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ABSTRACT

Perylenetetracarboxyldiimide (PTCDI) nanowires self-assembled from commercially available materials are demonstrated as the n-channel
semiconductor in organic field-effect transistors (OFETs) and as a building block in high-performance complementary inverters. Devices

based on a network of PTCDI nanowires have electron mobilities and current on/off ratios on the order of 10 ~2.cm?/Vs and 104, respectively.
Complementary inverters based on n-channel PTCDI nanowire transistors and p-channel hexathiapentacene (HTP) nanowire OFETS achieved

gains as high as 8. These results demonstrate the first example of the use of one-dimensional organic semiconductors in complementary
inverters.

One-dimensional (1-D) organic semiconductor nanostruc- (NWs) have been reportéd!®but we are unaware of any
tures formed via self-assembly are regarded as a promising report of their incorporation in OFETSs. Here, we report both
class of nanomaterials for use in solution-processable organian-channel OFETs based on PTCDI NWs and complementary
field-effect transistord Although field-effect transistors with  inverters achieved by combining them with the p-type
excellent performance have been demonstrated by varioushexathiapentacene (HTPNWSs we recently reportetiThe
groups for 1-D nanostructures of p-type organic semicon- results of this study show that one can easily fabricate
ductors? > very few examples of OFETs with 1-D n-channel  transistors and basic logic elements that exhibit excellent
semiconductors have been published, and those reporte|ectrical characteristics via solution-processing.

required high-temperature syntheSBlectron-transporting A series of commercially available (from Aldrich) per-
sem|cond_uctors and n—cha_nngl OFEase highly desqed, ylenetetracarboxyldiimide (PTCBIC,, where G = CsHuy,

as they will enable the fabrication of complementary invert- CsHiz, CisHa7) derivativeda!s (Figure 1A) were used for
ers, ring oscillators, and shift registers for radio-frequency producing NWs via solution-phase self-assembly. The PTC-
identification (RFID) tags and complex circuftst! Among DI—C, NWs were synthesized by adding methanol to the
n-type semiconductors, the perylenediimides (PTCDIs) are solutions of PTCD+C, in chloroform (1.5 mg/mL) to

the most widely studied due to their commercial availability, induce the precipitation and self-assemblysby- interac-

low cost, chemical stability, and promising electronic and tions-12130f PTCDI. Figure 1B shows optical photographs
optoelectronic application'€.In addition, PTCDIs have a capturing the prog.ression of self-assembly of PTED
propensity.to ??Ifigfgsemble into_l—D nanostructures throughNWS_ The bottom layer of the vials contains PTCDI
- stacking:"*****Many studies of PTCDI nanowires dissolved in chloroform and the upper layer contains

methanol. An initial swirl of the vial immediately induced
the supramolecular self-assembly, and in several minutes,
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Figure 1. (A) Chemical structures of the three perylenetetracarboxyldiimide (PTCDI) derivatives of varying dialkyl chain lengths synthesized
as n-type semiconductor NWs using a solution-phase method. (B) A series of optical photographs detailing the interfacial self-assembly of
PTCDI nanostructures. The top layer of the vial is methanol, and bottom layer is PTCDI dissolved in chlorefoBr(g/mL). The last

picture frame illustrates a 500 mL flask containing a large quantity of PFEIRINWSs that were also synthesized #25 min.

Figure 1B) in the same time span as for small-scale synthesissimilar growth conditions as for bulk NWs. The following
Field-effect transistors and complementary inverters were parameters were determined for #B& unit cell containing
fabricated by drop-casting the as-prepared NWs in a metha-a single PTCD+Cg molecule: a = 4.68 A,b = 8.50 A, ¢
nol solution. = 19.72 A, a = 85.99, B = 91.57, y = 82.79. The
We monitored the crystallization of the nanostructures packing alignment of the PTCBICg molecule in the unit
spectroscopically with the same experimental conditions ascell is schematically shown in Figure 2A. The PTCElg
above and observed interesting absorption spectra (Figuremolecules exhibit slipped— stacking in the [100] direction
S1, Supporting Information). The absorption spectrum of (a-axis) with the shortest vertical contact between the
PTCDI-Cg in chloroform ¢ = 0) has a well-resolved aromatic planes of neighboring PTCBCs molecules at 3.24
vibronic structure with 80, 0—1 and 0-2 transitions at 528,  A. From the alignment of the single-crystal needle in the
492, and 460 nm, respectively. The normalized absorption diffractometer, it could be inferred that the long needle
spectra taken at different times during the nanowire self- direction (wire direction) corresponds to the [100] direction.
assembly showed shifts in the intensities of the vibronic This is in agreement with the Wulff plot of the crystal shape
transitions and the emergence of a new lower energy band(Figure 2B) that was calculated using the BFDH metkod.
centered at 580 nm. The red-shifted new absorption bandThe theoretically predicted PTCBLCg crystal shape is
centered at 580 nm can be assigned to the J-aggrétjateselongated along the [100] direction. Consequently, the
within the crystalline PTCD+Cg NWs!? These observations  overlap of the molecularr orbitals, crucial for the charge
are consistent with previously reported absorption charac-transport in organic semiconductor materials, is significant
teristics of similar PTCDI derivatives. only in the long wire direction. This quasi-one-dimensioanal
Our attempt to determine the molecular packing and type of stacking is well-known from other large perylene
crystallographic orientatigri®® of PTCDI molecules along  derivative$®#1%(including PTCDFCs and PTCD+C;3) and
individual NWs using transmission electron microscopy underscores the applicability of PTCBC, NWs for high-
(TEM) was unsuccessful due to the significant damage from performance transistor devices.
the electron beam. Although we were still able to acquire  Additional characterization of the PTCBC, NWs was
faint TEM diffraction spots from single NWs (Figure S3, carried out using SEM and TEM. Parts A and B of Figure
Supporting Information), the weak signal prevented precise 3 show typical SEM/TEM images of the PTCBCs NWs.
structural analysis and we could only conclude that the NWs A close examination of the structures reveals a “nanobelt”
are highly crystalline in nature. However, single-crystal X-ray morphology with an average width of 315 80 nm as
crystallography data were successfully obtained from severaldetermined from the TEM measurements. Parts C and D of
millimeter long needles of PTCBICs that were grown under  Figure 3 also show SEM/TEM images for PTCHCTs;
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Figure 2. (A) The PTCDFCg unit cell as determined by single-crystal X-ray diffraction for a large crystalline needle. The molecules
exhibit slippedr—z stacking along the [100] direction (sbe-c plane), which was experimentally confirmed to correspond to the long axis
of the crystalline needle. (B) The theoretically predicted crystal habit (Brafisdel-Donnay-Harker method, BFDH) exhibits an
elongation along the [100] direction, which is also in agreement with the observed nanowire growth.

PTCDI-C8 PTCDI-C5

PTCDI-C13

Figure 3. (A,C,E) SEM images and (B,D,F) TEM images of PTCDI NWs. The SEM and TEM images correspond to the respective
PTCDI-C, semiconductor indicated to the left of the frames. The insets show TEM images of representative single nanowires, together
with average nanowire widths.

however, the morphology is somewhat different from composed of nanobelts but with a narrower width of-81
PTCDI-Cs. PTCDI-C;g self-assembles into individualized 32 nm (Figures 3E,F). We observed a noticeable difference
belts with an average width of 118 27 nm and then into  in the growth trend among the PTCBC, NWSs. As the
bundles. PTCDt+C,;5 also self-assembled into bundles n-alkyl chain length increases, the width of the nanowire
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Figure 4. Output characteristics of field-effect transistors fabricated from (A) PF&Rland (B) HTP NWs. (C) A colorized SEM image

of a network of PTCD+Cg NWs drop-cast across the gold electrodes from a methanol suspension. (D) Overlay of transfer characteristics
of PTCDI-Cg and HTP and (E) an overlay of the square root of the drain current with indicated threshold voltages. All measurements on
nanowire transistors were made under ambient conditions with a Keithley 4200 SC semiconductor analyzer/probe station.

decreases. A logical explanation is that the longentiaky| measurements were carried out in ambient air and at room
chain is, the lower solubility it will have as one adds temperature.

methanol to solutions of PTCBIC, in chloroform. Hence, Parts A and B of Figure 4 show typical output character-
more nucleation sites are formed (more abundant and smallefistics of PTCD+Cg and HTP nanowire OFETS, respectively.
crystallites) and narrower belts are obtained. Both devices show significant contact resistance, as evi-
An important goal beyond synthesis of the n-type semi- denced from the nonlinearity of the output curve at low
conductor NWs is to fabricate functional arrays of transistors source-drain voltage, and can be attributed to the nonideal
and inverters via solution casting. Therefore, we conducted semiconductormetal interface. Figure 4C shows an SEM
measurements on n-channel PTCI, transistors and  image of a network of PTCBDtCg NWs across two fingers
p-channel hexathiapentacene (HTP) transistors by drop-of the IDE with an estimated channel coverage of60%.
casting nanowire/methanol solutions onto gold interdigitated As shown in the overlay of the transfer characteristics of
electrodes (IDEs) that were fabricated by conventional HTP NWs and PTCDI NWs in Figure 4D, the current on/
photolithography. It was imperative to employ IDEs because off ratios were~10® for the p-channel and n-channel OFETS.
traditional source-drain electrodes did not generate sufficient Figure 4E shows the square root of the saturated drain current
output current to record decent data from the PT€0O| versus the gate voltage for the HTP nanowire and PTCDI
nanowire OFETSs. IDEs are often utilized when measuring nanowire OFETSs. The relatively small threshold voltage for
low-mobility materials because the interdigitated soudrce both devices results in a significantly narrow gate voltage
drain fingers significantly amplify the output current and difference between the two threshold voltages, enabling good
improve device characteristiés! without altering the mea-  characteristics for the complementary inverter devices. The
sured mobility of the semiconductor material. The devices similar OFET threshold voltages suggest HTP and PTCDI
were fabricated on highly doped Si substrates as back gatesre good candidates for the design of complementary devices.
and thermally grown Si©(300 nm) as gate dielectrics with From the saturation-regime transfer plots, we estifiate
Ti/Au as the bottom-contact souredrain electrodesW/L electron mobilities of 6.9 2.7 x 1075 7.2+ 7.0 x 1073,
ratios varied but were-150 for most devices). All electrical and 6.7+ 3.0 x 103 cm?/Vs for PTCDFCs, —Cs, and
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Figure 5. (A) Schematic of an inverter with p- and n-type nanowire networks covering interdigitated salrede electrodes, and (B) a
photograph of a substrate containing 13 discrete inverters. Nanowires were drop-cast onto individual transistor devices from a methanol/
nanowire solution. (C) Static inverter transfer characteristics with the p-channel OFET as the load and the n-channel OFET as the driver,
with the configuration reversed in (D). The frames to the right show the corresponding voltage gain in the transition region where the gate
threshold voltage is located. These results correspond to one of our best performing inverters.

—Ca3, respectively. The highest mobility measured was 0.027 nanowire TFTs were not measured in vacuum or inert
cn?/Vs for PTCDI-Cg (Table S5, Supporting Information).  atmospheres, we expect electron mobilities to be significantly
Mobility values for HTP OFETSs are on the order of 2@o larger under these conditions. As a final note, it is not a
102 cm?/Vs.® We were unable to measure any functional surprise to see that the electron mobility increases as the
devices from solution-cast thin-film transistors of the alkyl chain length increases. This trend in performance is
PTCDI-Cs, —Cg, —Cy3 derivatives in ambient air. Remark-  consistent with literature values for TFTs fabricated from
ably, the n-type nanowire devices were all measured in air the same materials where PTCBTs < PTCDI-Cg <

and remained functional for several days with performance PTCDI—C,3. For instance, the electron mobilities in literature
declining thereafter (with the exception of PTCBTs, which for PTCDI—Cs, —Cg, and—Cy3 thin-film transistors are on
remained functional for only several hours). The devices can the order of 0.1 ci#Vs,’20.6—1.7 cn#/Vs,’25cand 2.1 cri/
easily be regenerated by heating to F&for 15 min in a Vs,S3respectively. Although the electron mobilities of these
vacuum oven. Previous PTCBC, thin-film transistors from materials are much larger than our nanowire TFTs (due to
similar materials were reportedly measured either under highly optimized conditions), the general trend in perfor-
vacuum or an inert atmosphere and ceased to operate whemance remains consistent. While there is no obvious differ-
measured in aif®1%215This suggests that moisture trapping ence in the molecular packing among the three PTCDI
at the nanowire/dielectric interface may be the primary reasonmolecules’? one can speculate that the longer alkyl-chain-
for the degradation of the device performance. Although our containing PTCDI molecules interdigitate more efficiently
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in the solid-state and reduce the penetration of environmentalteristics®® Channel dimensions and geometries offer ad-
contaminants such as water or molecular oxygen. This solid-ditional flexibility in improving the inverter transfer
state packing effect has been previously suggested incharacteristic§ For instance, if one of the two transistors
explaining the behavior in air stability for highly crystalline has different mobilities or low output currents, the device
n-channel organic TFT&.Therefore, based on this premise, geometry may be adjusted to obtain comparable drive
there are likely to be fewer traps and/or defects in the crystals currents for both transistors. IDEs, for which ovetaflL is
from the materials with longer alkyl chains, thus higher adjustable, are therefore critical for generating well-resolved
performance is expected. The inherently lower mobility of transfer characteristics (Figure 5C,D) and relatively large
PTCDI-Cs TFTs (both in thin-film form and in nanowire  voltage gains for materials of varying performance. We note
form) may also be attributed to the intrinsic transport that standard sourealrain electrodes with the n-type PTCDI
properties of this material. nanowire networks did not generate well-resolved electrical
We fabricated arrays of inverters from the n-channel and characteristics or useful data.
p-channel nanowire transistors. Figure 5A shows a schematic In conclusion, by combining n-channel (PTCDI) and
of the inverter, with n- and p-type nanowire networks p-channel (HTP) nanowire transistors, we have demonstrated
covering interdigitated soureedrain gold electrodes. Figure logic functionality in the form of a basic complementary
5B shows a photograph of one of the actual devices used ininverter. We were able to accomplish this by synthesizing
the measurements; this particular device contains an arraylarge quantities of crystalline NWs from a variety of low-
of 13 discrete inverters with the same device configuration cost, commercially available, n-type PTGBCT, semicon-
shown in Figure 5A. The metallic spots along the device ductors via a solution-phase process. Because this is one of
array in Figure 5B are indium slugs placed directly onto the the first examples of the utilization of 1-D organic nano-
two drain electrodesvoy) for probing purposes. A common  structures in complementary logic circuits, we believe these

gate (highly doped Si) functions as the input nodg) (while findings will contribute to the development of organic
the source of the driver is grounded and the source of theglectronics.

load transistor is providing the supply voltagéd). Figure
5C shows the static voltage-transfer characteristics, i.e., dc  Acknowledgment. A.L.B. thanks the Bell Labs for a
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