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Abstract

®

CrossMark

A systematic and comprehensive study on the charge-carrier injection and trapping behavior was
performed using displacement current measurements in long-channel capacitors based on four
promising small-molecule organic semiconductors (pentacene, DNTT, C;p-DNTT and DPh-
DNTT). In thin-film transistors, these semiconductors showed charge-carrier mobilities ranging
from 1.0 to 7.8 cm®> V' s~!. The number of charges injected into and extracted from the
semiconductor and the density of charges trapped in the device during each measurement were
calculated from the displacement current characteristics and it was found that the density of
trapped charges is very similar in all devices and of the order 10'* cm 2, despite the fact that the

four semiconductors show significantly different charge-carrier mobilities. The choice of the
contact metal (Au, Ag, Cu, Pd) was also found to have no significant effect on the trapping

behavior.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Organic thin-film transistors (TFTs) are field-effect transistors
in which the semiconductor is a thin layer of conjugated
organic molecules. The principle of operation is to some
extent similar to that of silicon metal-oxide-semiconductor
field-effect transistors (MOSFETSs): in both devices, the
magnitude of the electric current flowing through the semi-
conductor is controlled by the gate field and can to first order
be described by the same formalism [1]. The physical
mechanisms, however, are notably different. For example, the
charge-carrier channel in a silicon MOSFET is formed by the
inversion of the doped semiconductor near the gate-dielectric

0268-1242/16,/025011+-10$33.00

interface, i.e., the charge carriers forming the channel origi-
nate from the semiconductor, and they remain in the semi-
conductor when the channel is switched off. In contrast,
organic semiconductors usually have vanishingly small car-
rier densities, so the formation of a channel in the semi-
conductor requires the injection of the necessary charges from
the source/drain contacts, and when the channel is removed,
the charges are extracted through the contacts. This makes it
possible to directly measure the number of charges forming
the accumulation channel, the number of charges released
during channel annihilation, and (by subtracting one from the
other) the number of charges being trapped into localized
electronic states. Since charge-carrier trapping during device

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic cross-section and layout of the long-channel capacitors (LCCs). The chemical structures of n-tetradecylphosphonic acid
(HC4-PA) and of the organic semiconductors pentacene, DNTT, C;,-DNTT and DPh-DNTT are also shown.

operation has a significant influence on the device reliability
[2, 3], a better quantitative understanding of the trapping
dynamics in organic TFTs is of substantial interest.

A particularly useful method for this purpose is the dis-
placement current measurement (DCM), which was first
introduced to organic TFTs by Ogawa et al [4-8] and later
substantially extended by the groups of Ruden and Frisbie [9—
13]. In the DCM method, the transistor is biased like a metal—
insulator—semiconductor capacitor, i.e., a voltage that slowly
changes in magnitude is applied between the gate electrode
and a metal contact that is in direct contact with the semi-
conductor. This time-dependent change of the applied voltage
causes a displacement current to flow into (and out of) the
semiconductor through the metal contact, and this displace-
ment current is continuously measured at the contact. In
principle, a DCM configuration with two metal contacts
(source and drain, as in a transistor) is also feasible; in this
case, the measurement can be conducted either by shorting
the two contacts [4—8] or by applying an additional drain—
source voltage and measuring the displacement currents at the
source contact and at the drain contact independently and
simultaneously, which allows additional insight into the
individual potential drops at the various interfaces of the
device [14, 15].

In the simplest and perhaps most intuitive DCM con-
figuration, only one metal contact is fabricated and all charges
are injected and extracted through this contact [10-13]. In
addition, by using devices with very long channels, the dis-
placement currents and transit times can be made sufficiently
long to obtain large signal-to-noise ratios during the mea-
surements, and this device configuration is termed long-
channel capacitor (LCC) [10].

In most previous reports of DCMs on organic TFTs or
LCCs [5, 10-15], the measurements were performed on
devices based on the same organic semiconductor (penta-
cene), making it difficult to draw conclusions regarding the
influence of the choice of the semiconductor on the trapping
dynamics. In a few cases [4, 6-8], DCM results obtained from
pentacene TFTs were compared with results from poly(3-
hexylthiophene) (P3HT) [6, 7] or Cg¢y TFTs, [4, 8] but the
performance of the latter devices was relatively poor; the
P3HT TFTs had a very low carrier mobility
10"*em?> Vs, and the response of the Cqy TFTs was
severely degraded by the ambient air. One report showed

DCM results obtained from a tetracene single-crystal FET [9],
but again, no comparison with other semiconductors was
provided. Hence, a systematic study of trapping dynamics for
field-effect devices with various new promising semi-
conductors is required to investigate the trapping behavior.

To investigate how the trapping behavior probed by the
DCM method is influenced by the choice of the organic
semiconductor, we have fabricated and characterized LCCs
based on four different small-molecule semiconductors:
pentacene, dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene
(DNTT [16]), 2,9-didecyl-DNTT (C,o-DNTT [17, 18]) and
2,9-diphenyl-DNTT (DPh-DNTT [19]). All of these semi-
conductors have previously demonstrated great promise for
the realization of organic p-channel TFTs with excellent static
and dynamic performance and stability on flexible plastic
substrates [20-27], but they have notably different carrier
mobilities, ranging from 1.0cm?>V~'s™' (pentacene) to
78cm?V gt (DPh-DNTT), as shown in figure 7. One of
the questions to be addressed with this experiment is whether
these differences in the observed carrier mobilities are
reflected in the density of trapped charges that is probed by
the DCMs. In addition to using four different semiconductors,
we have also employed four different contact metals (Au, Ag,
Cu, Pd) in order to investigate whether the choice of the
contact metal has an influence on the trapping behavior. In
pentacene LCCs, Liang ef al [12] have previously observed a
significantly smaller density of trapped charges when Cu, as
opposed to Au, was used as the contact metal.

2. Device fabrication

The schematic cross-section and the layout of the LCCs are
shown in figure 1. The LCCs were fabricated on heavily
doped silicon substrates, with the substrate also serving as the
gate electrode. The gate dielectric is a combination of a
100 nm thick layer of silicon dioxide (grown by dry thermal
oxidation), an 8 nm thick layer of aluminum oxide (deposited
by atomic layer deposition), and a 1.7 nm thick self-assem-
bled monolayer of n-tetradecylphosphonic acid (HC4-PA
SAM; obtained by immersing the substrate into a 2-propanol
solution of the phosphonic acid). The total thickness of the
Si0,/A1,03/SAM gate dielectric is 110 nm, and it has a
capacitance per unit area of 34 nF cm 2 [18]. Onto this gate
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dielectric, a 25 nm thick layer of the organic semiconductor
was deposited in vacuum through a shadow mask, so that
seven LCCs with a channel width of 0.3 cm and with channel
lengths ranging from 3 to 6 cm (i.e., with channel areas ran-
ging from 0.9 to 1.8 cm?) were obtained on each substrate.
During the semiconductor depositions, the substrates were
held at a temperature of 60°C-80°C, depending on the
semiconductor. The chemical structures of the four semi-
conductors, pentacene, DNTT, C;o-DNTT and DPh-DNTT,
are also shown in figure 1. The LCCs were completed by
depositing a 30 nm thick metal contact (Au, Ag, Cu or Pd)
near one end of each LCC by thermal evaporation in vacuum
through another shadow mask. The metal contacts have an
area of 0.5 cm” and form a small overlap area with the organic
semiconductor layer. The DCMs were performed using an
Agilent 4156C Semiconductor Parameter Analyzer, with one
source-measure unit (SMU) connected to the gate electrode to
apply the voltage and a second SMU connected to the metal
contact to measure the displacement current. The same pro-
cess flow was used to fabricate bottom-gate, top-contact TFTs
by depositing the Au source and drain contacts through a
shadow mask onto the organic semiconductor layer, defining
a channel length of 100 pm and a channel width of 200 pm.
All measurements were carried out in ambient air at room
temperature and without encapsulation of the devices.

3. Result and discussion

3.1. General considerations

During the DCMs, the metal contact is held at ground
potential and the voltage applied between the gate electrode
and the metal contact is first ramped from 440 to —40 V and
then back from —40 to +40 V, always with a constant rate of
1.5V s~'. Figure 2 shows the displacement current measured
at the metal contact as a function of the applied voltage; this
particular measurement was performed on an LCC with a
channel area of 1.8 cm? (channel length of 6 cm) and with
DNTT as the semiconductor and Au as the contact metal. As
can be seen, when the applied voltage is ramped from +40 V
towards more negative values (forward sweep), the dis-
placement current initially has a small, constant, positive
value. In this regime, the semiconductor is devoid of mobile
charges (i.e., there is no accumulation channel), so changing
the applied voltage affects only the amount of charge on the
capacitance formed by the geometric overlap between the
metal contact and the gate electrode, and so the displacement
current in this regime (below the threshold voltage Vy,) is
determined solely by the capacitance formed between the
metal contact and the gate electrode [10]:

n \%4
Ibelow—Wh = % = *Ccontact 88—1‘
av
- _Acomact Céi/e] I (1)
ot

where Qcontact 1S the charge flowing into or out of the region
underneath the metal contact, ¢ is the time, Cgopuac: 1S the
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Figure 2. Displacement current measured on an LCC with a channel
area of 1.8 cm® and with DNTT as the semiconductor and Au as the
contact metal. The inset shows the waveform of the voltage applied
between the gate electrode and the metal contact of the LCCs during
the displacement current measurements, with the metal contact held
at ground potential. The voltage is ramped from +40 to —40 V and
back from —40 to +40 V with a rate of 1.5V s,

Displacement current (nA)

-200

-40 40

capacitance formed between the metal contact and the gate
electrode, OV/0t is the voltage sweep rate (1.5 V s_l), Acontact
is the area of the metal contact (0.5 cm?), and C/,, is the gate-
dielectric capacitance per unit area (34 nFcm ™ °). Note that
changing the applied voltage towards more negative (posi-
tive) values produces a positive (negative) displacement
current, due to the fact that the potential change acts on the
gate electrode, while the displacement current is measured at
the metal contact. According to equation (1), the displacement
current in the regime in which the semiconductor is devoid of
mobile charges should be about 25 nA. According to figure 2,
the displacement current actually measured in this regime is
about 1nA. The reason for the discrepancy between the
calculated and measured values is not known.

When the applied voltage reaches the threshold voltage
(—14V), a sharp increase in the measured displacement
current indicates the sudden injection of a large number of
positive charges from the metal contact into the semi-
conductor. These charges spread across the entire semi-
conductor area and form an accumulation channel near the
semiconductor/dielectric interface that balances the negative
charge on the gate electrode (more precisely, the portion of
the gate charge that is not already balanced by fixed or
trapped charges in the gate dielectric or at the interface). The
formation of this accumulation channel requires that the
injected charges are transported from the metal contact in a
lateral direction parallel to the dielectric interface towards the
end of the semiconductor region, so the time required to
complete the formation of the channel (and hence the slope of
the increase of the measured displacement-current upon
sweeping the gate potential towards more negative values)
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depends on the charge-carrier mobility and on the channel
length (L = 6 cm in this particular device) [10].

Once the formation of the accumulation channel is com-
pleted, the displacement current decreases to a constant, posi-
tive value that is determined by the total capacitance formed by
combination of the metal contact and the accumulation channel
on one side and the gate electrode on the other side [10]:

a(Qcontact + Qchannel)

ot
ov
= *(Acomact + Achannel) Cc{{el E’ (2)

I above—Vy —

where Qchamner 18 the charge flowing into or out of the channel
to balance the voltage-dependent gate charge and Agpanner 1S
the area of the semiconductor channel (1.8cm” in this
particular device). In this regime, any change of the applied
voltage will change the amount of charge in the accumulation
channel, and since the area of the channel is much larger than
the area of the metal contact (Achannel > Acontact), the
displacement current in this regime will be much larger than
the displacement current measured below the threshold
voltage. According to equation (2), the displacement current
in the above-threshold regime should be about 120 nA, and
according to figure 2, the displacement current actually
measured in this regime is about 140nA, in reasonable
agreement with the calculated value.

When the applied voltage is ramped back from —40V
towards more positive values (reverse sweep), the amount of
negative gate charge is monotonically decreased and thus the
number of positive charges in the channel also decreases
monotonically, which means that excess positive charges are
extracted from the semiconductor through the metal contact.
Thus, the displacement current in this regime is negative, but
provided the voltage ramp rate has the same magnitude as
during the forward sweep (which is the case here), the mag-
nitude of the displacement current is also the same as during
the forward sweep, as given by equation (2). Once the voltage
applied during the reverse sweep reaches the threshold volt-
age (—14 V), the accumulation channel disappears, the device
capacitance is reduced to the capacitance of the metal contact,
and thus the magnitude of the displacement current decreases
and eventually reaches a small, constant, negative value,
given by equation (1). There are two aspects in which the
shape of the displacement—current versus gate—voltage curve
measured during the reverse sweep differs from that measured
during the forward sweep: one is that the annihilation of the
accumulation channel does not produce a sharp peak in the
displacement current, as was the case during the formation of
the accumulation channel during the forward sweep. The
other is that the drop in the displacement current upon anni-
hilation of the accumulation channel during the reverse sweep
is less abrupt and more gradual than the increase in the dis-
placement current upon formation of the accumulation
channel during the forward sweep. This gradual decrease of
the displacement current in the reverse sweep is due to the
delayed emission of trapped charges during or following the
annihilation of the channel [10, 11].

By integrating the measured displacement current over
the applied voltage and multiplying with the inverse of the
voltage sweep rate, the number of charges injected into the
semiconductor during the forward sweep (Nipjectea) and the
number of charges extracted from the semiconductor during
the reverse sweep (Nexuacted) Can be calculated [10]:

1(0V 1 Vg
Ninjected = ;(E) le (Iforward - Ibelowf\/lh) dv|,
3
1 (VY Ve
Nextracted = ;(E) j“/end (Irevcrse - IbelowfVm) dv B
(C))

where ¢ is the electronic charge, OV/0¢ is the voltage sweep
rate, Vi and Vi, are the voltages at the beginning and the
end of the forward and reverse sweeps (Viu = +40V;
Venda = —40V), Iltorwara and  Leyerse are the displacement
currents measured during the forward and reverse sweep,
and Jyejow-vin 18 the displacement current measured below the
threshold voltage in the absence of an accumulation channel.
By subtracting the number of charges extracted from the
semiconductor during the reverse sweep (Nexyactea) from the
number of charges injected into the semiconductor during the
forward sweep (Nigjeciea)> the number of charges being
trapped in the device during the forward and reverse sweep
(Nirapped) can be calculated [10]:

]Vtrapped = ]Vinjected_ extracted + (5)

Since the number of charges being trapped during the
measurement is expected to depend not only on the materials
properties, but also on the device geometry, it is useful to
normalize Nyappea With respect to the device geometry.
Figure 3 summarizes the results of DCMs performed on LCCs
in which the channel length was varied from 3 to 6 cm, which
means that the area of the organic semiconductor varied from
0.9 to 1.8 cm?. In figure 3(a) it can be seen that the magnitude
of the displacement current measured below the threshold
voltage is independent of the semiconductor area, which is in
agreement with the fact that the displacement current in this
regime is determined only by the overlap area between the
metal contact and the gate electrode, not by the area of the
semiconductor; see equation (1). In contrast, the magnitude of
the displacement current measured above the threshold volt-
age shows a monotonic dependence on the semiconductor
area, which is in agreement with equation (2). In figure 3(b),
the numbers of injected, extracted and trapped charges cal-
culated using equations (3)—(5) are plotted as a function of the
semiconductor area. As can be seen, all three parameters
increase approximately linearly with the semiconductor area,
indicating that the charge distribution across the semi-
conductor area is approximately homogeneous. It is therefore
reasonable to normalize the number of trapped charges
(Ngappea) With respect to the area of the organic semi-
conductor (Agemiconductor) and define an effective density of
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trapped charges (Myapped):

Ntrapped =

N, trapped ( 6)

A semiconductor

3.2. Threshold-voltage shift during repeated measurements

Figure 4(a) shows that when the DCM is repeated several
times, the threshold voltage shifts by a few volts towards

more negative values (see also figure 4(b)). This shift of the
threshold voltage during repeated measurements was also
observed by Liang er al [10, 12] and was ascribed to the
filling of more and more deep trap states during each mea-
surement. Charges trapped in deep states remain inside the
device after the completion of the measurement and affect the
threshold voltage observed during the following measure-
ment. As more and more deep states are filled, the density of
deep states available in the device is expected to decrease
with each measurement. Indeed, using equations (3)—(6) we



Semicond. Sci. Technol. 31 (2016) 025011

S Bisoyi et al

find that the density of charges trapped during each mea-
surement decreases from 10'>cm ™ during the first mea-
surement to 3 x 10''ecm™? during the ninth measurement
(see figure 4(b)). These values are larger by an order of
magnitude than those reported by Liang ef al [10]. However,
it should be noted that a different gate dielectric and different
organic semiconductors were used in these two studies, which
will result in different trapping densities. Also, in our mea-
surements the gate-induced charge density is about two times
larger and the duration of each measurement is about four
times longer than in the measurements reported by Liang er al
and both of these parameters are likely to affect the trapping
probability.

Assuming that all charges trapped during a particular
measurement are still in deep states at the beginning of the
following measurement, the threshold-voltage shift expected
to be induced by these trapped charges can be calculated as
follows:

q Nirapped

AVy = ———. 7
w= e @

However, the measured threshold-voltage shifts are on
average a factor of two to three smaller than the threshold-
voltage shifts calculated using equation (7). For example, the
density of charges trapped during the first measurement is
1 x 102 cmfz, which, according to equation (7), would be
expected to induce a threshold-voltage shift of 4.6 V, but the
measured shift from the first to the second measurement is
only 2.3 V. This indicates that approximately one half to two
thirds of the charges trapped during each measurement are
released before the beginning of the following measurement,
which suggests that some of the traps have characteristic
lifetimes that are shorter than the duration of a single
measurement.

3.3. Choice of the semiconductor

To see how the density of trapped charges probed by the
DCMs is influenced by the choice of the organic semi-
conductor, we have fabricated LCCs based on four different
small-molecule semiconductors: pentacene, DNTT, C;o-DNTT
and DPh-DNTT. All of these semiconductors have previously
demonstrated great promise for the realization of organic p-
channel TFTs with good static and dynamic performance and
stability on flexible plastic substrates [20-27], but they have
notably different carrier mobilities, ranging from
1.0cm?> Vst (pentacene) to 7.8 cm’ V- !'s™! (DPh-DNTT)
as obtained from our TFTs (see figure 7). One of the questions
to be addressed with this experiment is whether these differ-
ences in the observed carrier mobilities are reflected in the
density of trapped charges that is probed by the DCMs.
Figure 5(a) shows the displacement—current versus gate—
voltage curves measured on LCCs based on all four semi-
conductors, all with a channel area of 1.5 cm? and with Au as
the contact metal. According to equations (1) and (2), the
displacement currents measured well below and well above
the threshold voltage are expected to be independent of the

choice of the semiconductor, and indeed they are very similar
in all four curves. In contrast, the displacement current
measured in the transition regions near the threshold voltage,
both in the forward and in the reverse sweep, is expected to be
greatly affected by the carrier mobility and by the trapping
dynamics [10]. Indeed, in the transition regions small differ-
ences between the four curves can be discerned.

Using equations (3)—(6), we have calculated the number
of charges injected and extracted during the forward and
reverse sweeps (Nipjecteds Nextracted) @and the number and the
density of charges trapped during the DCMSs (Nyappeds
Nyapped)- The results for all four semiconductors are sum-
marized in table 1. Also included in table 1 are the threshold
voltage Vy, (estimated from the onset of the peak associated
with the formation of the accumulation channel during the
forward sweep), the carrier mobility estimated from the slope
of that peak (upcwm) [10], and the carrier mobility calculated
from current-voltage measurements performed on TFTs
(prer) based on the same semiconductors and fabricated on
the same type of substrate (Si/SiO,/Al,0;/SAM) with the
same film thicknesses and also using a top-contact device
structure [18]. Transfer characteristics, output characteristics
and differential charge-carrier mobility as a function of gate-
source voltage of these TFTs are shown in figure 7.

In figures 5(b) and (c), the values calculated for Nipjecicas
Nexiractea aNd Ryrappeq are plotted versus the carrier mobility
estimated from the DCMs. As can be seen, Nipjected> Nextracted
and 7yppea are all very similar for the four semiconductors,
despite the significant differences in carrier mobility. In part-
icular, no systematic trend between the density of trapped
charges and the carrier mobility can be discerned. This is
somewhat surprising, considering that it is commonly believed
that the charge-carrier mobility in organic semiconductors is at
least to some extent limited by charge-carrier trapping.

A possible explanation is that the differences between the
charge-carrier mobilities in the four semiconductors are
caused by trapping events that have characteristic lifetimes
which are shorter than the duration of our DCMs, so that these
trapping events remain undetected by our measurements (in
other words, the carriers are released from the traps before the
end of the measurement). This explanation is in line with the
observation that the charge-carrier mobility in organic semi-
conductors is limited mainly by shallow traps [28], i.e., by
traps that have small activation energies (approximately
0.1-0.2 eV for the semiconductors investigated in [28]) and
hence short characteristic lifetimes (as opposed to bias-stress-
induced threshold-voltage shifts, which are more likely
caused by trapping in deep states with long characteristic
lifetimes [2, 3]). An alternative explanation is that the dif-
ferences in carrier mobility are not primarily due to differ-
ences in the density of charges being trapped, but due to
secondary effects resulting from the trapping events (e.g.,
differences in the scattering cross-sections of the filled trap
states depending on the trap energy), or due to effects that are
not at all related to charge-carrier trapping, but perhaps to
differences in the transfer integrals or reorganization energies
of the molecules [29-32] or to charge-carrier scattering
induced by structural or energetic disorder.
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Figure 6. (a) Displacement current measured on LCCs based on Au, Cu, Ag and Pd as the contact metal, all with DNTT as the semiconductor
and all with a channel area of 1.8 cm®. All curves from the first sweep. (b) Threshold voltage estimated from the onset of the peak in the
displacement current measured during the forward sweep of nine successive measurements performed on DNTT-based LCCs with either Au,
Cu, Ag or Pd as the contact metal. (c) Density of trapped charges during nine successive measurements performed on DNTT-based LCCs
with either Au, Cu, Ag or Pd as the contact metal.

Table 1. Numbers of injected, extracted and trapped charges, density of trapped charges, threshold voltage (Vy;,) and charge-carrier mobility
(upcm) estimated from the displacement current measurements, as well as charge-carrier mobility calculated from TFT measurements (tgr)-

N, injected N, extracted N, trapped Ntrapped Vth, HDCM HTFT
Semiconductor (10'% (10'% (10 (10" cm™2 pem (V) (em®V~ts™h (em®V~tsTh
Pentacene 13.7 11.6 2.1 1.4 —13 1.5 1.0
DNTT 15.0 13.5 1.5 1.0 —10 3.6 4.4
C,o-DNTT 14.1 12.2 1.9 1.2 —13 3.9 6.5
DPh-DNTT 15.0 134 1.6 1.0 —10 3.3 7.8

3.4. Choice of the contact metal . . .
using DNTT as the semiconductor and gold, copper, silver or

palladium as the contact metal. In a similar experiment (using
pentacene as the semiconductor), Liang et al [12] had pre-
viously found that the density of trapped charges is

Finally, we have also evaluated the influence of the choice of
the contact metal on the displacement current characteristics.
For this experiment, we fabricated and characterized LCCs
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Figure 7. Transfer characteristics, output characteristics and differential charge-carrier mobility as a function of gate-source voltage of
pentacene, DNTT, C(-DNTT and DPh-DNTT TFTs.
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significantly smaller in LCCs with Cu, as opposed to Au, as
the contact metal, which indicates that the choice of the
contact metal can have an influence on the density of trapped
charges probed by DCMs. Also, several authors, including
Wang et al [33], have reported that the contact resistance of
pentacene TFTs is smaller when Cu, rather than Au, is
employed as the contact metal, while Necliudov et al [34]
reported slightly smaller contact resistances for pentacene
TFTs with Au, rather than Pd, as the contact metal. The
reason we have chosen DNTT, rather than pentacene, as the
semiconductor for our experiment is that DNTT TFTs have
been shown to provide larger field-effect mobility and better
air stability compared with pentacene TFTs [21]. DNTT TFTs
are usually fabricated using Au as the contact metal, although
Ag (deposited by inkjet-printing [35], screen-printing [36] or
vacuum deposition [37]) has also been successfully
employed. Cu and Pd have to our knowledge not been pre-
viously employed as the contact metal for DNTT devices.

Figure 6(a) shows the displacement—current versus gate—
voltage curves measured on DNTT-based LCCs with a
channel area of 1.8 cm? and with either Au, Cu, Ag or Pd as
the contact metal. The main difference between the curves is
the threshold voltage, which varies from —8V for Ag to
—11V for Au, —12V for Pd and —13V for Cu (see also
figure 6(b)). The density of charges trapped during each of
nine successive DCMs performed on LCCs based on all four
contact metals is summarized in figure 6(c). It appears that the
choice of the contact metal has only a small influence on the
density of trapped charges probed by the DCMs; if anything,
the density of trapped charges appears to be slightly larger for
Cu than for Au, which is in contrast to the trend reported by
Liang et al [12], although it should be pointed out again that
Liang et al employed pentacene, rather than DNTT, as the
semiconductor.

4. Conclusions

We have systematically performed DCMs on LCCs based on
four promising small-molecule organic semiconductors
(pentacene, DNTT, C(-DNTT and DPh-DNTT), all of which
show charge-carrier mobilities greater than 1cm?V 's™ .
We have found that the density of trapped charges is very
similar in all devices, despite the significant differences
between the charge-carrier mobilities in the four semi-
conductors. A possible explanation for the lack of a sys-
tematic trend between the charge-carrier mobility and the
density of trapped charges in our measurements is that the
mobilities are limited by trapping events that remain unde-
tected by the DCMs, perhaps due to significant differences in
the trap energies, for example, the mobility is limited by
shallow traps, whereas the DCMs detect only trapping in
deeper states. An alternative explanation is that the differ-
ences in carrier mobility are due to effects other than charge-
carrier trapping, such as differences in the scattering cross-
sections of the filled trap states depending on the trap energy.
It was also found that the choice of the contact metal (Au, Ag,

Cu, Pd) does not have any significant effect on the trapping
behavior either, which is somewhat less surprising.
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