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C O N S P E C T U S

Organic semiconductors have attracted
wide attention in recent decades, result-

ing in the rapid development of organic elec-
tronics. For example, the solution processibility
of organic semiconductors allows researchers
to use unconventional deposition methods
(such as inkjet printing and stamping) to fab-
ricate large area devices at low cost. The
mechanical properties of organic semiconduc-
tors also allow for flexible electronics. How-
ever, the most distinguishing feature of organic
semiconductors is their chemical versatility, which permits the incorporation of functionalities through molecular design.

However, key scientific challenges remain before organic electronics technology can advance further, including both the
materials’ low charge carrier mobility and researchers’ limited knowledge of structure-property relationships in organic
semiconductors. We expect that high-quality organic single crystals could overcome these challenges: their purity and long-
range ordered molecular packing ensure high device performance and facilitate the study of structure-property relationships.

Micro- and nanoscale organic crystals could offer practical advantages compared with their larger counterparts. First,
growing small crystals conserves materials and saves time. Second, devices based on the smaller crystals could maintain
the functional advantages of larger organic single crystals but would avoid the growth of large crystals, leading to the more
efficient characterization of organic semiconductors. Third, the effective use of small crystals could allow researchers to inte-
grate these materials into micro- and nanoelectronic devices using a “bottom-up” approach. Finally, unique properties of
crystals at micro- and nanometer scale lead to new applications, such as flexible electronics.

In this Account, we focus on organic micro- and nanocrystals, including their design, the controllable growth of crys-
tals, and structure-property studies. We have also fabricated devices and circuits based on these crystals. This interdisci-
plinary work combines techniques from the fields of synthetic chemistry, self-assembly, crystallography, and condensed matter
physics. We have designed new molecules, including a macrocycle and polyaromatic compounds that self-assemble in a pre-
dictive manner into regular high-quality crystals. We have examined how the structure, particularly π-π interactions, deter-
mines the crystal growth and how the external conditions affect the crystal morphology. We have developed new methods,
such as the gold wire mask, the organic ribbon mask, and the gold layer stamp techniques, to fabricate high-performance
devices based on the small crystals and investigate their anisotropic charge transport properties. In addition, we have dem-
onstrated small-crystal organic circuits that function with high performance and ultralow power consumption. We expect
that organic micro- and nanocrystals have a bright future in organic electronics.

Introduction

Inorganic semiconductor crystals like silicon are

the fundamental blocks of today’s modern elec-

tronics and microelectronics. Their counterparts,

organic semiconductor crystals, have also

attracted more and more attention with the rapid

development of organic electronics since the

1990s, because the purity and long-ranged order
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of organic crystals offer the convenience to study the intrin-

sic property of a material free from grain boundaries and the

high quality of organic crystals ensures the high performance

of their devices and circuits.1-3 However, compared with inor-

ganic crystals, organic crystals are much smaller, which poses

great challenges for the fabrication of their devices and the

exploration of their properties. Moreover, most conventional

methods learned from inorganic materials are not applicable

for the construction of devices based on organic crystals, espe-

cially the crystals at micrometer and nanometer size. For

example, a focused ion beam (or electron beam) is found to

damage the crystal surface easily during electrode deposi-

tion. The challenges, together with the urgent demand for

rational material design, the controllable crystal growth, the

understanding of the structure-properties relationships, and

the application of crystals in devices and circuits, give organic

semiconductor crystals an attractive prospect within sight. In

this Account, examples are given to illustrate the bright future

of this highly interdisciplinary research field.

Design of Organic Semiconductors
A prerequisite for high-performance devices and circuits lies

with organic semiconductors with high mobility. Generally,

high charge carrier mobility is expected in organic semicon-

ductors with high crystallinity, which could be approached by

tailoring the chemical structures of the compounds. Tripheny-

lamine derivatives (TPA, e.g., compound 1, Figure 1a) are

widely used as hole-transport materials for optoelectronic

applications such as in xerography and organic light-emitting

diodes, which are typically nonplanar with asymmetric struc-

tures preventing the optimal packing and crystallization of

molecules. As a consequence, they are amorphous in the solid

FIGURE 1. (a, b) Chemical structures of compounds 1 and 2. Compound 1 forms amorphous films; compound 2 crystallizes efficiently. (c)
SEM images of the nanometer- and micrometer-sized single-crystal ribbons of compound 2 grown by the physical vapor transport technique.
(d) TEM image (top) and selected area electron diffraction (SAED) pattern (bottom) of an individual ribbon crystal. Adapted with the
permission from ref 7. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA.

FIGURE 2. (a) Chemical structure of compound 3, (b) dimers of 3 forming by hydrogen bonds between dicyanovinyl groups and anthracene
rings and the packing of the dimers, (c) schematic for cast assembly of nanoribbons of compound 3, (d, e) SEM images of the cast-assembled
nanoribbon crystals. Adapted with permission from ref 16. Copyright 2008 American Chemical Society.
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state and exhibit low mobility.4,5 In contrast, if the rotation of

the phenyl groups of TPA derivatives could be restricted in

which case the planarity of the molecules would be improved,

then the crystallinity of the compound would also be

improved. We recently reported on a new material with a

macrocyclic structure, compound 2 (Figure 1b),6 that bears a

closed ring, and the steric structure is used to restrict the rota-

tion of the phenyl groups. Indeed, compound 2 crystallizes

easily as micro- and nanometer sized crystals as shown in Fig-

ure 1c,d,7 which enables one to tailor the crystallinity of

organic semiconductors through chemical design at the

molecular level.

Another strategy to tune the crystallinity of organic semi-

conductors is to control molecular noncovalent interactions

such as hydrogen bonds, electrostatic interactions, and π-π
stacking interactions for molecular packing.8-11 Anthracene

and its derivatives are selected as candidates because they

exhibit good solubility and excellent optoelectronic

properties.12-15 A synthesized anthracene derivative is shown

in Figure 2a (compound 3),16 which can easily form planar

conjugated dimers due to the hydrogen-bonding interactions

between the dicyanovinyl groups and the anthracene rings.

With the π-π interaction between neighboring dimers, a cofa-

cial π-π stacking along the b axis is formed and nice nano-

ribbons are generated by cast assembly (Figure 2b-e), which

proves the effectiveness of hydrogen bonds for self-assem-

bly. If the hydrogen bonds are eliminated by substituting

cyano groups with methyl groups, no crystals are obtained,

while upon resubstituting methyl groups with carboxylic

groups, nanoribbon crystals are grown again. The significant

variations of assembled products indicate the critical role of

hydrogen bonds for organic semiconductor crystal engineer-

ing. The utility of other noncovalent interactions such as S · · · S

interactions is also attractive to tune the solid-state structure

of organic semiconductors. Oligothiophene and polycyclic aro-

matic hydrocarbons (PAH) are effective molecular scaffolds for

organic semiconductors, but little work has concentrated on

the crystal engineering of these materials. We synthesized an

organic semiconductor, perylo[1,12-b,c,d]thiophene (com-

pound 4, Figure 3), with the introduction of one S atom into

the PAH skeleton.17 Short S · · · S contacts (3.51 Å) are found

between the neighboring columns in its crystals, which drives

the formation of ideal face-to-face molecular stacking along

the b axis (Figure 3, top). Such molecular packing is totally dif-

ferent from the sandwich herringbone packing of its parent

compound perylene (Figure 3, bottom), indicating the effec-

tive utility of weak intermolecular noncovalent interactions for

the crystal engineering of organic semiconductors. A similar

effect has also been observed in hexathiapentacene.18

Crystal Growth Methods
Crystal growth involves a variety of research fields such as sur-

face science, crystallography, and condensed mater physics.

Different from inorganic semiconductors, organic semiconduc-

tors are evaporated at low temperatures. Based on this, vapor-

processed techniques such as physical vapor transport are

developed for the growth of organic semiconductor crystals

from the vapor phase,19,20 which is usually carried out in a

quartz tube by sublimating the starting material at a high-tem-

perature zone and then crystallizing at a low-temperature zone

(Figure 4a). This approach is widely used to grow crystals of

oligomers and low molecular weight materials, such as CuPc

and F16CuPc.21,22 Solution-processed techniques such as self-

assembly have been newly developed for the growth of

organic crystals (e.g., Figure 4b for an anthracene derivative).

It is usually performed by cooling the solution, evaporating the

solvent, or adding another solvent in which the organic semi-

conductor has lower solubility.16,18,23-26 Compared with the

vapor process, the solution process is easier to carry out. How-

ever, it requires organic semiconductors with good solubility

in common solvents, which is not often the case and hence

limits the application of this method. In addition, the solu-

tion process sometimes causes the doping of solvent mole-

cules into the organic single crystals,27,28 which may conceal

FIGURE 3. Molecular and crystal structures of perylene and
compound 4. Short S · · · S contacts are found between the
neighboring columns in 4 crystals, which drive the formation of
ideal face-to-face molecular stacking (top) rather than the sandwich
herringbone packing of its parent compound perylene (bottom),
indicating the effective utility of molecular weak interactions for the
crystal engineering of organic semiconductors. Adapted with
permission from ref 17. Copyright 2007 American Chemical Society.
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the intrinsic properties of the organic semiconductors and

lower the performance of their devices.

Control of Crystal Habit
The growth of organic crystals is controlled by both internal

and external factors. Internal factors concern the molecular

structure and inter- or intramolecular interactions in the solid

state, while external factors mean the parameters for crystal

growth. The crystallization of configurational isomers (such as

compounds 5 and 629 in Figure 5) is helpful to examine the

internal factors because clear information of structural change

on crystal habits can be obtained. By cast assembly, com-

pound 5 tends to form micro- or nanometer-sized ribbons,

while compound 6 self-assembles into diamond-like thin crys-

tals (Figure 5). In compound 5, strong π-π interactions are

found and are maximized along the [101] (or [101̄]) direc-

tion (Figure 6, top) so that the fastest crystal growth direction

is along this direction. In compound 6, an extensive network

of C-H · · · π and S · · · π interactions are found within the a-c
plane of the crystal. In the direction perpendicular to the a-c
plane, that is, along the b axis, no strong intermolecular inter-

action is found (Figure 6, bottom). Obviously, when its mole-

cules crystallize from solution, the fastest crystal growth

direction is along the a and c axes, and thus two-dimensional

diamond-like crystals are obtained. The distinctly different

crystals of the two isomers confirm the importance of inter-

nal factors for the controllable growth of organic crystals.

The external factors are rather complicated. For the solu-

tion process of crystal growth, the influencing factors include

the concentration, heat exchange, substrate, solvent, etc. For

example, the difference between the concentration at the

equilibrium temperature of the saturated solution and the con-

centration at the growth temperature will lead to a supersatu-

ration, and crystals begin to nucleate and grow.30,31 For the

vapor process of crystal growth, for example, by the physical

vapor transport method, the driving force can be expressed by

the pressure ratio between the equilibrium vapor and the

growth pressure, so factors such as temperature, vacuum level,

carrier gas velocity, etc. are important for the growth of the

crystals. For example, by control of the growth temperature

(other conditions kept constant), typical crystals of compound

6 show three representative morphologies: hexagonal, elon-

gated hexagonal and diamond-like products (Figure 7). Pow-

der XRDs of the crystals prove that all samples exhibit

identical diffraction peaks, confirming that the as-grown crys-

tals share the same structure. The morphology variation sug-

gests the importance of external factors for the controllable

growth of organic semiconductor crystals.

FIGURE 4. Crystal growth methods: (a) vapor process such as physical vapor transport technique, which is effective to grow crystals of
oligomers and low molecular weight materials, such as CuPc; (b) solution processes such as self-assembly, which depends on the tuning and
utilization of molecular interactions for self-assembly (e.g., for an anthracene derivative). Reproduced with permission from ref 33. Copyright
2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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Crystal Optoelectronic Devices
Device Fabrication. Devices based on organic single crys-

tals are ideal to study the intrinsic properties of organic semi-

conductors. Controlling the growth of organic crystals for the

fabrication of organic devices is a “bottom up” method, which

integrates the requirements of nanoelectronics and organic

electronics. One important challenge in this field is the high

sensitivity of organic crystals to an electron beam or a focused

ion beam, which limits the use of traditional microfabrication

techniques for the fabrication of organic single-crystalline

devices and circuits, as well as the investigation of optoelec-

tronic properties of organic crystals.

Different nondestructive methods have been developed

(Figure 8) to fabricate devices based on small organic crys-

tals with bottom- or top-contact configuration.1,32,33 Bottom-

contact configuration (Figure 8a) is always adopted when

organic crystals are unstable in vacuum (e.g., tetrathiaful-

valene, TTF) or the deposition of a top electrode on them is

difficult. It is also noticed that bottom-contact configuration

sometimes causes contact problems due to the weak van der

Waals force between electrode and crystal. In contrast, top-

contact devices could work effectively to avoid this problem,

for example, by using a copper grid or a Au microwire as a

mask to deposit electrodes on a “small” organic crystal (Fig-

ure 8b).7,21,22,25,26,34 But during the vacuum deposition of

electrodes on the organic crystal, the thermal irradiation may

also harm the organic crystal. In order to avoid thermal radi-

ation damage and the filling of pinholes in the dielectric layer

by metal atoms during electrode vacuum deposition, a

mechanical technique was recently developed to paste elec-

trodes onto crystals directly (Figure 8c).35-38 A Au thin film

deposited on a Si wafer is cut into small pieces (approximately

30 µm × 150 µm) by a sharp probe, and then a piece of the

film is peeled off from the substrate by the probe and pasted

FIGURE 5. Self-assembled products of compound 5 (top) and compound 6 (bottom), and the corresponding SEM (left), TEM (middle) images,
and SAED patterns (right) of the micro- and nanocrystals.

FIGURE 6. Different packing motifs and intermolecular interactions
in isomers of compound 5 (top, viewed down the c axis) and 6
(bottom). In compound 5, face-to-face π-π stacking interactions are
found, and in compound 6, strong intermolecular interactions are
found within the a-c plane. The different intermolecular interaction
modes explain the different self-assembled morphologies of the
isomers.
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onto the organic crystal as source or drain electrode. The

“cold” electrode circumvents the disadvantages of thermal

evaporation and thus ensures high device performance. More-

over, this technique needs only a few instruments and hence

is very appropriate for fundamental study of organic crystals.

Principally, this method may also be applicable to a variety of

metals of different work functions to meet the needs of dif-

ferent energy levels from the organic semiconductors. It

should be pointed out that this “pick and paste” method

should only apply to relatively thin crystals because thick crys-

tals will contribute to vertical contact resistance.

Structure-Property Relationship. Structure-property

studies are prerequisites to understand the fundamental

properties of organic materials and their corresponding

molecular structure and device properties. High mobility is

expected when conjugated molecules have strong interac-

tions with neighboring molecules to maximize the overlap

of π molecular orbits, for example, the cofacial π-π stack-

ing structure.39 However, so far, lots of organic semicon-

ductors that exhibit high mobility (e.g., pentacene40,41)

adopt the edge-to-face herringbone structure with reduced

intermolecular electronic couplings. It is imperative to estab-

FIGURE 7. Crystal growth of compound 6 by controlling the growth temperature (other conditions kept constant) in the physical vapor
transport system. Three representative morphologies are obtained, which indicates the importance of external factors for controlling the
growth of organic crystals.

FIGURE 8. Techniques for the fabrication of devices based on organic micro- and nanocrystals: (a) bottom-contact configuration with
predeposited electrode arrays on substrates, dropping solution on the electrodes for crystallization; (b) shadow mask technique by
employing a copper grid or a Au microwire as the mask for electrode deposition to make symmetrical and asymmetrical electrodes; (c) Au-
layer stamping technique, in which thin Au layers are mechanically transferred and pasted on an individual crystal as the electrodes.
Reproduced with permission from ref 33. Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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FIGURE 9. Crystal structures of R- and �-TTF and typical output and transfer characteristics of the transistors based on R- and �-TTF crystals.
The maximum field-effect mobility of R-TTF is as high as 1.20 cm2/(V s), while that of �-TTF is only about 0.23 cm2/(V s). The different
charge transport properties indicate the importance of phase control for high-performance devices. Adapted with permission from ref 43.
Copyright 2007 American Institute of Physics.

FIGURE 10. SEM and TEM images and SAED patterns of an individual crystal of compounds 10a, 10b, and 10c: (a, d, g) compound 10a; (b, e, h)
compound 10b; (c, f, i) compound 10c. The corresponding transistors based on individual crystals exhibit mobility up to 0.73 cm2/(V s) for 10a,
0.52 cm2/(V s) for 10b, and 10-5 cm2/(V s) for 10c, indicating the significant roles of π-π interaction (10a > 10b > 10c) for morphology (1D f 2D
f 3D) and mobility control (10a > 10b > 10c). Adapted with permission from ref 44. Copyright 2009 American Chemical Society.
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lish the structure-property relationship of organic semicon-

ductors explicitly.

TTF and its derivatives have become one of the most stud-

ied heterocyclic systems since its discovery.42 It is well-known

that TTF crystals have two phases: R-TTF, which belongs to the

space group P21/c with two molecules at centrosymmetric

sites of the unit cell, and �-TTF, which belongs to the space

group P1 with four symmetry-inequivalent molecules at the

centrosymmetric sites of the unit cell (Figure 9).43 Crystals of

R-TTF can be grown from n-heptane solution, while �-TTF can

be obtained by using chlorobenzene as solvent. Single-crys-

tal transistors based on R- and �-TTF (Figure 9) suggest that

the maximum field-effect mobility of the R phase is as high as

1.20 cm2/(V s) while that of the � phase only about 0.23

cm2/(V s), which is assigned to the strong π-π stacking and

the S · · · S intermolecular interactions of R-TTF.43 The results

provide direct evidence of the structure-property relation-

ships of TTF crystals.

Cruciform molecules are another kind of ideal candidate

for the examination of the structure-property relationship

due to their unique structures with two distinct molecular

axes perpendicular to each other. As shown in Figure 10,

the selected molecules have anthracene as one axis and

the substituents on the 9,10 positions of the anthracene

ring as another axis. The results demonstrate that the cru-

ciform molecules are easily crystallized as micro- and nano-

crystals via a simple solution drop-cast process, forming

one-dimensional (1D), two-dimensional (2D), and three-di-

mensional (3D) crystals. The corresponding transistors

based on individual crystals exhibit mobility up to 0.73

cm2/(V s) for 10a, 0.52 cm2/(V s) for 10b, and 10-5 cm2/(V

s) for 10c, indicating the significant roles of π-π interac-

FIGURE 11. (a) Schematics for the fabrication of crystal devices using an individual organic micro- or nanoribbon as the mask, (b) SEM
images of the fabricated devices with different channel length based on an individual organic micro- or nanocrystal using the “organic
ribbon mask technique”, (c) schematics for the deposition of multielectrodes on an individual organic micro- and nanocrystal by using the
“two-dimensional organic ribbon mask” technique, and (d) SEM images and transfer characteristics of the devices’ transport along different
crystal axes (left) and different crystal surfaces (right). Adapted with permission from refs 12 and 51. Copyrights 2008 and 2009 Wiley-VCH
Verlag GmbH & Co. KGaA.
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tion (10a > 10b > 10c) for morphology (1D f 2D f 3D)

and mobility control (10a > 10b > 10c).44

Molecular aggregation controlled properties are also vivid

examples for the study of structure-property relationship. For

example, nanocoils of an anthracene derivative in J-aggre-

gates with slight π-π overlap exhibit no photoresponse activ-

ity, but its nanoribbons in H-aggregates with relatively strong

π-π overlap exhibit good photoresponse ability,45 which

shows the close relationship between molecular structure, sol-

id-state morphology, and properties of organic semicon-

ductors.

Transport Anisotropy. The charge transport anisotropy of

organic bulk crystals can be examined with the elastomeric

transistor stamp technique,46,47 painting graphite electrodes

technique,48 predeposited radial shape electrodes,49,50 etc.

However, it is a great challenge to study the transport anisot-

ropy of organic micro- or nanocrystals by these techniques.

We have developed the “organic ribbon mask” technique to

deposit electrodes on “small” organic crystals. The channel

length of the devices can be scaled down to nanometer level

(Figure 11a,b), which opens a new cost-effective and facile

way to fabricate organic single-crystal devices with a short

conducting channel without the need of photo- or electron

beam lithography.12 Moreover, based on this technique, a

“two-dimensional organic ribbon mask” technique is further

approached, so that multielectrodes can be fabricated based

on an individual microcrystal.51 An exemplified device with

four electrodes along the c and a directions of an individual

hexagonal crystal of compound 6 is shown in Figure 11c,d.

The mobility along the c direction is found to be 0.6-1.8

cm2/(V s) and that along the a direction 0.1-0.5 cm2/(V s).

The mobility ratio of anisotropy is around 2.3-2.5. And the

anisotropy of different crystal planes shows that mobilities

along conduction channels of 1 T 2 and 4 T 5 (equivalent

directions, µc) are moderately higher than that along conduc-

tion channels of 2 T 3, 5 T 6, 3 T 4, and 6 T 1 (equiva-

lent directions, µac). The results agree well with the fact that the

closer the molecular packing, the higher the mobility.51

Circuits of Organic Crystals
The high performance of organic crystals and devices ensures

the high performance of their corresponding circuits, such as

complementary inverters. Here, a kind of high-performance

digital inverter integrating by only p-type organic single-crys-

tal transistors is introduced.52 The used organic semiconduc-

tor is an anthracene derivative (DPV-Ant), which possesses

facile synthesis procedures, high-performance thin-film tran-

sistors, and high stability in air.13,14 Single crystals of the com-

pound are grown by the physical vapor transport technique

(Figure 12a-c), and transistors based on individual crystals are

fabricated by the “organic ribbon mask” technique. The

devices exhibit mobility at 1.6-4.3 cm2/(V s) along the a
direction. Digital inverters consisting of two top-contact p-type

single-crystal transistors are fabricated as shown in Figure 12d

with ideal transfer curves and excellent logic-level conserva-

tion with voltage gain maximum to 80.52

FIGURE 12. (a) Molecular structure and TEM image of individual
crystal of DPV-Ant, (b) SAED patterns of the crystal, (c) crystal
packing in the crystal of DPV-Ant, (d) schematic inverters based on
DPV-Ant single crystals integrating with two top-contact p-type
single-crystal transistors, and (e) corresponding voltage gains of the
inverters. Adapted with permission from ref 52. Copyright 2009
Wiley-VCH Verlag GmbH & Co. KGaA. FIGURE 13. Patterning organic single-crystalline nanoribbons on

substrate by epitaxial growth of the crystal along the long axis of
crystal seeds, by controlling the orientation of the crystal seeds,
single-crystal nanoribbons with various architectures can be
obtained. Reproduced with permission from ref 55. Copyright 2006
Wiley-VCH Verlag GmbH & Co. KGaA.
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For the fabrication of more complex circuits, it is impor-

tant to pattern organic crystals on substrates32,53,54 to avoid

the disadvantages of handpicking process of organic crystals

and give intimate contacts between the gate insulator and

organic semiconductor. A novel method for this target is

developed to in situ pattern organic single-crystalline nano-

ribbons on a SiO2 surface (Figure 13)55 by epitaxial growth of

the crystal along the long axis of crystal seeds. By control of

the orientation of the predeposited seeds, single-crystal nano-

ribbons with various architectures can be obtained (Figure 13),

which presents the prospect of integrated circuits based on

organic single crystals. Cross-bar circuits of organic single-crys-

talline nanoribbons are demonstrated as shown in Figure 14,

wherein the used single crystals are CuPc (p-type) and F16CuPc

(n-type), and electrodes are single-crystal nanoribbons of Sb-

doped SnO2.56 Two n-type and two p-type transistors with

independent gate electrodes and gate insulators compose the

circuits, which can perform multiple functions in different con-

nection configurations. Diverse functions such as inverter and

OR, AND, and NOR logic gates can be achieved by the cross-

bar circuits. For example, through the connections of the ends

of the single crystals as shown in Figure 14, the NOR and

NAND circuits are accomplished nicely. Such circuits exhibit

very low operational voltage (<10 V), low current (static cur-

rent <4 pA), and ultralow power consumption (<40 pW).56

Conclusions
Micro- and nanocrystals of organic semiconductors have

attracted particular attention in recent years. Remarkable

progress includes the design of new molecules self-assem-

bling in a predictive manner into regular high-quality crys-

tals, the elucidation of how the internal structures determine

the crystal growth and how the external conditions affect the

crystal morphology, the probing of the optoelectronic proper-

ties of organic single crystals with the design and use of new

facile methods, the microscopic description of the struc-

ture-property relationship, and the nice demonstration of

devices and circuits based on the micro- and nanocrystals. The

development of materials science, the increasing demand for

miniaturization of organic electronic devices, crystallography,

FIGURE 14. Organic single-crystal logic circuits of NOR and NAND by using nanoribbons of CuPc, F16CuPc, and SnO2-Sb as building blocks:
(a) circuit and schematics of logic circuits of NOR and NAND; (b) transfer and dynamic switching characteristics of an NOR gate at VDD ) -10
V; (c) transfer and dynamic switching characteristics of an NAND gate at VDD ) 10 V. Adapted with permission from ref 56. Copyright 2009
Wiley-VCH Verlag GmbH & Co. KGaA.
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organic semiconductors, condensed matter physics, and nano-

electronics all point to the cross-disciplinary role of micro- and

nanocrystals of organic semiconductors.
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