq thin film
with a fixed amount of source powder.
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Fig. 3. XRD patterns for ITO/CuPc films deposited at Ty, = (a) 30 °C
and (b) 90 °C, and for ITO/CuPc/Cg films deposited at Ty, = (c) 30°C
and (d) 90 °C, respectively. Note the adjustment of the vertical scale in (b).

CuPc films [17]. Hence, in this work, T, = 90 °C is taken
to investigate the high-Ty,, effects.

Fig. 3 depicts the XRD patterns for ITO/CuPc and ITO/
CuPc/Cg films deposited at Ty, = 30 and 90 °C, respec-
tively. At Ty, = 30°C, the deposited organic CuPc thin
films on top of ITO should exhibit amorphous character,
and the two strong peaks observed at 20 = 30.6° and 35.5°
correspond to (222) and (400) planes of ITO films. It is
noted that CuPc undergoes a solid—solid phase transition
from o-phase (orthohomic) to B-phase (monoclinic) at
around 200-240 °C [13,17]. In the present work, as shown
in Fig. 3(a) for Ty, = 30 °C, the characteristic weak peak
at 26 = 7.0° is occasionally observed, which corresponds to
the (2 00) plane of a-CuPc phase; while for T, = 90 °C as
shown in Fig. 3(b), this (200) peak is dominant, indicating
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Fig. 4. The dark and illuminated (with two different power levels) J-V
characteristics of the ITO/CuPc/Cgo/Ag devices deposited at Ty, = (a)
30°C and (b) 90°C.

that the crystalline a-CuPc phase is prevailing. However,
after deposition of a thin amorphous Cgq film of 150 nm,
the prevailing crystalline o-CuPc phase is reduced as
depicted in Figs. 3(c) and (d). For molecular a-CuPc film,
the impingement of Cyy molecules on the interface may
strongly alter its film’s crystallinity.

Fig. 4 shows the dark and illuminated J-V character-
istics of two typical ITO/CuPc/Cgy/Ag devices fabricated at
Tsup = 30 and 90 °C, respectively. For dark J-V curves, in
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view of the very thin layer thickness of the samples, a space
charge limited current (SCLC) can dominate the transport
behaviors [23,24]. Thus, J-V behavior follows a simple
power law as Joc V%, where o= 1.5 for the case of negligible
energy loss of the carriers and known as Child-Langmuir
law, and «=2.0 for the case of constant mobility and
known as Mott—Gurney law. From a logJ versus log V'
plot, two distinct linear regions are shown in our data. By
least-square fitting, for low biases (V'=0-0.4V) as listed in
Table 1, op =1.240.1 indicates that the transport
behavior is in a mixed regime governed by ohmic law
(o =1) and Child-Langmuir law (o = 1.5). However, as
the electric field increases, a transition was observed from
an ohmic law to a Mott—Gurney law, and during the
transition a large value of oo = 8 was obtained, which may
be caused by the onset of carrier injection and trap filling
[24]. Based on this finding, the scattered values of oy for
high biases (V= 0.5-1.0V) ranging from 2.1 to 4.7 (as
listed in Table 1) indicate that the electric fields applied to
these samples are near the onset of the above-mentioned
transition.

In addition, the dark current densities measured in our
OPYV cells are rather small, which resulted by the exposure
to air/oxygen before deposition of Ag-electrode. Because of
the diffusion of O, into Cg solids, the resistivity of Cg film
increases several orders of magnitude [25-27]. Accordingly,
the dark current densities of these OPV cells are greatly
reduced.

The J-V characteristics of ITO/CuPc/Cgy/Ag devices
under white light illumination clearly demonstrate the PV
effect, as shown in Fig. 4 with two different optical
intensities (about 0.28 +0.05 and 0.8540.05 mW/cmz). The
experimental values of short-circuit current density J,
open-circuit voltage V., and fill factor FF determined for
these OPV cells fabricated at Ty, = 30 and 90 °C are listed
in Table 1. Because of low incident optical intensity and
large series resistance, the values of J, observed in this
work are much smaller as compared to the results obtained
by using a simulated AM1.5G illumination of 75-100 mW/
cm? [8,9,18]. However, with respect to Tyun-dependence,
one can see that OPV cells fabricated at Tg,,=90°C can
deliver more power output (about a factor of 5) than those
fabricated at Ty, =30 °C.

To investigate the electronic absorption and charge-
carrier collection ability, a spectral response of normalized

Table 1
Comparison of PV and SCLC parameters for ITO/CuPc/C60/Ag devices
fabricated at various Ty, and CuPc/Cy film thicknesses

Tsub CuPc C60 Jsc Voc Pm FF O(L/aH
(°C) (m) (nm) (nAjem?) (V) (nW/cm?)

30 200 150 100 0.12 28 024 1.5/2.8
30 200 150 52 0.19 23 023 1.2/2.1
30 120 150 27 0.22 1.4 024 1.1/2.1
90 200 150 430 0.12 123 023 1.12.2
90 120 150 205 023  14.0 030 1.2/4.7

short-circuit current I, for OPV devices was performed. As
shown in Fig. 5(a), the two curves were measured on the
same device but with a time separation of 2h in dynamic
vacuum conditions. Clearly, there are three main absorp-
tion peaks at wavelengths of 70342, 614+3, and
463+2nm, which are in good agreement with the
published results [16]. In order to understand the origin
of these peaks, the absorption spectra of CuPc (with
thickness of 120nm) and Cgo (with thickness of 150 nm)
amorphous films were examined as shown in Fig. 5(b),
which are also similar to the published data [10,15,16,18].
From a comparison of Figs. 5(a) and (b), the two peaks of
703 and 614nm are associated with the CuPc film (with
threshold absorption energies around 1.58 and 1.87¢V)
while the third one of 463 nm can be attributed to the Cg
film (with threshold absorption energy around 2.38eV).
Thus, the photon-generated excitons either at the CuPc
thin layer or at Cgy thin film can be effectively separated
and collected as short-circuit current as revealed in
Fig. 5(a). In discussing optical absorption of organic
molecular solids, the energy difference between the highest
occupied molecular orbits (HOMO) and the lowest
unoccupied molecular orbits (LUMO) is usually referred.
However, in molecular solids, many molecules are brought
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Fig. 5. (a) Spectral response of the normalized I for the ITO/CuPc/Cgo/
Ag device and (b) absorption spectra of CuPc (thickness of 120 nm) and
Cgo (thickness of 150 nm) thin amorphous films.
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close together, so that the split energy levels of HOMO and
LUMO form continuous energy bands with a small energy
bandwidth due to the weak van der Waals force. From
spectral broadening, as shown in Fig. 5(b), the energy
bandwidths for CuPc amorphous films are estimated to be
approximately 0.11-0.21 eV, while the bandwidths for Cg
amorphous films are much wider and difficult to be
estimated in this way.

The above experimental results reveal that the deposition
conditions, especially for T,, and Ty, profoundly affect
the physical properties of the as-deposited organic mole-
cular films as well as the performance of the as-fabricated
OPV cells. With the appropriate choice of Ty, and by
slightly increasing Ty, the adhered organic molecules on
the growing interface gain more surface diffusion energy
and the as-deposited layer then possesses flatter surface
morphology and more compact structure. A longer exciton
diffusion length and a higher value of charge-carrier
mobility may result due to less scattering and, accordingly,
Js. and PCE of the OPV cells increase. However, further
increasing Ty, may lead to a complex interplay of surface
mobility and re-evaporation of the adhered molecules
[19,20]. The formation of line fibers observed in CuPc films
for T, =150 °C [17] can additionally set an upper limit of
Tsup for obtaining a smooth amorphous CuPc film, and the
physical properties of CuPc films deposited at T, =150 °C
and the performance of OPV devices fabricated from these
films remain to be further investigated.

4. Summary

Small-molecule OPV cells with a heterostructure of ITO/
CuPc/Cgy/Ag were fabricated by PVD at various T,,, and
Tsun. To have a better control of film thickness and to
prevent organic compounds from thermal decomposition,
Tsou (in between 330 and 360 °C for CuPc and 370 and
460 °C for Cgp) associated with a reasonably low growth
rate was adopted. With increasing T, from 30 up to
90°C, the average surface roughness in ITO/CuPc/Cgg
interface decreases from 8.8 down to 2.7nm. From a fit of
dark J-V curves, two distinct linear regions were shown
and discussed. In addition, the measured values of J. and
Voe for these devices under illumination reveal that the
OPYV cells fabricated at T, = 90 °C were found to deliver
more power output than those fabricated at Ty, = 30 °C.
This strong Ty,,-dependence observed in this work suggests
that the organic molecular film deposited at a higher Ty,
possesses a flatter surface morphology and a more compact
structure, and, accordingly, PCE of the as-fabricated OPV
cells increases.
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