MYUC, Dposm Llunsxncunessnuil ouuue, Qusux Ne 309(15), 2009, xyyo. 23-29
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Abstract

The conductivity of copper Il phthalocyanine (CuPc) thin films with different crystal structures and
morphologies was evaluated by using a near-field microwave microprobe (NFMM) technique in the
frequency range of 4-4.5 GHz. CuPc thin films annealed at 200 °C and 350 °C showed the - and S-phase
crystal structures, respectively. Crystal phase structure and morphology of CuPc thin films were
characterized by optical absorption spectra measurement, X-ray diffraction, and scanning electron
microscopy methods. Conductivity measurements of CuPc thin films were done in the temperatures range

of 25-160 °C.
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1. INTRODUCTION

Copper phthalocyanine (CuPc) is one of the
promising organic compounds due to its low cost,
high thermal and chemical stability, and its
excellent field effect response [1-2]. Organic field
effect transistors (OFETSs) have attracted much
attention because of their potential applications in
organic/molecular electronics. Much research
effort was being dedicated to improvement of
characteristics of OFETs composed of CuPc thin
film [3-10]. Intrinsic properties of CuPc thin film
such as crystal structure, microstructure of grains,
band gap and thickness influence the
characteristics of OFET device. In this paper we
have investigated the annealing effect on CuPc
thin film conductivity. As the substrate annealing
temperature increased, the conductivity of CuPc
thin films was changed. The conductivity of CuPc
thin films was estimated by a noncontact near-
field microwave microprobe method. Near-field
microwave microprobe (NFMM) techniques with
high sensitivity have been developed for the
characterization of thin films from the microwave
to the millimeter-wave ranges [11-16]. An
important ability of the NFMM is contactless
characterization of thin films, in particular, the
characterization of electrical properties of thin
films, such as conductivity, resistivity, and
dielectric ~ permeability.  Contactless  and
nondestructive characterization techniques are
very useful for the device applications of organic
devices. The NFMM technique, which directly
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measures the physical properties such as surface
conductivity of thin films, shows practical
promise. We have used a NFMM coupled to a
high-quality dielectric resonator with a distance
regulation system at an operating frequency /=4 -
4.5 GHz. The conductivity changes of CuPc films
due to the different annealing temperatures were
investigated using a NFMM by measuring the
microwave reflection coefficient Si;.

2. THEORY

The charge transport properties in organic
semiconductors are quite different from those in
inorganic materials and thus this issue has
attracted a great deal interest in CuPc. We have
therefore conducted high-sensitivity dielectric
measurements in CuPc thin films prepared under
different annealing conditions. In generally, the
complex dielectric permittivity of CuPc thin films
is a function of frequency (w = 2mf ) and
temperature (7'):

s,T)=¢"(o,T)- je"(o,T), )

where &' and &" are the real and the imaginary
parts of the complex dielectric permittivity. The
conductivity is related to &" by

e(o.1) = 22D @

s,
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where & is the dielectric permittivity of the
vacuum. We explore the conducting properties of
CuPc thin films in the frequency range of 4 -4.5
GHz by measuring the microwave reflection
coefficient. The propagating electromagnetic
wave at standing-wave regime is derived from the
Maxwell equations as [17]

V(z)= V0+e_jk"z + Vo_eﬂ"“z , ©))

where the first and the second parts in Eq. (3) are
the incident (generated from microwave source)
and reflected (from sample) waves, respectively.
The voltage complex reflection coefficient in
logarithmical scale (S parameter) at the
semiconductor interface can be derived by using
standard transmission line theory and is given by

assuming impedance matching between the
microwave probe and the microwave source [17]
Z -7
Sy, =20log———%, 4
c + ZO
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where 7 is the characteristic impedance of probe
with the fixed value of Zy = 50 Q, Z. is the
complex intrinsic impedance of the CuPc thin
film, and it can be estimate as [17]

Z:Z

¢ Je(o)’

where Z, is the impedance of air (Z,=377 ) and
& 1s the complex dielectric permittivity of CuPc.
After some algebra, the complex intrinsic
impedance of CuPc thin film can be expressed as

)

7 = Za 1+o7; /(80)26‘0'2)_’_ . 0. /Quwe,")
< e 140l 1Qa’e”) T 140l IQ2’e,”)
= (6)

where o, and &, 'are the conductivity and the real

part of the complex permittivity of the CuPc thin
film.
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Figure 1. (A) The calculated reflection coefficient (left axis) and sample intrinsic impedance magnitude (right axis) of CuPc
sample as a function of sample conductivity on a log scale at (a); (d) 1 GHz, (b); (e) 4 GHz, and (c); (f) 8 GHz. (B) The CuPc
sample complex intrinsic impedance real (left axis) and imaginary (right axis) parts dependences on CuPc thin film
conductivity on a log scale at (a); (d) 1 GHz, (b); (e) 4 GHz, and (c); (f) 8 GHz.

Figure 1 (A) shows the calculated reflection
coefficient (left axis) and the magnitude of
intrinsic impedance (right axis) of CuPc thin
films as a function of sample conductivity with
different three microwave frequencies as a
parameter. The microwave frequencies varied
from 1 to 8 GHz. At the low conductivity
range, the reflectance became flat for each
frequency and equal to the Fresnel value for an
insulator. At the high conductivity limit, the
reflectance approached metallic behavior.
Figure 1 (B) shows the complex intrinsic
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impedance Z.. Real (left axis) and imaginary
(right axis) parts are shown as a function of
conductivity on a log scale. Note, that
Real{Z }>>Im{Z.}, so the real part can be
estimated from the total complex intrinsic
impedance of CuPc thin films.

2. EXPERIMENT
2.1. Sample preparation

CuPc powder was purchased from
Aldrich Chemical Co. and used without further
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purification. Slide glass was used as a substrate.
The substrate was cleaned with acetone, ethyl
alcohol and distilled water. The CuPc thin films
are fabricated by the standard vacuum
evaporation technique. A Cu-Pc source,
contained in a ceramic crucible, was resistively
heated in high vacuum chamber at 107 Torr.
The deposition rate was controlled at 0.02 -0.05
nm/sec. The resulting films were about 100 nm
thick with deposition rate and thickness
monitored by a thickness monitor. During
deposition substrate temperature was 25 °C
(room temperature). In order to study the effect
of annealing three samples were prepared: as
deposited thin film and films annealed at 200
°C and 350 °C for 1 hour. For conductivity
measurements gold contacts were deposited on
the surface of the CuPc thin films with a
thickness of 300 nm and a channel length of 50
pum.

2.2. Experimental setup

The optical absorption of the CuPc thin
films was measured in the range 450-850 nm
using a SCINCO UV-Vis spectrometer. The
change of the crystal structure of CuPc thin

films was inspected by x-ray diffraction.
Surface morphology of the films was
characterized by a scanning electron
microscope (SEM). The temperature

dependence of conductivity of thin films was
measured by a source meter (Keithley 2400)
and the conductivity of the thin films was
estimated by the measurement with a NFMM.
The experimental setup of our NFMM was
described in detail in Ref. [13]. We designed a
NFMM system with a tuning fork distance
control system to keep a constant distance
between the sample and the tip. The probe tip
was made of gold wire with a diameter of 50
pm with tapered end size of 1 um. The probe
tip was oriented perpendicular to the sample
surface and the other end of the tip was directly
connected to a coupling loop in the dielectric
resonator. The reflection coefficient S;; was

Figure 2 shows the optical absorption
spectra of CuPc thin films deposited at room
temperature and  annealed at  different
temperatures for 1 hour. As shown in Fig. 2, for
the absorption spectra of the as-deposited thin
film (RT) the higher energy maximum peak is
larger than that of the second peak. Similar
behavior is shown by the thin film
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measured by network analyzer (Agilent
8722ES). To drive the tuning fork, an AC
voltage was applied to one contact on the
tuning fork at its resonance frequency using the
oscillator of a lock-in amplifier. The resulting
current from the other contact was measured by
using the current input of the same lock-in
amplifier. The output from the lock-in amplifier
was fed into the feedback system to control the
tip-sample distance using a piezo electric tube
(PZT) that supports the sample stage. The
probe tip to sample distance was kept at about
10 nm. All NSMM measurements were made at
the same sample-tip distance. The sample was
mounted onto an x-y-z-translation stage for
coarse adjustment which was driven by a
computer-controlled microstepping motor with
a resolution of 0.01 pm, whereas fine
movement of the sample was controlled by a
PZT tube.

4. RESULTS AND DISCUSSION

The absorption spectra of CuPc thin films
depends on the crystal structure [18,19]. The -
phase of CuPc thin films shows the two
absorption maxima located at wavelength of
625 and 694 nm while the fphase shows two
maxima located at wavelength of 645 and 720
nm [20].

(b)
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Figure 2. Optical absorption spectra of CuPc thin
films (a) RT sample, (b) annealed at 200 °C and (c)
annealed at 350 C.

annealed at 200 °C. This behavior represents
the typical features of the a-phase of CuPc thin
films. As the annealing temperature increased to
350 °C, the peak positions were changed to the
maximum peaks positions of the f-phase of CuPc
[21,22]. The positions of the absorption peaks and
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the related values of the direct energy gap are

given in Table 1.

Table 1. Positions of absorption peak and the direct energy gap of CuPc deposited on glass and annealed at different

temperatures.
. o Position of absorption peaks (nm Direct ener ap (eV
Annealing temperature (°C) 1% peak P 2n§) pe ak( ) 1% peak gyzgd g e(ak )
25 (RT) 611.4 695.8 2.03 1.78
200 619.8 693.5 2.00 1.79
350 629.3 7154 1.97 1.73

200)

(200)

Intensity (a.u.)

T+ 1 1 " T ' T T+ 1
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20 (degree)

Figure 3. X-ray diffraction spectra of CuPc thin films (a) RT
sample, (b) annealed at 200 °C and (c) annealed at 350 C.

Figure 3 shows the x-ray diffraction patterns
for Cu-Pc thin films annealed at different
temperatures. CuPc thin films deposited at room
temperature showed two distinct peaks at 6.7°
and 13.5° corresponding to the (002) and (400)
lattice plane of the a-phase of CuPc. At the
annealing temperature of 200 °C, five peaks
corresponding to the crystal structure of the o~
phase of CuPc were observed. CuPc thin films
annealed at 350 °C showed the distinct eight
peaks corresponding to the fphase. The
calculated crystal cell parameters were a = 1.464
nm, b=0.470 nm, ¢=1.732 nm, a=90.00 °, g=
105.49 °, and »=90.00 °. The space group of the
crystal structure was monoclinic P2;/c and agreed
well with Ref. [23]. By annealing at 270 °C, we
obtained the mixture structure of @- and S-phases.

Figure 4 shows the SEM images of CuPc thin
films deposited (a) at room temperature, (b)
annealed at 200 °C, and (c) 350 °C. At room
temperature, randomly oriented nanorods were
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observed. The shapes of cross sections of the
nanorods are rectangular. As the annealing
temperature increased to 200 °C, the nanorods
merged standing up perpendicularly to the
substrate surface. For the annealing temperature
of 350°C, the nanorods have a horizontally
periodic lamellar shape with the ends some being
whiskers-like (see Fig. 4 (c)).

Figure 4. SEM images of CuPc thin films (a) RT sample, (b)
annealed at 200 °C and (c) annealed at 350 C.
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It is noticeable that the grain orientation and
the crystal structure of CuPc thin films were
drastically changed above 300 °C of annealing
temperature. To our knowledge, this has not been
previously observed.

The transport properties of CuPc thin films
depend on the crystal structure, energy band
structure, and grain morphologies [21]. The
conductivity of CuPc thin film at room
temperature has an order of magnitude of 10
S/m [24]. In a practical situation the conductivity
and the mobility measurement of CuPc thin films
is evaluated by using a field effect transistor.
Here voltage and current were measured for the
temperature range from 25 to 160 °C by a two
probe method.
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Figure 5. The conductivity (left axis) and resistivity (right
axis) of CuPc thin films as a function of measurement
temperature for (a); (d) RT sample and annealed at (b); (e)
200 °C and (c); () 350 C temperatures.

Figure 5 shows the conductivity (left axis) and
the resistivity (right axis) of CuPc thin films
annealed at different temperatures as the function
of temperatures. The conductivity of CuPc thin
films annealed at 350 °C, which has the f-phase,
shows higher conductivity than that of films
annealed at 200 °C, which has a a-phase. These
shows that the conductivity of CuPc thin film
increased as the annealing temperature increase
up to 350°C, as the crystal structure changed from
a-phase to the f-phase. From temperature-
conductivity dependencies in the temperature
range of 25-50 °C, using an Arrhenius’ plot, we
could estimate the thermal activation energy. In
an Arrhenius’ plot we represent the electrical
conductivity temperature dependence by the
expression: & = &, exp(— E, / 2kT), where E, is
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the thermal activation energy, & is the Boltzmann
constant, 7 is the absolute temperature, and oy is
the 1initial conductivity of CuPc. Calculated
values of thermal activation energy of CuPc thin
films at room temperature, annealed at 200 °C,
and 350 °C were (a) 1.88 eV, (b) 1.84 eV, and (c)
1.80 eV, respectively. The direct band gap energy
from absorption spectra gives similar through
somewhat smaller values (see Table 1). Note that,
the thermal activation energy of CuPc thin film
deposited on ITO substrates which was measured
by the field effect method (1.49 eV [25]) was
close to the band gap energy (1.59 eV) defined by
photoelectron emission and by optical absorption
[26]. A study of transport properties of CuPc thin
films deposited on ITO glass and annealed at
different temperatures used an ITO bottom
contact and an Au electrode evaporated on top of
the sample [21]. Due to heating of the thin film
substrate from RT to 350 °C the energy gap was
changed from 1.8052 to 1.7844 eV [21]. These
values are close to our measured thermal
activation energy of CuPc thin films deposited on
the glass substrate. Consequently, as the crystal
structure changed from a-phase to f-phase the
conductivity of CuPc thin film was increased.

Figure 6 (A) shows the measured microwave
reflection coefficient S); profile of CuPc thin
films (a) without sample, annealed at (b) RT, (¢)
200 °C, and (d) 350 °C for 1 hour. The matched
resonant curve of the air has a minimum level of -
52.09 dB, which is the reference level of S); of
our measurements. As the annealing temperatures
increased up to 350 °C, the minimum reflection
coefficient S, increased from -42.09 dB to -39.24
dB, as shown in the inset to Fig. 6 (A). The
change of reflection coefficient depended on the
conductivity of CuPc thin films. Note, that 100
nm CuPc thin film conductivity was about 10
S/m for as-growth thin films [18]. The reflection
coefficient S;; increased as the annealing
temperature increased up to up to 350 °C. The
changes of reflection coefficient S;; depends on
variations of the conductivity of CuPc thin film as
we can see from Eq. (4) and (6). Comparing to
RT, the conductivity of CuPc thin film increased
about 83 times for 200 °C and 100 times at the
350 °C annealing. Figure 6 (B) shows the
estimated conductivity of CuPc thin films (left
axis) and the resistivity (right axis) as a function
of annealing temperatures. As the annealing
temperatures increased up to 350 °C, the
conductivity increased from 10™° to 10® S/m.
Therefore our results obtained by NFMM method
well agree with results measured by field effect
measurements [25].
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Figure 6. (A) The microwave reflection coefficient S;; profile for (a) air and CuPc thin films for (b) RT sample and annealed at
(c) 200 °C and (d) 350 °C. (B) Estimated CuPc thin film conductivity (left axis) and resistivity (left axis) as a function on
sample annealing temperature. Solid line is the guide for the eye.

5. SUMMARY

The annealing procedure at different
temperatures changes the crystal phase structure
and grain microstructure of CuPc thin films. By
annealing at 350 °C the fphase CuPc thin film is
obtained on the glass substrate. Annealing
procedure at 350 °C increases conductivity of
CuPc thin film evaporated at room temperature
up to 100 times and decreases thermal activation
energy by 0.08 eV. The NFMM method is useful
for the measurement of the electrical properties of
organic thin films.
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