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Abstract P-type copper phthalocyanine (CuPc) and n-type
hexadecafluorophthalocyanina-tocopper (FisCuPc) poly-
crystalline films were investigated by Kelvin probe force
microscopy (KPFM). Topographic and corresponding sur-
face potential images are obtained simultaneously. Surface
potential images are related with the local work function of
crystalline facets and potential barriers at the grain bound-
aries (GBs) in organic semiconductors. Based on the spatial
distribution of surface potential at GBs, donor- and acceptor-
like trapping states in the grain boundaries (GBs) of p-CuPc
and n-F1¢CuPc films are confirmed respectively. In view of
spatial energy spectrum in micro-scale provided by KPFM,
it is going to be a powerful tool to characterize the local
electronic properties of organic semiconductors.

PACS 07.79-.v - 68.35.-p - 73.61.Ph

1 Introduction

Electronic defects originated from grain boundaries (GBs)
generally have considerable impact on energy levels for
charge transport [1-3]. GB model was successfully applied
to explain mobility increasing with grain size in p-type
sexithiophene (6T) and octithiophene [1], and it was em-
ployed to interpret charge mobility dependence on dopant-
concentration and gate voltage in p-type pentacene organic

H. Huang - H. Wang - J. Zhang - D. Yan (X))

State Key Laboratory of Polymer Physics and Chemistry,
Changchun Institute of Applied Chemistry, Graduate School

of Chinese Academy of Sciences, Chinese Academy of Sciences,
Changchun 130022, People’s Republic of China

e-mail: yandh@ciac.jl.cn

Fax: +86-431-85262266

thin-film transistors (OTFTs) [2]. Conventional methods,
such as current—voltage temperature-dependence and Hall
measurements of thin-film devices, usually give the average
results over all grains with different sizes and orientations.
In order to further understand the relation between struc-
tures and electrical properties of GBs, it is necessary to get a
microscopic view [4, 5]. Experimental inspections on p-6T
GBs was done by using conducting AFM [3]. Unfortunately,
it is hard to determine the type of traps by current—voltage
measurements. Experimental observation of the type of trap-
ping states, i.e., acceptor- or donor-like traps at GBs, is still
an interesting problem.

KPFM [6] has proved to be a versatile tool for study-
ing device physics and interface electronic structures of or-
ganic electronic devices [7]. For example, potential map-
ping on OTFTs [8—16], band bending at organic—metal inter-
faces [17-20], electrical and electronic properties of molec-
ular thin films [7, 21-26], and surface photovoltaic effects
under illumination in organic solar cells [27-31]. KPFM
was also successfully applied to investigate GBs electri-
cal properties in inorganic semiconductors, especially in
Culn,Ga(1—x)Sey solar cells [32-34], but results of GBs
in organic semiconductors are rarely reported [5]. KPFM
records electrical potentials of sample surfaces, i.e., surface
potentials. Different physical natures may contribute to the
surface potential, such as surface dipole, charge density dis-
tribution, and energy band bending. The surface potential
images provide electronic structure information of various
surfaces and interfaces. Here we apply the KPFM to in-
vestigate the local work function and potential distribution
around GBs in polycrystalline CuPc and F;¢CuPc films.
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2 Experiments

To study the microscopic electrical properties of GBs, the
proper morphology is necessary. Here we applied different
substrates, i.e., highly oriented pyrolytic graphite (HOPG)
and Polycrystalline Au films, and tuned the substrate tem-
perature and deposit velocity to control the GBs morphol-
ogy.

Gold was deposited onto precleaned Si slices as the con-
ductive substrates. CuPc sample (Aldrich Chemical) was pu-
rified three times by gradient sublimation and then deposited
to the polycrystalline Au substrates and freshly cleaved
HOPG substrate at 2 nm/min by vacuum deposition under
the pressure of 10™* Pa. During deposition, the substrate
temperature was held at 390 K. The total thickness of CuPc
film is about 120 nm. Thus, we get the polycrystalline CuPc
film. Preparation of F1¢CuPc film on polycrystalline Au sub-
strate is the same as above. We focus on the bulk properties
of CuPc and F¢CuPc, so all the sample is thick enough to
eliminate the possible interface influences, such as interface
dipole [17].

The KPFM measurements were carried out on a commer-
cial instrument (SPI3800N+SPA300HY, Seiko Instructions
Inc., Japan) in air. Au-coated rectangle Si probe with spring
constant of 2.8 Nm™! and resonant frequency of 28.9 kHz
was used. The side parts of conductive substrates were elec-
trically connected to KPFM system via silver paint. Topo-
graphical and surface potential images were recorded in
dual-channel simultaneous dynamic force mode (DFM), i.e.,
in addition to the conventional DFM locked in resonant fre-
quency for topography, a nonresonant alternating electronic
signal V4.(w) with frequency of 26 kHz was applied to the
cantilever in the second feedback loop to measure the sur-
face potential simultaneously. In the KPFM, when probe
keep proximal to the sample surface, the cantilever senses
electrostatic force F,, [7],

aC .
F,= —a—Z(Voff — Vepp) Vae sin(wr) M

and vibrates at frequency of w. When the feedback is closed,
surface potential V cpp is compensated by outer offset volt-
age V ofr, and the electrostatic force F, between tip and sam-
ple is counteracted. In our measurements, surface potential
value is independent of V4. at the range of 1-15 V. The V4
was set at 5-10 V when KPFM images were recorded. All
the other scanning parameters were also optimized for good
reproducibility.

3 Results and discussion
3.1 Local work function and contrast mechanism of KPFM

In KPFM application, the interpretation of contrast mecha-
nism of surface potential images is not strictly defined due
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to different sample electrically conductive condition. Nor-
mally, the measurements can be divided into two types de-
pending on whether the charge could flow (via electric cir-
cuitry of KPFM system) freely between sample surface and
tip or not. When metals and semiconductors are measured
by KPFM, electronic equilibrium can be achieved between
sample and tip, so the surface potential can be interpreted
in energy band landscape. For metals, the surface potential
is the work function difference between the sample and tip
[6, 35], and for most inorganic semiconductor, it related to
surface band bending derived from Fermi energy level pin-
ning due to surface defect states [36, 37]. However, for the
samples of insulator or samples on insulator, the charge in
samples cannot flow to tip, so the surface potential reflects
real-space charge distribution in samples [38, 39].

As is known in the electronic equilibrium sample-tip sys-
tem, potential signal of KPFM represents the Fermi en-
ergy level position of sample with respect to local vac-
uum level [40]. In our KPFM setup, the tip is electrically
grounded, so the Fermi energy level equals the difference
between tip’s work function and surface potential,

@s(x,y) = dip — eVepp(x, y) 2)

¢s(x, y) is the work function of sample related to lateral po-
sition, and ¢y is the work function of tip. In KPFM, the
measured VL is always relative to the VL of metallic tip. If
we set the Fermi energy level as the reference level, which is
constant throughout the sample and tip in electronic equilib-
rium, the contrast of surface potential image reveals the local
vacuum level position, which varies with lateral position of
sample surface [18, 38]. This is similar to the mechanism
of work function measurement by ultraviolet photon spec-
troscopy [40, 41]. Here we use the polycrystalline CuPc to
discuss the contrast mechanism of KPFM.

For the CuPc-HOPG sample, the growth process of CuPc
on HOPG presents face-to-face packing mode in the surface
normal direction [42], and the ordered molecular stacking
is favorable to develop cryptographic facets with large grain
size. Because of crystalline anisotropy of CuPc grains, dif-
ferent oriented facets are expected to have different work
function, i.e., local work function. Figures la and b are
the topology and surface potential images respectively, and
Fig. lc is the local work function image calculated from sur-
face potential image (b) by formula (2). The work function
of CuPc crystal varied form 4.87 eV to 5.02 eV depending
on the orientations of facets. The surface potential image
shows contrast upon different facets of grains. By chosen a
line section in image (a) and (b), details are shown in im-
age (d), the line (1) in the upper panel is the topography
along the line in (a), and the line (2) in the lower panel is
the surface potential along the line in (b). Facets A and B
have an angle of ca. 43.5°, and that is also revealed by ca.
27 mV in their surface potential difference, which is larger
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Fig. 1 CuPc polycrystalline films grown on HOPG. a Topographic
image of CuPc. b Corresponding surface potential image. Scanning
size is 8 um x 8 um. ¢ Local work function image calculated from
surface potential image b, z-range is 4.87-5.02 eV. d Line sections in
aandb

enough than our KPFM’s nominal resolution of 3 mV. The
results of CuPc are similar to previous reports of work func-
tions dependence on the grain facets orientation in CuGaSe;
demonstrated by KPFM [43].

Cahen and Kahn [40] have discussed the concepts of lo-
cal work function and local vacuum level recently. In dual-
channel simultaneous mode KPFM, the probe keeps within
several tens nm to the surface. This distance is small enough
compared to the surface dimension, which is several mi-
crometers in Fig. la, so the tip-sensed electrostatic field
mainly derives from the surface that is just under the tip.
Thus, the KPFM measured work function is that of the sur-
face, and the detected vacuum level is the local vacuum level
of that surface [40]. The work function contrast of differ-
ent surfaces may come from the different surface electronic
structure of CuPc crystal facets. This reflects microscopic
molecular packing and orientation impact on its local elec-
tronic structure [44].

3.2 Types of trap state from grain boundary defect

CuPc and Fi6CuPc grown on polycrystalline Au substrates
are consisted of small and irregular grains. Figure 2a shows
the topographic image of CuPc. Grain size of CuPc varies
from 50 to 300 nm. Figure 2b shows the corresponding sur-
face potential image of CuPc. The GBs and their vicinity
are brighter than the bulk region, which suggest a down-
ward band bending of local vacuum level and valence band
at GB. The local band bending of valence level and con-
duction level follows the local vacuum level. Thus, hole de-
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Fig. 2 CuPc and Fi6CuPc polycrystalline films grown on polycrys-
talline Au substrates. a Topographic image of CuPc. b Corresponding
surface potential image. Low pass FFT filter applied to slightly remove
noise. Scanning size is 1.5 ym x 1.5 pm. ¢ Line section in a and b.
Dot lines give guide of GBs positions. d, e, f are topographic, surface
potential, and line section images of polycrystalline FisCuPc respec-
tively. The AC voltage is 5-8 V, and scanning speed is 0.2-0.3 Hz

pletion space-charge region (SCR) are formed around GB.
Figure 2c is the line section in (a) and (b); the surface po-
tential shows a close track of its topography, and potential
barriers are observed clearly at each GB. The barrier heights
vary from 30 to 60 meV. For p-type CuPc, the GBs intro-
duce donor-like trapping levels within the band gap. These
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Fig. 3 Schematic energy level diagrams of CuPc a and FicCuPc
b GBs. Illustrated the positively and negatively charged GBs in CuPc
and F16CuPc, respectively. Local band bending occurred according to
surface images in Fig. 2

trapping states are capable of trapping carriers and become
positively charged and creating potential energy barriers at
GBs. The GBs potential barriers also clearly appear in CuPc-
HOPG sample (see Fig. 1).

Figure 2d-f shows the case for Fj¢CuPc. For n-type
F16CuPc, the local vacuum level and conduction band bends
upwards at GBs. It suggests potential barriers for electron
and acceptor-like trapping levels located in the Fj¢CuPc
GBs. Figure 3 shows the schematic energy level diagrams
of CuPc and F;¢CuPc GBs.

The physical origin of GB defect states in organic semi-
conductors is not clear for now. In covalent bonded inor-
ganic semiconductors, the interface broken bonds and dis-
order atoms create the GBs defect states and GB poten-
tial barrier usually modeled by back-to-back Schottky bar-
rier [45]. However, in van der Waals bonded organic semi-
conductors, surface states lie outside the band gap [19, 22],
and there seems no Fermi level pinning at the surface. Thus,
the break of crystal potential at the GBs cannot lead to
the form of potential barriers in organic semiconductors.
Some other mechanisms maybe contribute to it. Previous
theoretical study on pentacene GBs has pointed out that
void, molecular disorder, crystallographic orientation mis-
align, and foreign molecular dwelling at GBs can form GB
defect states [46].

3.3 The effect of grain size

Moreover, it is clearly shown that in the CuPc sample the
barrier heights are dependent on the grain sizes. In Figs. 4a
and b the large grains have flat ground in the interior and are
decorated with barrier around. Figure 4a is the topographic
image of a large grain with size of 252 nm. In the corre-
sponding surface potential image, Fig. 4b, the line section
demonstrates that surface potential is composed of a flat re-
gion of grain bulk and depleted region at each side of the
GBs, the width of the depleted regions is ca. 92 nm, and the
height of GB barrier potential is ca. 35 meV. For the small
grains in Figs. 4c and d, the barrier heights are lower than
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Fig. 4 CuPc GBs barriers vary with grain sizes. a and b topographic,
surface potential image, and line sections of large grains. ¢ and d topo-
graphic, surface potential image, and line sections of small grains.
Schematic band diagrams of large grains e L > 2Lp and of small
grains f L <2Lp

that of large GBs. From line sections of a small grain with
size of 88 nm, it is clearly that the depletion regions extend
completely through the grain, and the height of GB barrier
potential has a lower value of ca. 11 meV. Though crystallo-
graphic orientation has contribution to the surface potential
contrast, the potential barriers at GBs are more prominent
than the surface potential variation that comes from crys-
tallographic orientation. The grain size effect can be clearly
determined.

Theoretical model of GBs was proposed in inorganic
semiconductors [45, 47]. In the model, the barrier height is
dependent on the carrier concentration N, trap density Ny,
and grain size L as follows:

By 2N (L >2Lp) 3)
= >
b 8eseg N b
2L:N
Ep = (L <2Lp) €]
8e5e0

The distinction is the magnitude of Debye length Lp and
grain size L. Lp = +/eseokgT /e N is the characteristic
length of space-charge region (SCR) and screen length
against the trapped charges at the GBs. The Lp was also
applied to explain charge accumulation thickness at organic
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heterojunction interfaces [48]. For large grains, in Figs. 4a,
b, and e, L > 2Lp, the traps are fully filled, and only part
of the grain is depleted. The barrier height Ey, only depends
on trap states in the GBs. But for small grains, in Fig. 4c,
d and f, L < 2Lp, the traps are partially filled, and the Ey,
increases with grain size. From the surface potential images
of CuPc, we can determine that Lp is about 100 nm, and this
coincides with the calculated value about 200 nm, assuming
that the &5 of CuPc is 1.6 [49] and that the carrier concen-
tration is 104 cm™3 [50]. The grain size effect implies that
carrier transport in polycrystalline organic semiconductors
is GBs-limited. The height and width of GB potential bar-
riers determine the probability of electron thermoemit and
tunneling through the GBs, respectively. The revealed grain
size effect is in accordance with grain size dependence of
charge transport mobility in OTFTs [1].

In long-distance electrostatic interaction, the tip-sample
distance has great influence on the lateral resolution [7].
The effective capacitance is not only limited to tip apex but
strongly depends on the sidewall area of tip. When the tip-
sample distance is small (several tens nm), the capacitance
is determined mostly by the tip apex and the area just un-
der it. However, when the distance is larger (several hun-
dreds nm), the sidewall of tip comes into the main influ-
ence, and the broaden effect appears in surface potential
image [20, 24, 51]. In the dual-channel simultaneous mode,
the tip-sample distance is just as that of dynamic force mi-
croscopy, and the broadening effect at GBs can be safely
neglected [24]. The GBs potential barriers in surface images
really demonstrate the size correlation effect.

4 Conclusion

In conclusion, KPFM was applied to characterize the lo-
cal work function GBs in organic semiconductors. The lo-
cal work function reflects that molecular orientation has im-
pact on electronic structure in organic semiconductor. Sur-
face potential images are interpreted as local band bend-
ing. Potential barriers and trapping states appeared at GBs
in p-CuPc and n-F16CuPc crystalline films were observed.
Donor-like trapping states are present at GBs in p-type
CuPc, and acceptor-like trapping states are present at GBs in
n-type FigCuPc. The effect of potential barriers depending
on grain sizes was also observed. KPFM is demonstrated to
be a powerful tool to characterize the relations between local
structures and electronic properties in organic semiconduc-
tors at nanoscale.
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