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Correlation between surface morphology and potential profile
in OFETSs with zone-cast TIPS-Pentacene as seen
by scanning Kelvin probe microscopy
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Charge-carrier transport in the channel of bottom gate, top contact organic field effect transistors with anisotropic layers
of 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS-Pentacene) obtained by zone casting was investigated using scanning
Kelvin probe microscopy combined with atomic force microscopy. The TIPS-Pentacene continuous layers consisted of thin
crystals unidirectionally oriented in the channel. Devices with perpendicular and parallel charge flow in the transistor channel
were prepared. It was found that irregularities in the surface morphology at the semiconductor layer in the transistor channel
are correlated with the local potential profile, and that the channel resistance strongly depends on the orientation of the TIPS-

Pentacene crystals.
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1. Introduction

Development of organic electronics observed
in recent years was driven mostly by the syn-
thesis of new organic semiconductors with im-
proved physicochemical properties, such as stabil-
ity, solubility, appropriate HOMO-LUMO levels,
etc. Further progress in organic electronic tech-
nology requires development of processing tech-
niques that allow producing high performance de-
vices with good reproducibility. It is known that the
performance of Organic Field Effect Transistors
(OFETs) based on polycrystalline low molecular
weight semiconductors depends on the structure of
the active layer [1]. Therefore it is important to in-
vestigate the correlation between the charge carrier
transport and the morphology of the active layer
in such devices. The scanning Kelvin probe mi-
croscopy technique (SKPM) [2-4] combined with
the atomic force microscopy (AFM) [5] offers the
possibility to simultaneously monitor the surface
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potential profiles in the OFET’s channel under bias
and to correlate them with the surface morphology.

In this contribution, we investigate bottom
gate (BG), top contact (TC) OFETs with ac-
tive channels made of anisotropic layers of
6,13-bis(triisopropylsilylethynyl) pentacene
(TIPS-Pentacene) obtained by zone-casting tech-
nique by means of SKPM and AFM. Zone-casting
technique allows us to obtain highly oriented
layers of organic semiconductors [6-8]. It was
found, that such oriented zone-cast layers show
a strong electrical anisotropy of charge carrier
mobility in OFET devices. The charge mobility
along the zone-casting direction can be more
than one order of magnitude higher than in the
perpendicular direction [9]. The investigation of
anisotropic OFETSs based on TIPS-Pentacene semi-
conductor was published by Park et al. [10]. The
anisotropic active layer was obtained by technique
consisting in vertical flow of a viscous solution
onto the upstanding substrate. The published
2D surface potential map of the TIPS-Pentacene
layer illustrates large contrast between crystalline

© 2019. This is an open access article distributed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.materialsscience.pwr.wroc.pl/

250

M. KUCINSKA et al.

regions and regions described by authors as void or
amorphous which indicates that the obtained layers
were discontinuous. Nevertheless, the charge
carrier mobility for the best parallel device was
one order of magnitude higher than for the best
perpendicular device.

Our investigations were focused on correlation
between surface morphology (as seen by AFM),
surface potential profile (studied by SKPM) and
transistor parameters in OFETs with continuous,
unidirectionally oriented TIPS-Pentacene layer ob-
tained by zone-casting.

2. Experimental

The OFET devices were fabricated and investi-
gated in a clean-room environment in normal at-
mosphere. The transistors were fabricated in the
bottom gate top contact configuration, as shown
schematically in Fig. 1. Heavily doped Si wafer
with thermally grown 150-nm-thick SiO, dielectric
layer obtained from CEMAT SILICON S.A was
used as the gate electrode. The TIPS-Pentacene
was purchased from Sigma Aldrich and thin films
of this semiconductor were obtained by zone-
casting technique from a chlorobenzene solution.
The principle of the technique consists in pouring
the TIPS-Pentacene/chlorobenzene solution onto a
moving substrate via a flat nozzle. In the menis-
cus formed between the nozzle and the support, a
gradient of concentration and of temperature are
formed due to the continuous solvent evaporation:
these gradients are the driving forces leading to the
unidirectional crystallization of the organic semi-
conductor. The quality and the orientation of the
formed crystalline layer depends on several param-
eters which have to be controlled and optimized:
the concentration of the TIPS-Pentacene solution,
the temperature of the input solution, the temper-
ature of the substrate, the velocity of the substrate
drift, the flow of supplied solution, the height of
the meniscus, and the surface energy of the sub-
strate [11]. The thickness of the typical TIPS-
Pentacene layer was ca. 200 nm.

After the zone casting procedure, the pre-
pared layers were annealed in vacuum at 100 °C
for 4 h in order to remove the residual solvent.

Then, 50-nm-thick golden drain-source (DS) elec-
trodes ware evaporated at the top. In this work, the
transistor channel length was 50 pm and the chan-
nel width was 2 mm. Transistors with two orienta-
tions of the DS electrodes with respect to the zone
casting direction were prepared: in the first type
the current flows along the zone-casting direction,
and in the second channel configuration, the current
flows perpendicularly to the zone-casting direction.
On each zone-cast layer (20 mm x 50 mm), 9 tran-
sistors of different orientations were obtained.

HsC_ CH;

Drain Source HiC. CH
—Si y Si—
HiC CH,

Si0, (insulator) HsG " CHl
Si (gate)

Fig. 1. Schematic view of the bottom gate and top
drain-source electrodes field effect transistor
(left), and the chemical structure of TIPS-
Pentacene (right).

The current-voltage characteristics of OFETs
were measured in ambient condition, using needle
electrodes and circuits with voltage/current source
and dual channel source meter (Keithley 2636A).

Scanning Kelvin probe microscopy combined
with the atomic force microscopy was performed
with a Cervantes AFM-SKPM head and a Dul-
cinea controller unit (Nanotec Electronica, Madrid,
Spain) which allowed mapping the surface poten-
tial profile of the TIPS-Pentacene OFETs under
bias simultaneously with the surface topography.
The SKPM was operated in air using Arrow EFM
Si cantilevers from Nanoworld which were coated
by a Ptlrs conductive layer (resonance frequency
75 kHz). The WSxM software [12] was used to
drive the Dulcinea controller as well as for the sub-
sequent image analysis. The voltage applied to the
DS electrodes was limited by the Nanotec soft-
ware to £10 V. In brief, in a first step, the topog-
raphy profile was measured in tapping mode along
the line across the channel between the DS elec-
trodes. Then, along the same scan line, the SKPM
signal was acquired by lifting the tip above the
surface by 5 nm. An electrostatic force was cre-
ated due to the surface potential difference between
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the biased conductive SKPM tip and the surface of
the sample. To determine the local surface poten-
tial, a feedback loop was used to eliminate the elec-
trostatic force by application of an adequate voltage
to the tip: this potential corresponded to the local
surface potential under the tip. Thus, an image of
the surface potential of the OFET device could be
obtained simultaneously with the topography of the
sample.

3. Results and discussion

The orientation of the crystals in the zone-cast
layer was checked using Polarized Optical Micro-
scope (POM). Fig. 2 shows typical micrographs
obtained for two orientations of the zone-cast
TIPS-Pentacene layer in relation to polarization
planes of the crossed polarizers. One can observe
long crystals grown along the casting direction,
what proves that the TIPS-Pentacene molecules
exhibit the tendency for unidirectional crystalliza-
tion. However, the long axis of the TIPS-Pentacene
molecules in the crystals is not arranged paral-
lel to the zone-casting direction. The image be-
comes bright when the zone-casting direction is co-
incident with the polarization plane. Extinction of
image occurs when the sample is rotated of 45°.
Dark regions of the POM images are caused by
arrangement of the long axis of the molecules in
the crystal along the polarization direction of the
light. These results indicate that the long axis of
TIPS-Pentacene molecules in the layer is inclined
close to 45° to the zone-casting direction. Simi-
lar effect for the TIPS-Pentacene layer obtained by
flow-coating technique has been described in the
literature [13, 14].

Representative output and transfer characteris-
tics of the transistors with the channel parallel to
the zone-casting direction of the TIPS-Pentacene
layer are shown in Fig. 3. The measurements were
performed for gate-source Vg and drain-source
Vps voltages in the range from 0 V to -30 V.
The hysteresis observed in the output characteris-
tics measured for forward and backward sweeps
is very small. One can therefore conclude that the
hole trapping at the interface between the semicon-
ducting layer and the dielectric layer is very weak.

Fig. 2. POM images of the zone-cast TIPS-Pentacene
layer on Si/SiO, substrate. Yellow arrow indi-
cates the zone-casting direction. White crossed
arrows indicate the polarization planes of the po-
larizer and analyzer.

The charge carrier mobility p and the ON/OFF
ratio were calculated from the saturation region, us-
ing the following equations:

WC\ 6V
ON _ IDSmax (2)
OFF IDSmin

where L is the channel length, W the channel
width, C the capacitance per unit area, Ipg the
drain-source current and Vg is the gate voltage.
The determined parameters for the parallel device
were: 4 = 0.13 cm? - V~!'.s~!, ON/OFF = 10°
and Vi, = —1 V and for the perpendicular one it
was: i = 0.018 cm?-V~!.s~! ON/OFF = 10?
and Vi = —1 V. One can see that the charge car-
rier mobility and ON/OFF ratio for transistor with
parallel charge flow were one order of magnitude
higher than for the transistor with perpendicular
charge flow. The obtained charge carrier mobil-
ity is similar to that reported in literature for the
devices prepared and measured in ambient con-
ditions, but the threshold voltage is one order of
magnitude lower than that presented by Su and co-
workers [15] (u = 0.67 cm?-V~!.s~! ON/OFF
6.3:-10%, Vi =—18.9 V).

The surface morphology of the TIPS-Pentacene
layers in the transistors channels was investi-
gated by AFM operated in tapping mode. The
TIPS-Pentacene crystals were usually longer than
100 pm, their width was in the range between
10 um and 30 pm. The channel transistor width
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Fig. 3. The output and transfer characteristics of OFET based on TIPS-Pentacene (charge flow parallel to the
casting direction) acquired for Vpg = —30 V and Vg = -30 V. Solid lines correspond to characteristics
measured with increasing drain-source voltage; broken lines correspond to characteristics measured with

decreasing drain-source voltage.

50 um was, thus, shorter than the typical length
of the crystal which is important in the “parallel
device” where the zone-casting direction is par-
allel to the charge flow in the transistor channel.
Fig. 4 shows the AFM image (left column) and
the surface profile (right column) across the tran-
sistor channels where the charge flow was parallel
(Fig. 4a) or perpendicular (Fig. 4b) with respect to
the zone-casting direction. We can observe that in
the “parallel device”, where the profile was deter-
mined along a single crystal, the surface is much
smoother (RMS roughness approx. 6 nm and maxi-
mum height 25 nm), as compared with the “perpen-
dicular device” in which the profile was obtained
across the boundaries of several crystals, the sur-
face RMS roughness was approximately 32 nm and
maximum height 163 nm.

Therefore one can assume that when the TIPS-
Pentacene single crystals connect directly the drain
and the source electrodes, as is the case of the “par-
allel devices”, then the current can flow unhindered
between the electrodes and the potential will de-
crease smoothly along the crystals. However, for
the perpendicular orientation, the charge carriers
have to travel across several inter-grain boundaries
what is seen as disturbance in the surface poten-
tial profile. Carlo et al. [16] has demonstrated direct
dependence between the semiconductor grains size
and charge carrier mobility determined in OFETs.
They proved that the potential barrier at the level

of grain boundaries is a major reason in the reduc-
tion of the charge mobility in devices with small
grain sizes. A similar effect of the detrimental in-
fluence of grain boundaries on charge transport was
also found in highly oriented thin films of regioreg-
ular poly(3-hexylthiophene) prepared by direc-
tional epitaxial crystallization [17] and mechanical
rubbing [18].

In order to determine the correlation between
the morphology and the potential map across the
channels of the transistors with the oriented TIPS-
Pentacene layers, SKPM images (Fig. 5) were si-
multaneously recorded together with the AFM im-
ages shown in Fig. 4a. The SKPM image acquired
without applied voltage (Fig. 5a) shows a uni-
form potential over the surface of the electrodes
as well as in the channel; the slight difference be-
tween them is related to the different work po-
tentials of the electrode and semiconductor ma-
terials. The potential map shown in Fig. 5b, ac-
quired for gate Vg = -5 V and source-drain volt-
ages Vps = —10 V highlights the difference be-
tween drain and source electrodes local potentials
and smooth, monotonous variation of the poten-
tial in the channel. On the basis of such potential
2D maps, the potential profiles for different drain-
source voltages and for a constant gate voltage in
the “parallel device” were drawn (Fig. 6). It is evi-
dent that the main barrier for charge carriers is cre-
ated at the interface between the source electrode
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Fig. 4. Left: AFM topography images of the zone-cast
TIPS-Pentacene layers in the transistor channel
with (a) parallel and (b) perpendicular charge
flow in relation to the zone-casting direction.
Right: topography profiles along the scan lines
indicated by green lines on the corresponding
AFM images. The blue dotted lines mark the
drain and source electrodes boundaries. The
white arrows indicate the direction of the zone-
casting.
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Fig. 5. SKPM 2D local potential map of the transis-
tor channel shown in Fig. 4a: (a) acquired for
gate voltage Vg = 0 V and drain-source volt-

age Vps = 0 V; (b) acquired for gate volt-
age Vg = —5 V and drain-source voltage
Vps =—10 V.

and the semiconducting layer. This can be caused
by gold diffusion into the TIPS-pentacene during
the deposition of metal at high temperatures. The
metal may penetrate the semiconductor surface and
build some clusters inside the organic layer which
are accountable for charge carrier trapping that
limits contact injection from source electrode to
the TIPS-Pentacene film [19]. The potential profile

in the channel is relatively smooth, indicating lack
of larger defects, discontinuities or strong trapping.
Therefore the charge flow in the transistor channel
is uninterrupted. The voltage drop at the drain is
very weak.

One can see that in the registered SKPM po-
tential profiles the voltage drop is slightly smaller
than the real voltage applied between the drain and
source electrodes. Such discrepancy was observed
also by Puntambekar et al. [20] and it can be ex-
plained by limitation of the precision of SKPM
instrumentation.
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Fig. 6. SKPM local potential profiles acquired for
Vg = =20V, sweeping Vps by -2 V steps, for
the device with charge transport parallel to the
casting direction. Dotted lines show the drain
and source electrodes boundaries.

Correlation between the topography and the
SKPM potential profile determined along the same
line in the transistor channel in the “perpendicu-
lar device” is presented in Fig. 7. The topogra-
phy of semiconductor layer in this device is non-
uniform in the channel, due to the polycrystalline
morphology (Fig. 4b). Fig. 7 demonstrates how the
surface roughness influences the SKPM potential
profile obtained at two different locations for the
same device. The potential profile in Fig. 7a shows
that the major barrier for charge carriers occurs at
the interface between the source electrode and the
semiconductor. But at another location for the same
device (Fig. 7b), the potential drops not only at
the electrode/semiconductor interface, but also at
some barrier inside the channel which corresponds
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to some defects observed in the topography profile
as roughness of the crystalline layer.

Similar effect for spin-casted layers of fluo-
rinated 5,11-bis(triethylsilylethynyl) anthradithio-
phene was reported by Teague et al. [21]. They as-
signed the barrier in the centre of the channel to
a boundary between two grains growing from two
opposite electrodes, source and drain, and colliding
inside the channel for BG, BC transistor. Disconti-
nuity of the semiconductor layer in the transistor
channel resulted in drop of the local potential and
in local disturbance of the flow of charge carriers.

In our investigations of transistors we have ob-
served some correlation between the potential drop
and the irregularity of surface. Since in the BG, TC
transistors the conductive channel is formed at the
semiconductor/dielectric interface, one can deduce
the morphology heterogeneity visible on the sur-
face over the entire depth of the layer.

Determination of the local potential profiles
for given voltages applied to the drain and source
electrodes allows calculating the resistance of the
source contact and of the semiconducting layer
in the transistor channel, respectively. The resis-
tance of the source contact Rg is given by the re-
lation: Rg = W - AVg/Ipg, whilst the resistance of
the semiconducting layer in the channel is given by
Rch = W+ AV /Ips, where AV is the potential
drop at the source contact and AV, is the poten-
tial drop in the channel (Fig. 6). The data used in
the calculations were taken from the linear part of
the output characteristics. The Rg and Ry, resis-
tances calculated per unit area determined for dif-
ferent gate voltages are shown in Fig. 8.

As one can see, both the Rg and Ry, resistances
decrease with increasing the gate voltage. This ef-
fect is reversible: when Vg = 0 V, then the resis-
tance increases again to its original value. One can
also see that the R¢y, resistance in the “perpendicu-
lar device” is by ca. one order of magnitude higher
than in the “paralle]” OFET. This is understand-
able, since when the charge carriers have to over-
come the crystals boundaries in the channel tran-
sistor, then the resistance is much higher.

As expected, the difference between the source
contact resistance in the devices with parallel and
perpendicular charge flow is relatively low. Rg

for the “parallel device” is two times lower than
for the “perpendicular device”. This difference can
be explained by Bullejos et al. [22] unified model
for contacts in OFETs. Rg depends directly on con-
tact voltage V¢ and in this model V¢ is a sum of
voltage required for carrier injection through the
barrier Viyjection, Voltage generated by ion forma-
tion (redox reaction) Vieqox and charge drift V gyig.
The equation describing this relationship is shown
below:

3)

Vinjection shows a correlation between the work
function of the metal electrode and the HOMO
level of the active layer. The difference for the pre-
sented transistors is quite small (gold work function
is =5,1 eV and the TIPS-Pentacene HOMO level
is =5,11 eV). Besides, both “parallel” and “per-
pendicular” devices were fabricated from the same
materials. Ion formation Viegox 1S also not cru-
cial in our investigation. The charge drift depends,
among others, on carrier mobility. The “parallel”
and “perpendicular” OFETs have different charge
carrier mobilities, therefore, the contact voltage
and the contact/source resistance is different for
anisotropic transistors.

Similar trends for channel and source resistance
anisotropy was observed by Sakamoto et al. [14]
for OFETs based on TIPS-Pentacene fabricated by
the flow-coating method. They calculated the resis-
tance by transfer line method.

Ve = Vinjeclion + Viedox + Vdrift

4. Conclusions

The TIPS-pentacene layers obtained by zone-
casting technique were unidirectional and con-
tinuous and were successfully used to produce
anisotropic OFETs with BG, TC configuration. The
combined AFM and SKPM studies revealed cor-
relation between the surface morphology of the
organic semiconductor layer and the local poten-
tial profile in the transistor channel. The “paral-
lel devices”, with rather smooth surface without
grain boundaries and defects in transistor channel,
exhibited relatively good OFET working parame-
ters and low resistance of the semiconducting layer
in the channel. The “perpendicular devices”
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showed considerably worse parameters. Correla-
tion between the step-like changes of surface po-
tential profile and the heterogeneity of the surface
indicates, that the defects visible on the surface
probably expand through the layer down to the
semiconductor/dielectric interface.
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