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The formation and characterization of solid solutions with guest (or impurity) molecules are
difficult to realize in crystalline organic semiconductors. Here, we demonstrate that an
operando field-induced electron spin resonance (FI-ESR) experiment allows the site-
selective analysis of accumulated charge carriers in polycrystalline organic field-effect
transistors (FETs), which comprise molecular solid solutions as channel semiconductor
layers. We utilize vacuum-deposited dinaphtho[2,3-5:2°,3’-f]thieno[3,2-b]thiophene
(DNTT) thin films with various amounts of dibenzo-tetrathiafulvalene (DBTTF) as guest
molecules. Our measurements reveal that the field-induced carriers are first trapped at guest

DBTTF sites at low gate voltages and then begin to accumulate at host DNTT sites at higher
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gate voltages. Furthermore, we perform dispersion-corrected density functional theory
calculations to investigate the stability of the solid-solution crystals. It is shown that the
DBTTF molecules can be stably incorporated by aligning molecular long axes within the
crystal lattices of DNTT, the results of which agree well with the angle-dependent FI-ESR
measurements. We demonstrate that the mobility, threshold voltage, and subthreshold swing

are controlled by the concentration of guest molecules in solid-solution organic FETs.

I. INTRODUCTION

The physics of organic semiconductors that can be utilized in light-emitting devices,
photovoltaics, and field-effect transistors (FETs) has been investigated intensively in recent decades
[1-4]. Amorphous organic semiconductors are preferable for light-emitting devices and photovoltaics,
whereas crystalline organic semiconductors are preferable for FETs owing to their relatively high
mobility. Recent progress in crystalline organic semiconductors indicate that field-effect mobilities
can exceed 10 cm?/Vs, as reported in several reliable experimental studies [5]. It is demonstrated that
highly ordered layered molecular packing is essential for obtaining the enough high performance. In
this context, methods for impurity doping, which is known to be a primary basis in mature inorganic
silicon technology, are hardly compatible with the high mobility organic semiconductors. Actually, it
was discussed that doping has a strong influence on the packing structure of most crystalline molecular
materials, which eventually leads to the reduction in carrier mobility [6]. The feature is related to the
fact that organic semiconductor crystals are composed of molecules with specific shape, size,
orientation and conformation, which makes it unstraightforward to incorporate the other kinds of guest
species within the crystal lattices that are weakly bound together and are grown at around room
temperature. Hence, crystalline organic semiconductors are typically utilized as intrinsic
semiconductors in high-mobility organic FETs. Thus the important challenge in high mobility organic
FETs is to realize doped organic semiconductors with keeping both the crystalline order and high
mobility [6].

Solid-solution crystals composed of two different types of molecules can be manufactured using
a specific combination of molecules. The molecular solid solution is defined as a mixed crystal, in
which host molecules are randomly replaced by guest molecules in the crystal lattices, like doped
silicon. Solid solution is clearly different from mixed amorphous or phase-separated films, in that it
keeps the periodicity of the host crystal lattices with maintaining the mesoscopic homogeneity. Hence,
it should facilitate the continuous tuning of semiconducting properties. Hinderhofer and Schreiber
reported that when two types of molecules (A and B) are mixed to form crystalline thin films via
vacuum deposition, the films obtained can be classified into the following three categories: ordered
complex, phase separation, and solid solution [7]. A solid solution can be achieved when the magnitude

of the intermolecular interaction between different molecules (A—B) is comparable to those in pure
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systems (A—A or B-B). Several combinations of semiconducting molecular species have been reported
to form solid solutions: HisCuPC:FisCuPc [8], pentacene:picene [9], pentacene:diindenoperylene [10],
pentacene:p-terphenyl [11], 6,13-bis(triisopropyl-silylethynyl)pentacene: 6,13-bis(triisopropyl-
silylethynyl)tetraazapentacene [12], and C6-BTBT:C10-BTBT [13]. Furthermore, these solid
solutions were investigated via X-ray diffraction [8-10] or in photo-induced electron spin resonance
(ESR) studies [11]. The use of solid solutions for organic FETs may allow the continuous tuning of
device characteristics by varying the amount of guest molecules involved in the channel of organic
semiconductors. In addition, the manner how the guest or impurity molecules affect the device
characteristics must be understood to optimize the FET characteristics. However, the effect of using a
molecular solid solution on gate-induced carrier accumulation has not been investigated hitherto for
organic FETs. This is mainly because it is quite difficult to characterize the amount of guest molecules
in the channel organic semiconductors, and thus to correlate it with the FET characteristics.

In this study, we demonstrate that an operando field-induced electron spin resonance (FI-ESR)
experiment can be utilized to investigate the effects of guest molecule doping on gate-induced carrier
accumulation in solid-solution organic FETs. The FI-ESR technique has been utilized as a unique and
useful microscopic tool to probe carrier dynamics as well as trap-induced carrier localization by
detecting the radical 1/2-spin of gate-induced carriers, as has been demonstrated for several small-
molecule and polymer-based organic FETs [14-24]. In this study, we utilized polycrystalline solid-
solution thin films based on dinaphtho[2,3-:2",3’-f]thieno[3,2-b]thiophene (DNTT), which is a well-
known air-stable and high-performance organic semiconductor, as a host crystalline material [25, 26].
The results of FI-ESR measurements indicate that vacuum-deposited DNTT films can host dibenzo-
tetrathiafulvalene (DBTTF) [27] as guest molecules in their crystal lattices. Gate-voltage-dependent
and angle-dependent FI-ESR spectroscopy allows the site-selective analysis of accumulated charge
carriers; hence, the energy level alignment and molecular orientation of the guest DBTTF molecules
in the host DNTT crystals can be determined. Herein, we discuss why DBTTF molecules can be stably
incorporated within the crystal lattices of DNTT based on dispersion-corrected density functional
theory (DFT) calculations to ensure the stability of solid-solution crystals. Finally, we present the
concentration dependence of FET characteristics in terms of the formation of trap sites by guest

molecules, where the controllability of the FET characteristics is discussed.

II. METHODOLOGY
A. Fabrication of solid-solution FET

A schematic illustration of solid-solution organic FETs is shown in Fig. la. A polyethylene
naphthalate sheet (100 pum thick, TEONEX Q65F, Dupont) cut into a width of 3 mm and a length of
400 mm was used as a substrate to fit the ESR tube. A gold gate electrode (30 nm thick), a parylene C

dielectric layer (1 wm thick), a solid-solution channel semiconductor layer, and gold source and drain
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electrodes (30 nm thick) were successively deposited on the substrate. All device fabrication and
measurements were performed in an argon atmosphere.

The channel layer was fabricated via the co-evaporation of DNTT and DBTTF from
independently temperature-controlled crucibles. The deposition rate of the host DNTT was set at 0.04
nm/s, whereas that of the guest DBTTF was controlled to obtain various concentrations between
0.01% and 0.75%. The concentration of DBTTF was determined via FI-ESR measurements. It was
unknown that the combination of DNTT and DBTTF yielded solid solutions, although the guest
DBTTF molecule exhibits a shape and size similar to those of the host DNTT molecule, as presented
in Fig. 1b. The present FI-ESR study confirmed the formation of solid solutions with dilute

concentrations of DBTTF as low as 0.01%, as will be discussed later.

B. Operando FI-ESR technique

FI-ESR measurements were performed using a standard X-band ESR apparatus (JES-FA200,
JEOL) and a semiconductor parameter analyzer (E5270A, Agilent). The devices prepared were
inserted and sealed in quartz tubes for both FI-ESR and FET characteristic measurements. The angle-
dependent ESR spectra were measured by rotating the ESR tube on its axis, where the relative angle
between the static magnetic field and the film plane was adjusted using a protractor. A continuous-
flow cryostat was used for the low-temperature measurements. We used 2,2-diphenyl-1-picrylhydrazyl
(DPPH) as a reference for the ESR signal and a manganese marker (MgO/Mn?") as a subsidiary
standard.

In the FI-ESR measurements, the anisotropic molecular g tensor was the key parameter, which is
useful for discriminating the species and orientations of molecules at which carriers are accumulated;
the g tensor is defined as g = hv/ugB, where h is the Planck constant, v the microwave frequency,
s the Bohr magneton, and B the static magnetic field. A comparison of the obtained g values allowed
us to identify the molecular species. In addition, the analysis of the angle dependence of the g factor
enabled the determination of the molecular orientation on the substrate. The gate-induced carrier
density at the respective molecular sites can be determined by integrating the ESR signal at each gate

voltage.

C. DFT calculation

We used Gaussian 16 for the DFT calculations [28] of both the molecular g tensor and
intermolecular interaction energies. The former calculation was performed at the unrestricted
B3LYP/6-31G(d,p) level using the molecular structures at the cationic state optimized at the same
level. The intermolecular interaction energies were calculated at the B3LYP/6-311G(d,p)//B3LYP/6-
31G(d) level with Grimme’s D3 dispersion correction [29]. The basis set superposition error [30] was

corrected using the counterpoise method [31]. The crystal structure of the solid solution was prepared
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by replacing the central DNTT molecule with a guest DBTTF molecule. The geometry and position

of the central DBTTF molecule were optimized at the same level with six fixed DNTT molecules.

III. RESULTS AND DISCUSSION
A. Operando ESR observation for site-selective carrier accumulation

Figure 2a shows the field-induced ESR spectra of a DNTT (99.8%): DBTTF (0.2%) solid-
solution FET at room temperature. A static magnetic field was applied perpendicular to the substrate.
Two types of signals were observed at lower and higher magnetic fields, which are referred to as
signals I and II, respectively. Signal I began to increase at gate voltage VG = -40 V and saturated at
approximately -100 V (Fig. 2b). By contrast, signal II began to increase at Vg = -80 V and did not
saturate down to -200 V. Because the difference in the resonance magnetic fields was derived from the
difference in the g factors, the molecular species or orientations between the two signals were different.

Figures 3a—c show the angular dependence of the g factors for signals I and II. The appropriate
gate voltages and preset temperatures were selected to measure the respective signals (100 K for signal
I and room temperature for signal II). The high temperature imposed two different effects on the
spectral line shape, as reported previously!®. The first effect was the decrease in the spin-lattice
relaxation time, which broadened the spectral line width. The second was the motional narrowing
effect, which averaged out the different g values of randomly oriented crystalline domains. Because
of these effects, the ESR spectra must be measured at low temperatures to resolve the g values of the
respective crystalline domains. Both signal I and II exhibited typical tendencies of the largest single g
factor at = 90° and the powder pattern due to the random orientation of crystals at 8= 0°. By fitting
the spectra at = 0° with a theoretical powder pattern, we extracted two principal g factors, as shown
in Table I. The g shift of signal I from the free electron value (g. = 2.0023) was almost twice that of
signal II. Moreover, the angular averages gave = (gx + gy + g-)/3 of the two signals were different, i.e.,
Zave = 2.0075 (signal 1) and 2.0049 (signal II), thereby indicating different molecular species. In
particular, the greater g shift in signal I implied a greater contribution of sulfur 3p, atomic orbitals to
the highest occupied molecular orbital (HOMO) at the corresponding molecule; this is because sulfur
has a greater spin—orbit coupling than carbon and hydrogen. The calculated molecular g tensors for
DNTT and DBTTF are shown in Table 1. The calculated g values were consistent with those of signals
I and II, as well as with the observation of signal I at a lower gate voltage (Fig. 2): DBTTF ionized
more easily than DNTT by attracting hole carriers; this is because the HOMO energy of DBTTF was
lower (-4.70 eV) than that of DNTT (-5.18 eV), as depicted in Fig. 1b.

The anisotropy of the g factors enables the molecular orientations to be determined. DNTT and
DBTTF exhibited the highest g factors along the molecular long axes, as presented in Table 1. The
highest g factors were observed at &= 90° for both signals I and II, as shown in Fig. 3a. This shows
that for both DNTT and DBTTF, their molecular long axes should be almost perpendicular to the
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substrate. By contrast, two smaller g factors were observed at € = 0°; these signals were attributable
to those along the two crystal axes within the film plane. Similar features have been observed in
uniaxially oriented polycrystalline films of DNTT [20].

For comparison, we conducted angular-dependent FI-ESR measurements of pristine DBTTF
FETs [27]. The result indicated a different angular dependence, as shown in Fig. 3d, where the
maximum g factor was recorded at &= 60°-70°. This indicates that the pristine DBTTF formed films
with a different crystal structure, in which the molecular long axis of DBTTF was inclined by 20°—
30° from the direction normal to the substrate. In fact, DBTTF does not form the layered herringbone
packing as is observed in DNTT. The molecular long axis is not perpendicular to the each
representative crystallographic plane in any of the polymorphs, according to the crystal structure
database [32,33] (BIRKIW in the Cambridge Structural Database). Based on these observations, we
conclude that the DBTTF molecules should replace the crystal lattices of DNTT as guest molecules
without inducing phase separation.

Figure 3e shows the temperature dependence of the ESR line width of the solid-solution FET at
6=90°, where the variation in g factors is minimized. The line width of signal IT (DNTT site) exhibited
significant temperature dependence: the line width decreased (increased) with the increase (decrease)
in temperature in the range of 20-120 K (120-285 K). These features were the same as those reported
previously for pentacene, DNTT, PB16TTT, and C10-DNBDT-NW FETs and can be explained by
motional narrowing (20—120 K) and spin-lattice relaxation mechanisms (120-285 K) [15, 17, 20, 22].
Below 120 K, the line width should be determined by the hyperfine broadening and the motional
narrowing effect: the diffusive motion of carriers is thermally activated and averages out the
inhomogeneous local magnetic fields due to the hyperfine interactions at each molecular site. This
observation provides evidence that the carriers at DNTT sites can propagate via repetitive trap and

release processes with average frequencies on the order of 107-10% s!

according to the reported
procedures [15, 17]. Above 120 K, the line width should be broadened by a short spin-lattice relaxation
time, which exceeds the motionally narrowed line width. By contrast, the line width of signal I
(DBTTF site) did not indicate a particular temperature dependence over the entire measured
temperature range. It is most probable from the results that the line width of signal I should be
determined mainly by the hyperfine broadening. In fact, the hyperfine line width is estimated as 60
uT, according to the DFT calculations. This is consistent with the carriers at the DBTTF site were less
mobile. These observations imply that the current should be transported by the host DNTT crystals,
whereas the guest DBTTF molecules should serve as deep trap sites. We note that the ESR spectrum
of the pristine DBTTF FETs was more than twice broader than that of signal I in DNTT:DBTTF solid
solution over the entire measured temperature range of 5-100 K. We consider that the Elliott-Yafet

spin-lattice relaxation should be responsible to determine the FI-ESR linewidth in pristine DBTTF
FETs.



The assignment, as presented above, is consistent with the gate voltage dependence or rapid
saturation of signal I, as shown in Fig. 2b. The DBTTF sites should be fully occupied by hole carriers
at Vg =-200 V. This implies that the saturated carrier density at the DBTTF sites should provide the
concentration of guest DBTTF molecules within the DNTT crystals. In fact, the estimated
concentration of DBTTF can be regarded as consistent with the ratio of co-evaporation rates among
several samples. Hence, we can determine the concentration of DBTTF by integrating the ESR spectra
at Vg =-200 V. For example, the DBTTF concentration of the device shown in Fig. 2 was estimated

to be 0.2%, based on the density of DNTT molecules per unit area of 4.2 x 10'* cm™ [25].

B. DFT calculations for stable solid-solution formation

The site-selective analyses presented above provide clear evidence that the guest DBTTF
molecules randomly replaced the host DNTT molecules in the crystal lattices. To understand the solid-
solution formation, we investigated the intermolecular interaction energies of the crystal lattices using
DFT calculations. Figure 4a presents a model of the solid-solution crystal, in which the central DNTT
molecule is replaced by the guest DBTTF molecules in the herringbone packing of DNTT. We first
optimized the herringbone angle and position of the central DBTTF molecule without geometry
optimization; subsequently, we optimized the internal geometry of the DBTTF molecule surrounded
with DNTT molecules. The sum of the interaction energies of the central DBTTF molecule with the
neighboring six DNTT molecules (£in;) is shown in Figs. 4b and 4c. Figure 4c shows that the calculated
potential contained two minima when the position of the central DBTTF molecule R was
approximately = 1.4 A. The short S---S contacts between the parallel neighboring molecules resulted
in a maximum R value of approximately 0.0 A. The Eiy calculated using the optimized geometry was
-64.8 kcal/mol. The Ein calculated using the DNTT and DBTTF crystals were -74.5 and -54.9 kcal/mol,
respectively. The Ein values for the solid-solution model were comparable to these values.

Based on the calculation, we estimated the free energy of mixing Fmix and the dimensionless
interaction parameter y as follows:

Fix = kgT(x4Inx, + xgInxg + yx,x5),
1
X = T (Wyp + Wgp — 2Wyp),
B

where kg is the Boltzmann constant; 7 is the absolute temperature; x4 and xg are the concentrations of
DNTT and DBTTF (xa + xg = 1), respectively; Waa, Wgs, and Wag are the intermolecular interaction
energies per molecule (half of the sum of intermolecular interaction energies of the central molecule
with the surrounding six molecules) [7]. The estimation yielded Fix =-0.025 kcal/mol and y =-0.17
for x4 = 0.998 and xg = 0.002. Because solid solutions and phase separation were observed when y =
0 and y > 2 [7], this estimation implies that the combination of DNTT and DBTTF is suitable for

the formation of a solid solution.



C. Concentration dependence and correlation to FET characteristics

Figure 5a shows the FI-ESR spectra of six types (A—F) of devices with various concentrations of
DBTTF at Vg =-200 V. The concentration of the devices ranged between 0.01%—0.75%, as estimated
from FI-ESR spectra. It was observed that most carriers accumulated at the DNTT site in sample A,
whereas most accumulated at the DBTTF site in sample F. Figure 5b shows the transfer characteristics
for all the devices. We extracted the characteristic parameters from the transfer characteristics, the
results of which are shown as a function of DBTTF concentration in Figs. Sc—e. Device A, which had
the lowest DBTTF concentration, exhibited the highest mobility of 0.38 cm?/Vs in the linear regime,
the lowest threshold, turn-on voltages at Vin = -83 V and Vo, = -5 V, and the smallest subthreshold
swing, i.e., SS = 20 V/decade. It is noteworthy that the relatively high values of Vi, Von, and SS were
ascribed to the low specific capacitance of the gate insulator of parylene, i.e., 4.5 nF cm™2, which was
adopted to perform sensitive and reproducible FI-ESR measurements.

As the DBTTF concentration increased, the nominal field-effect mobility decreased (Fig. 5c¢).
However, the decrease occurred partly because the mobility was estimated in the subthreshold regime
for devices C—F. According to the literature, guest molecules can be categorized into two types: those
that induce and do not induce the distortion of surrounding molecules. The former results in many
physical traps in the crystals, which yields a significant reduction in the carrier mobility, whereas the
latter forms a solid solution and barely affects the mobility. The result of the current study can be
categorized into the latter case; this is supported by the parallel molecular orientations of DNTT and
DBTTF, as observed in the angle-dependent FI-ESR spectra shown in Fig. 3.

The increase in the DBTTF concentration increased the threshold voltage, turn-on voltage, and
SS. These effects can be scrutinized using the deep trap model [2]. In general, deep traps cause a shift
in the threshold voltage by AV = eN,,/C, where e is the elementary charge, N.p the trap density per
unit area, and C the capacitance of the gate insulator per unit area. When we assume that Ny is the
same as the density of DBTTF molecules per unit area, voltage shifts are expected, as indicated by the
red lines in Fig. 5d. The expected voltage shift is quantitatively consistent with the observations.
However, we discovered that the threshold voltage indicated a significant offset at a DBTTF
concentration of 0%. We speculate that this large threshold voltage originated from the DNTT films,
such as lattice defects or grain boundaries, or from the semiconductor/insulator interface, such as
dipole fluctuations on the surface of the gate insulator. The SS indicated an approximately linear
dependence on the DBTTF concentration, which is consistent with theory [34]. Hence, the
DNTT:DBTTF solid solution can be regarded as a model system that can be used to investigate the
intrinsic effect of carrier trapping by guest molecules with discrimination from other structural effects.
Although the effect on the device performance should be governed by the combination of molecular

species, it is natural to assume that impurities with a higher ionisation energy (or a lower electron
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affinity for n-type) than that of the host material should impose less effects because they do not trap
but only scatter carriers, whereas those that induce structural distortions should impose more

significant effects on the mobility.

IV. CONCLUSION

We demonstrated a method for investigating the effect of guest molecules in solid-solution
organic FETs under operation. The method provides a microscopic view of molecular species,
molecular orientations, carrier densities, and carrier dynamics. The measurements of device properties
at different guest concentrations revealed desirable field-effect mobilities; however, the threshold and
turn-on voltages exhibited considerable shifts, which can be explained using a simple deep trap model.
The obtained molecular orientations and the desirable field-effect mobilities implied the feasibility of
the DNTT:DBTTF solid solution as a model system for investigating the effects of impurities on
organic FETs.

Finally, the operando FI-ESR technique offers several unique advantages for investigating the
effects of impurities in organic FETs. First, it allows the molecular orientations of minority molecules
to be determined. Second, its highly sensitive nature allows a small amount of guest molecules to be
detected; in this regard, its minimum sensitivity is 0%. Third, it can selectively detect carrier dynamics
at respective molecular sites and discriminate whether the respective sites are traps. It is noteworthy
that the FI-ESR technique can be used to directly determine the transport characteristics, unlike

conventional impurity analyses of source semiconducting materials.
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Table 1. DFT calculation of molecular g tensor. Directions of principle axes are shown in Fig. 1c.

Experimental g factors for mixed film are shown.

calculation experimental
molecule | g, g g- | average | signal | §=90° 0=0° average
2.0081 2.0148 | 2.0059 | 2.0032 | 2.0080
DBTTE |2.0069 ) 2.0156 | 2.0019 ! +0.0001 | £ 0.0002 | £ 0.0002 | + 0.0001
2.0040 2.0092 | 2.0036 | 2.0019 | 2.0049
DNTT | 2.0034 1 2.0061 1 2.0025 1+ 0.0002 | +0.0003 | +0.0003 | +0.0002
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Figure 1. a) Device structure of DNTT:DBTTF field-effect transistors (FETs). Static
magnetic field was applied at angle Gwith respect to substrate plane. b) Molecular structures
and HOMO-LUMO levels of DNTT and DBTTF molecules. Coordinates indicate principal
axes of g tensor. Energies were calculated using Gaussian 16, based on density functional

theory (DFT) with B3LYP functional and 6-31G(d) basis set.
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Figure 2. a) Field-induced ESR spectra of DNTT (99.8%):DBTTF (0.2%) FET. b) Density
of spins accumulated at DNTT and DBTTF molecules, separately. Right axis indicates

corresponding spin concentration relative to number of DNTT molecules in first layer.
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Figure 3. a) Angle dependence of g factor for DNTT and DBTTF components in
DNTT:DBTTF FET. b) Angle-dependent ESR spectra of DNTT component in
DNTT:DBTTF FET at Vg =-200 V at 100 K. ¢) Angle-dependent ESR spectra of DBTTF
component in DNTT:DBTTF FET at Vg =-60 V at room temperature. d) Angle-dependent
ESR spectra of pristine DBTTF FET at Vg = -200 V at 5 K. Insets show schematic
illustrations of molecular orientation on substrates of DNTT:DBTTF and pristine DBTTF

FETs. Dashed lines in b), ¢), and d) provide visual guide. ) Temperature dependence of line
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Figure 4. a) Optimized model of solid-solution crystal, which was obtained by replacing
central DNTT molecule with guest DBTTF molecule in herringbone packing of DNTT. b)
Changes in sum of intermolecular interaction energies of DBTTF molecule with six
surrounding DNTT molecules (Ein) associated with change in herringbone angle. c)
Changes in Eiy associated with change in position of central DBTTF molecule. d) Eix
calculated using crystal structures of DNTT and DBTTF and that calculated using optimized

geometry of solid-solution crystal model.
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Figure 5. a) Field-induced ESR spectra of DNTT:DBTTF FETs with different DBTTF
concentrations. Gate voltage was fixed at -200 V, and temperature was room temperature.
Concentration of DBTTF was determined via ESR measurement. b) Transfer characteristics
of devices at room temperature. Channel length L = 0.5 mm, channel width =20 mm, and
drain voltage Vp = -10 V. c) Field-effect mobility, d) threshold and turn-on voltages, and ¢)
subthreshold swing of devices. Dashed lines provide visual guide. Solid lines show
calculated slope obtained based on simple assumption of charge accumulation in first

monolayer.
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