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Abstract: In this work, we present results on the growth of centimeter-scale pentacene crystals
using the physical vapor transport method in a dual-temperature zone horizontal furnace. It was
established that intensive crystal growth processes occurred in transition regions with sudden
temperature changes, while crystal growth was practically not observed in regions with slightly
varying temperatures. During crystal growth, co-precipitating golden needle-like crystals reaching
lengths of more than 10 mm were obtained. Using the method of single-crystal X-ray diffraction
at 85 and 293 K for dark-blue lamellar pentacene crystals, the crystal structure was refined in a
triclinic system with sp.gr. P1. It was established that the golden needle crystals consisted of
molecules of the pentacene derivative—5,14-pentacenedione, the crystal structure of which was
solved for the first time in a rhombic system with sp.gr. P212;2;. The absorption and luminescence
spectra of pentacene and 5,14-pentacenedione in toluene solutions were obtained and analyzed. The
electrical properties of the prepared pentacene thin films and single crystals grown under physical
vapor transport conditions were evaluated by fabricating and characterizing field-effect transistors
(FETs). It was shown that the presence of impurities in the commercial pentacene material had a
significant effect on the morphological quality of thin polycrystalline films and noticeably reduced the
hole mobility.

Keywords: pentacene; single crystal growth; physical vapor transport; single-crystal X-ray diffraction;
crystal structure; 5,14-pentacenedione; optical spectra; electrical properties; field-effect transistor

1. Introduction

Pentacene (Pc) is one of the most well-known organic semiconductor compounds with
good electrical properties. Due to these qualities, there is a lot of research being conducted
on the development of Pc-based optoelectronic devices. In thin polycrystalline Pc layers
that are thermally deposited in vacuum, the mobility, uy,, of holes—determined by the
field-effect transistor method—reaches 1.5 cm?-V~1.s71 [1,2]. In single crystals obtained by
the physical vapor transport (PVT) method, py, reaches values of 2.5-6.2 cem?-V-1.s71[3-5].
Pentacene confidently takes its rightful place in organic electronics and has not lost its
popularity among research groups as a convenient material for developing new research
methods [1], as a model substance [6], and also as the main or doping component in the
development of optoelectronic devices [7-10].

Obtaining large samples of pentacene crystals from solutions is extremely complicated
due to their low solubility in standard solvents [11,12]. Therefore, for the manufacture
of organic field-effect transistors, Pc crystals are most often obtained in the form of thin
polycrystalline films by thermal deposition on a substrate in vacuum [13,14]. Nonethe-
less, recently presented results on the growth of centimeter-scale (0.2-2 cm) Pc crystals
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from a solution in naphthalene using an original high-temperature technique, which en-
sured satisfactory solubility of the compound, deserve attention [15]. Centimeter-scale
lamellar pentacene crystals are convenient objects for studying the anisotropy of electrical
properties [16].

The most accessible and relatively easy way to obtain large single crystals of pentacene
is growth under PVT conditions [3,17,18]. In [19,20], while studying the growth and
morphology of Pc crystals under PVT conditions, the presence of several crystal forms
(needle, dendritic, lamellar) was established, and a scheme was proposed for the evolution
from one crystal form to another during growth. The growth of lamellar and needle forms of
pentacene crystals on substrates under PVT conditions was investigated in [5,21]. In [5], the
needle-shaped crystals were identified as mixed pentacene crystals with dihydropentacene
molecules, which were formed during the storage of the substance in air due to the loss of
aromaticity of the inner rings.

Unfortunately, at elevated temperatures, Pc becomes less stable, which imposes special
requirements on the conditions for growing crystals using the PVT method. A source with
a substance must be heated to a significant temperature to create a satisfactory saturated
vapor pressure [3,17,18]. It is reported that when heated, crystalline pentacene becomes
unstable around 330 °C, while its thermal decomposition occurs at about 350-360 °C and
above [22,23].

It seems that the methods for growing centimeter-scale Pc crystals with a desired
morphology from vapor are not yet well established. This area of research is important for
both fundamental and applied problems related to organic electronics. While classic setups
with a gradient thermal field are more commonly used [17,24], some growth setups with
several temperature zones forming a stepped thermal field profile have been explored in the
literature. In particular, some studies have reported success in obtaining centimeter-scale
organic semiconductor crystals using a PVT setup with two temperature zones [25-28],
which allows for more precise control over the temperature field inside the growth tube
compared to the gradient method. However, the regularities of crystallization under these
specific conditions are still not well understood.

The aim of this work was to study the growth of centimeter-scale pentacene crystals
under the conditions of physical vapor transport in a growth furnace with two temperature
zones. Our attention was also drawn to the co-precipitating golden needle-shaped crystals.
Previously, when studying the growth of pentacene crystals from vapor, Jo et al. also
indicated the formation and growth of golden needle crystals, but their structure and
chemical nature were not studied [20]. Structural analysis of this form of crystals and their
optical spectra are presented in this study for the first time. The study of the electrical
properties of thin polycrystalline films and large single crystals was carried out using the
field-effect transistor method.

2. Experimental Section
2.1. Materials

Commercial pentacene powder (99.995%, Sigma-Aldrich, Burlington, MA, USA) was
used for crystal growth without pre-purification. Studies of optical properties were carried
out in spectrally pure toluene.

2.2. Differential Scanning Calorimetry (DSC) and Thermogravimetry (TG)

In order to determine the temperature range of stability and the sublimation nature
of pentacene, we previously conducted a study on the thermal properties of the initial
crystalline material. The experiments were carried out using aluminum sealed crucibles
or those with pierced lids, and the temperature range was between 20 and 450 °C. We
used the method of synchronous thermal analysis to simultaneously measure the heat
flux (DSC) and mass loss (TG) using the STA 449 F1 thermoanalyzer (Netzsch, Selb, Ger-
many). The experiments were carried out in a flow of dry nitrogen (70 mL/min) at various
heating rates.
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2.3. Crystal Growth and Analysis

The PVT system for growing crystals in a gradient temperature field was designed
according to the classical scheme [17,24] and was used in the first stage of growth studies.
A mixture of argon with 5% hydrogen (purity 99.9999%) was used as the carrier gas during
crystal growth. The use of this mixture as a carrier gas was motivated by recent studies [5],
which showed the positive effect of hydrogen in the growth atmosphere for the formation
of the purest pentacene crystals, given its tendency toward dihydration. In all experiments,
the flow rate of the carrier gas was 0.5 L/h. At this stage, the crystallization of pentacene
was investigated by varying the temperature in the source region with the substance from
260 to 290 °C. At the second stage, studies were carried out on the growth of crystals in the
furnace with two thermal zones: 1—hot zone for substance sublimation; 2—cold zone for
deposition and growth of crystals, as originally conceived. A separate resistance furnace
with independent temperature control was used for each zone. The inner diameter of the
growth quartz tubes using both approaches was 19 mm. The duration of the growth period
in all experiments was 72 h. The crystals were deposited both on the open surface of the
quartz tube and on aluminum foil used as a substrate. The surface morphology and crystal
thickness were studied using a LEXT OLS 3100 confocal microscope (Olympus, Tokyo,
Japan) and an Ntegra Prima atomic force microscope (AFM) (NT-MDT, Moscow, Russia) in
contact mode (probe with a cantilever rigidity of 0.03 N/m, radius of needle tip—less than
25 nm). Measurements were calibrated along the z-coordinate according to the procedure
described in [12]. The resulting images were processed and analyzed using the Gwyddion
program [29].

2.4. X-ray Diffraction

Single-crystal X-ray diffraction was used to study the structure of the dark-blue lamel-
lar and golden needle single crystals. The intensity of the diffraction reflection from single
crystals (size approximately 0.3 mm) was measured at temperature of
85 K on an XtaLAB Synergy-R DW system X-ray diffractometer equipped with a HyPix-
Arc 150 detector (Rigaku Oxford Diffraction). The experimental data were processed
using CrysAlisPro software [30]. Crystallographic calculations (correction for anomalous
scattering, allowance for absorption, averaging of symmetry-equivalent reflections) were
performed using the JANA2006 software package [31]. The carbon atomic coordinates were
found using the charge flipping method with the Superflip program [32]. The coordinates of
the non-hydrogen atoms of the structure and the parameters of their thermal displacements
were specified using the least squares method in the full matrix version. The coordinates
of the hydrogen atoms were fixed in the model structure either geometrically or were
obtained from Fourier maps of the residual electron densities calculated in the final stage of
refinement of the carbon-oxygen model. Visualization and analysis of the crystal structure
were performed using the Mercury software package [33]. Calculating the potentials of pair
interactions between the nearest molecules in the crystal was performed on the basis of the
force field using the “UNI Intermolecular Potentials’ component in Mercury software [34].

2.5. Absorption and Luminescence Spectra

The absorption and luminescence spectra of solutions in toluene were measured in
a 10 x 10 mm quartz cuvette using a Shimadzu UV-3101PC spectrophotometer and a
Shimadzu RF-5301PC spectrofluorimeter, respectively. To prepare a solution of pentacene
in toluene, dark-blue lamellar crystals grown in the two-zone growth setup were used.
The crystals were loaded into a glass tube together with toluene and dispersed using an
ultrasonic bath for 30 min at a temperature of 50 °C. Due to the low solubility of pentacene
(C (20 °C) <£0.01 g/L [12]), a homogeneous solution could not be obtained. To remove
the undissolved crystals from the solution, the resulting mixture was cooled and filtered
using a 0.2 pm PTEFE filter. A solution in toluene with a concentration of <0.05 g/L was
prepared for spectral studies of the golden needle crystals mainly formed at the exit of the
cold zone of the two-zone growth furnace. The exact concentration of the solution could
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not be determined due to the small amount of the substance. The solution obtained after
filtration through a PTFE syringe filter with a pore size of 0.2 um was diluted so that its
optical density did not exceed 0.7 at the absorption maximum.

2.6. Elemental Analysis

Elemental analysis of the golden needle crystals was performed using a JEOL JCM-
6000 Plus scanning electron microscope equipped with an energy-dispersive spectrometer
(EDS) with 10 kV acceleration voltage.

2.7. Electrical Properties

The electrical properties of Pc single crystals grown by vapor and polycrystalline
thin films deposited using thermal methods were studied using the field effect transistor
(FET) method. FET devices with a bottom gate, top source, and drain electrodes (Figure
59a) were fabricated on 22 x 22 mm p-doped silicon wafers that were 0.5 mm thick and
coated with a 440 nm thick layer of silicon oxide (5iO;) formed through annealing, which
acted as a gate dielectric. On one side of the silicon wafers, the SiO; layer was removed
by etching with hydrofluoric acid (HF). The substrates were subsequently cleaned with
acetone, isopropanol, and deionized water, kept for 0.5 h in a mixture of sulfuric acid (50%),
hydrogen peroxide (20%), and water (30%), washed with deionized water, and dried with
a stream of argon.

To investigate the properties of individual Pc single crystals, a layer of poly(methyl
methacrylate) (PMMA) was deposited onto the surface of the SiO, substrate from a toluene
solution using spin-coating. To ensure close contact with the substrate, pentacene single
crystals were pressed against it with a silicone press through a foil layer.

Thin polycrystalline Pc films, gold drain, and source contacts were deposited through
shadow masks using the physical vapor deposition (PVD) method on a COVAP III platform
(Angstrom Engineering, Cambridge, ON, Canada), which was integrated into a glove box
and operated at a chamber pressure of 5 x 1077 mbar. The average deposition rate of Pc
and Au was about 0.5 A/s. The thickness of the Pc and PMMA films on the substrates was
determined using AFM.

The transfer and output current-voltage characteristics of the FET devices were ana-
lyzed using a 2612B SMU (Keithley, Cleveland, OH, USA) with an LA150DC probe station
(Semiprobe, Winooski, VT, USA). The mobility of the charge carrier, psat, in the saturation
regime was determined based on the transfer dependency of the current value, Isp, between
the source and the drain from the gate voltage, Vg, obtained during measurement [35] (see
Appendix A, Equation (Al)).

3. Results and Discussion
3.1. DSC and TG

DSC and TG curves for pentacene samples are presented in Figures 1 and S1. The
DSC curve in Figure 1 characterizes the heating of an initial pentacene powder sample at a
rate of 10 °C/min in a crucible with a pierced lid. The DSC curve exhibited a significant,
broad endothermic peak with a maximum at 402 °C and an onset at approximately 320 °C.
According to the literature data [22,23], this broad peak was associated with the melting,
decomposition, and sublimation of the substance, and the sample lost approximately 90%
of its initial mass. It should be noted that there was a minor weight loss (about 4%) of
the sample within the temperature range of 280-310 °C. This inflection of the TG curve
indicated a change in the mechanism of sample evaporation, which could be associated
with decomposition processes on the sample surface.
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Figure 1. DSC (black) and TG curves (blue) of pentacene.

The DSC curve in Figure S1 shows the heating of a Pc sample in a sealed crucible
at a rate of 50 °C/min. This high heating rate improved the signal-to-noise performance
and was used to identify possible thermal effects in the material that were weak at low
heating rates. As shown, two endothermic effects were observed with peaks at 370 and
375 °C. With further heating, there was competition between the endothermic processes of
melting and sublimation as well as the exothermic decomposition process, which resulted
in a large endothermic peak at 400 °C and a weak exothermic effect with a maximum at
408 °C (Figure 1).

Thus, based on the obtained results and the literature data [22,23], it could be con-
cluded that during physical vapor transport in an inert atmosphere, pentacene crystals
grown at source temperatures above 280 °C may have a higher probability of
substance degradation.

3.2. Crystal Growth

In the first step, growth studies were conducted in a furnace with a thermal gradient
field. Increasing the temperature of the source material from 260 to 290 °C resulted in
nearly a two-fold increase in the average crystal concentration (cm~2) within the growth
zone over the same period of time.

Figure 2a depicts the relative position of the substance source and the precipitation
area of dark-blue lamellar pentacene crystals (I, Figure 2b) with the temperature scale
provided at the top. The largest flat sample obtained under these conditions is presented in
Figure 2c. Notably, many crystals exhibited side faceting, with the angles between the side
faces typically taking on several characteristic values (see Figure S2).

Next to a colony of dark-blue crystals in a colder area, the growth of golden needles up
to 0.5 mm long was observed (II, Figure 2a). An enlarged image of these crystals deposited
on the open surface of a quartz growth tube at a source temperature of 290 °C is shown in
Figure 2d.
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Figure 2. Crystals grown in a gradient temperature field: (a) the location of the source of the substance
and areas of predominant precipitation of blue lamellar (I) and golden needle (II) crystals, indicating
the temperature gradient in the growth experiment; (b) enlarged image of area I; (c) enlarged view
of one of the larger pentacene crystals; (d) enlarged view of the area of deposition of golden needle
crystals on the inner surface of the quartz growth tube.

In the second step, we investigated the crystallization of pentacene in a growth furnace
with a two-zone thermal field. The temperature of the hot zone, T1, was constant at 290 °C,
and the temperature of the cold zone, Ty, was varied from 220 to 250 °C in increments of
10 degrees from experiment to experiment. The choice of the given temperature T; was
due to the relatively high intensity of the sublimation processes of the substance, which
made it possible to reduce the period of crystal growth from 10-14 days to 3 days. That is,
this temperature was a compromise and slightly exceeded the threshold value determined
by DSC (see Section 3.1). Under these conditions, there was a drastic change in the nature
of deposition and crystal growth (Figure 3a). Intensive crystal growth occurred at the
boundaries of thermal regime change. In the transition site between the hot and cold zones,
the largest flat crystals of dark-blue color were formed (region I, Figures 3a and S3a—c).
Crystal growth inside the cold zone (2) was not observed (Figure 3a).

With a change in the temperature of the cold zone, a change in the shape and thick-
ness of the crystals was noted (Figure 3e). The largest flat dark-blue pentacene crystal,
more than 1 cm wide and about 65 pum thick, was grown at a cold zone temperature
T, =220 °C (Figure 3e). With an increase in temperature T, on average, the length of the
crystal decreased while the sides became more clearly faceted (Figure 3e, Ty =230 °C). At
temperatures T, = 240-250 °C, an elongation of the shape of crystals and an increase in
their thickness up to 250 um were observed (Figure S3c). In general, with an increase in the
temperature of the cold zone over the same period of growth, the average thickness of the
largest crystal samples increased linearly (Figure S4).
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T.=230°C

Figure 3. Crystals grown in a two-zone temperature field: (a) the location of the source of the
substance and areas of predominant precipitation of dark-blue lamellar (I) and golden needle (II)
crystals; (b) enlarged image of region II; (c,d) magnified images of a golden needle; (e) single crystals
of pentacene on graph paper grown at different temperatures in the second (cold) zone.

To the right of the cold zone, a colony of golden needles was formed (region II,
Figures 3a,b and S5). The lengths of the largest needles were up to 10 mm (Figure 3b). Out-
growths of dark-blue lamellar crystals were observed on some of them (Figures 3c and S5a).
The lateral surface of the needle crystals was faceted (Figures 3d and S5b).

According to the elemental analysis, the oxygen content of the golden needle crys-
tals was almost 10% higher than the background value (Figure S6). Thus, these crystals
apparently consisted of oxidized pentacene molecules.

The developed faces of the flat and thin pentacene crystals often had smooth surfaces
(Figures S2 and S3a). However, for large thick crystals, the developed face was rougher and
characterized by the presence of many macro steps and inhomogeneities (Figure S3c,d). In
some cases, regions with a smooth surface morphology were observed on the developed
face of large Pc crystals. As an example, Figure 4a shows an AFM image of the surface
of one of these crystals, on which elementary growth steps were observed corresponding
with the thickness of the monolayer in an orientation parallel to the developed face of the
crystal. The step height within the image region was ~1.5 &= 0.1 nm, which approximately
corresponded with the thickness of a monolayer oriented parallel to the (0 0 1) plane [36,37].
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Figure 4. Topographic AFM images of surface areas of a dark-blue lamellar pentacene crystal (a) and
a golden needle crystal (b).

A series of elementary growth steps was also observed on the developed smooth face
of golden needle crystals (Figure 4b). A larger-scale AFM image of the surface with the scan
area almost completely covering the width of the crystal is shown in Figure S5c (the area
shown in Figure 4b is highlighted by a white dashed square). The needle crystal is oriented
horizontally with respect to the image in Figure 4b. In the presented AFM topogram,
in the lower part of the image, a parallel row of growth steps 1.6 £ 0.1 nm high with
approximately the same terrace width ~1 pum can be observed. As one can see, the growth
steps in the upper part of the image broke at an angle of 120-125 degrees and the widths
of their terraces noticeably increased. In this case, a peculiarity was observed: a second
intermediate row of steps appeared, the height of which was two times less. The front line
of the conditionally even steps was close to a straight line, while the front line was rounded
for the intermediate (odd) steps. Apparently, in this case, certain regularities of layer-by-
layer growth were present, which determined the progression of either monolayers or
bilayers of molecules at the crystallization front.

To explain the features of Pc crystallization in a two-zone thermal field, consider the
schematic PT diagram shown in Figure 5, which depicts the regions of phase states near
the crystal-vapor phase equilibrium line (blue line). Point 1 on the phase equilibrium line
corresponds to the position of the source with the substance at temperature T; in the hot
zone. Point 2 corresponds to the phase equilibrium point for a homogeneous temperature
field inside the cold zone. The driving force of crystallization is the difference in chemical
potentials, Ay, of the vapor (L) and crystalline (i) phases. On the phase equilibrium
line, Ap = 0, and for a supersaturated vapor, the maximum value of |Apl| determines
the metastability boundary of vapor states (dashed red curve in Figure 5). The change in
the value of Ap with a change in pressure, P, and temperature, T, is determined by the
following thermodynamic expression [38]:

_ a_HV o ch a_LLV . apc B B B
A= ( oP  oP )AP+< oT  oT )AT = (Qy — QAP + (Sy —S)AT, (1)

where ), and (). are the specific volumes per molecule for the vapor and crystal, respec-
tively, and Sy and S are the entropies of the vapor and crystal phases, respectively.
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Figure 5. Schematic PT diagram explaining the features of crystallization of crystals via vapor in

a two-zone growth setup. The blue curve is the line of crystal-vapor phase equilibrium, and the
red dotted curve is the boundary of the metastability region of supersaturated vapor. Black arrows
indicate the path of crystallization.

Consider the path of crystallization during evaporation and sublimation of a substance
in a growth tube. The vapor phase, which is in equilibrium with the crystals at point 1, shifts
to a colder region in the growth tube, gradually becoming supersaturated. In the phase
diagram, the displacement of vapor towards lower temperatures occurs quasi-isobarically
(AP ~ 0), which corresponds to the horizontal section of the trajectory in Figure 5. At
some supercooling ATj, the vapor phase reaches the system metastability limit and the
formation of crystals becomes inevitable. In this case, the magnitude of the driving force of
crystallization can be determined as follows:

Aw~ AHGAT; /Ty, )

where AHg = T1(Sy — Sc) is the heat of sublimation at T;. During mass crystallization,
the pressure of supersaturated vapor decreases and approaches the equilibrium value
isothermally (vertical section of the trajectory). Further, during isobaric cooling, the vapor
phase is supercooled again, and the situation is repeated for lower values of pressure
and temperature. Thus, in a simplified way, the path of crystallization of a substance on
the phase diagram can be represented as a series of steps, each of which characterizes
the formation and growth of crystals in a certain range of temperatures and pressures of
supersaturated vapor.

Inside the cold zone, a homogeneous thermal field corresponds to the isotherm T, on
the phase diagram. The vapor phase inside the cold zone is at a constant pressure, with a
state of some constant supersaturation, ATy, which can be characterized as conditionally
stable or metastable (Ap = const). This state can be exited by changing the parameters P
and T. As a result, the formation and growth of crystals inside a homogeneous cold zone
temperature field (which should ideally correspond to a point (2) in the phase diagram)
are not observed. Therefore, the primary function of the cold quasi-isothermal zone in the
growth tube is to establish the temperature gradient in the transition region for selecting
optimal conditions for crystal growth.
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3.3. Crystal Structure and Morphology

The main crystallographic parameters, experimental data, and the results of structure
refinement of two single crystals (sample I—dark-blue lamellar crystal; sample [I—golden
needle crystal; Figure S6) at a temperature of 85 K are shown in Table 1. The search
for unit cells in the two single crystals investigated resulted in the selection of a triclinic
cell for sample I and a rhombic cell for sample II with the parameters given in Table 1,
which allowed over 70% of the measured reflexes to be indexed. Information about the
investigated structures was deposited in the Cambridge Structural Database (CCDC ##
2241890, 2270079).

Table 1. Crystallographic characteristics, experimental data, and refinement of crystal structures of
pentacene (I) and its oxidized derivative (II).

Sample I (Dark-Blue) II (Golden)
Formula C22H14 C22H1202
Temperature (K) 85 85
Space group P1 P21212;
Z 2 4
a(A) 6.2818 (1) 3.88783 (4)
b (A) 7.6478 (1) 12.4001 (0)
c(A) 14.3514 (2) 28.9907 (8)
a (°) 76.958 (1) 90
B(°) 88.278 (1) 90
v (°) 84.339 (1) 90
V (A3) 668.39 (2) 1397.62 (15)
Mr 278.4 308.3
Dy (g/cm?) 1.383 1.465
i (mm—1) 0.078 0.093

Radiation; A (A)

MoK ; 0.71069

four-circle diffractometer

Diffractometer XtaLAB Synergy R, DW system, HyPix-Arc 150
Hybrid Pixel Array Detector
Scan type
Absorption correction; 0.557
.557/1.000 0.844/1.000
Tmir\/ Tmax
Omax (°) 48.67 48.78
_ No. of measured, 57,330, 6730, 114,915, 2267,
independent, and observed 5082 1537
[I > 30(I)] reflections
Rint 0.015 0.15
R/wR 0.024/0.031 0.055/0.052
S 1.83 2.15
APmin/ DPmax (e~A*3) —0.19/0.25 —0.21/0.54

The refined parameters of the unit cell of the dark-blue lamellar crystals of pen-
tacene (I) under our conditions corresponded well with the results of low-temperature
research [39,40]. A view of the pentacene crystal’s unit cell is shown in Figure 6a. Accord-
ing to the type of crystal structure, pentacene belongs to the group of linear conjugated
molecules with a layered structure, in which the most densely packed layers of molecules
oriented parallel to the (0 0 1) plane are superimposed on each other, resulting in a 2D
anisotropic growth motif [41]. The thickness of the monolayer in the (0 0 1) plane orienta-
tion was hgp; = 1.4 nm (Figure 6a), which corresponded with the height of the elementary
growth step on the developed face of the Pc crystal determined by the AFM method
(Figure 4a). The ¢ value of 125.6° was the herringbone angle of the stacked molecules
inside the monolayers of (0 0 1). It was defined as the angle between the (5 12 15) and
(10 24 15) planes (Figure 6b).
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Figure 6. Crystal structure of pentacene at 85 K: (a) view of the unit cell; (b) scheme of molecules
packing inside a monolayer in the (0 0 1) plane orientation, indicating the distances between the
centers of molecules and the potentials of paired interactions in kJ/mol; (c) some simple shapes of

flat crystals.

Figure 6b shows a fragment of a close-packed monolayer in the (0 0 1) plane orienta-
tion, consisting of a central molecule (highlighted in burgundy) and its nearest neigh-
bors (first coordination). The presence of an inversion center indicated that the na-
ture of the interaction between the central molecule and its nearest neighbors in the
directions [1 0 0], [0 1 0], [1 1 0], and [1 1 0] was symmetrical for molecules located in
opposite directions. In the diagram, the distances between the centers of molecules and the
values of pair interaction potentials are indicated in the directions of bonds (highlighted in
burgundy, kJ/mol). As can be seen, the strongest bond between molecules in the crystal
occurred in the [1 1 0] direction, slightly weaker in the [1 1 0] direction, weaker in the [1 0 0]
direction, and weakest in the [0 1 0] direction. Such anisotropy of the bonding of molecules
in a close-packed monolayer during crystal growth apparently led to the formation of
planar individuals elongated in the directions of the strongest bond ([1 1 0]) or adjacent to
them ([12 0], [2 1 0]) (Figures 3e, S3 and S7a).

Some simple flat forms of pentacene crystals reconstructed with the WinXMorph
software [42] are shown in Figure 6¢c. By comparing the angles between the lateral faces of
ideal and real crystals, the crystallographic orientation of the faces of the latter could be
established (Figure S3a,b).

The results of studying the golden needle crystals showed that they consists of
molecules of 5,14-pentacenedione (PD). The calculated oxygen content in the compound
Cx»H120; was 10.38%, which agreed well with the elemental analysis data (Figure S6). The
crystal was of rhombic syngony. A view of the unit cell of the crystal and the structural
chemical formula of this compound are shown in Figure 7a,b, respectively. Thus, the
golden needle crystals were a product of crystallization of impurities, the PD molecules,
which crystallized predominantly in the colder region of the growth zone. The presence
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of the PD impurity phase seemed to be associated with the oxidation of pentacene upon
prolonged exposure to air. The synthesis of 5,14-pentacenedione was described in [43-45],
but no information was found on the growth and crystal structure of this compound. In
the crystal, the molecules of 5,14-pentacenedione, like the molecules of pentacene, had a
flat conformational structure, but their density, Dx, was almost 6% higher (Table 1).

(c)

l_
.—'

-, -91.7 p -"\
\.mh —17.7 3.888 A -17.7

8.825h o W BE25A
0178 -21.7

g 7921A -91.7 7.927A®g,
b Y 3.888 A

.-."

-~

« »
\—Q 8.825A

Figure 7. Crystal structure of 5,14-pentacenedione at 85 K: (a) view of the unit cell; (b) chemical
structural formula of the compound; (¢) diagram of the strongest interactions in the crystal between
the nearest neighbors, with paired potentials (in kJ/mol) and distances between the centers of
molecules indicated.

Figure 7c shows a diagram of the pair interaction potentials between the nearest neigh-
bors in the crystal, calculated on the basis of the force field and the distances between their
centers. The densest rows of molecules were oriented in the [1 0 0] direction and arranged in
parallel stacks, resulting in strong intermolecular interactions between conjugated aromatic
systems (3.888 A, —91.7 k] /mol). The anisotropic nature of the intermolecular interactions
referred to the fact that they varied in strength depending on the direction of crystal growth.
Specifically, the 1D anisotropy of PD crystal growth was determined by the neighboring
densest rows of molecules being displaced from each other along the c-axis by approxi-
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mately 0.4 molecular length, resulting in pair interactions between the nearest neighbors
that were 4-5 times weaker in absolute value.

Calculations based on the force field of pairwise interaction potentials showed that
the total energy of PD crystal packing was slightly higher in absolute value (186 kJ/mol)
than in Pc crystals (170 kJ /mol).

In the unit cell, the molecular axis was parallel to either the (1 0 3) or (1 0 3) planes.
The PD molecules formed a zigzag chain in the [0 0 1] direction when projected onto
the (0 1 0) plane, with an angle of 136.2° between chain links defined as the angle between
the (1 0 3) and (1 0 3) planes (Figure S8a). When projected onto the (1 0 0) plane, the densest
molecular rows were stacked in a brickwork-type pattern (Figure 7b), which was typical
for linear conjugated molecules that crystallize predominantly in the form of needles or
rods [46,47].

Bilayer growth steps of about 1.6 nm in height (Figure 4b) detected on the developed
lateral edge of the PD needle crystals seemed to characterize the surface micromorphology
as high-index vicinal (Figure S7b), as the thicknesses of bilayers parallel to the low-index
planes such as (0 1 0) and (0 1 2) (Figure S8b) did not satisfy the given value.

3.4. Optical Absorption and Luminescence Spectra

Figure 8 shows the normalized absorption and luminescence spectra of PD (curves
la and 1b, respectively) and pentacene solutions (curves 2a and 2b, respectively). In the
insert in Figure 8, the absorption spectra in the short-wavelength region are normalized to
intense short-wavelength maxima.

Absorption (a.u.)

- ' / /1 a
- 0.5 %
- 07300 320 340 360 380
| | | 1 "'~1-...-----~-..3'f"... Eaimls 1
50 400 450 500 550 600 650 700

J
750
Wavelength (nm)

Figure 8. Maximum-normalized absorption spectra of solutions in toluene: curve 1a—PD (normalized
to 1 at A =458 and 341 nm in the main plot and the insert, respectively); curve 2a—Pc (normalized
to 1 at A = 577 and 302 nm in the main plot and the insert, respectively). Luminescence spectra of
solutions in toluene: curve 1b—PD; curve 2b—Pc (Aex = 302 and 533 nm, respectively).

The absorption spectrum of PD (curve 1a) showed a series of bands with maxima at
403, 432, and 456 nm. In the wavelength range up to 350 nm (curve la in the inset), a second
series was observed with maxima at 303, 326, and 341 nm, the average optical density
of which was 5-10 times higher than in the first series (A > 350 nm). The luminescence
spectrum of the PD solution (curve 1b) showed a band with a maximum at 496 nm and
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a long-wavelength shoulder at 525 nm, which were symmetric with respect to the first
series of absorption bands, and therefore corresponded to the Sy—S; transitions. The Stokes
shift was at 1770 cm~! and the 0-0 transition was at 476 nm. Fundamental changes in the
shape of the luminescence spectrum upon excitation in the range from 303 to 456 nm were
not observed.

The normalized at the maximum of 577 nm absorption spectrum of the pentacene
solution is shown as curve 2a. The shape of the obtained spectrum matched well with the
absorption spectrum of pentacene in benzene in terms of the positions of the maxima [48].
The luminescence spectrum of Pc solution obtained by excitation at Aex = 533 nm (curve 2b)
had two characteristic bands at 583 and 634 nm, which is consistent with the data obtained
in the THF [49].

3.5. Electrical Properties

Figure 9 shows the current—voltage characteristics of FETs fabricated using PVD-grown
polycrystalline thin films of pentacene (Figures 9a,b and S8b) and PVT-grown 1.5 x 2.5 mm
pentacene single crystals (Figures 9¢,d and S8c). The electrical properties of FETs fabricated
using pentacene crystals are shown in Table 2. For comparison, the parameters of FET
devices taken from [2—4] are also given.

x1073 (b)
35r vV
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2 ad —— 20V
— =30V
—_ 25 —— a0V
N —~~
— 15 — =50V
2 <%+ 5
1 ] R N N 60V
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= = 4l
105 -0.5
.......... (e e
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o ‘ ‘ ‘ - ‘ ‘
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(d)
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Vs (V) Vso(V)
Figure 9. I-V characteristics of FET devices based on pentacene crystals: transfer (a) and output (b)

curves for thermally deposited thin films based on the initial (1) and purified (2) substance; transfer
(c) and output (d) curves for single crystals.
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Table 2. Pentacene-based FET characteristics.
Layer <dg,> Usat (<Msat>)
Active Layer Ref. Dielectric Thickness 8r W/L sat _;at_l <V1> (V)
(am) (nm) (cm*-V-1g—1)
polycrystalline film this work Si0, (440 nm) 40+ 10 130 10 0.01 (0.004 *) ~15*
(initial)
polycrystalline film this work Si0, (440 nm) 40+ 10 180 5 0.07 (0.02 **) 5
(purified)
PMMA /PVP
2] (60 nm) 50 - 20 1.51 —20.1
Si/SiO,
(300 nm)/OTS 50 - 20 0.66 —12.3
. . SiO; (440 nm) + ) e .
Single crystal this work PMMA (290 nm) 2300 + 100 10 0.40 (0.10 ***) 8
3] y 45 - - 6.2 (5.5) —375
[4] . 30-300 § . 5.7 (2.0) -

Note. <dg,> is average grain size; W and L are the length and width of the transistor channel, respectively; psat
and <piga¢> are the maximum and average values of hole mobility in the saturation mode, respectively; <V> is
the average threshold voltage. * for 36 devices; ** for 106 devices; *** for 10 devices.

Curves 1 in Figure 9a characterize the properties of a polycrystalline Pc film based on
the initial (unpurified) substance, while curves 2 are for purified pentacene. Since pentacene
is practically insoluble and the impurities contained within it are more soluble, purification
of the substance was carried out by preparing a suspension of the initial substance in
toluene and keeping it in an ultrasonic bath at 50 °C for 0.5 h, followed by decantation
after centrifugation (the procedure was performed 3 times). Due to active dissolution of
the impurities, the decantate was colored orange-brown.

As can be seen from Figure 9a, the electrical characteristics significantly improved
when using purified pentacene, which was also clearly visible in the FET output charac-
teristics (Figure 9b and Figure S10). Thus, for polycrystalline layers with approximately
the same thickness, the hole mobility increased by almost an order of magnitude and the
threshold voltage decreased by a factor of three (Table 2).

A series of five FET devices based on needle-shaped PD single crystals was also
produced (Figure S11a). For all samples, no transistor operation was observed due to the
high resistivity of the crystals (Figure S11b). From this it can be concluded that in the PD
molecular system the degree of delocalization of m-electrons was low for charge transfer
between molecules in the crystal.

Figure 10 shows topographic AFM images of the surface of crystalline pentacene films
in the FET channel. As can be seen, the crystalline film based on the initial (unpurified)
pentacene (Figure 10a) had a finer grain structure than the film made from the purified sub-
stance (Figure 10b). For purified pentacene, the average grain size, <dg,>, increased almost
1.4 times; correspondingly, the average grain density decreased by half (Table 2). Thus,
the impurities present in commercial pentacene during vapor deposition on a substrate
caused the formation of polycrystalline films with a finer-grained structure. Accordingly,
in the FET channel in the direction of electric charge transfer between the source and the
drain, the number of disordered inter-grain boundaries with high trap concentration was
significantly higher, which caused serious degradation of the electrical performance of the
thin pentacene films.

Due to the relatively large thickness of the pentacene single crystals (Table 2), the FET
geometry used was not optimal to achieve the highest hole mobility; however, the 15, value
in saturation mode was almost 6 times higher than that for the purified thin polycrystalline
layers (Table 2). Thus, in terms of electrical properties, single crystals demonstrated the
best performance.
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Figure 10. Topographic AFM surface images of pentacene crystalline films based on the initial (a)
and purified (b) substance.

In this work, the goal was not to achieve high results for FETs based on pentacene
single crystals, as was shown in [4] for example, but the presented examples demonstrated
the advantages of organic semiconductor single crystals over polycrystalline thin films in
charge transfer. In addition, the current-voltage characteristics shown in Figure 9a,b are
a good illustration of the fact that PD impurities contained in the commercial pentacene
material led to a decrease in the morphological quality of the polycrystalline thin films
during PVD deposition (Figure 10) and in general significantly impaired the electrical
properties of the crystals.

4. Conclusions

The use of a growth furnace with a two-zone thermal field showed high efficiency
in producing centimeter-scale pentacene crystals and resulted in a clearer separation of
the crystallization regions of pentacene from the impurity subsystem in comparison with
the classical PVT method with a gradient thermal field. As it turned out, crystals were
mainly deposited in areas with significant temperature gradients (between hot and cold
zones and beyond their outer limits), and crystallization did not occur inside the cold
zone, where the temperature field was quasi-uniform and the saturated vapor pressure
remained practically unchanged. It was established that by changing the temperature
of the cold zone, it was possible to influence the shape of flat pentacene crystals, ob-
taining individual crystals that were either uniformly wide and thin or elongated and
thicker. Using this approach, it was possible to obtain pentacene semiconductor crystals
of considerable size, which can serve as a platform for the development of optoelectronic
devices with complex architectures. Using the method of single-crystal X-ray diffraction,
the structure of flat dark-blue pentacene crystals in a triclinic system with sp.gr. P1 was
refined. Crystals of 5,14-pentacenedione deposited in the colder region of the growth
furnace as golden needles with lengths up to 10 mm and thicknesses up to 50 microns
were obtained, and their crystal structure was established as a rhombic system with sp.gr.
P212;2;. The presence of this compound as an impurity is most likely associated with
the degradation of pentacene in air during storage. The absorption and luminescence
spectra of 5,14-pentacenedione in toluene solution compared to those of pentacene were
significantly shifted to the short-wavelength region. The 5,14-pentacenedione absorption
band had a strong vibrational structure with maxima at 403, 432, and 456 nm, and the
luminescence spectrum was mirrored and symmetric in shape with a maximum at 496
nm and a long-wavelength shoulder at 525 nm. The field-effect transistor study of the
electrical properties of thin polycrystalline pentacene films showed that the presence of the
5,14-pentacenedione impurity phase in the composition of commercial high-purity material
negatively affected the electrical transport characteristics. Purification of pentacene by
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separating the insoluble precipitate upon treatment with toluene significantly improved
the electrical properties of thin polycrystalline films in the structure of FET devices: the
hole mobility in the saturation mode, psat, increased by almost an order of magnitude and
the threshold voltage, V1, decreased by several times. Compared to thin polycrystalline
layers, pentacene single crystals exhibited significantly higher hole mobility in FET devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13070999 /s1, Figure S1: DSC curve of pentacene sample in
sealed crucible; Figure S2: Pentacene crystals grown in a gradient thermal field; Figure S3: Crystals
grown in a two-zone thermal field: (a), (b) flat Pc crystals with angles between faces and indexes of
faces indicated; (c) elongated lamellar Pc crystals; (d) enlarged confocal image of surface of thick
Pc crystal; Figure S4: The dependence of the average thickness of the largest pentacene crystals in
the growth zone on the temperature of the cold zone; Figure S5: Images of golden needle crystals:
(a) collection of needle-shaped crystals with dark-blue lamellar crystals on some of them; (b) enlarged
optical image of crystal tip; Figure S6: Elemental analysis of a golden needle crystal: (a) SEM image
of crystal; (b) EDS elemental spectroscopy at the position shown in (a); (c) distribution of carbon
and oxygen atoms inside (2) and outside the crystal (1,3); Figure S7: Images of a single crystals of
pentacene (a) and PD (b) with face indices determined in the X-ray diffraction experiment; Figure
S8: PD crystal structure model at 85 K: projections of the structure on the planes (010) (a) and (100)
(b); Figure S9: Diagram of the field-effect transistor device (a); photo-images of pentacene-based
field-effect transistors based on thermally deposited polycrystalline layer (b) and single crystal (c);
Figure S10: Output I-V characteristics for a thin polycrystalline layer based on the initial (unpurified)
pentacene; Figure S11: Photo-image of a field-effect transistor based on a PD single crystal (a) and
its I-V transfer characteristic (Vsp = —80 V); CIF S1: Crystal structure of Pc at 85 K; CIF S2: Crystal
structure of PD at 85 K.
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Appendix A

The mobility of the charge carrier, pisat, in the saturation mode was determined on the
basis of the current value between the source and drain, Isp, obtained by measuring the
voltage at the gate, Vg, using the expression:

'
lsp = 5 nC(VG — V1)?, (A1)

where W and L are the width and length of the transistor channel, respectively; and
C =7.3 nF/cm? is the specific surface electrical capacity of the gate dielectric (to estimate
the value of C, permittivity values esjoy = 3.9 and eppma = 3.6 were used).
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