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ABSTRACT

Terahertz electromodulation spectroscopy provides insight into the physics of charge carrier transport in molecular semiconductors. The
work focuses on thin-film devices of dibenzothiopheno[6,5-b:60,50-f]thieno[3,2-b]thiophene. Frequency-resolved data show a Drude-like
response of the hole gas in the accumulation region. The temperature dependence of the mobilities follows a T1=2 power law. This indicates
that the thermal mean free path of the charge carriers is restricted by disorder. Only a fraction of approximately 5% of the injected carriers
fulfills the Ioffe–Regel criterion and participates in band transport.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153710

Several factors limit the charge carrier transport in the accumulation
region of organic field-effect devices. These can be intrinsic material prop-
erties, such as small orbital overlap between semiconductor molecules or
phonon scattering, and extrinsic factors, such as impurities or the dielec-
tric roughness at the interface to the gate insulator. Studies on field-effect
transistors (FETs) have shown that the interface roughness due to static
disorder strongly reduces mobility.1–3 Furthermore, random dipole fields
within the channel region scatter charge carriers.4,5 Structural disorder
within the first monolayers may also limit transport.6,7

Temperature-resolved measurements of the mobility l help to
identify the dominant scattering mechanisms by their characteristic
temperature dependencies, for instance, l � T3=2 for scattering at
ions and l � T�3=2 for phonon scattering. Terahertz electromodula-
tion spectroscopy facilitates temperature-resolved studies of charge
transport in organic semiconductors.8 The technique provides access
to band transport, but is insensitive to slow transport processes, such
as hopping. In this work, we present a terahertz (THz) study on field-
effect devices made of dibenzothiopheno[6,5-b:60,50-f]thieno[3,2-
b]thiophene (DBTTT).9 Hole mobilities of up to l¼ 3 cm2/V s are
found. Frequency-resolved data indicate that the band transport of the
carriers is limited by disorder in the accumulation region. This is

consistent with the temperature dependence of the mobility, which fol-
lows l � T1=2. The results show that most charge carriers do not par-
ticipate in band transport. Their mean free paths do not satisfy the
Ioffe–Regel criterion.

Figure 1(a) illustrates the conceptual outline of THz electromo-
dulation spectroscopy. Few-cycle THz pulses are transmitted through
field-effect devices that comprise an injection layer, a semiconductor
thin film, an insulator, and a gate contact. With the application of a
gate voltage Vg, charge carriers are injected into the device and accu-
mulate at the interface between the semiconductor and the insulator.
In the case of DBTTT, only holes can be injected. They respond to the
AC field of the THz pulses and cause absorption and dispersion of the
transmitted radiation. Switching the applied voltage Vg yields a differ-
ential transmission signal DS, which provides the charge carriers’ sheet
conductance r2D and mobility l.8

Field-effect structures, as illustrated in Fig. 1(b), are fabricated on
0.5mm-thick sapphire dies and on 125 lm-thick foils of polyethylene
naphthalate (PEN). Devices on PEN are advantageous, because its
small index of refraction supports the transmission of THz radiation.
Temperature-resolved experiments require good heat conduction and
are performed on devices with sapphire substrates.

Appl. Phys. Lett. 123, 032103 (2023); doi: 10.1063/5.0153710 123, 032103-1

VC Author(s) 2023

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 30 N
ovem

ber 2023 09:41:06

https://doi.org/10.1063/5.0153710
https://doi.org/10.1063/5.0153710
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0153710
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0153710&domain=pdf&date_stamp=2023-07-20
https://orcid.org/0000-0001-7519-4856
https://orcid.org/0000-0002-6501-0790
https://orcid.org/0000-0002-2660-5767
https://orcid.org/0000-0001-9169-8683
mailto:roland.kersting@lmu.de
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0153710
pubs.aip.org/aip/apl


The devices’ injection contacts consist of MoOx and Cr, and the
gate contacts are made of Cr. Typical thicknesses of the layers are
between 6 and 9 nm, which permits the sufficient transmission of THz
radiation. The insulator parylene N (PaN) is deposited by chemical
vapor deposition. Pinhole-free films are obtained for thicknesses
exceeding 250nm. These films, however, have an RMS roughness of
approximately 5 nm, which leads to an inhomogeneous growth of
DBTTT when deposited on top (supplementary material, Figs. S1 and
S3). Therefore, the PaN is planarized by spin coating of polystyrene
(PS) or poly(methyl methacrylate) (PMMA). The PS and PMMA have
average molecular weights of 10 and 950 kDa, respectively. A 1.5 wt. %
solution in toluene for the PS film and a 2 wt. % solution in dichloro-
benzene for the PMMA are used. The solutions are spin coated at
3000 rpm onto the PaN and then dried at 140 �C for 2 h. The thick-
ness of the planarization layers is approximately 50 nm. Planarization
with PS and with PMMA reduces the RMS roughness of the gate insu-
lator to 1.2 nm. The chromium gate contact, the injection layer, and
the DBTTT are deposited by physical vapor deposition at p � 5
�10�7 mbar, with deposition rates of approximately 0.1 Å/s. All
DBTTT films are polycrystalline and have a thickness of approxi-
mately 50 nm. The devices have active areas of 28mm2 and unit
capacitances of ~C � 7:2 nF/cm2.

Terahertz electromodulation experiments are performed with
few-cycle THz pulses that have a bandwidth of 2.6THz. The details of
the experimental setup can be found in Ref. 8. Figure 2 shows the rela-
tive differential transmission DS=S of THz radiation during the modu-
lation of the applied voltage Vg. The data are recorded at the temporal
peak of the THz pulse (see Fig. 3). Figure 2 shows that at Vg < 0, holes

are injected into the DBTTT and accumulate at the interface to the
insulator. Their response to the THz field reduces the transmission sig-
nal by DS. An injection of mobile electrons at Vg > 0 is not observed.

The sheet conductance of the injected charge carriers can be
obtained from the data in Fig. 2 using an equivalent of Tinkham’s
formula:10,11

r2D ¼ e l n2D ¼ �
DS
S
� 2

ffiffiffiffi
eb
p

Z0
; (1)

where eb is the relative permittivity of the layer, Z0 is the impedance of
free space, e is the elementary charge, and n2D is the modulated two-
dimensional charge carrier density. The sheet density of injected holes
n2D;inj is calculated from Vg and ~C . For example, a gate voltage of
Vg ¼ �50 V leads to n2D;inj � 2:2� 1012 cm�2. Assuming that all
injected holes are mobile, their mobility is given by linj ¼ r2D=
ðe n2D;injÞ, which provides linj ¼ 3:0 cm2/V s for devices planarized

FIG. 1. Illustration of the method of THz electro-modulation spectroscopy (a).
Schematic device architecture (b).

FIG. 2. Dependence of the relative differential THz signal DS=S on the modulation
voltage Vg recorded at T¼ 300 K. Data obtained on structures with a PMMA inter-
layer and a PS interlayer are shown in (a) by blue and black lines, respectively.
Applied modulation voltage Vg between bottom and top contact (b). The red lines
indicate that the threshold voltage Vth is marginal.

FIG. 3. Time-resolved THz transmission through DBTTT on PS. (a) Differential sig-
nal DS due to the injection of holes. (b) Transmitted THz signal S.
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with PS and linj ¼ 1:5 cm2/V s for the ones planarized with PMMA.
Similar values have been reported for DBTTT FETs.9

Although the PS layer and the PMMA layer have similar surface
roughness, the measured mobilities differ by a factor of 2. This obser-
vation agrees with previous works,4,5,12 wherein it is attributed to the
different dielectric properties of PS and PMMA, which have relative
permittivities of e ¼ 2:6 and e ¼ 3:0, respectively. An increased per-
mittivity reduces the mobility,4,5 presumably because random dipoles
within the insulator broaden the semiconductors’ density of states at
the interface. A recent study concludes that the polarity of the insula-
tor reduces the mobility.12 The mobilities for PS and PMMA surfaces
reported in Ref. 12 show nearly the same ratio as the values obtained
from the data in Fig. 2.

Despite the agreement with the above works, one fundamental
question has not been addressed: Are all of the injected charge carriers
mobile and contribute to band transport? If only a part of the injected
carriers were mobile (n2D;mob < n2D;inj), the mobility of these carriers
increases according to lmob ¼ r2D=ðe n2D;mobÞ. Insight is gained by
analyzing the frequency dependence of the carriers’ AC conductivity,
for which we assume band transport, because typical hopping conduc-
tivities are too small to be observed in our THz experiments. Various
transport models have been applied for interpreting the THz response
of charge carriers in organic semiconductors, among which are the
fundamental Drude model,13,14 the Drude–Smith model,15,16 the
localization-modified Drude model,17–19 and the Drude–Anderson
model.20–22 A brief discussion of the applicability of these models is
given in the supplementary material. Only the classical Drude model
fulfills the requirements and provides a reasonable agreement with the
experimental data, as shown by Fig. S9 of the supplementary material.
Thus, we use this model as the most reasonable approach for describ-
ing charge transport.

For a Drude response with momentum relaxation time s, the
sheet conductivity is as follows:

r2DðxÞ ¼
n2D e2 s
m�h

� 1þ ix s
1þ x2 s2

: (2)

Terahertz spectroscopy can resolve this frequency dependence by
recording transmission changes in the time domain, followed by
Fourier transformation.23 Figure 3 shows time-resolved transmission
data recorded at room temperature. The differential signal DS is
obtained by square–wave modulation withVg ¼ 650 V at frequencies
of approximately 10Hz. Compared to the transmitted signal S, the
transmission change DS is minute, which illustrates the weak interac-
tion between THz radiation and the mobile holes.

Fourier transforms of the experimental data of DS=S are shown
in Fig. 4 by the symbols. The solid lines in Fig. 4 are fits to the experi-
mental data and consider a Drude response, as described in Eq. (2).
The same parameter sets of Drude scattering time s and sheet density
n2D are used for both the real part and the imaginary part of DS=S.
For the hole’s effective mass, m�h ¼ me is used.

24 A description of the
analysis of DS=S can be found in the supplementary material or in Ref.
8. The carrier mobilities are deduced from the fit parameter s using
l ¼ e s=m�h.

A reasonable agreement between experimental data and calcula-
tions can only be achieved if a strongly reduced density of mobile car-
riers is assumed (compared to Fig. S8 of the supplementary material).
The solid lines in Fig. 4 show calculations for n2D;mob ¼ 0:05 � n2D;inj.

Under this assumption, Drude mobilities for this fraction of charge
carriers of l¼ 35 and l¼ 23 cm2/V s are deduced for the devices pla-
narized with PS and PMMA, respectively. For these extrapolations, the
same fraction of 5% is assumed for PS and PMMA. The value of 5%
has large error margins, and more precise values are unreasonable.
However, the findings indicate that charge transport mainly results
from a small fraction of the injected charge carriers, whereas most car-
riers have no significant contribution to transport. They may be
trapped or perform hopping transport, both of which are not accessi-
ble in THz experiments. A recent work considers the Boltzmann trans-
port equation in conjunction with the most dominating scattering
process and concludes that even mobile carriers may be immobilized
by strong scattering.25 The authors discuss a transport reduction fac-
tor, which may be related to our observation that only a small fraction
of the charge carriers participates in transport.

Temperature-resolved measurements support the framework
that only a fraction of charge carriers participates in band transport.
The experimental data in Fig. 5 are obtained by recording DS=S at the
temporal peak of the THz pulse and by modulating the device with a
square wave of Vg ¼ 650 V. The observed temperature dependencies
result from the THz response of the injected holes and not from the
temperature dependence of the injection process: The slopes of the
transmission changes in Fig. 2 are linear, even at low temperatures.
This indicates that the transfer across the injection interface is faster
than the modulation and does not cause the temperature dependencies
in Fig. 5. Measurements in the dependence of the modulation fre-
quency confirm this.

The mobilities shown in Fig. 5 are deduced for two cases: (i) by
assuming that all injected carriers contribute to the THz signal (red tri-
angles) and (ii) by considering that only a fraction n2D;mob � 0:05
�n2D;inj of the injected carriers is mobile (black circles). The dashed red
and black lines are fits that follow the power law l � T1=2. Both the

FIG. 4. Frequency dependence of the relative differential transmission DS=S for
DBTTT on PS (a) and for DBTTT on PMMA (b) recorded at T¼ 300 K. The real
and imaginary parts of DS=S are depicted by black circles and by red triangles,
respectively. Fits to the experimental data are shown by black lines and red lines
for the real and imaginary parts, respectively.
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mobilities obtained on the PS structures and on those of PMMA struc-
tures follow this dependence. This behavior clearly distinguishes from
the dependence of T�1=2 or T�3=2, which is expected for dynamic
localization and phonon scattering, respectively.26

The observed T1=2 power law of the mobilities can be explained
by a reduced mean free path of the charge carriers due to disorder.
According to the Ioffe–Regel criterion, extended Bloch waves can only
exist if the carriers’ thermal mean free path ‘th exceeds the size of the
unit cell a.27,28 In an accumulation layer with areas of different degrees
of disorder, only regions with ‘th > a support band transport. Only
here, charge carriers can exhibit a Drude response. In regions where
‘th does not fulfill the Ioffe–Regel criterion, charge carrier transport is
limited to hopping. Thus, THz experiments access only those regions
where charge carriers have sufficient mean free path. However, even in
these high-mobility regions, diagonal disorder increases the width of
the density of states,4 which in turn partially limits the carrier’s mean
free path.

Disorder is unintentionally introduced during the deposition of
the molecular semiconductor or may result from the interface

roughness of the insulator3,29 or from its dielectric disorder.4

Independent of the origin of disorder, it limits the thermal mean free
path ‘th ¼ vths, which can be expressed by the mobility as

‘th ¼
l
e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 kBT m�h

q
; (3)

when assuming a two-dimensional carrier gas at the interface to the
insulator. The experimental mobility data and the calculations of the
mean free paths in Fig. 5 follow the same temperature dependence
T1=2. This indicates that properties of the mean free path control the
observed mobility.

The calculations of the mean free path ‘th in Fig. 5 are based on
the room-temperature mobilities of the devices and on the extrapola-
tion of the temperature dependence according to Eq. (3). Two cases
are considered: (i) that all injected charge carriers are mobile (red solid
lines) and (ii) that n2D;mob ¼ 0:05 � n2D;inj (black solid lines).
Furthermore, the dotted blue lines indicate the lattice constant a
¼ 5:91 Å of DBTTT.30 For both of the investigated structures, ‘th < a
when considering for the mobile carrier density n2D;mob ¼ n2D;inj.
This, however, would not fulfill the Ioffe–Regel criterion, and a THz
signature of the charge carriers would not be observable, which contra-
dicts the experimental results, such as in Figs. 2–4. One option to
resolve this contradiction is to assume a spatially inhomogeneous
semiconductor, comprised of regions where ‘th > a as well as of
regions with ‘th < a. Thus, only a part of the injected carriers exhibit
band transport and contribute to the THz signal, for which classical
Drude transport can be assumed. The others perform hopping trans-
port and are not detected in the THz experiments. The calculations of
Fig. 5 show that ‘th exceeds the lattice constant when assuming that
only 5% of the charge carriers contribute to the mobility. Only these
5% fulfill the Ioffe–Regel criterion and participate in band transport.
The density of interface defects, which localize charge carriers, can
spread over a wide range, and even for single crystals, values between
0:7� 1010 and 2� 1012 cm�2 have been reported.31,32 Thus, the
observation that only 5% of the charge carriers participate in band
transport is plausible.

Altogether, the result that only a fraction of the injected charge
carriers participates in band transport is derived from the following
observations: (i) the spectral response of the charge carriers (Fig. 4).
The agreement between the experimental data and calculation
requires that n2D;mob < n2D;inj. (ii) The temperature dependence of
the mobilities follows a T1=2 power law (Fig. 5). This shows that the
dominating scattering process is not phonon scattering, for which
l � T�3=2 is expected. Also, the dynamic localization can be
excluded, for which temperature dependencies between l � T�3=2

and l � T�1=2 are expected.26 This leaves disorder scattering as the
most potential process that limits the mobility. Disorder scattering
may arise because of structural disorder of the semiconductor1–3 and
because of local fields within the insulator.4,5 In areas where poten-
tial fluctuations occur on the scale of few unit cells, disorder leads to
localization and reduces the fraction of mobile carriers that perform
band transport. (iii) The result is that the mean free paths do not
exceed the size of the unit cell when assuming that all carriers con-
tribute to band transport (Fig. 5). In this case, the Ioffe–Regel crite-
rion would not be fulfilled and band transport would be impossible.
Overall agreement with the experimental data can be achieved under

FIG. 5. Temperature dependence of the mobilities in DBTTT deposited on PS (a)
and PMMA (b). Mobilities are obtained from DS=S by assuming either n2D;mob

¼ n2D;inj or n2D;mob ¼ 0:05 � n2D;inj and are displayed by red triangles and black
circles, respectively. The dashed lines follow l � T1=2 and serve as visual guides.
The solid lines show the temperature dependence of the thermal mean free path
‘th for the above densities. The blue dotted line indicates the size of the unit cell a.
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the assumption that only a fraction of the injected carriers partici-
pates in band transport.

The result that disorder excludes most of the injected carriers
from band transport underpins the technological importance of
improving the interfacial properties between insulator and semi-
conductor. High-mobility devices of molecular thin films may
require surface engineering of the interface, such as by the function-
alization and planarizing of the insulating layer,33,34 the use of
self–assembled monolayers,35,36 or the fabrication of semiconduc-
tor heterostructures.37–39

In summary, we investigated charge transport in DBTTT field-
effect devices utilizing THz electromodulation spectroscopy.
Mobilities of 3.0 and 1.5 cm2/V s are found for DBTTT deposited on
PS and PMMA, respectively, assuming that all injected charge carriers
contribute to band transport. However, frequency-resolved data and
temperature-resolved data indicate that only a fraction of the injected
charge carriers participates in band transport. The vast majority is
either trapped or performs hopping transport. Their mean free paths
are smaller than the semiconductor’s unit cell, which violates the
Ioffe–Regel criterion and excludes them from band transport. Mobility
estimates for the fraction of carriers that fulfill the Ioffe–Regel criterion
lead to values above 20 cm2/V s.

See the supplementary material for details on the device architec-
ture, thin-film topographies, data analysis, and other transport models.
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