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The authors demonstrate the operation of an organic single-crystal complementary circuit in the
form of a simple inverter. The device is constructed from a high mobility p-type organic
single-crystal transistor of tetramethylpentacene �TMPC� and a n-type single-crystal transistor of
N ,N�-di�2,4-difluorophenyl�-3,4,9,10-perylenetetracarboxylic diimide �PTCDI�. Field-effect
mobilities of up to 1.0 cm2/V s are reported for TMPC devices, while a mobility of 0.006 cm2/V s
is reported for a n-type PTCDI single-crystal device. Considering that organic single-crystal
inverters have not yet been explored, they are representative of potential candidates for use in
high-performance complementary circuits. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2390646�

An inverter is considered to be the most basic circuit
element in complementary metal-oxide semiconductor tech-
nology. Complementary inverters consisting of both p- and
n-channel devices are reported to have advantages over
homogeneous-structured devices �i.e., either p- or n-channel
only�.1 These advantages include improved noise margins,
lower power dissipation, and device stability.1,2 It has been
demonstrated that these particular advantages also apply to
organic thin film circuits such as ring oscillators, shift regis-
ters, flip-flop circuits, and inverters.1–7 An interesting note is
that most of the work to date has focused on organic poly-
crystalline thin film circuits only, and thus far, little or no
work has been demonstrated with organic single crystals.
Organic single crystals are of interest, because they exhibit
excellent charge transport in field-effect transistors.8–10 Here
we demonstrate that organic single-crystal complementary
inverters can be fabricated and yield excellent electrical char-
acteristics. We employ tetramethylpentacene11 �TMPC� and
N ,N�-di�2,4-difluorophenyl�-3,4,9,10-perylenetetracarboxylic
diimide �PTCDI� as p-type and n-type12 organic semiconduc-
tors, respectively. Neither of these materials has been inves-
tigated in their single-crystal forms. p-type field-effect mo-
bilities of 1 cm2/V s and n-type field-effect mobilities of
0.006 cm2/V s are reported for TMPC and PTCDI, respec-
tively. By electrically combining a p-type TMPC device and

n-type PTCDI device, we demonstrate the operation of an
organic single-crystal complementary inverter.

The fabrication of single-crystal transistors begins from
the growth of crystals by horizontal physical vapor transport
growth.13 Single crystals were grown in a stream of argon at
a flow rate of �100 ml/min and growth times ranging from
4 to 16 h. TMPC single crystals were typically thin, flat
flakes usually 3�3 mm2 in size with thicknesses ranging
from 400 nm to 2 �m. PTCDI crystals were typically 0.5
�2 mm2 in size and usually about 1–3 �m thick. Single-
crystal transistors were fabricated on highly doped Si con-
taining 300 nm SiO2 dielectric. The source-drain electrodes
were thermally evaporated with 5 nm Cr and 50 nm Au un-
der a vacuum of �1�10−5 torr. A solution of 10 mM
4-nitrobenzenethiol �Aldrich� in dry toluene was used to
modify source-drain electrodes for p-type single-crystal de-
vices only �devices were placed in the thiol solution for 2 h
and carefully rinsed with toluene�. It has been reported that
this type of surface modification on gold electrodes can im-
prove device performance by increasing carrier densities of
holes at the metal/semiconductor interface for p-type semi-
conductor devices.14 Organic single crystals were carefully
picked with a Teflon-coated tweezers and electrostatically
bonded across source-drain electrodes �bottom-contact con-
figuration�. This flip-crystal technique15 is widely used to
fabricate single-crystal transistors for field-effect studies.
Figures 1�a� and 1�b� show the chemical structures and op-
tical images of the organic semiconductors. TMPC and
PTCDI are utilized as p-type and n-type materials, respec-
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tively. The organic single-crystal inverter device configura-
tion is shown in Fig. 1�c�.

The scanning electron microscope �SEM� images were
obtained with a JEOL JSM 6700F electron microscope.
Samples were coated with �5 nm of gold prior to SEM im-
aging. Electrical measurements were performed using an HP
4155B semiconductor parameter analyzer. Single-crystal
thicknesses were measured with a profilometer �Dektak
3030� and the SEM instrument. The crystal thicknesses used
in fabricating the transistors were 400–1200 nm for TMPC
and 1500 nm for PTCDI. An actual TMPC single-crystal de-
vice is shown in Fig. 1�d�. The SEM image clearly shows a
flat crystal across the source-drain electrodes and the channel
region. From the SEM image, the estimated crystal thickness
is about 400 nm and the crystal appears to have good elec-
trostatic adhesion to the underlying dielectric and electrode
surface. The good adhesion along the surface of the channel
provides effective carrier transport along the crystal/
dielectric interface.

All measurements on TMPC single-crystal devices were
made in normal room atmosphere with a standard probe sta-
tion. For PTCDI devices, we found that the device charac-
teristics were improved when measured under vacuum. For
example, we observed a negative shift in threshold voltage
from �14 V �air� to 8.3 V �vacuum�, an increase in current
on/off ratio from �45 to 120, and finally the onset of the
output characteristics was much improved and well resolved
under vacuum. We found no measurable distinction in field-
effect mobility in devices measured under vacuum. There-
fore, the results reported for n-channel devices are measured
in vacuum ��10−5 torr�. Due to the low mobility of the
n-channel material compared to the p-channel material, in-
terdigitated electrodes were implemented to yield character-
istics with higher output currents. The channel width/length
�W /L� for our devices was carefully examined from the mi-
croscope based on the crystal cover area across the channels
�W /L=14 for TMPC and W /L=140 for PTCDI�. The field-

effect mobility was calculated from the saturation region us-
ing equation of IDS= �WC� /2L��VG-VT�2, where the capaci-
tance C=10 nF/cm2 for 300 nm thick SiO2 gate dielectric
and VT is the threshold voltage. The subthreshold slopes
were calculated from the equation S=dVG /d�log IDS�.16

Figure 2 shows the IDS-VDS characteristics �left panel�
while the right panel shows both the �IDS�0.5-VG and
log�IDS�-VG characteristics for typical p-type TMPC �Fig.
2�a�� and n-type PTCDI single-crystal device �Fig. 2�b��. The
IDS-VDS curves show well-defined transistor characteristics
with saturation effects at VG�−20 V and VDS�−40 V for a
TMPC device. We extracted a field-effect mobility of
1.03 cm2/V s in the saturation region at VDS=−90 V, on/off
ratio of �104, threshold voltage of −3 V, and a subthreshold
swing of 7.2 V nF/decade cm2. Previously, we reported
TMPC thin film transistors with mobilities as high as
0.3 cm2/V s and on/off ratios on the order of 103.11 Our re-
sults herein exhibit more than a threefold increase in field-
effect mobility. This may indicate that single-crystal devices
fabricated from pentacene derivatives may potentially show
greater performances compared to thin film counterparts, and
thus give rise to opportunities with materials that do not
yield impressive mobilities in thin film devices. For the
PTCDI single-crystal transistor, we determined a field-effect
mobility of 0.006 cm2/V s at VDS=60 V. The on/off ratio is
�120, threshold voltage of 8.3 V, and a subthreshold swing
of 24 V nF/decade cm2 is observed. We further examined
the gate dependence of these single-crystal transistors. From
Fig. 3�a�, the electrical characteristics reveal that single-
crystal devices show a nearly no gate dependence beyond
−30 V for TMPC when mobility is plotted versus the abso-
lute gate voltage �VG�. The same plot also shows that the
PTCDI device exhibits a fairly weak gate dependence in gate

FIG. 1. Chemical structures and optical micrographs of
�a� tetramethylpentacene and �b� N ,N�-di�2,4-difluorophenyl�-3,4,9,10-
perylenetetracarboxylic diimide. �c� A schematic complementary inverter
circuit devised from a p-type TMPC and a n-type PTCDI transistor. �d� A
SEM image of a TMPC crystal electrostatically bonded across source-drain
electrodes.

FIG. 2. Electrical characteristics of �a� TMPC and �b� PTCDI devices, ex-
hibiting field-effect mobilities of 1.0 and 0.006 cm2/V s, respectively. The
left panel shows the output current �VDS vs IDS�, and the right panel shows
the transfer curves �IDS

1/2 vs VG�.
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voltages beyond 20 V. Therefore, these results show that
gate dependence does not seem to occur in our electrostati-
cally bonded single-crystal devices. This evidence coincides
with previous work showing that gate voltage dependence is
a more prevalent phenomenon commonly observed with
traps at grain boundaries in polycrystalline thin film
transistors17 as opposed to single-crystal devices. We note,
however, that single-crystal transistors have been reported to
exhibit weak gate voltage dependency.18

In Fig. 3�b�, we demonstrate a complementary inverter
circuit devised from a p-type �TMPC� and a n-type �PTCDI�
device. We point out that the inverter devices were measured
in room atmosphere and not under vacuum. The graph shows
how the p-channel load turns off as the n-channel driver
sharply turns on as the input voltage is gradually increased.
Despite the fact that there is a large mismatch in charge
carrier mobilities between the two semiconducting materials,
a well-defined transfer curve can still be observed. It is ob-
vious that the initial output voltage ��28 V� is slightly lower
than the supply voltage �30 V� at zero input voltage �Vin�. It
may be possible that these nonideal characteristics arise from
leakage currents, but more likely ascribed to the aforemen-
tioned incongruity in the mobilities of n- and p-channel de-
vices. Nevertheless, we report a gain of 4.2 for our inverter
device, comparable with literature reports.3 We believe that it
may be possible to achieve larger gain values by utilization
of a higher mobility n-channel material.12

In conclusion, we report field-effect mobilities as high as
1 cm2/V s for TMPC and 0.006 cm2/V s for PTCDI single-
crystal transistors. TMPC single-crystal devices show a
threefold increase in mobility over previously reported
TMPC thin film devices.11 We also demonstrated an all or-
ganic single-crystal complementary inverter. More research
on the implementation of organic single-crystal complemen-
tary inverters is ongoing in order to achieve higher circuit
performances. In addition, we are also pursuing the pattern-
ing of organic single-crystal complementary circuits on flex-
ible substrates9 for applications in displays and wearable
electronics.
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FIG. 3. �a� Plot of mobility as a function of gate voltages for TMPC and
PTCDI devices. The data were calculated from the given equation �
= �2L /WCi���IDS

1/2 /�VG�2. �b� The inverter and gain characteristics acquired
from TMPC and PTCDI transistors. The supply voltage is VDD=30 V.
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