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Abstract

The demonstration of organic thin-film field-effect transistors (OFETSs) using a solution-processable form of the organometallic molecule copper
tetrabenzoporphyrin (CuTBP) is reported. A soluble precursor was spun-cast into an amorphous, insulating thin-film, and thermally annealed at
165 °C for 30 min into a polycrystalline organic semiconductor. Absorbance spectroscopy displayed characteristics of porphyrin macrocycles.
Microscopy reveals the formation of domains comprising aligned nanorod aggregates with dimensions of 55 nm wide, 300 nm long, and 100 nm
tall on the gate insulator surface. OFETs demonstrated field-effect mobilities typically on the order of 0.1 cm?/V s, threshold voltages around 5V,

subthreshold slopes around 4 V/dec, and ON-/OFF-current ratios near 10%.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Porphyrins and phthalocyanines as a class of macrocycles
are exhaustively studied across a broad array of technical
fields, with particular interest in biochemistry paid to metal-
loporphyrins, such as Fe-substituted heme and Mg-substituted
chlorophyll [1-3]. The wealth of studies on porphyrin macro-
cycles therefore has produced a well-founded understanding
on the interactions between porphyrins and other agents,
such as light [4] or molecules [5], and how to customize the
basic porphyrin molecule [6], for uses, such as in organic
thin-film transistors and sensors [7-11]. Development of
inexpensive and high-performance organic semiconductors
similar to the metalloporphyrins prevalent in biochemical
systems, coupled with novel organic electronic devices, may
eventually lead to new generations of bio-compatible electron-
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ics for applications, such as chemical sensing or drug delivery
[12,13].

Organic thin-film field-effect transistors (OFETSs) utilizing
vacuum-deposited copper phthalocyanine (CuPc) as the active
channel material were reported as early as 1996 [14], and
with consistent improvement have attained field-effect mobil-
ities on the order of 1cm?/Vs with single-crystals deposited
via vacuum evaporation [15]. Films and OFETs fabricated from
various evaporated MPcs have shown wide variation in elec-
trical performance [16,17]. Substrate temperature during MPc
thin-film deposition was shown to affect OFET electrical perfor-
mance, with the optimal substrate temperature varying for each
MPc. Furthermore, MPc crystallinity varied widely depending
on metallation, for the same processing conditions. Typically,
vacuum-deposited CuPc demonstrates the highest electronic
performance, and as previously noted, has shown upg exceeding
1 cm?/V s in single crystal OFETs [15]. Bao et al. also observed
in MPcs a transition from granular shaped crystallites to elon-
gated needles at elevated substrate temperatures, which they cor-
related to an increase in field-effect mobility in some MPcs [16].
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While free-base phthalocyanine has rarely been reported
as the active material in an OFET [16], it has been shown
that the like-molecule free-base tetrabenzoporphyrin (TBP) can
be processed from solution to attain desirable OFET electri-
cal characteristics, such as polycrystallinity, low OFF-current,
sharp subthreshold behavior, and moderate field-effect mobil-
ity [18,19]. The synthesis of solution-processable TBP has been
described, and can be furthered to substitute various atoms in the
core of the TBP molecule [20-22]. Recently it has been shown
that metallotetrabenzoporphyrins (MTBPs), similar to MPcs,
can be used to fabricate OFETSs from solution using a precursor
form of the MTBP. These films demonstrate high field-effect
mobilities, but also high overall conductivity [23].

In this work, we report the use of copper tetrabenzopor-
phyrin (CuTBP) as the active material in an OFET. A soluble,
copper porphyrin complex was synthesized [22] and spun-cast
from solution to form amorphous, insulating thin-films. Upon
thermal annealing, the precursor converts into a polycrystalline
organic semiconductor. Results from X-ray diffraction, trans-
mission electron microscopy, optical microscopy, atomic force
microscopy, and optical absorbance are also reported.

2. Experimental

Synthesis of the precursor molecule tetrabicyclo[2,2,2]
octadienporphyrin copper complex or copper tetrabicyclopor-
phyrin (CuCP), has been described [20-22]. In this case, 100 mg
(0.16 mmol) of H,CP and excess of Cu(OAc),/MeOH were dis-
solved in 20.0 mL of CHC13 and stirred at room temperature for
1 h. The conversion to metal complex was monitored by UV-vis
spectra. After the solvent was removed under reduced pressure,
the residue was dissolved in CHCl3 and water was added. The
separated organic phase was dried over Na;SO4 and the solvent
was removed under reduced pressure, followed by purification
by A1,03 column chromatography using CHC13 as an eluent.
The resulting solid was recrystallized by using CHCl3-MeOH
to give the Cu complex in 95% yield.

Prior to precursor deposition, all substrates were washed with
acetone and isopropyl alcohol, dried in N», exposed to UV/ozone
for 20 min, and soaked in 200-proof ethanol for 20 min. For all
results described here, CuCP powder was dissolved in chloro-
form (0.9 wt.%) in air, and deposited onto the target substrate in
the N, atmosphere of a glovebox. All solution depositions were
followed by thermal annealing at 165 °C for 30 min in vacuum.
Spun-cast films were on the order of 100 nm thick.

Atomic force microscopy (AFM) substrates were n** crys-
talline silicon (c-Si) coated with a 100 nm-thick thermal SiO,
layer. AFM was performed in air using a Digital Instruments
Multi-Mode NanoScope in tapping mode.

Electron microscopy samples were prepared by drop-casting
diluted CuCP precursor solution onto copper grids, followed by
thin-film conversion to CuTBP, and sandwiching to an amor-
phous carbon substrate. Samples were then analyzed using a
Philips CM-12 scanning transmission electron microscope for
crystallography and imaging.

For X-ray diffraction (XRD), the substrates were bare c-Si
(n-type, 100 Q2cm, (100)). Powder-mode XRD in reflection

geometry was performed with a Philips XPERT MPD diffrac-
tometer with Cu Ka radiation (40 kV/30 mA) over 4° <26 <35°.
Thin-films analyzed using XRD were prepared by the previ-
ously discussed method. Powder CuCP and CuTBP samples
were prepared for XRD by dispersing the powder across c-Si
substrates using acetone, and heating the sample in situ. Crys-
tallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-609047. Copies of the data can be obtained free of charge
via www.ccde.cam.ac.uk/conts/retrieving.html or on application
to The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: +44 1223 336 033; e-mail: deposit@ccdc.cam.ac.uk.

Quartz substrates and a Varian-Cary 500e UV-visible
(UV-vis) spectrophotometer were used for obtaining optical
absorbance spectra of precursor and thermally annealed thin-
films. Absorbance versus photon energy (hv) was measured over
arange of 1 <hv (eV) <6 in air at room temperature. For pre-
cursor films, the sample was baked at 90 °C in vacuum for 5 min
to desolvate the thin-film but not convert the precursor. Fol-
lowing UV-vis measurements on the precursor thin-film, the
same sample was then thermally annealed and fully converted
by baking at 165 °C in vacuum. Following thermal conversion
the absorbance spectrum was again measured.

Fourier transform infrared (FT-IR) spectroscopy [24] was
performed using a Bio-Rad FTS-40 spectrometer. Undoped,
double-side polished crystalline silicon (c-Si) substrates were
used, and films formed by drop-casting precursor solutions onto
the substrates; precursor films were desolvated by baking in vac-
uum for 5 min at 90 °C. The infrared absorbance of the precursor
film was measured, followed by thermal annealing at 165 °C
in vacuum for 30 min. The measurement was then repeated
for the resulting thermally converted film. Absorbance versus
wavenumber was measured at room temperature from 450 to
4000cm~!,

Substrates were n** crystalline silicon (c-Si) coated with a
100 nm-thick thermal SiO; layer. Following thermal annealing,
OFET samples were completed by thermally evaporating Au
(=60 nm) through a stencil mask to form staggered source and
drain (S/D) electrodes [25]. OFETs were measured in air and in
the dark using a Hewlett-Packard 4156 A semiconductor param-
eter analyzer, with contact to the gate electrode (n** c-Si) made
using indium—gallium eutectic.

3. Results and discussion

3.1. Thin-film thermal conversion and infrared
spectroscopy

The precursor molecule, tetrabicyclo[2,2,2]octadienpor-
phyrin copper complex or copper tetrabicycloporphyrin (CuCP),
was synthesized using the previously described method [20-22].
Upon thermal annealing, in this case at 165 °C for 30 min, the
tetrabicyclo units each lose an ethylene molecule (CoHy) to
form the tetrabenzoporphyrin copper complex (CuTBP). The
precursor and semiconducting CuCP and CuTBP molecules,
respectively, are shown in Fig. 1.
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Fig. 1. Thermal conversion of CuCP to CuTBP.

Fourier transform infrared (FT-IR) and UV-vis spectroscopy
are two optical methods that can be used to follow the conversion
of the CuCP precursor to the CuTBP semiconductor. The FT-
IR absorption spectra of copper-substituted macrocycles from
literature typically display similar characteristics, and assign-
ments have been made to most of the experimentally observed
absorbance peaks [26-32]. Metallation of porphine has typically
been noted to produce far-IR absorption peaks below 600 cm ™!,
with the N-M stretching band (v) in particular assigned to
absorption peaks between 400 and 200 cm™! [26,27]. Ogoshi
et al., for example, observed and made vibrational assignments
for IR absorbance peaks resulting from v stretching of CC and
CN, § bending of CH, and & out-of-plane bending of CH and
the porphine ring as summarized in Table 1 [26]. Furthermore,
benzene exhibits IR absorbance peaks at 670,770, 840,1033, and
1170 cm™! either of stronger intensity than, or not observed in,
ethylene [33].

FT-IR absorption spectra for CuCP and CuTBP films between
3500 and 450 cm~! are shown in Fig. 2. CuTBP in compar-
ison to CuCP reveals increased IR absorption in the peak at
627 cm™!; broadening of the peak at 791 cm™! into a shoulder;
the formation of a doublet peak at 837 cm™!; the appearance
of a peak at 970cm™!; and the appearance of a doublet peak
at 1109 cm™!. We focus on these peaks as potentially indicat-
ing the conversion from CuCP to CuTBP as they lie near the
IR absorbance peaks of pure benzene, especially at 837 and
847 cm~!. Furthermore, CuCP displays the strong band of IR
absorbance peaks near 3000 cm™~! also observed in gaseous por-
phyrins [30] whereas after thermal annealing and crystallization
the intensities of these bands decrease significantly. The previ-
ously mentioned vibrational assignments for the IR absorbance
peaks in copper porphyrins lie close to the IR absorbance peaks
observed in Fig. 2, indicating that equivalent or similar assign-
ments can be made for solid CuCP and CuTBP [26-31]. A
summary of the previous assignments for copper porphine, as
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Fig. 2. Infrared absorbance spectra for solid CuCP and CuTBP on c-Si.

well as the experimentally measured peaks in solid CuTBP, are
given in Table 1.

3.2. X-ray diffraction

X-ray diffraction (XRD) spectra for drop-cast films of CuCP
and thermally annealed CuTBP, as well as a powder sample of
CuTBP, are shown in Fig. 3a. The background has been removed
from the drop-cast spectra to enhance viewing of the diffraction
peaks. Drop-cast CuCP thin-films display an XRD spectrum
typical of an amorphous film, with no discernible diffraction
peaks indicative of significant crystal plane formation. Follow-
ing thermal annealing at 165°C for 30 min and conversion,
CuTBP displays significant diffraction peaks, indicating the for-
mation of crystal planes. Drop-cast CuTBP films display the
same diffraction peaks positions as CaTBP powder thermally
converted at 165 °C from CuCP powder, indicating that powder
and solution-processed CuTBP have the same crystal structure.
The 26 positions of the diffraction peaks of CuTBP are simi-
lar to those of TBP and NiTBP [20,23] indicating that the three
unit cells most likely have nearly iso-morphous crystallographic
structures. It is also important to note here that TBP and NiTBP
display variable morphological properties depending on thin-
film surface coverage density. TBP display fractal aggregate
growth in sparse films, and ordered aggregation in more densely
covered films [19,34], while NiTBP aggregates display variable
rod orientation with respect to their distance from the substrate
surface, as well as large rod crystallization from precursor films,
before thermal conversion to NiTBP [23]. CuTBP, on the other

Table 1

Comparison of IR absorbance in Cu-porphine (CuP) [26,32] and solid CuCP and CuTBP

Assignment [26,32] CuP (em™') [26,32] CuCP (cm™) CuTBP (cm™})

7 (ring) 512,702, 745, 900 494,741, 901 498, 706, 737, 899

7 (CH) 848, 861 845 847, 864

8 (CCN) 698, 1057, 1450 1065, 1443 706, 1065, 1430

8 (CH) 1057, 1151, 1310, 1387 1065, 1152, 1318 1065, 1161, 1302, 1387

v (CC) 998, 1057, 1387, 1534, 1567, 1655, 1715 1065,1540, 1582 1013, 1065, 1387, 1507, 1570, 1653, 1675
v (CN) 998, 1057, 1450, 1534, 1655 1065, 1443, 1540 1013, 1065, 1430, 1507,1653

v (CH) 3025, 3120

3046, 3179 3048, 3067
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Fig. 3. (a) X-ray diffraction spectra for drop-cast CuCP and CuTBP, and powder CuTBP, and (b) the proposed unit cell structure of solid CuTBP.

hand, display no such morphological variations, such that the
crystallographic properties of drop-cast and spun-cast thin-films
were identical. Thicker drop-cast films were used to obtain the
XRD spectra in Fig. 3a, but are also representative of the crystal-
lographic properties of the spun-cast thin-films used for OFET
measurements. The drop-cast spectra are shown in Fig. 3a for
their better signal-to-noise characteristics.

Based on the XRD spectra of both powder and drop-cast
CuTBP shown in Fig. 3a, the CuTBP unit cell was determined
by a combination of powder diffraction refinement methods to fit
the experimental XRD data (Ryp < 3%, representing the differ-
ence between the experimental XRD spectrum and the simulated
XRD spectrum of the fitted unit cell) and minimize the unit cell
potential energy [35-38]. The unit cell (Fig. 3b) was found to
be monoclinic with P2{/n symmetry, with lattice constants of
a=1.239nm, b=0.6585nm, c=1.515nm, and 8=101.16°, and
a volume of 1212.4 A3

3.3. Atomic force and transmission electron microscopy

As expected from XRD analysis, atomic force microscopy
(AFM) height micrographs of spun-cast CuCP in Fig. 4a indi-
cates the films are amorphous and smooth; dark spots indicate
pits in the film. AFM micrographs of CuTBP following ther-
mal conversion at 165 °C for 30 min are shown in Fig. 4b—c.
During thermal annealing CuCP converts into CuTBP nanorod-
shaped crystallites having dimensions on the order of 55nm

wide, 300 nm long, and 100 nm tall. In very thin or sparse thin-
films (Fig. 4b), CuTBP nanorods tend to lie on the substrate with
no mass orientation. In thicker films (Fig. 4c), CuTBP nanorods
form domains where the individual nanorods are aligned paral-
lel to each other, with the nanorod domains exceeding 10 pm
in diameter. Furthermore, as evidenced by the relatively uni-
form height in Fig. 4c, the CuTBP nanorods display a tendency
to lay similarly on the gate insulator surface, rather than pil-
ing randomly atop each other. In Fig. 4c, the edge of a nanorod
domain is readily observed by the change in nanorod aggregation
direction, as indicated by the dashed white lines. Furthermore,
whereas NiTBP displayed variation in nanorod growth orienta-
tion away with distance from the dielectric surface [23], very
thin spun-cast films of CuTBP display the same nanorod aggre-
gation tendency as the continuous and thicker spun-cast films
shown in Fig. 4c.

Transmission electron microscopy (TEM) micrographs of
CuCP and CuTBP thermally annealed at 165°C for 30 min
are shown in Fig. 5, and were used to further examine the
submicrometer-scale properties of polycrystalline CuTBP. TEM
micrographs of CuCP (Fig. 5a) appear amorphous, and display
no discernible diffraction patterns. After vacuum thermal
annealing at 165 °C for 30 min, CuTBP nanorods are clearly
observed. In CuTBP samples (Fig. 5b) where nanorod surface
coverage density is sparse, rod orientation is random. In many
cases, however, rings of CuTBP aggregates of unknown origin
are observed, with varying radii. In samples with increased

Fig. 4. AFM height micrographs of (a) CuCP and (b—c) CuTBP thin-films spun-cast onto SiO,. Axes dimensions and height scale in (a and c) are 10 pm x 10 wm
and 100 nm, respectively, and in (b) 5 um x 5 wm and 150 nm, respectively. The dashed lines in (c) indicate boundaries where nanorod direction changes.
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Fig. 5. TEM micrographs of: (a) precursor CuCP, (b) sparse CuTBP, and (c) more dense CuTBP with parallel aggregation, drop-cast onto Cu grids coated with

amorphous carbon.

CuTBP nanorod surface coverage density (Fig. 5c), the same
parallel nanorod orientation seen in CuTBP AFM micrographs
with higher surface coverage density (Fig. 4c) is observed.

AFM and TEM measurements reveal similar submicrometer-
scale aggregation of CuTBP nanorods. Aggregation of
porphyrins in solution or in solid form have been widely stud-
ied due to the prevalence of aggregated porphyrins in important
biological systems, such as chlorophyll [39—43]. In such por-
phyrins aggregation tends to occurs in either the J-aggregate
(edge-to-edge) or H-aggregate (face-to-face) formation [44].
Aggregation in water-soluble Cu(II) tetraphenylporphyrins, for
example, showed that aggregation order and rate in solution
depended upon solution concentration and charge type on the
molecule’s periphery [40], or the addition dimethylformamide or
dimethyl sulphoxide to the solution [39]. In these cases, aggrega-
tion was a process of polymerization of the porphyrin monomer
in solution, with the order of the aggregates varying widely. AFM
imaging of several protonated tetraphenylporphyrins (TPPs) on
glass revealed similar J-aggregate formations as observed here,
although without micrometer-scale alignment [45]. The results
shown here represent the thermal conversion of an amorphous
precursor molecule into a symmetric crystallographic unit cell,
rather than polymerization of a CuTBP molecule. In the case
of precursor-deposited CuTBP, aggregation and domain for-
mation, as previously noted, depend on the surface coverage
of the spun-cast film; nanorod shape, on the other hand, is
consistent.

3.4. Optical absorption and microscopy

Due to the insoluble nature of the simple porphyrin molecule,
most reports of the optical properties of tetrabenzoporphyrins
have involved single molecules in the gaseous phase or sus-
pended in solution [1]. Porphyrins typically display absorption
spectra [46] with a strong absorption band in the near-UV
range around photon energies (hv) of 3eV (the Soret, or B,
band). Weaker absorption bands in the visible range between
1.75<hv (eV)<2.75 (Q bands) also appear, with peak mul-
tiplicity and energy positions related to peripheral and core
substituents. Solid metal-free TBP deposited via solution from
a precursor form displayed the previously mentioned traits
[19,47], as did solid NiTBP [23].

Optical absorbance spectra for solid, spun-cast CuCP and
CuTBP thin-films on quartz substrates are shown in Fig. 6.
Similar absorption spectra were obtain for drop-cast CuCP and

CuTBP films, indicating similar electronic transitions, but are
notincluded here. The two spectra shown here were taken for the
same film before and after vacuum thermal annealing at 165 °C
for 30 min. The absorbance maximum for CuTBP occurs at a
photon energy of 2.8 eV, with additional peaks at 1.9, 2.1, 3.9,
and 5.1eV. The absorbance maximum for CuCP occurs at a
photon energy of 3.1 eV, with additional peaks at 2.2, 2.4, 3.6,
and 5.1eV. The absorption peaks in CuCP for hv<3eV red-
shift by approximately 0.3 eV, while the peak at 5.1 eV retains
its position. Similar absorption spectra were found for free-
base and copper phthalocyanine [46], in which the Soret band
was assigned to an optical transition at 3.7 eV. Additionally,
the absorption spectra of free-base and Cu-substituted phthalo-
cyanine are similar [46], as is observed here for solid CuTBP
compared to metal-free TBP. Furthermore, the four-fold sym-
metry of CuCP and CuTBP produces two absorption peaks in
the Q band in Fig. 6 (around 1.9 eV), whereas CP and TBP have
two-fold symmetry and displayed four absorption peaks in the
Q band [47].

It has been proposed that the limiting factors in electronic
devices fabricated from polycrystalline organic semiconductors,
such as pentacene are the crystalline grain size and the grain
boundary density [48,49]. The polarized optical micrograph in
Fig. 7 displays, on a larger scale, the polycrystalline nature of
the CuTBP thin-films. The electrodes seen in the micrograph
are 20 pm wide, indicating that CuTBP forms into crystalline
domains of approximately the same size, wherein the previ-
ously described nanorods are aligned parallel to each other.
Furthermore, the domains appear to have no preferred shape

Absorbance

0.0

T T T

1 2 3 4 5 6
Photon Energy (eV)

Fig. 6. Optical absorbance spectra for spun-cast CuCP and CuTBP thin-films
on quartz.
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Fig. 7. Polarized optical micrograph of a continuous, spun-cast CuTBP thin-
film on thermally oxidized c-Si. The electrodes shown in the figure are 20 wm
wide. Color variations in the film indicate individual nanorod domains. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

or direction. By comparison, NiTBP forms crystals approaching
1 mm in diameter [23] and TBP on the order of 2 um in diameter
[19].

3.5. Thin-film transistors

The electrical measurements presented here are for a sin-
gle device with a channel width (W) of 1040 wm and channel
length (L) of 32.5 wm. Spun-cast films used for OFETs were
typically on the order of 100 nm thick, as confirmed by AFM
measurements. CiTBP OFET output (drain current, Ip, versus
drain—source bias, Vpg) characteristics are shown in Fig. 8. At
low Vps, increasing the gate—source bias, Vgs, beyond —20V
has little effect on Ip. Furthermore, a nonlinear dependence with
Vps at low drain bias is apparent, both effects indicating the
presence of large source and drain contact resistances possibly
associated with the formation of non-ohmic source and drain
electrodes.

CuTBP OFET transfer (Ip versus Vgs) characteristics are
shown in Fig. 9a and b, on linear and semi-log scales, respec-
tively. Also in Fig. 9b, an OFF-current of —3 nA is observed at
Vs =20V, indicating an ON-/OFF-current ratio of nearly 10% if
the ON-current is taken at Vgg = —40 V. However, Ip saturates at
more negative Vgs, similar to the nonlinear Ip behavior observed
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Fig. 8. Output characteristics of a CuTBP OFET.

in Fig. 8. This behavior possibly results from non-ohmic source
and drain electrodes, such that a Schottky barrier limits charge
injection and extraction at more negative Vgg [50]. Whereas in
¢-Si metal-oxide-semiconductors field-effect transistors (MOS-
FETs) electrical parameters, such as the inversion threshold
voltage, V1, can be accurately calculated based on known mate-
rial parameters, in OFETsS the typical current—voltage relations
for MOSFETs are used to extract OFET electrical parame-
ters, such as the extracted field-effect mobility (upg) and the
extracted accumulation threshold voltage (V). The gradual-
channel approximation of the current—voltage relations can be
described by [50]

) w .. )
15" = =i Ci (Vas = V™) Vos (1)
in the linear regime (|Vps| <|Vgs — V1l), and by
w 2
1" = —5 i (Vas — Vi) @)

in the saturation regime (|Vps|>|Vgs — V1l|). The values for
ure and VT, as described in Eqgs. (1) and (2) were determined
by using a straight-line fit (shown by solid lines in Fig. 9a)
of the CuTBP OFET electrical data to Eq. (1) and the square-
root of Eq. (2). Using this simple straight-line approximation,
in the linear regime (Vps=—5V) we find pupg=0.1 cm?/V's
and V1 =5V; in the saturation regime (Vps=—60V), we find
urg=0.13 cm?/Vs and Vp=7.5V. No channel length depen-

W= 1040 ym
L=32.5pum

19

-40

40 0 10

Ves (V)

30 -20 20

Fig. 9. Transfer characteristics of a CuiTBP OFET. Dashed arrows indicate the measurement direction. In (a), the solid lines indicate the fits to Egs. (1) and (2); in

(b), the solid line indicates calculation of the subthreshold slope.
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dence of upg and VT was observed. From Fig. 9b, a subthreshold
slope of 4.2 V/dec was extracted for both the linear and satura-
tion regimes. Extracted parameters such as upg were observed
to vary by approximately £33% for CuTBP OFETs within the
same substrate. Variation of the extracted upg across differ-
ent samples with the same properties (e.g., gate capacitance,
electrode type and thickness) was as high as one order of mag-
nitude from the results presented here in Figs. 8 and 9. This
variation was observed typically to result from surface coverage
density, such that samples with poor or sparse surface coverage
density had non-continuous crystallization. It is also worth not-
ing that continued exposure of the CuiTBP OFETs to air leads
to increased film conductivity, producing extracted field-effect
mobilities exceeding 1cm?/V's, decreased ON-/OFF-current
ratios around 102, increased subthreshold slopes, and more pos-
itive (or less negative) V. The effects of air exposure were
removed by thermal annealing in vacuum at 200 °C, as also
noted for phthalocyanine films [51].

The electrical performance of CuTBP OFETS is similar to
that of NiTBP with respect to upg and Iopr [23]. The sub-
threshold slope of CuTBP is lower than for NiTBP, potentially
resulting from the micrometer-scale alignment of the CuTBP
aggregates (Fig. 4c), whereas NiTBP OFET films were reported
to be composed of large, micrometer-scale needle-shaped aggre-
gates lacking large-scale orientation, thus likely increasing the
density of grain boundary interface trap states. With respect to
TBP, CuTBP displays a ppg approximately two orders of mag-
nitude higher [18,47], but also an Iprr two orders of magnitude
higher. The subthreshold slope in TBP OFETs was significantly
lower than for CuTBP, indicating a higher density of trap states,
possibly resulting from the larger, tightly packed (but not as
ordered and symmetric) aggregates observed in TBP. Compara-
tively, the electrical performance of solution-processed CuTBP
OFETs is in the same range as CuPc OFETs with a vacuum-
deposted semiconductor layer, although the highest reported (g
values for CuPc in the order of 100 cm?/V s are attained without
ambient exposure. The reported g varies similarly in arange of
1072-100 cm?/V s [14-16], with OFF-currents between 10710
and 1077 A.

4. Conclusions

Polycrystalline, semiconducting thin-films of copper tetra-
benzoporphyrin (CuTBP) were produced from amorphous,
insulating thin-films of copper tetrabicyclopor-phyrin (CuCP)
by thermal conversion of the precursor film at 165 °C in vacuum.
X-ray diffraction displayed no diffraction peaks for CuCP, but
upon thermal conversion CuTBP displays numerous diffraction
peaks indicative of crystal plane formation. Optical and IR
absorbance displayed spectra characteristic of porphyrin macro-
cycles. Atomic force microscopy and transmission electron
microscopy also displayed amorphous CuCP films converting
into polycrystalline CuTBP, specifically revealing the formation
of CuTBP nanorods. Thin-film transistors fabricated using poly-
crystalline CuTBP thin-films displayed field-effect mobilities on
the order of 0.1 cm?/V s, with accumulation threshold voltages
around +5 'V, subthreshold slopes of 4.2 V/dec, and ON-/OFF-

current ratios of approximately 10*. Solution-processed CuTBP
OFET performance in terms of conductivity was similar to that
of solution-processed NiTBP and vacuum-deposited CuPc, and
two orders of magnitude higher than for solution-processed TBP.
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