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This letter describes a type of transistor that uses conducting fluidic source and drain electrodes of
mercury which flow on top of a thin film of the organic semiconductor pentacene. Pumping the
mercury through suitably designed microchannels changes the width of the transistor channel and,
therefore, the electrical characteristics of the device. Measurements on transistors with a range of
channel lengths reveal low contact resistances between mercury and pentacene. Data collected
before, during, and after pumping the mercury through the microchannels demonstrate reversible
and systematic tuning of the devices. This unusual type of organic transistor has the potential to be
useful in plastic microfluidic devices that require active elements for pumps, sensors, or other
components. It also represents a noninvasive way to build transistor test structures that incorporate
certain classes of chemically and mechanically fragile organic semiconductor800® American
Institute of Physics.[DOI: 10.1063/1.1609056

The integration of active electronics directly with resistance microchannel mercury contacts may be useful for
molded microfluidic channel arrays represents a promisingpasic studies of charge transport in chemically and mechani-
way to increase the functionality, lower the cost, and reduceally fragile classes of organic semiconductors, in a way that
the size of microfluidic reactors, separation, and analysis syss analogous to the recent application of mercury droplets for
tems. Organic electronic circuits have certain probing organic molecular-scale diodes.
characteristics—intrinsic compatibility with plastics, ease of  Figure 1a) shows a schematic view of a typical device.
fabrication and processing, ability to be patterned with thdt consists of a bottom substrate that supports a thin film of
types of soft lithographic methods that are useful for buildingan organic semiconductdpentacene; 25 nm, deposited by
microfluidic deviced; etc.—that make them attractive for thermal evaporation through a shadow mask at 0.02)non's
this purpose. Here we explore one route for directly combin-a gate dielectric (Si@ 300 nm, thermally grownand a gate
ing the active elements of plastic circuifse., the transistors electrode(highly doped Si wafér The microfluidic channels
themselveswith moving fluids that can be coupled in vari- are formed by conformal contact of this substrate with an
ous ways to the microfluidic elements of the system. Weelastomeric element that is built using the techniques of soft
demonstrate, in particular, that microchannels filled withjithography. In particular, casting and curing a prepolymer to
mercury can serve as dynamically tunable source and draifoly(dimethylsiloxang (PDMS) (Dow Corning against a
electrodes in transistors that incorporate fhype organic  “master” structure of patterned negative photoresBU-8,
semiconductor pentacene. This letter begins with a descrigyiicrochem Corp.; thickness-15 um) forms a transparent
tion of the layout of these devices and the sequence of stepgement with relief in the geometry of the resist. For the
for their fabrication. Measurements on transistors with Chanphotonthography, we used printed transparencies for photo_
nel lengths between 25 and 2@0n demonstrate the good masks: the resolution of these magks25 um) determined
performance of these devices and the low contact and parghe smallest features in our devices. As shown in Fig),1

sitic resistances associated with them. Pumping the mercuig the microfluidic transistors illustrated here, the relief con-
back and forth in the channels reversibly adjusts the electrigisis of two square~2 mmx 2 mm) “reservoirs,” each of

cal characteristics of the transistors in a systematic and easi{yhich is connected to a narrow channel. These channels
understandable way. Devices with this design could find apgaye| from the reservoirs to a region where they are parallel
plications as sensors or elements of drive circuits for pumpgnq separated by a small distance. This area, which we refer
in microfluidic systems. In addition, the noninvasive and low;q 55 the “transistor region,” forms the part of the device that
defines the source and drain electrodes. After this transistor
dElectronic mail: jrogers@uiuc.edu region, the channels lead to exits on opposite edges of the
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FIG. 2. Current—voltage characteristics of a microfluidic transistor that uses
mercury for the source/drain electrodes and pentacene for the semiconduc-
tor. The top inset illustrates the response for source/drain voltages that are
small compared to the gate voltage. The gate voltages for the insétare

FIG. 1. Part(a) shows a schematic angled view of a PDMS element with bottom to top curves 0, —40, —60, —80, and—100 V. The gate voltages
relief on its surfacetop) and a substrate that supports the semiconductor,for the main part of this figures atéom bottom to top curves —20, —40,

gate dielectric, Ti/Au/Ti contact lines, and gate electrode. Barshows a ~ —60, —80, and—100 V.

schematic illustration of the assembled device as viewed from the top

through the transparent PDMS. Péat presents optical micrographs of the

transistor region with mercurfwhite) pumped into the channel on the left the transparent PDMS element in the transistor region, at

hand side to variqus degrges. The extent‘ that the mercury fills the channeiﬁree stages of pumping the mercury through the channel on
defines the effective transistor channel width. . . .
the left. The mercury appears bright in these images. The
curved corners of the channels facilitate flow.

PDMS element. Depositing small droplets of mercury at the ~ The microfluidic channels and the mercury overlap lines
positions of the reservoirs, flipping the PDMS element overof Ti (2.5 nm/Au (50 nm)/Ti (30 nm) which are formed on
(the mercury clings to the surface of the PDM&hd then the substrate by electron beam evaporation through a shadow
placing it against the substrate that supports the other conmask. These lines extend beyond the edges of the PDMS
ponents of the device leads to a “wetting” contact that seallements to enable electrical connection with conventional
the mercury in the reservoirs and forms closed microchanprobe tips. See Figs.(d and 1b). The resistance at the
nels. When the surfaces of the Si@nd the PDMS have contact between the mercury and the Ti/Au/Ti lines is negli-
been exposed briefly to an oxygen plasma, this contact leadgble. The current—voltage characteristics of the devices
to a strong, permanent bond between these two elementsvere determined with a semiconductor parameter analyzer
Experiments described elsewhere show that contact of th@\gilent 4155. Figure 2 shows the properties of a device
PDMS against the top surface of the pentacene film does nthat has mercury pumped all the way through the transistor
change the electrical properties of the accumulation channeégion of the microfluidic channe(s.e., in the geometry of
that develops at the interface between the dielectric and thine micrograph at the bottom of Fig(cl]. TheL and W of
semiconductor or other characteristics of the transiggmgs,  this device are 11(«m and 2.5 cm, respectively. The inset
the off currents, etg. shows the response at source/drain voltages that are small

The PDMS element is aligned so that the transistor recompared to the gate voltage. The linear behavior is consis-
gion overlaps with the rectangular area of the substrate thaent with ohmic contacts between the mercury and the pen-
supports the pentacene. See Fifh)1Applying slight me- tacene. The mobilities and threshold voltages computed us-
chanical pressure to the PDMS above the resertieslow  ing the standard expressidns the saturation and linear
modulus of the PDMS allows it to be easily deformed regimes are, to within uncertainties, the same: 0.18
pumps the mercury into the channels. By adjusting the ap=0.02 cn?/Vs and —18+2 V. We did not observe a sys-
plied pressure, it is possible to control the distance that théematic dependence of the linear or saturation regime mobili-
mercury travels through the channels. Pumping the mercuriies or threshold voltages dn These results are consistent
so that it completely fills the channels causes it to flow ovemwith negligible effects of contacts for this range of transistor
the pentacene and to complete a transistor whose sourcgéometries.
drain electrodes are defined by the geometry of the PDMS Figure 3 shows parasitic resistances computed by ana-
element(i.e., the separation between the channels, and thiyzing the linear regime behavior of 12 devices with a range
distance along which they are parallel in the transistor reof channel lengths between 25 and 20@. This set of de-
gion). In other words, in this configuration, the microchan-vices includes pentacene deposited in several different
nels define the widtiW) and length(L) of the transistor evaporations. The inset shows the overall width-normalized
channel. When the mercury is only partially pumped throughdevice resistance measured at small source/drain voltages
the transistor region, then the position of the fluid plug de-and at different gate voltages; tggntercepts determine the
termines the transistor channel width. Figufe) shows op-  parasitic resistancgse., the component of the device resis-

tical micrographs collected by viewing the device throughtance that remains when the length of the channel is)zero
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the inverse of the slope of the line fits shown in the inset to Transistor Channel Width (um)
Fig. 3. The intrinsic mobility and threshold voltage (0.14

+0.02 cn¥/Vs and —18+2 V, respectively follow from F_IG. 4. Part(a) shows currenﬂvoltage ch_aracteristics of a microfluidic tran-
. . . sistor evaluated at three tuning states with a gate voltagel6D V. Curves
linear fits to these data according to measured during filling and emptying cyclderward and revergeare pre-

_ sented. Partb) shows the associated saturation currents.
S=piC(Ve—Vr,), (N

where u; and Vy; are the intrinsic mobility and threshold ransistor that can be integrated directly with plastic microf-
voltage, respectivel\C is the capacitance of the gate dielec- |yigic systems, andii) the contact resistances between mer-
tric, and Vg is the gate voltagl.These intrinsic channel cury and the organic semiconductor pentacene <a0e02
properties are consistent with the saturation and linear rey() cm at large gate voltages, and the performance of the
gime results. They are also similar to intrinsic values deteryssociated transistors are comparable to or better than those
mined from analysis of devices fabricated on the same sulihat are built in the conventional way. The fabrication proce-
strate by evaporating gold electroddsnm/s; 50 nm thick  dures are compatible with plastic substrates and with transis-
onto the pentacene through a shadow mask. The parasitig; channel lengths that are considerably shorter than those
resistances associated with evaporated gold de\érestypi-  described here(Similar fluidic channel systems have been
cally higher than those associated with the mercury microysed to mold source/drain electrodes for organic transistors
channel electrodes. with channel lengths of-2 um.)° They are also suitable for
Pumping the mercury through the transistor region of theyyjiding microfluidic transistors with other fluidic conduc-
microfluidic system changes the width of the transistor chanygys and organic or inorganic semiconductors. Designs in
nel. Figure 4 illustrates current—voltage responses of a d&ghich fluid motion alters the transistor channel length rather
vice pumped to configurations that yield different effectivethan, or in addition to, the channel width are also possible.
channel widths. For these data, the mercury was pumped tothe simplicity of the fabrication procedures, the flexibility of
fixed location in one of the two channels while the current—pe tuning approach, and its inherent compatibility with
voltage measurements were made. The other of the twesoft” semiconductor materials and plastic microfluidic net-
channels was filled completely with mercury for all measureygrks, all suggest that devices of this type have the potential

ments. The results show a large tuning contrasti®),  to be useful for fundamental studies and applied work in

gate dielectric. Measurements performed as the mercury is

pumped into and out of overlap with the pentacene in the, .
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