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include the "lab-on-a-chip" concept. The ro- 
hots could be used for multistation single-cell 
diagnostics. The robot arm could arrest bio- 
logical entities (single cells, bacteria, multi- 
cellular organisms, etc,) 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 to 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 microvials, which also 
enable single-cell chemical modifications. 

A nonbiomedical application for microro- 
bots is the assembly of microstructures in a 
so-called "factory on a desk." The microrobot 
could be used to assemble other microstruc- 
tures. Most of this is still done manually, 
which is cumbersome, time-consuming, and 
expensive. Small micromachined conveyors 
for this purpose have already been demon- 
strated (18, 19). 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 manipulation of cells will 
require choosing the proper dimensions of the 
microrobot. The simple scalability of the pre- 
sented robots-they can 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 amount 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 and push 
or pull rods to rotate a plate out of the surface 
plane. 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 (21) would 
truly integrate the robot into 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 
J. H. Schon, Ch. Kloc, B. Batlogg 

High-quality crystals of the organic molecular semiconductors tetracene and 
pentacene were used t o  prepare metal-insulator-semiconductor (MIS) struc- 
tures exhibiting hole and electron mobilities exceeding lo4square centimeters 
per volt per second. The carrier concentration in  the channel region of these 
ambipolar field-effect devices was controlled by the applied gate voltage. 
Well-defined Shubnikov-de Haas oscillations and quantized Hall plateaus were 
observed for two-dimensional carrier densities in  the range of lo1' per square 
centimeter. Fractional quantum Hall states were observed in  tetracene crystals 
at temperatures as high as -2 kelvin. 

The quantum Hall effect (QHE) (I), in which 
the Hall resistance R,, of a quasi-two-dimen- 
sional (2D) electron or hole gas becomes 
quantized with values R, = h/e2j (where h is 
Planck's constant, e is the electron charge, 
and j is an integer), has been observed in 
a variety of inorganic semiconductors, such 
as Si, GaAs, InAs, and InP. At higher mag- 
netic fields, 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 tetramethyl 
tetraselenafulvalene and X = ClO,, ReO,, or 
PF,) (3-5). However, in these materials the 
QHE is related to a series of field-induced 
spin 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 electron and hole gas in the 

Bell Laboratories, Lucent Technologies, 600 Mountain 
Avenue, Murray Hill, NJ 07974, USA. 

organic semiconductors tetracene 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 (>lo1, 
ohm-cm), the charge carriers must be injected 
in a field-effect transistor geometry, in which 
an A1,0, layer (capacitance -130 nF cmp2) 
serves as the gate dielectric. A thin gold 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 (lo), 
with the carrier density controlled by the gate 
bias. 

The charge transport properties in these 
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structures were studied down to 1.7 K in 
magnetic fields up to 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 lo5 cm2 V-' 
s-' are achieved in MIS devices. These elec- 
tron and hole mobility values are much high- 
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 to addition- 
al purification and optimization of the growth 
conditions. Note that the mobilities at higher 
temperatures remain unchanged, reflecting 

- -B- - pentame 1 holes 
- -0- - pentacene I electrons 
- -0- - tetracene I holes 
- -0- - tetracene 1 electrons 

'" 1 10 100 300 

Temperature (K) 

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

5.0~10" 1.0~10'~ 1 .5x10t2 

Carrier Concentration (crn") 

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-pronounced magnetoresis- 
tance oscillations are clearly visible. 

the intrinsic nature of these high-temperature 
values (e.g., at room temperature, pRT - 3 
cm2 V-' s-' for holes in pentacene). 

The approximate power law dependence 
of the mobility on temperature (a T-", where 
n * 2.5 to 2.7) was recognized as the intrinsic 
property of polyacene single crystals and is 
ascribed to electron-phonon interaction (9, 
11). However, at low temperatures (<lo K), 
charged point defects seem to limit the mo- 
bility (12). Hence, careful preparation and 
purification are prerequisites to obtain mobil- 
ities exceeding lo4 cm2 V- ' s- ' in this class 
of materials. 

The magnetoresistance R, and the Hall 
resistance Rxy at 1.7 K at 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 
transistor channel. Well-pronounced oscil- 
lations (Shubnikov-de Haas effect) and 
Hall plateaus are observed. The Hall pla- 
teaus are quantized with R = h/je2 ( j  
integer) corresponding to the integer QHE 
in a 2D electron gas (1, 13). Moreover, the 
oscillations and plateaus are observed for 
both electrons and holes in the same sam- 
ple. Hall plateaus are clearly visible for 
filling factors j = 2 to j = 6; and less 
pronounced structures can be found in Rxy 
up to j = 10 (Fig. 3): The effective hole 
mass m* can be determined from the tem- 
perature-dependent amplitude of the Shub- 
nikov-de Haas oscillations (Fig. 3). We 

derived values of 1.55 2 0.2 m, and 1.3 + 
0.3 me (where me is 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 estimated from this 
effective mass. This is similar to theoretical 
estimates based on either local density ap- 
proximation (14) or quantum chemical 
cluster calculations (15)j but is much larger 
than iti earlier calculations (16, 17) or es- 
timates based on. extended Hiickel calcula- 
tions (18). 

We observed the most striking results in 
crystals of tetracene with a low-temperature 
hole mobility of -lo5 cm2 V-' s-' BY 
changing the gate,voltage,'we swept the 2D 
hole concentration from 0.5 to 5 x 10'' 
cm-2 and simultaneously measured the resis- 
tance and Hall voltage. The quantization of 
both R, and R,, is well developed (Fig. 4), 
a,nd the low density renders all the integer 
quantum Hall states accessible up to j = 1. 
At low densities (<7 X 101° ~ m - ~ ) ,  we can 
resolve the fractional quantum Hall state j 
= 113 and a less pronounced j = 213, as 
well as j = 215 (Fig. 5). This observation is 
remarkable because it occurs at a relatively 
high temperature of 1.7 K. This is; howev- 
er, not too surprising when we consider that 
the scattering time T (7 = m*ple) in our 
samples ( p  * lo5 cm2 V-' s-' , m* - 
1.5mi) is as long as in high-quality GaAs 

Fig. 3. Shubnikov-de Haas oscillations 
and quantum Hall plateaus in penta- 
cene at 1.7 K. The hole concentration is 
4 X 10" ~ m - ~ .  The inset shows the 
oscillations of the magnetoresistance 
R as function of reciprocal magnetic 
fiad. An effective hole mass of 1 . 5 5 ~ ~  
is deduced from the temperature de- 
pendence of the'amplitude of the R, 
oscillations. 
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Magnetic Field (T) 

Magnetic Field (T) 

Fig. 4. Hall resistance for different hole 
concentrations from 10" to 2 X 
cm-2 in a tetracene MIS device at 1.7 K 
(step of 1O10 ~ m - ~ ) ) .  Distinct integer 
Hall plateaus are observed. 
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Fig. 5. Hall resistance for low hole 
concentration (5 X 101° to 8 X 101° 
cm - 2) in a tetracene MIS device at 
1.7 K. Distinct integer Hall plateaus 
and the fractional quantum Hall 
states; = 1/3,7 = 2/3> a n d 7 = 2 / 5 

are clearly visible. 
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Fig. 5. Hall resistance for low hole 
concentration (5 X 101° to 8 X 101° 
cm - 2) in a tetracene MIS device at 
1.7 K. Distinct integer Hall plateaus 
and the fractional quantum Hall 
states; = 1/3J = 2/3> a n d 7 = 2 / 5 

are clearly visible. 
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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 (19). 

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
tures, the temperature dependence of the mo­
bility, the large effective bandwidth at low tem­
peratures (W » kBT, where h^ is the Boltz-
mann constant), Shubnikov-de Haas oscilla­
tions, and the observation of the integer and 
fractional QHE. All these observations of trans­
port properties, particularly at low tempera­
tures, are similar to those observed in conven­
tional inorganic semiconductors. It appears that 
the measured effective masses of order 1 to 1.5 
mc 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 semiconductor 
technology (such as superlattices and quan­
tum wells) to yield interesting electronic 
and optical properties. Layered organic semi­
conductors (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 (21, 
22). Furthermore, interesting new phenomena 
can be anticipated to result from stronger elec-
tron-phonon interaction or strong transport an-
isotropy, opening up a new field of research. 
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The V = 11.2 magnitude star LS 5039 (1) has 
been recently identified as a nearby high-
mass x-ray binary with spectral type 
07V((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 resolved 
into bipolar radio jets emanating from a cen­
tral core. 
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Because LS 5039 appeared unresolved 
(<0.1") to the VLA alone, we proceeded to 
study this object with milliarc sec resolution 
using the VLBA at the frequency of 5 GHz 
(6-cm wavelength) on 8 May 1999. The VLA 
in its phased array mode, equivalent to a dish 
of 115-m diameter, also participated as an 
independent station, providing sensitive base­
lines with the VLBA antennas. The source 
3C345 was used as a fringe-finder, whereas 
Jl733-1304 was the phasing source for the 
VLA. The data were calibrated using stan­
dard procedures in unconnected radio inter-
ferometry. The resulting pattern of the ob­
served visibility amplitudes, decaying as a 
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-

Discovery of a High-Energy 
Gamma-Ray-Emitting Persistent 

Microquasar 
Josep M. Paredes,1* Josep Mar t i , 2 Marc Ribo,1 Maria Massi3 

Microquasars are stellar x-ray binaries that behave as a scaled-down version of 
extragalactic quasars. The star LS 5039 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 7-ray source discovered by the 
Energetic Gamma Ray Experiment Telescope (EGRET) on board the COMPTON-
Gamma Ray Observatory satellite. Before the discovery of LS 5039, merely a 
handful of microquasars had been identified in the Galaxy, and none of them 
was detected in high-energy 7-rays. 
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