
Appl. Phys. Lett. 115, 073301 (2019); https://doi.org/10.1063/1.5099388 115, 073301

© 2019 Author(s).

Field-dependent charge transport in organic
thin-film transistors: Impact of device
structure and organic semiconductor
microstructure
Cite as: Appl. Phys. Lett. 115, 073301 (2019); https://doi.org/10.1063/1.5099388
Submitted: 09 April 2019 . Accepted: 23 July 2019 . Published Online: 12 August 2019

Sajant Anand , Katelyn P. Goetz , Zachary A. Lamport , Andrew M. Zeidell, and Oana D. Jurchescu

ARTICLES YOU MAY BE INTERESTED IN

Tutorial: Organic field-effect transistors: Materials, structure and operation
Journal of Applied Physics 124, 071101 (2018); https://doi.org/10.1063/1.5042255

Negative differential resistance and multilevel resistive switching in BaSrTiO3 films

Applied Physics Letters 115, 072101 (2019); https://doi.org/10.1063/1.5113883

Low-latency adiabatic superconductor logic using delay-line clocking
Applied Physics Letters 115, 072601 (2019); https://doi.org/10.1063/1.5111599

https://images.scitation.org/redirect.spark?MID=176720&plid=1086294&setID=378288&channelID=0&CID=358612&banID=519897914&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=aaa086372f9ee665edf0e430668794a2c108e2bc&location=
https://doi.org/10.1063/1.5099388
https://doi.org/10.1063/1.5099388
https://aip.scitation.org/author/Anand%2C+Sajant
https://orcid.org/0000-0001-6372-0513
https://aip.scitation.org/author/Goetz%2C+Katelyn+P
https://orcid.org/0000-0001-8462-4344
https://aip.scitation.org/author/Lamport%2C+Zachary+A
https://orcid.org/0000-0002-4482-957X
https://aip.scitation.org/author/Zeidell%2C+Andrew+M
https://aip.scitation.org/author/Jurchescu%2C+Oana+D
https://orcid.org/0000-0003-2204-2909
https://doi.org/10.1063/1.5099388
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5099388
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5099388&domain=aip.scitation.org&date_stamp=2019-08-12
https://aip.scitation.org/doi/10.1063/1.5042255
https://doi.org/10.1063/1.5042255
https://aip.scitation.org/doi/10.1063/1.5113883
https://doi.org/10.1063/1.5113883
https://aip.scitation.org/doi/10.1063/1.5111599
https://doi.org/10.1063/1.5111599


Field-dependent charge transport in organic
thin-film transistors: Impact of device structure
and organic semiconductor microstructure

Cite as: Appl. Phys. Lett. 115, 073301 (2019); doi: 10.1063/1.5099388
Submitted: 9 April 2019 . Accepted: 23 July 2019 .
Published Online: 12 August 2019

Sajant Anand,1 Katelyn P. Goetz,2 Zachary A. Lamport,1 Andrew M. Zeidell,1 and Oana D. Jurchescu1,a)

AFFILIATIONS
1Department of Physics and Center for Functional Materials, Wake Forest University, Winston-Salem, North Carolina 27109, USA
2Kirchhoff Institute of Physics and Center for Advanced Materials, Universit€at Heidelberg, 69120 Heidelberg, Germany

a)jurchescu@wfu.edu

ABSTRACT

Organic semiconductors are highly susceptible to defect formation, leading to electronic states in the gap—traps—which typically reduce the
performance and stability of devices. To study these effects, we tuned the degree of charge trapping in organic thin-film transistors by modi-
fying the film deposition procedures and device structure. The resulting charge carrier mobility varied between 10�3 and 10 cm2/V s in
2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene. We analyzed the data using a Poole-Frenkel-like model and found a strong
dependence of mobility on the field in low-mobility transistors and a field-independent mobility in high-performance devices. We confirmed
the presence of traps in all films investigated in this study and concluded that the Poole-Frenkel model is not sufficiently sensitive to identify
traps when their concentration is below the detection limit.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099388

Organic semiconductors have sparked interest owing to their
ease of processing, chemical versatility, and tunable properties, which
establishes them as viable candidates for incorporation in large-area,
flexible, and bendable electronic applications. The weak nature of the
bonding energies within the organic solids is key to their processing:
organic semiconductors can be deposited at or close to room tempera-
ture from solutions or by laser printing.1–3 Such manufacturing
processes are both low-cost and compatible with flexible substrates.
On the other hand, the weak intermolecular interactions make these
semiconductors less resistant to defect formation, which often leads to
the creation of electronic traps.4–6 The presence of trap states lowers
the performance and stability of electronic devices.7,8 A thorough
understanding of the generation of traps in organic semiconductors
and their impact on charge transport is therefore critical for these
materials to realize their robust industrial prospects. Numerous meth-
ods have been proposed for the investigation of electronic traps in
organic semiconductors.4,9,10

We address this topic by using organic thin-film transistor
(OTFT) devices. We varied the trap density by tuning the semiconduc-
tor film microstructure, device structure, and device composition and
evaluated the dependence of the charge-carrier mobility on the longi-
tudinal electric field (i.e., determined by the drain-source voltage)

using a Poole-Frenkel-like analysis. Such field-dependent transport
was previously observed in both polymeric and small-molecule
organic semiconductors and has been assigned to the presence of dis-
order at the grain boundaries and interface states.11–18 Here, we report
on a transition from a pronounced dependence of the mobility on the
electric field to a field-independent mobility as the density of grain
boundaries and density of interface states decrease. We found that the
Poole-Frenkel model cannot detect the presence of the traps in the
semiconductor layer when their density is low and concluded that this
model has limited applicability in organic semiconductors character-
ized by a small defect density.

The devices used in this study are a combination of the bottom-
gate (BG), bottom-contact, coplanar structure [Fig. 1(a)] and the top-
gate (TG), bottom-contact, staggered structure [Fig. 1(b)]. Coupled with
the optional deposition of a pentafluorobenzene thiol (PFBT) self-
assembled monolayer (SAM) on the surface of the source and drain
electrodes, in total, four different device types have been fabricated. A
summary of device structures is included in Table I. Type 1 OTFTs cor-
respond to the structure in Fig. 1(a) and consist of a SiO2 dielectric and
untreated Au electrodes. Type 2 devices are similar, with the exception
that a PFBT treatment was applied to the contacts prior to the organic
semiconductor deposition. For type 3 and type 4 samples, the structure
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in Fig. 1(b) was adopted, with a Cytop dielectric and Au or PFBT/Au
contacts, respectively. By varying the device architecture and details of
fabrication, we tuned the charge carrier mobility by almost four
orders of magnitude, from 0.004 to 7.7 cm2/V s, in 2,8-difluoro-5,11-
bis(triethylsilylethynyl)anthradithiophene (diF-TES ADT). The highest
mobility obtained in our devices is on par with the best values reported
on this material.19–21 We note that higher mobilities can be obtained by
aggressively reducing the contact resistance22 and by incorporating dop-
ants which play a dual role in optimizing the film microstructure and
lowering the injection barrier.23

The OTFTs were fabricated following the process reported else-
where.22,24,25 We started with a highly-doped silicon wafer with a
200nm thermally grown SiO2 layer on its surface. This simultaneously
served as the bottom-gate electrode and dielectric for type 1 and 2
devices. Following a standard substrate cleaning step, source and drain
contacts (5 nm Ti/40 nm of Au) were deposited. Channel lengths
ranged from L¼ 30lm to 100lm. For type 2 and 4 devices, PFBT
treatment was performed. This treatment has been shown to modify

the diF-TES ADT film microstructure and reduce the contact resis-
tance by increasing the electrode work function.26,27 The organic semi-
conductor layer was deposited by spin coating from a 1.5 wt. %
solution in chlorobenzene. For the type 3 and 4 devices, a layer of
Cytop deposited by spin-coating acted as a top-gate dielectric. The
final step in the fabrication of type 3 and 4 devices was the evaporation
of a 20 nm Au top-gate electrode.

The OTFTs were characterized first at room temperature in a
nitrogen environment, and the mobility l was extracted in the satura-
tion regime.28 We evaluated the mobility at different source-drain vol-
tages (VDS), while ensuring that the device was in the saturation
regime. The evolution of the mobility with temperature was evaluated
in a vacuum probe station in the temperature range of 200K<T
< 300K. This rather limited temperature interval was chosen in order
to avoid the effects of structural phase transitions present in diF-TES
ADT.29 A cool/heat ramp of 0.5K/min was chosen in order to avoid
film degradation due to temperature induced strain at device interfa-
ces.25,30 The activation energy was determined by an Arrhenius-like
relation.

In Figs. 1(c) and 1(d), we provide an example of current-voltage
characteristics for type 2 devices. Examples of the other types are pro-
vided in Figs. S1–S3 in the supplementary material. Figure 1(c) shows
the dependence of the drain current (ID) on VDS for several constant
source-gate voltages (VGS). Figure 1(d) shows the dependence of ID on
VGS at constant source-drain voltage, VDS ¼ �40V. On the left axis,
in open black squares, the linear dependence of

ffiffiffiffiffi
ID
p

on the source-
gate voltage VGS confirms the validity of the gradual channel approxi-
mation in our devices and the value of the saturation mobility lsat

extracted from transfer measurements.28

At least 30 devices of each type, resulting from multiple indepen-
dent fabrications following identical procedures, were measured and
analyzed. The average values of l obtained for each device type at VDS

¼ �40V are listed in Table I. The significant variation in mobility for
the four sample types, which occurs in spite of the fact that the same
organic semiconductor was used, originates from the differences in
contact resistance and trap densities at the semiconductor/dielectric
interfaces, as well as the modifications in the semiconductor micro-
structure, as we have shown in our previous work.24,27 In short, a
lower contact resistance for the FETs with PFBT-modified contacts
allows for more efficient charge injection, and the polymer dielectric
Cytop provides a low interfacial trap density.24 The values for the con-
tact resistance, as estimated by the gated transmission line method,28

are as follows: RCW¼ 587 kX cm for type 1 devices, RCW¼ 6.7 kX
cm for type 2, RCW¼ 80 kX cm for type 3, and RCW¼ 960 X cm for
type 4. In addition to causing a shift in the electrode work function,
the PFBT treatment modifies the film microstructure to enhance
charge transport. While devices with untreated contacts (types 1
and 3) consist of films of small grains of mixed “face-on” and
“edge-on” molecular orientation, in devices with treated contacts
(types 2 and 4), the semiconductor film adopts a preferential orien-
tation of the diF-TES ADT molecules along the high-mobility
edge-on (001) direction. This also leads to the formation of large
grains within the semiconductor films, i.e., a low density of grain
boundaries.27 The ability to tune the device properties via fabrica-
tion provides a platform for the study of charge transport in differ-
ent trapping regimes with no modifications in the chemical
structure of the organic semiconductor.

FIG. 1. OTFT device structures and current-voltage characteristics of a type 2 device:
(a) bottom-gate, bottom-contact, coplanar structure; (b) top-gate, bottom-contact,
staggered structure. (c) Evolution of drain current (ID) with drain-source voltage (VDS)
for fixed source-gate voltages VGS ¼ 0!�60 V, in steps of �10V. (d) Evolution
of ID with VGS for fixed VDS; left axis:

ffiffiffiffi
ID
p

vs VGS; right axis: log ðID) vs VGS.

TABLE I. Summary of device parameters. To calculate the average mobility, all mea-
surements were taken at VDS ¼ �40 V. For c and l0 of type 2 and 3 devices, the
first row is the low electric field regime, and the second is the high electric field
regime.

Type Contacts Dielectric
lavg

(cm2/Vs)
c

(m1=2/V1=2)
l0

(cm2/Vs)

1 Au BG (SiO2) 0.006 0.0030 0.001
2 PFBT/Au BG (SiO2) 0.22 0.0026 0.02

9.0 � 10�4 0.08
3 Au TG (Cytop) 0.05 0.0025 0.007

0.0011 0.01
4 PFBT/Au TG (Cytop) 2.9 6.5 � 10�4 1.6

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 115, 073301 (2019); doi: 10.1063/1.5099388 115, 073301-2

Published under license by AIP Publishing

https://doi.org/10.1063/1.5099388#suppl
https://scitation.org/journal/apl


To understand the impact of traps and disorder on charge trans-
port, we measured the dependence of mobility on the lateral electric
field and analyzed the measurements using a Poole-Frenkel-like
model. In its original context, the Poole-Frenkel detrapping model
describes an increase in conductivity at a rate proportional to exp

ffiffiffi
E
p

:
an increasing field reduces the Coulomb potential energy barrier of a
trap state (explicitly, a trap state that is charged when empty) allowing
more charges to escape through thermal excitations and contribute to
the current. A similar increase in mobility has also been observed due
to static disorder, which causes broadening of the density of states
(DOS) near the transport band.31 Although in our case the physics is
quite different from the original model, it shows the same trend, and
we will refer to the analysis as a “Poole-Frenkel-like model.” The effec-
tive mobility l is given by the following equation:

l ¼ l0 exp c
ffiffiffi
E
p� �

; (1)

where l0 is the zero-field mobility, E is the electric field, and c is the
Poole-Frenkel coefficient. In Fig. 2, we plot the mobility vs

ffiffiffi
E
p

for one
device of each type. We determined E as the ratio between VDS and L.
Numerical simulations and experimental results have proven that this
assumption is valid even for the case of OTFTs operating in the satura-
tion regime.11,32,33 The linear dependence of log ðlÞ on

ffiffiffi
E
p

is in agree-
ment with the Poole-Frenkel model described in Eq. (1). Severe
contact effects, however, may lead to a similar outcome, since increas-
ing the applied bias reduces the potential energy barrier (Schottky
barrier) at the metal/organic semiconductor interface. While we do
not exclude the contributions of contacts, our previous studies confirm
that all four device types are not severely limited by the contacts.26,27

The slopes of the linear fits to these curves give the cofactor c, while
the intercept with the mobility axis provides l0. The values extracted
for the four device types are included in Table I. The strong depen-
dence of mobility on the field found in type 1 devices (black squares),
c � 10�3, indicates the presence of a high density of traps and struc-
tural disorder and results in a low mobility. The structural disorder
arises from the large grain boundary density [Fig. 3(a) (inset)] and
misalignment of grains resulting from the extrinsic processing condi-
tions, while electronic traps arise from bulk effects and the scattering
at the interface with the SiO2 dielectric.34 This scattering originates

from the dangling hydroxyl groups35 and Fr€ohlich polarons36 present
here, as well as the strain due to mismatch in the thermal expansion of
consecutive device layers.25 In addition, it was shown that the lateral elec-
tric field can be inhomogeneous in polycrystalline films, where a strong
effective local field forms at the grain boundaries. This electric field con-
finement effect leads to the creation of domains where the field is much
higher than the average, thus dominating the transport.37 On the con-
trary, the type 4 device (red circles) exhibits a mobility that is indepen-
dent of the applied field, with c � 0, suggesting that a trap-free regime
was reached. Here, the grain size is significantly larger [Fig. 3(b) (inset)],
and the scattering at the interface with the dielectric is low. Type 2 devi-
ces (gold triangles) are characterized by a considerable field dependence
(c � 10�4–10�3), in spite of the fact that the grain size is similar to that
in type 4 devices due to the presence of PFBT treatment [Fig. 3(b)
(inset)]. The enhanced trapping is the result of the processes occurring at
the SiO2 surface, as described earlier. The organic semiconductor film in
type 3 devices (Fig. 2 blue diamonds) benefits from reduced trapping at
the Cytop surface, but the large density of grain boundaries is responsible
for the pronounced dependence of the mobility on field. For type 2 and
3 devices, the Poole-Frenkel graph exhibits two regimes: at low E, l
increases abruptly with the increasing electric field, and a large value of c
is recorded, similar to that in the type 1 devices. At larger fields, the ener-
getic barriers are reduced such that the probability for the charges to
escape the trap increases, and the device transitions into a state character-
ized by a lower trap density and a milder dependence of l on the field.

The values of c recorded in type 1, 2, and 3 devices are similar to
those reported in similar organic semiconductors.12,14,18 The question
is whether type 4 devices are indeed “trap-free” or the Poole-Frenkel-
type analysis is unable to detect the presence of traps. To gain a deeper
understanding of the energetic landscape of the electronic traps in our
devices, we performed a spectral analysis of the trap density of states
(DOS); the results are illustrated in Fig. S4, supplementary material. It
can be clearly observed that the DOS shows an exponential valence
band tail in the bandgap38 and that the devices fabricated at the surface
of SiO2 dielectric have significantly larger trap densities than those on
Cytop. The electronic states present in the forbidden gap can be in the
form of shallow traps (due to structural disorder at grain boundaries,
roughness, or strain at the semiconductor/dielectric interface)25,26 or
deep traps (isomer coexistence),39,40 and these states are clearly
detected even in type 4 devices. These results seem to contradict the
outcome of the Poole-Frenkel analysis, in which the invariance of the

FIG. 2. Mobility l vs
ffiffiffi
E
p

(log-linear scale) for each device type showing one
regime for type 1 and 4 devices and two regimes for both the type 2 and 3 devices.

FIG. 3. Mobility (right axis, open blue squares) l and the square root of the drain
current (left axis, black line) ID vs VGS for (a) type 1 and (b) type 4 devices. The
insets show optical micrographs of the devices. The film denoted here as type 1 is
identical to the film in type 3 devices, while the films in type 2 and type 4 devices
are identical as well.
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mobility with the longitudinal electric field points to a trap-free sys-
tem. We suggest that when the density of trap states in a device is very
low, such as in the case of type 4 OTFTs, the Poole-Frenkel-type analy-
sis is unable to provide information about the trapping states in the
semiconductor layer. In this case, the models that take into account
the dependence of mobility on the charge-carrier concentration are
more appropriate to describe the effect of disorder on charge trans-
port.41–43 These models predict no field dependence in this field range
at room temperature, whereas at higher fields and/or low temperature,
the field effect on transport becomes relevant.

The presence of traps also results in a distinct dependence of the
mobility on VGS and temperature. Therefore, we focus on the study of
charge transport as a function of these two variables in the next sec-
tion. In Figs. 3(a) and 3(b), we show the evolution of mobility on VGS

in a device of type 1 and type 4, respectively, together with the curve of
ID from which this mobility was extracted. The continuous increase in
mobility with the applied gate voltage in Fig. 3(a) results from a large
density of traps, coupled with a severe injection barrier.44 Indeed, a
Schottky injection barrier of �0.2 eV was found between Au and the
diF-TES ADT film deposited on its surface.27 The PFBT treatment
shifts the Au work function, and the barrier vanishes.27 It is also possi-
ble that this injection barrier contributes to an increase in the cofactor
c in type 1 and 4 devices. The reduction in trap densities and annihila-
tion of the injection barrier are reflected in a sharp increase in mobil-
ity, followed by a plateau, as can be seen in Fig. 3(b). Comparing our
results with numerical simulations,44 we conclude that such a depen-
dence reveals a device with ohmic contacts and a level of disorder
within the semiconductor film that affects charge transport (in a trap-
free OTFT, the mobility is independent of the gate voltage). The
temperature response of the mobility supports the same conclusions.
The results are included in Fig. 4(a). The activation energy EA is listed
in the inset. The strong dependence of mobility on temperature
in type 1 devices (black squares) is a result of the significant trapping,
in agreement with the Poole-Frenkel results in Fig. 2. As the room-
temperature mobility increases (l1 < l3 < l2 < l4), both c in the
Poole-Frenkel plot and EA decrease, such that the high-mobility devi-
ces (type 4) show a minimal dependence of mobility on temperature,
with a very small activation energy, EA ¼ 12meV. Here, the trap den-
sity was below the detection limit of the Poole-Frenkel model, and we
approach bandlike transport. The changes in the trap densities, NT, as
a function of temperature are included in Fig. 4(b). The increase in NT

with reducing temperature results from the temperature-dependence

of the Fermi statistics38 and from the generation of traps due to strain
present at the semiconductor/dielectric interface as a product of mis-
match in the thermal expansion properties of the two consecutive
layers.25

In summary, we have shown that the Poole-Frenkel cofactor c,
which quantifies the dependence of device mobility on the longitudinal
electric field, can vary greatly in an OTFT depending on the device
structure, device composition, and organic semiconductor film micro-
structure. We found that a high trap density and structural disorder in
the semiconductor layer are reflected in a low mobility, which varies
greatly with the applied field and a high activation energy. The cofac-
tor c is anticorrelated with mobility, and a field- and temperature-
independent mobility was achieved in the highest-performing devices.
Our work highlights the limitations of the Poole-Frenkel analysis in
conjunction with organic transistors and emphasizes the fact that the
absence of a field-dependent mobility is not always a definitive proof
of the presence of a trap-free semiconductor layer.

See the supplementary material for current-voltage characteristics
for type 1, 3, and 4 devices and for DOS analysis of all device types.

This work was supported by the National Science Foundation
under Grant Nos. CMMI 1537080 and ECCS 1810273.
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