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Ambipolar Pentacene

Field-Effect Transistors and
Inverters

J. H. Schén,* S. Berg, Ch. Kloc, B. Batlogg

Organic field-effect transistoﬂ}s based on pentacene single crystals, prepared
with an amorphous aluminum oxide gate insulator, are capable of ambipolar
operation and can be used for the preparation of complementary inverter
circuits. The field-effect mabilities of carriers in these transistors increase from
2.7 and 1.7 square centimeters per volt per second at room temperature up to
1200 and 320 square centimeters per volt per second at low temperatures for
hole and electron transport, respectively, following a power-law dependence.
The possible simplification of the fabrication process of complementary logic
circuits with these transistors, together with the high carrier mobilities, may be
seen as another step toward applications of plastic electronics.

Organic thin-film field-effect transistors (FETs}
have been studied extensively throughout the
last decade, and tremendous progress in perfor-
mance of these devicés has been achieved (/-
4). Among these organic materials, pentacene
has been found to have the highest mobilities for
hole transport (p channel) (3, 6). State-of-the-ant
organic thin-flm transistors reach performances
similar to those of devices prepared from hydro-
genated amorphous silicon (a-81:H), with mo-
bilities around 1 cm® V™! 57! and on/off ratios
surpassing 10°, and with the use of high—dielec-
tric constant gate insulators, operating vollages
as low as 5 V can be achieved (7). These
accomplishments demonstrate that the use of
organic electronic devices may become feasible
and desirable in areas in which large area cov-
erage, mechanical flexibility, low-temperature
processing, and overall low cost are required.
Potentiai applications include low-end data stor-
age, such as identification tags or smart cards
(8), and even switching devices for active dis-
piays (9), especially because the integration of

Bell Laboratories, Lucent Technologies, Mountain Av-
enue, Murray Hill, Nj 07974, USA.

*To whom correspendence should be addressed. E-
mail: hendrik@lucent.com

organic FETs and organic light-emitting diodes
into smart pixels has been demonstrated (9-//}.
However, organic FETs have worked only as
unipolar devices in accumulation or depletion,
never in inversion. To exploit advantages of
complementary logic, such as low-power dissi-
pation, good noise margins, robust operation,
and ease of circuit design, two difterent organic
materials have to be used. The different semn-
conductors can be embedded into one hetero-
structure device (/2. 73) or into many separate
devices (/4-17), leading to all-organic digital
circuits. The lirnitation of charge transport by
only one carrier type is generally ascribed to
effective trapping of the other carrier n the
material itself as well as at the imerface 10 the
gate dielectric (/2, /3). Therefore, the use of
ultrapure, high-quality materials seems to be a
prerequisite 10 overcome this limitation.

Here, we report on organic FETs based on
pentacene single crystals working as ambipolar
devices both in accumulation {p type) and in-
version (n type). High-punity pemacene single
crystals were grown by physical vapor transport
in a swream of hydrogen (/&). Space-charge—
limited current measurements { /9 revealed wap
concentrations (for holes) and acceptor densities

as low as 10°F and 10" em™. respectively.

Gold source and drain comacts (thickness of 50
nm} were evaporated through a shadow mask,
defining a channel iength between 25 and 30
pim and a width of 500 10 1500 pm. AlLO, was
deposited as gate dielectric layer by radio fre-
Quency-inagnetron sputiering (capacitance C, =~
30 nF cm™?; thickness of 250 nm). Finally, the
gate electrode (thickness of 100 nm) was pre-
pared by thermal evaporation of gold (Fig. 1).

Typical device characteristics at room tem-
perature of a pentacene single-crystal FET (Fig.
2) show the device working in both accumula-
tion and inversion modes. The device operation
of organic transistors is well described by stan-
dard FET equations (20), as previousty shown
(7). For accumulation {hole wansport), the mo-
bility is 2.7 cm? V™' s, and the on/off ratio at
10V is 10° Typical threshold voltages are in
the range of —1 V. In combination with the
steep subthreshold siope of 200 meV per de-
cade (Fig. 3), this low threshold voltage mdi-
cates the high quality of the pentacene smgle
crystal as well as the pentacenc-AlQ, inter-
face. An electron mobility of 1.7 em* V™' 57!
and an on/off ratio of 10® are measured for
operation in inversion. The higher threshold
voltage of about 5 V reveals a higher density of
traps for electrons than for holes. Nevertheless,
n-channel transport ¢can be obtained in penta-
cene devices. The observed field-effect mobil-
ity is similar to previous time-of-flight mobili-
ties measured on related compounds such as
naphtalene or anthracene (2/).

Because no organic material has to be pat-
terned, the use of ambipolar devices can sub-
stantially simplify the fabrication of comple-
mentary metal oxide semiconducior (CMOS)-

Gate
diglectric Gate alectrode (Au)  Source and drain
electrodes {Au)

{A1,04)

£

Pentacene (crystal}

Fig. 1. Schematic structure of the FETs based
on single crystaliine pentacene. Gold and ALO,
were used as electrode and gate insulator ma-
terials, respectively.
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Vs (V)
0 z 4 3 8 10
T T v T T v
Pentacene V=10V
10 .
— Inversion
=~ 8V
-~ 5F .
6V
0 t T t t

Fig. 2. Drain current (/) versus drain-source
voltage (V) characteristics at room tempera-
ture of a pentacene single-crystal transistor in
inversion mode (n type, top) and accumutation
mode {p type, bottom). V., gate voltage.

like circuits. Complementary circuits in which
single transistors operate either as n- or p-chan-
nel device have been proposed and analyzed for
a-Si:H-based FETs (22, 23). From the transfer
characteristic of a CMOS-like inverter circuit
based on ambipolar pentacene FETs (Fig. 4), a
gain as high as 10 has been measured. More-
ovet, inverters with a gain as high as 23 have
been prepared with: different metals as source
and drain electrodes for n- and p-channel oper-
ation. Because of the high mobilities observed
in the present devices, especially for n-type
wansport, a substantial; improvement of switch-
ing speed (75, 17) and performance of organic
complementary circutts can be expected from
the use of ambipolar transistors in addition to
the simplification of processing.

The high quality of the pentacene single
crystals and of the pentacene-Al,O, interface
opens up possibilities for studying the physics

inversion

(n-type}

10s

I accumulation
107 | (ptype)

109 ¢

Drain Current {A)

10!+

Pentacene FET

1o L e —
-0 -8 €6 4 -2 0 2 4 & B 10
Gate Voltage {V)

Fig. 3. Drain current versus gate voitage char-
acteristics at room temperature of a pentacene
single-crystal transistor. The on/off current ra-
tio ”VDR= 10 V) is 108 and 10° for n- and
p-channel operation, respectively.

www sciencemag.org  SCIENCE  VOL 287

o Z 4 * BT
Via [V]

Fig. 4. Transfer characteristic of a CMOS-like
ambipolar pentacene inverter circuit (see inset)
for a supply voltage v, of —10 V. The p-
channel transistor was used as driver for the
n-channel load. A gain of 10 was obtained. V,,
input voltage; V, . output voltage.

ut!

of charge wansport in these organic semicon-
ductors. Measurements on thin-film devices
demonstrated a wide variation of the tempera-
ture-dependent mobility even for nominally
similar preparation conditions, which is as-
cribed to trap levels, contact effects. and grain
boundaries (4, 24). However, it is worth men-
tioning that these exirinsic defects mainly influ-
ence the charge transport in thin fiims at low
temperature. At room femperature, however,
similar mobilities as in single crystals can be
achieved in pentacene thin films. We prepared
pentacene thin films by organic vapor phase
deposition on flexible plastic substrates and
used them as a basis for FETs, which also
revealed ambipolar activity. Growth of large
grain {15 pm) films at elevated temperatures
with low grain boundary trap densities seems to
be the key parameter for such dewvices,

The field-effect mobility on single-crystal
devices in which the influence of grain bound-
aries, traps, and residual disorder is minimized
(Fig. 5) increases, following a power law from

T T

wop T
O= = = -0

@ g0t b

20

=

E

Lo

=

E

[«

= 10'F
100 I

10 100 300
Temperature {K)

Fig. 5. Temperature dependence of the field-
effect mobility of a pentacene single-crystal
FET showing 2 power-law dependence for p-
channel as well as for n-channel operation.

2.70r 1.7 em? V~! 57! at room temperature up
10 1200 or 300 cm? V' 57! at low tempera-
tures for holes or elecwons, respectively. This
temperature dependence and the very high val-
ues of the mobility at low iemperature suggest
that the charge transporn is govemed by band-
like motion rather than by hopping processes.
These results are in line with our temperature-
dependem space-charge-limited current mea-
suretnents on pentacene single crystals and also
with time-of-flight measurements on naph-
talene single crystals (20, 25), where mobilities
as high as 400 cm? V! 57! were measured at
low temperatures. Therefore, it appears that on
2 phenomenological level, classical inorganic
semiconductor physics may provide an ade-
quate description of charge transport and device
performance in polyacene materials.
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A Superconducting Field-Effect
Switch

J. H. S5chén,* Ch. Kloc,® R. C. Haddon,? B. Batlogg’

We report here on a novel’. realization of a field-effect device that allows
switching between insulating and superconducting states, which is the widest
possible variation of electrical properties of 3 material. We chose C,, as the active
material because of its low surface state density and observed superconduc-
tivity in alkali metal-doped C,, We induced three electrans per C,, molecule
in the topmost molecular layer of a crystal with the field-effect device, creating
a superconducting switch operating up to 11 kelvin. An insulator was thereby
transformed into a superconductor. This technique offers new opportunities for
the study of superconductivity as a function of carrier concentration.

The basic idea of an ideal electric “valve” goes
back 1o the late 1920s and involves switching
between high- and low-resistance regimes by
an applied efectric field (/). However, rehable
devices could not bf: prepared until 30 years
later {2), surface states of norganic semicon-
ductors, such as silicon or germanium. being
the major hurdle. Since then. the silicon field-
effect transistor (FET) has become the corner-
stone of modern semiconductor indusiry and
technology. In addition, there has been an on-
going effort to modulate superconductivity in
thin films by an applied static electric field {3).
Shifts of the transition temperature T, of up 0
30 K have been observed m high-T. cuprate

films, caused by changing the concentration of

charpe carriers ir: the electronically active Cu0,
layers (4, 5). However. complete field-induced
switching between superconducting and insu-
lating states remains a desirable goal. Here
we report on a novel C, -based field-effect
device, an ultimate switch between the nsu-
fating and superconducting regimes of chem-
ically pure C,,.

'Bell Laboratories, Lucent Technologies, 600 Moun-
tain Avenue, Murray Hill. N 07974, USA. 2Depart-
ments of Chemistry and Physics and Advanced Car-
bon Materials Center, University ef Kentucky. Lexing-
ton, KY 40506, USA.

Working with C,, as the staring material
is advantapgeous because so much is known
about transport. and ultimately superconduc-
tivity. in C,,, when electrons are induced by
chemical doping {6. 7). Undoped C, has a
band gap of approximately 2 eV and is there-
fore insulating. whereas alkali metal-doped
Coo (A5C) exhibits metallic conductivity
and. at low temperatures. supercenductivity.
Furthermore. working with van der Waals—
bonded materials, such as molecular crystals.
offers the inherent advantage of fow surface
state densities because of the absence of
dangling bond-type surface states. Previous
studies on organic semuconductors such as
pentacene have shown that in an organic FET
the chemical potential can be shifted easily
across the band gap of the semiconductor,
jeading to i- as well as p-channel activity (&).

We have grown C,,, single crystals that are
several mm® in size in a stream of hydrogen in
an apparatus similar to that used for the growth
of other organic semiconducior crystals (9).
Muliiply sublimed material was used as a starl-
ing material. In order 1o prepare field-eftect
devices on C,,, single crystals. we evaporated
gold source and draip contacls on smooth
growth surfaces through a shadow mask. Chan-
nels were typically 25 to 30 wm long and 300 10
1000 pm wide Sputiered Al,O, with & capac-

itance ¢ of 183 nFrem” was used as the pate
dielectric. Finaltv. a gold gawe electrode was
deposited en twp of the oxide (Fig. 1) FET
measurements were carried out m vacuum at
temperatures between 4 and 300 K. Additional
space charge-limited cwrrent measurements
were used 1o determine the number of electri-
caliv active defects in these high-qualicy smgle
crysials (/0). Trap concentrations {deep levels)
as low as 3 % 10" e qone per 3 x 107 C
molecules) are estimated. This level s signifi-
catly lower than those reported earlier tor oth-
er vacuum-grown crystals {/ /).

Previous thin film C,, wansistors exhibited
n-type behavior and fieid-effect mobilities of
0.09 cm?/V-s {(/2). Figure | shows the 1ypical
transistor characteristics at room temperaiure
for single-crystal devices, These devices show
n- as well as p-channel activity. reflectng the
ambipolar transport in these high-quality single
crystals and further emphasizing the low inter-
face state density of the FET. Electron and hole
mohilities of 2.1 and 1.8 cm?/V-s. respectively.
are deduced from standard
equations (/3). At reem tempetature. the chan-
nel resistance can be varied over approximaiety
nine orders of magnitude by the applied gate
bias (Fig. 2A). Figure 2A shows the channel
resistance as a function of gate charge (0 =
¥, fe. where n is the charge carrier densiy. C|
is the capacitance. V', is the gale voltage. and ¢
is the elementary charge) at room 1emperaiure
and 5 K. The initial drop of the resistance at a
few vols reflects the tum-on of the FET. At
Jarger bias. charge accumulates in the channel.
leading 10 a gradual decrease of the resistance.
Finally, a1 very high positive gate voliages. the
channel resistance drops abruptly o zere below
a critical temperature 7, of 11 K The channel
evidently becomes superconducung. The drop
of the resistance depends both on the apphed
gate voltage and on the iemperature. This is
shown in Fig. 2B where the channel resistance
is plotted versus temperature and the gate
charge. A priori we do not know the electronic
nature of the superconducting channel: that is.
how many molecutar layers become supereon-

sermeonductor
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Fig. 1. Source-drain current versus gate voltage
at room temperature for a C_; single-crystal
FET. Top, p-channel operation; bottom, n-chan-
nel operation. The inset shows the schematic
structure of a single-crystal FET.

[

ducting. However. excellent agresment with
known bulk superconductivity in A Udhns
found if we assume that only a single layer of
Ceu molecules accepts the electrons (/5). The
area density is approximately ¢ x 10" C_,
melecules per em” and the gate charge corre-
sponds to 2.7 X (0" electrons per em?. which
Is equivalent to three electrons per molecule
(Coo® ) Inbulk A C,,. this carrier concentra-
tien is known to produce the optimum T as the
Fermi level ¥ies near the maximum in the den-
sity of states of the conduction band. A morce
detailed map of the superconducting 7, as func-
tion of gate bias. expressed in terms of electrons
per Cy,. is shown in Fig. 3. The critical tem-
perature is maximal for three electrons per Coo
molecule (/4). Hence, we conclude that fieid-
induced doping results in the same SUpercon-

Fig. 2. Channel resis- A
tance of a Cg, single-

14

10

Temperaturg (K}

(-]

Superconducting Stale

2.00 2.25 2.50 .75 3.00
Eiectrons per C,

ducting phenomena as does chemical doping in
bulk A.C,,.
Modifying the lattice constant of A,C

)

by doping or pressure resuits in a change of

the lattice constant and of the electronic
bandwidth. and therefore of the density of
states at the Fermi level Consequently. T,
vartes in accordance with Bardeen-Cooper-
Schrieffer theory (6, /6, /7). A systematic
variation of 7, with the lattice constant is
indeed observed for A C_, {slight deviations
from the cubic crystal structure are ignored
here). The value of 7, = 11 K observed in our
field-effect switeh is slightly lower (=3 10 4
K) than expected from the “universal curve”
(Fig. 4). This 7, reduction might be ascribed
to the two-dimensional nature of the channel
region as compared to the three-dimensional
properties of bulk samples (/3).

A first characterization of the superconduct-
ing channel mvolves the upper critical magnetic
field H_, (Fig. 5). The slope of the critical field
{dH_.dT') is approximately —5 T/K in the
range reported for bulk AC  (6). Using the
standard extrapolatton 10 7 = 0 K. we can

seen as a drop in the
biue curve. (B) Resis-

tance as a function of gate charge {Cvy) and temperature, demonstrating super-
conductivity for concentration above 2.5 X 10" cm -2 and below T.=11K

Y M T M
crystal FET as a func- & s ]

. B - 10 lan
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0
Gate Voltage (V)

Fig. 3. Channel resis-
tance as a function of
temperature and elec-
trons per C.. mole-
cule. The electron con-
centration is calculat-
ed assuming that only
the first molecular
layer accepts charge.
The maximum of the
transition temperature
at three electrons per
molecule is in accor-
dance with measure-
ments on chemically
doped A,C,,, (red, nor-
mal state; Eglue, super-
conducting state}.
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Fig. 4. Transition temperature for bulk atkati-
doped A C., and our C,, field-effect switch.
The values for A C, are taken from (6).

estimate the coherence length 10 be on the order
of 30 A. This is further evidence that supercon-
ductivity in a C, field-effect device is of the
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Fig. 5. Transition to the superconducting state
for different magnetic fields applied perpendic-
ular to the channel. The variation of the upper
critical magnetic field H_, with temperature is
shown in the inset (slope =~ —5 T/K).

same type as in A,C,,,. The filling bf the band
is controlled by the appled gate vollage. and
because of the strong electron-phonon interac-
tion in this material, the channel region be-
comes superconducting below 11 K.

The possibtlity of investigating supercon-
ductivity as function of electron {or hole)
density in a simple FET device opens up
various opporiunities to find superconductiv-
ity in new classes of materials, especially
organic semiconducters. In addition to being
able to implement the longstanding idea of an
utimate field-induced switch (insulator-su-
perconductor trangformation}, this technigue
also opens up new ways Lo substantially mod-
ify the electronic state in molecular crystals.
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include the “lab-oin-a-chip™ concept. The ro-
bots could be used for multistation single-cell
diagnostics. The robot arm could arrest bio-
logical entities (singlc cells, bacteria, muiti-
cellular organisms. et.) from a sample and
then transfer them sequentially to different
measurement stations of a multisensor area.
as demonstrated by the transfer of the glass
bead over the tracks. An array of standing
microrobots, whose fingers are treated with
adhesion molecules, could be used to select
given cells or bacteria in a sample and then
transfer them 10 the multisensor area. The test-
ing could also be done by small additional
structures on the microrobot itself, such as extra
electrodes for electrical measurements. The
electrodes could also be located on the chip
itself, for example, in nucrovials, which also
enable single-celt chemicat modifications.

A nonbiomedical application for microro-
bots is the assembly of microstructures in a
so-called “factory on a desk.” The mickorobot
could be used to assembie other microstruc-
tures. Most of this is stil) done manually,
which is cumbersome, time-consuming, and
expensive. Small micromachined conveyors
for this purpose have already been demon-
strated {/8, /9). An advantage of assembly in
water could be the reduction of gravitational
forces and slow diffusion constants of the
objects to assemble. The robot could assist
the self-assembly (20).

Design for the mantpulation of cells will
require choosing the proper dimensions of the
microrobot, The simpie scalability of the pre-
sented robots—they tan easily be reduced in
lateral dimension by one order of magni-
tude—is an important advantage. Also, our
microactuators can be seen as active hinges,
where only one electrical contact is needed
per element, reducing the amoun! of dead
area on the chip. This leads to the possibility
of a large number of parallel-operated micro-
robots on a small area for the simultaneous
handling of a large number of cells. Electro-
statically operated microactuators require a
considerable area for ingenious but complex
systems using comb drive actuators ana push
or pull rods 1o rotate a plate out of the surface
piane. To extend the range of the robot, some
modifications of the present design should be
made, like adding a rotating base. Using on-
chip counter and working electrodes (2/) would
truly integrate the robot in a microelectrome-
chanical system. The operation of such devices
may enable new methods in biotechnology.
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Fractional Quantum Hall Effect
in Organic Molecular

Semiconductors
}. H. S5chén, Ch, Kloc, B. Batlogg

High-quality crystals of the organic molecular semiconductors tetracene and
pentacene were used to prepare metal-insutator-semiconductor [MIS) struc-
tures exhibiting hole and electron mobilities exceeding 10* square centimeters
per volt per second. The carrier concentration in the channel region of these
ambipolar field-effect devices was controlled by the applied pate voltage.
Weill-defined Shubnikov.- de Haas oscillations and quantized Hall plateaus were
observed for two-dimensional carrier densities in the range of 10" per square
centimeter, Fractional quantum Hall states were observed in tetracene crystals

at temperatures as high as ~2 kelvin.

The quantum Hall effect (QHE) (/}. in whick
the Hall resistance R, of a quasi-two-dimen-
sional (2D) electron or hole gas becomes
quantized with values R_ = h/e?j (where h is

Planck’s constant, ¢ is the electron charge,

and j 15 an integer), has been observed in
a variety of inorganic semiconductors, such
as Si, GaAs, InAs, and InP. At higher mag-
netic fietds, fractional quantum Hall states
where j is not an integer have also been
observed (2). A QHE-like state was also seen
in organic materials such as Bechgaard salts
(TMTSF),X (where TMTSF is tetramethy)
tetraselenafulvalenc and X = ClO,, ReO,, or
PF,) (3-5). However, in these materials the
QHE 1s related to a series of field-induced
spinr density wave transitions {5) to states
with filled Landau bands {6). We report on
the observation of the integer and fractional
QHE in a 2D elecron and hole gas in the

Bell Laboratories, Lucent Technologies, 600 Mountain
Avenue, Murray Hill, N) 07574, USA.

organic semiconductors tetracenc and penta-
cene. This was achieved in a 2D electron-hole
system generated in a single crystal-based
MIS device,

Pentacene and tetracene single crystals
were grown from the vapor phase in a stream
of flowing gas (7, 8). The resulting high-
quality single crystals support ambipolar (i.e.,
electron and hole) transport (9). Thermally
evaporated gold films provide ohmic contacts
for holes as well as electrons. Because these
crystals are of high resistivity (>0
ohm-cm}, the charge carriers must be injected
in a field-effect wansistor geometry, in which
an Al O, layer (capacitance ~130 nF cm ™2}
serves as the gate dielectric. A thin goid layer
is deposited as the gate electrode on top of the
structure. We can then produce a 2D electron
or hole gas, respectively, in the channel re-
gion of an organic field-effect transistor (/0),
with the carrier density controlied by the gate
bias.

The charge transport properties in these

30 JUNE 2000 VOL 288 SCIENCE www.sciencemag.org
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structures were studied down 10 1.7 K in
magnetic fields up w0 9 T by dc measurements
in a conventional six-point Hall geometry
(Quantum Design physical properties mea-
surement system). A plot of the charge carrier
mobility p as a function of temperature for
concentrations of ~— 10" carriers ¢cm ™2 (Fig.
1) shows that values as high as 10° ¢m* V!
s~ ! are achieved in MIS devices. These elec-
tron and hole mobility values are much migh-
er than in earlier generations of crystals on
which we had fabricated ambipolar field-ef-
fect transistors (9). We ascribe this mobility
improvement at low temperatures 10 addition-
al purification and optimization of the growth
conditions, Note that the mobilities at higher
temperatures remain unchanged, reflecting

w0t :i)\
, =
10 E x
'.';' ’% .
- R '
2 0'f
§
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R
= - -I - pantacens | holeg
, Lr pentagene / dlectrons
W'F - o -tmracane / noies
-~ - igtracene / elecrons
o' %

Temperatura {K)

Fig. 1. Charge carrier mobility in pentacene and
tetracene as a function of temperature.

17K
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Fig. 2. Magnetoresistance and Hall resistance
as function of electron and hole concentration
in a pentacene MIS device at 1.7 K. Distinct Hall
plateaus and well-proncunced magnetoresis-
tance oscillations are clearly visible.
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the inrinsic nature of these high-lemperature
values (e.g. 4l room emperature. i, =~ 3
cm? V! s ! for holes in pentacenc).

The approximate power iaw dependence
of the mobility on tempesature (= 7 7", where
n == 2.5t02.7) was recognized as the intrinsic
property of polyacene single crystals and s
ascribed w eleciron-phonen interaction (9.
11). However, at low temperatures (<10 K},
charged point defects seem 1o himit the mo-
bility {/2) Hence, careful preparation and
purification are prerequisites 10 oblam mobil-
ities exceeding 10* cm® V™' 57! in this ¢class
of materials.

The magnetoresistance R and the Halt
resistance R at 1.7 K a1 a fixed magnetic
field of 9 T in a single crystalline pentacene
MIS device are shown in Fig. 2 as a func-
tion of electron and hole density in the
transisior channel. Well-pronounced oscil-
lations (Shubnikov-de Haas effect) and
Hall plateaus are observed. The Hall pla-
tcaus are quantized with R = #hljie? (j
integer) corresponding to the integer QHE
in a 2D electron gas (/. 13}, Moreover, the
oscillations and plateaus are observed for
both electrons and holes in the same sam-
ple. Hall platcaus are clearly visible for
filling factors j = 2 to j = 6, and less
pronounced structures can be found in R

up to j = 10 (Fig. 3). The effective hoie -

mass m* can be determined from the tem-
perature-dependent amplitude of the Shub-
nikov—de Haas osailiations (Fig. 3). We

derived values of 1.55 = 0.2 m_ and 13 =
0.3 m_(where m_1s the free electron mass)
for holes in pentacene and tetracene. re-
spectively. Assuming a cosine-shaped band
dispersion and neglecting the in-plane an-
isotropy, an effective electronic bandwidth
W of ~0.5 eV can be esumaied from this
effective mass. This is similar 1o theoretical
estimates based on either local density ap-
proximation {/4) or quantum chemical
cluster calculations (/5). but is much larger
than in earlier calculations (/6. /7) or es-
timates based on extended Hickel calcula-
tions (/8).

We observed the most striking results in
crystals of tetracene with a low-temperature
hale mobility of ~i0° e¢m?® V' 57" By
changing the gate voltage., we swept the 2D
hole concentration from 0.5 w 5 x 10"
cm ™7 and simultaneously measured the resis-
tance and Hall voltage. The quantization of
both R and R is well developed (Fig. 4).
and the low density renders all the integer
quantum Hall states accessible upto j = 1.
At low densities (<7 X 10" em ™), we can
resolve the fractional quantum Hall state f
= I/3 and a less pronounced j = 2/3, as
well as j = 2/5 (Fig. 5). This observation is
reimarkable because it occurs at a relatively
high temperature of 1.7 K. This is, howev-
er, not 100 surprising when we consider that
the scattering time 7 {7 = m*pife) n our
samples (u = 108 cm?® V! 571 m* =~
1.5m,) is as long as sn high-quality GaAs

Fig. 3. Shubnikov—de Haas oscillations
and quantum Hali plateaus in penta-
cene at 1.7 K. The hole cancentration is
4 % 10" ¢m™2 The inset shows the
oscillations of the magnetoresistance
1 R, as function of reciprocal magnetic
field, An effective hole mass of 1.55m,
1 is deduced from the temperature de-
pendence of the amplitude of the R
1  oscillations.

Fig. 4. Hal! resistance for different hole
I concentrations from 107" to 2 x 10"

cm Zin a tetracene MIS device at 1.7 K

(step of 10'® ¢m~2). Distinet integer
J Hall plateaus are observed
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Fig. 5. Hall resistance for low hole 100
concentration (5 x 1010 8 x 10™
em~2) in 3 tetracene MIS device at
1.7 K, Distinct integer Hall plateaus
and the fractional quantum Hall
statesj = 1/3,j = 2/3,andj = 2/5
are clearly visible.

Ry (kilohms)

samples with mobilities of several million
square centimeters per volt per second. in
addition, the combination of a reduced di-
electric constant and a much higher effec-
tive mass than in GaAs makes new param-
eter regions accessible, enabling studies of
the physics of strongly interacting electron
systems, such as the metal-insulator transi-
tion in two dimensions {/9).

We have presented ample experimental ev-
idence for band-like charge transport in delo-
calized states in these organic semiconductors:
the high mobilities observed at low tempera-
wires, the temperature dependence of the mo-
bility, the large effective bandwidth at low tem-
peratures (W 3> &, T, where ky, is the Boltz-
mann constant), Shubnikov-de Haas oscilta-
tions, and the observation of the integer and
fractional QHE. Al these observations of trans-
port propertics, particularly at low tempera-
tures, are similar to those observed in conven-
tional inorganic semiconductors. it appears that
the measured effective masses of order | 10 1.5
m_ are not those of bare holes or electrons, but
instead are charge carriers dressed by a
polarization cloud. Looking forward, then,
one might expect the adoption of additional
concepts from inorganic semiconducior
technology (such as superlattices and quan-
tum wells) to yield interesting electronic
and optical properties. Layered organic sefmi-
conduciors {17, 19, 20) could offer more lati-
tude for device engineering because they are
van der Waals—bonded, and hence minimal
constraints are imposed by lattice matching (2/,
22, Furthermore, interesting new phenomena
can be anticipated 10 result from stronger elec-
tron-phonon interaction of strong transport an-
isotropy, opening up a new field of research.
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Discovery of a High-Energy
Gamma-Ray-Emitting Persistent
Microquasar

Josep M. Paredes,’* Josep Marti,Z Marc Ribo," Maria Massi?

Microquasars are stellar x-ray binaries that behave as a scaled-down version of
extragalactic quasars. The star LS 5030 is a new microquasar system with
apparent persistent ejection of relativistic plasma at a 3-kiloparsec distance
from the sun. It may also be associated with a y-ray source discovered by the
Eriergetic Gamma Ray Experiment Telescape {(EGRET } on board the COMPTON-
Gamma Ray Observatory satellite. Befare the discovery of LS 5039, merely 2
handful of microquasars had been identified in the Galaxy. and none of them

was detected in high-energy y-rays.

The V = 11.2 magnitude star LS 5039 (/) has
been recently identified as a nearby high-
mass x-ray binary with spectral type
O7V((f)) (2) and persistent radio emission (3.
4). Here, we report high-resolution radio ob-
servations with the Very Long Baseline Ar-
ray (VLBA) and the Very Large Array
{VLA) that reveal that LS 5039 is resoived
into bipolar radio jets emanating from a cen-
wal coere,
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lona, Spain. 2Departamento de Fisica, Escuela Politéc-
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Bonn, Germany

*To whom corfespendence should be addressed. E-
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Because LS 5039 appeared unresoived
(=0.1") w the VLA alone, we proceeded 10
study this object with milliarc sec resolution
using the VLBA at the frequency of 5 GHz
{6-cm wavelength) on & May 1999. The VLA
in its phased array mode, equivalentto a dish
of 115-m diameter, also participated as an
independent station, providing sensitive base-
lines with the VLBA antennas. The source
30345 was used as a fringe-finder, whereas
11733-1304 was the phasing source for the
VLA. The data were calibrated using stan-
dard procedures in unconnecied radio inter-
ferometry. The resultng pattem of the ob-
served visibility amplitudes, decaying as 2
function of baseline length, indicated that LS
5039 had structure at milliarc sec scales.

The final synthesis map {Fig. 1} shows that
bipolar jets emerge from a central core. A de-
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