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SOLID STATE MICROELECTROCHEMICAL DEVICES: TRANSISTOR AND
DIOCDE DEVICES EMPLOYING A SOLID POLYMER ELECTROLYTE
Zaniel R. Talrham, Richard M. Crooks,

Yince Zammarata, Nicholias Leventis,
Marz:n C. Schlonh and Mark S. Wrighten«

INTRODUCTION

s ) st described micrcelectrccremical
ed on microfabricated arrays of electrcde
ol erials. 1 Becauss the active zconm

Net lorng ago thi
devizes which are ba

chemical in nature, many of these devices
Cnhemically sensitive and comprise a potentially useful class ¢
crnemical sensors. Devices showing sensitivity to pH, Oy, Hjp,
and Na” have been demonstrated.®r These devices are typically
trerated in fluid solution electrolytes. If this class of dewvices :is
c pe useful as gas sensors, systems which are not dependent on
iguid electrolytes need t0o be developed. We have recently repcr:-ed
.d state microelectrochemical transistors which replace con-
ventionail liquid electrolytes with polymer electrolytes based
yethy.ereoxide (PEC) and polyvinylalcohol (P PYVA) .4 In this
we discuss additional progress toward solid state devices by
loying a new polymer ion cconductor based on the polyphosphazere
smo-polymer, MEEPS (shown below). By taking advantage cf pcliymer
ion conductors we have developed microelectrochemical devices where
all of the components of the device are confined to a chip.
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Figure 1 A conducting polymer based microelectrochemiczal
~ransistcr 23MeT connects two wires of a microfarricated
array. Electrodes 1 and 2 are source and drain, respec-
~ively. At lefr, VY, is such that the polymer is neutral
arnd the device is "cff", I5 = 0 Switching Vg to an
cxidizing potential (right) turns the device "on", Ip > J.

MICROELECTROCHEMICAL TRANSISTORS

1]

shows a cross-sectional view of a conducting polymer-

zased microelectrcchemical transistor. Two electrical contacts, the
scurze and drain, are connected by an electrcactive material whose
resistance can be varied as a function of its state of charge. In
~ne example in Figure 1, the electroactive material is tne conducting
cclymer poly(3-methylthiophene), p3MeT, which in its neutral state is
inszlating but when oxidized becomes conducting. A small bias, Vo,
15 applired between the sour :»d the drain resulting in a drain
current, In, depending on th ate of charge of the conducting
polymer. For a given Vp, Ip c.a be varied by changing the gate
potential, Vs, of the system which in these devices is electro-
chemical potential. The faradaic current required to switch the
device is the gate current, I;. The device output is usually

® o

ry

presented as a plot of Ip vs. Vs for a constant Vp. This
representation provides a measure of the relative conductivity of the

r

cenducting polymer as a function of electrochemical potential for
small vaiues of Vp.

(

In ocur devices, the source and drain are microfabricated wires
typically ~70 um long x ~2.4 pm wide x ~0.1 um high. An array of
elght gold or platinum microelectrodes wlth lnterelectrode spacing of

.4 um is fabricated on a 3 mm x 3 mm ch$p The switching speeds
of these devices are enhanced by small electrode spacings. In
addition, reduced spacing between electrodes and small electrode area
permit studies in solid electrolyte systems where the resistances are
typically much higher than in liquid electrolyte solutions.
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SOLID STATE MICROELECTROCHEMICAL DEVICES

c 1
ytes p
yce a3 bez=n ely iled imarily

~r~ Jevelspment I nigh energy-density batteries Classes £ scl:i32
57ate electrolytes ilnclude classical solids such as the P-aluminas,
oclyelectrolytes such as Nafion, gel electrolytes and polymer
2.ectrolytes 7 for the purpcse of developing sclid state electrco-
cnemical devices, polymer electrolytes ace promising because Toney 3rs
2asi.y confiined tc microelectrochemical arrays and are gas permeac.=2

For applicaticn to the surface cf the device, the polymer and
2_accrolyte are ccdissolved in a spreading solvent. Afrter
2vapcration cf the soclvent the polymer electrolyte remains as a =hin
silm The conceniration of the salt in the polymer is expressed 3s 2
ratio of the numper °f polymer repeat units per unit of salt In
~hese studies, the MEEP/L: LF3JU3 ratio is 4:1 or $:1.° The iznic
ccnductivity of these polymer electrolytes is thought to be due =c¢
ion hcpping between Lewis base sites along and between chain This
crocess 1s facilitated by small amounts of a coordinating sc‘fen_.:
Tne devices described here are cperated in the presence of scre
scivent vapor Usually 20 pl of THF per 50 ml N, atmosphere cver tne
device 1s added as a plasticizer

Transistor Devices

A schematic of a solid state p3MeT transistor employing the
MEEP/LiCF3803 electrolyte is shown in Figure 2. Ag plated onto one
roelectrode serves as a reference electrode, and a small amount oI
Ag epoxy close to the array serves as the counter electrode.

iternatively, Ag epoxy can be used as both reference and counter
electrcde. Monomeric 3-methylthiophene is polymerized
electrochemically onto electrodes 2-4 in CH3CN/0.1 M (n-BuygN)CliC4.
The polymer is confined to these electrodes by holding the other
elec-rodes in the array at a reducing potential to discourage polymer
growth. The device is characterized before and after the additicn of
the MEEP electrolyte. This permits comparison of the device
characteristics in sclution and in the polymer electrolyte. Cyclic
voltammetry at each of the derivatized electrodes in CH3CN/0.1 M

LiCF3803 is shown on the left side of Figure 2. The magnitude of the
current is the same whether scanning the derivatized electrodes
rogether or individually, showing that the p3MeT connects the
electrodes. Cyclic voltammetry of the same array now employing
MEEP/LiCF3SO3 electrolyte is shown on the right side of Figure 2.
The shape of the curves is essentially the same as in sclution
electrolyte. The currents are smaller due to the slower scan rates
and reduced counterion mobility in the polymer,
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Figure 2. Top. Schematic of a p3MeT-based solid state
microelectrochemical device. Center. Cyclic voltammetry
at the p3MeT derivatized electrodes. At left, the device
is ~haracterized in the solution electrolyte CH3CN/0.1 M
LilF3S8Cy Lelore the application of MEEP. At right, the
same device is characterized under MEEP/LiCF3S0O3 (5:1).
Bottom. Comparison of the steady-state Ip vs. Vg of the
p3MeT device in fluid solution electrolyte and under
MEEP/LiCF3S0O3. Electrodes 3 and 4 are source and drain
respectively (see Figure 1).
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on elzctrelyte.,  Second, the
1l electrcchemical signals, an
LToCIrTaErT 22 211 tranmsisctors. This is particularly imporoians
In3C.12 2.2TirIlytaes wWnere diffusion ccefficients are small wrern
~ne2 favice 13 =zurned con, tne leakage current tnhrough the gatz2 1o very
sma.l (~1 nA) wnen tnhe I~ 1s ~200 WA, However, the galn 1is
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e 0f ancther class ©of electroactive materia.,
as been used t0 construct micrcelectrochemizal
wide band gap semiconductor with high resistanca
.- Cpcn reduction, W03 intercalates catlons
Na~ ard peccmes conducting. WOj3-hased

s

TIansistors sROWing sensitivity to pH oand to LiT concentratisnh have
ceen demonstrated in sclution electrolytes.? A schematic of a
MEEP/WC5 device Is shown in Figure 3 WO3 is confined o the L
reguired electiocdes using standard photolithcgraphic technigues. -~
The <cransistcr characteristics of this device are also presented :in
rigure 3 At pote fev,

s
ntials where WO3 is neutral the devic: is "=
ncwever at negative potentials WO3 1s reduced and the cevic
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Figure 3. Top. Schematic of a WOj3-based sclid state
microelectrochemical device. Bottom. Steady-state Ip vs.
Vs of the device diagrammed at top. Electrodes 6 and 7
are source . d drain.
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Figure 4. Top. Schematic of a solid state micro-
electrochemical dicde based on p3MeT and WO3 under the
pclymer electrolyte MEEP/LiCF3503. Bottom. Diode char-
aczeristics of the two-terminal device at top. The device
turns on when the applied voltage is equal to the differ-
ence in redox potentials of the two materials and the bias
such that the p3MeT is oxidized and the WO3 is reduced.
the bias is reversed (not shown), no current flows.
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By confining both p3MeT and WO3 to the same array we form the
basis 2f a two-terminal microelectrochemical diode. The underlying
principle is that one material, the p3MeT, will only be conducting
when it is cuxidized, and the other, the WOj, will only be conducting
~hen reduced. A ct-hematic of the device and the diode characteristic
are shown in Figure 4. Current will only flow in the two-terminal
devize if the mag.itude of the applied voltage is egual to the
difference in redox potential of the two materials and the bias is
such that the conducting polymer is oxidized and the metal oxide 1is
reduced. No current flows when it is reverse biased.

Devices Based on Redox Conduction

Conventional redox polymers can alsc form the basis of
electrochemical transistors.l? Conventional redox polymers have
lower maximum conductivity and yield devices having lower values of
I, than conducting polymers or metal oxides. Conventional redox
polymers offer an important design advantage, however. Nearly any
stable redox active material can be incorporated into a polymeric
system to form a conventional redox polymer. This allows the
fabrication of devices with a wide range of chemical sensitivities.
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Figure 5. Schematic and transistor characteristic of a
new class of microelectrochemical device which is based on
a redox active material dissolved in a polymer ion
conductor. Here, TMPD is sublimed into and satu. ates the
MEEP/LiCF3SO3 film. The drain voltage, Vp, is Z5 mV.
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