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BACKGROUND OF THE INVENTION

Eield of the Invention

The present invention relates generally to the fabrication of electric
microswitches with thin semiconductor films and column-row (x-y) addressable -
electric switch matrices constructed with such microswitches. These
microswitches are two terminal devices through which electric current, electric
potential or their derivatives or integrals can be switched on and off by the
magnitude or the polarity of an external bias. They are made of semiconducting
thin films in metal / semiconductor / metal, thin film configuration. Column-row

addressable electric micro-switch matrices can be made to cover large areas, with

_high pixel density. Such matrices can be integrated with one (or several) additional

layer(s) with electronic properties which vary in response to external physical
conditions (such as photon radiation. temperature, pressure, X-rays. magnetic field -

and so on), thereby forming a variety of detector matrices.

Traditional electric switches are electromechanical devices such as relays
for large current, high power applications. On the other hand, there is general -
interest in high pixel density, column-row addressable electric microswitches for -
various sensor applications. Switches made with discrete mechanical relays are too
bulky, too large in size and often too slow in switching speed for this application.
Fewer than 107 channels are typically seen in a single control board in the
automation control industry.

Complementary metal-oxide-semiconductor (CMOS) technology and field
effect transistors have been used to fabricate switching circuits in large scale
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integrated circuits (LSICs) on sfemicondﬁctor wafers. Typical sWitching circuits
are constructed by a series of ﬁgeld effect transistors and are known as active matrix
arrays. Such microswitches haéve.been used in fabrication of high pixel density 2D
image sensors and memory dev':ices. However, the material and the process costs
have limited the use of sﬁch_ acifive matrix arrays in large size sensor applications.

- The thin film transistor j(TFT) technology on glass or quartz substrates,

- developed originally for the'neéds of liquid crystal displays (LCDs), provide

another example of active-niodf_e (AM) microswitch substrates. In addition to use
in AM-LCDs, a large size, fhll 5;:olor image sensor made with amorphous silicon
(a-Si) p-i-n photocells on a-Si TFT panels was demonstrated recently [J. Yorkston
et al., Mat. Res. Soc. Sym. Proé 1 16, 258 (1992); R.A. Street Bulletin of
Materials Research Society 11(11 7), 20.(1992); L.E. Antonuk and R.A. Street, U.S.
Patent No. 5,262,649 (1993); Rj A. Street, U.S. Patent No 5,164,809 (1992)]

FETs are three—terml_nal:, active devices. Microswitch panels made with

such switch units are often calléd active matrices. The drain current of each FET

~can be switched on and off by 1ts gate voltage. The on/off ratio is typically in the

range of 10*-108.. : ;

As demonstrated in thiséinvention, solid state microswitches can also be
made from two-terminal, pajssi\ire devices such as metal / semiconductor Schottky
diodes, metal / semiconductor / metal (MSM) devices; p-type semiconductor/n-
type semiconductor (p-n). junctison' devices, or p-type semiconductorfinsulator or
undoped semiconductor/n-type ésemicon'ductor (p-i-n) junction devices. The electric
current can be switched on and éoff by the magnitude or the polarity of an external
bias. _ _ o

This invention discldsesé large size, high pixel density microswitch matrices
comprising passive devices in MSM structure or in structures of its variations. This
invention also discloses a method of fabricating such large size, high pixel density

microswitch matrices. The semiconductor, which can be either organic or

- inorganic, is in a thin film conﬁgumtiOn. Thin film devices made with inorganic

materials (such as selenium, gelf'manium. silicon, Ge-Si alloys, ZuS, CdS or CdSe)

have been developed for dedadefs_. and have been used in many applications,
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including for example photovoltaic energy conversion.. Organic diodes in the
metal-organic-metal MSM thin film structure have also been studied {for reviéws
of MSM devices made with organic molecules and conjugated polymers, see:

James C.W. Chien, Polyacetylene: Chemistry, Physics and Material Science,

- Chapter 12 (Academic, Orlando, 1978); G.A. Chamberlain, Solar Cells 8, 47 _

(1983); J. Kanicki, in Handbook of Conducting Polymers, T.A. Skotheim, Ed.
(Dekker, New York, 1986)]. However, the performance of these early devices (as
determined by their I-V characteristics) was insufficient to enable use as electric

switches.

With the improvement of both material quality and device fabrication

- processes, organic MSM devices with rectification ratios of 10°-10® were recently

demonstrated [D. Braun and A.J. Heeger, Appl. Phys. Letters 58, 1982 ( 1991); G.
Yu, C. Zhang and A.J. Heeger, Appl. Phys. Lett. 64, 1540 (1994)].

The rectification ratio can be further improved by introducing proper
blending processes and by structural variation of the device, such as using a bi-
layer semiconducting film or by selecting different metals as contacts to improve
the carrier injection [1. Parker, J. Appl. Phys. 75, 1656 (1994)]. Such organic

MSM devices can be operated continuously over periods in excess of 10* hours at

- current densities of 10 mA/cmz_ [G. Yu, C. Zhang, Y. Yang and A_.J. Heeger,

Annual Conference of Materials Research Society, San Francisco, April 1995].
As disclosed in this invention, these thin film MSM devices with high

recitification ratio can be used for fabricating large area solid state microswitch

| boa_rds (panels) with high pixel density. -

STATEMENT OF THE INVENTION
The present invention discloses electric microswitch devices comprising
thin semiconductor films and a methodology for fabricating them. The present
invention also discloses a methodology for fabricating column-row (x-y)
addressable electric microswitch arrays (matrix panels) with such microswitches as
the individual pixel elements.  These microswitches are two terminal devices "

through which electric current, or electric potential (or their derivatives or
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.- integrals) can be switched on apd off by the magnitude or the polarity of an
- external bias. They are made of semiconducting thin films in electrode /

. semicond_i_;ctor / electrode, t_hin%ﬁl'm configuration. Column-row addressable

~_ matrices can be integrated w1th a sensor layer with electronic properties which vary

in response to external physic‘aj conditions (such as photon radiation, high energy

particle radxatlon, temperature, surface pressure, magnetic field and so on), thereby

: formmg a vanety of detector matnces

DETAILED DESCRIPTION OF THE INVENTION
‘The detailed descnptlon of this invention mcludes the following sections:
Brief descnptlon of the Drawm&;s

Description of the Preferredg-Englbodiments

BRIEF DESCRIPT ION OF THE DRAWINGS

This invention will be filrther described with reference being made to the

drawings in which

Fig.lisa croSs-sectionétl' view of a solid state microswitch (10) made with

- a semiconducting film (12) sandwiched between two conducting electrodes (11,

13) with different or similar wo;‘rk_functions;

Fig.2Ais e eress-sectio?nal view of a switchable two-terminal éensing
element (20) fcomprising a micrioswitch and a'senSi'ng device with electrical
properties (such as conductivity, potential difference) which vary in response to
external environment conditions; | |

Fig. 2B is a cross-Sec'tio;nal view of an alternative structure to that of Fig.
2A in which the sensor layer 24 is arranged closer to the substrate (26);

Fig. 2C is a schematic chagram of the equivalent circuit of Fig. 2A and Fxg
2B; :

Fig. 3A shows the structure of a column-row addressable sensor matrix

- (30) constructed by an array of-irow-electrodes (35) and an array of column

-

electric switch matrices can'be fmade in large areas, with high pixel density. Such
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electrodes (31); at each junction between a column and a row electrode is a

switchable sensing element similar to that shown in Fig. 2;
Fig. 3B shows the reverse structure to that of Fig. 3A;
Fig. 4 shows the equiva_lent circuit of an 8x14 sensor matrix;

Figs. 5A and 5B are a set of graphs which show the I-V characteristics (a)
and rectification ratio, R, (b) of a microswitch made in the form of ITO/MEH-
PPV/Ca; | |

Figs. 6A and 6B are a set of graphs which show the I-V characteristics (a)
and rectification ratio, R, (b) of a microswitch made in the form of AwMEH-
PPV/AL; | o

Figs. 7A and 7B are a set of graphs which show the I-V characteristics (é)
and rectification ratio, R, (b) of a microswitch made in the form of ITO/MEH-
PPV:PCBM/Al; _

Figs. 8A and 8B are a set of graphs which show the 1-V characteristics (a)
and rectification ratio, R (b) of a microswitch made in the form 'o.f Ag/PANI-
PAAMPSA/MEH-PPV/Ca; |

Figs. 9A and 9B are a set of graphs which show the I-V characteristics (a)

and rectification ratio, R, (b) of a microswitch made in the form of ITO/p-i-n/Alin

which the semiconductor was amorphous silicon film;
Figs. 10A-10C are a set of graphs which show the characteristics of dI/dV

-V (a), G - V (b), and current integration int IdV - V (c) of a microswitch made in
the form of ITO/MEH-PPV/Ca; |

Fig. 11 shows current vs temperature characteristics of an ITO/MEH-
PPV/Ca device in the temperature range between -73°C and +127°C (200K to
400K);

Fig. 12A and 12B show the current image (pixel current distribution) on a -
10x10 temperature sensor matrix (2); and the corresponding temperature image |
from the same matrix (b). '
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DESCRIPTION OF PREFERRED EMBODIMENTS

In this description 'of-préfemd embodiments and in the claims, reference
will be made to several terms \_a\%hich must be defined. One group of terms concerns
the structures of the microswitcihes and the sensor elements they can control.
Cross-sectional views of twé er%:bodiments of the microswitches are shown in Fig.
1 and Fig. 2. The switch is confstructed using the electrode-semiconductor-
electrode thin film device co:nﬁ%guration'. Specifically, the switch includes:

A semiconducting laiyerg(12) comprising organic or inorganic
semiconducting material(s). E)éamples of organic semiconductors include
conjugated polymers, polymer lf)lends, 'polyiner/molecule polyblends, layer of
organic molecules, organom’etailic molecules, or molecular blends (alloys); or a
multilayer structure combining the above materials. Examplés of inorganic

semiconductors include Si, Se, :Ge, Si-Ge alloys, CdS, CdSe, TiO,, CuO,‘ etc.

Examples of organié semicondl-flct_ors include polyacetylene (PA) and its

derivatives, polythiophene (PTf and its derivatives, poly(p-phenyl vinylene) (PPV)

- and its derivatives such as MEI-EI-PPV, fullerene molecules such as Cq, and its

derivatives, bucky tubes, anthracene, tetracene, pentacene, Alg; and other metal-

chelate (M-L;) type orgmometéllic molecules and so on. The layer 12 can also be

‘a composite comprising organic and inorganic materials or in the form of bi-layer

or multiple-layers of such matejrials.
. The layer 12 can be a seimigonductor doped with one or more dopants.

Extra charges are commonly re#ul_ts from dopants with different valance electrons.

A doped semiconductor with eliect_rons as majority charge carriers is called n-type

- semiconductor and a doped semiconductor with holes as majority carries is called

p-type semiconductor. The dopjting levels in the layer 12 can distribute
inhomogeneously and can chan%ge sign from p-type to n-type (which forms a p-n
junctipn inside 12) or from p-tygpe to undoped region then to n-doped region
(which forms a p-i-n junction inside 12).

Two "contact electrodes” (layers 11, 13) which serve as the anode and
cathode of the switches to extract electrons and holes, respectively, from the

semiconductor layer. In some embodiments at least one of the electrodes (e.g.,
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layer 11 in Fig. 1) is made transparent or Semitransparent. These electrodes are
described in mofe detail below.

The anode electrode is defined as a conducting material with higher work
function than the cathode material.

_ The devices may also include an optional substrate or support 26, as shown
in Fig. 2A. This is a solid, rigid or flexible layer designed to provide robustness to
the switches and/or to the matrix array of switches. In some embodiments the
substrate is transparent or semin'ansparenf at the wavelengths of operation. Glass
quartz, polymer sheets, or flexible plastic films are commonly used substrates.
Wide band semiconductor wafers (s_uch as SiC, SiN) can also be used in some

applications. In these cases, a thin, doped region can also serve as the contact

electrode 21.

Devices with the "inverted" geometry shown in Fig. 2B are also useful In
this configuration, light is incident through the electrode 21 in contact with the free
surface; thus, optically opaque materials can be used as substrates. For exa.rriple,
by using an inorganic semiconductor wafer (such as silicon) as the substrate 26,
and by doping the semiconductor to "conductive" levels (as defined in the

following), the wafer can serve both as the substrate 26 and the contact electrode

25 circuitry built directly onto the inorganic semiconductor substrate (using

integrated circuit technology).
Incident light is defined generally to include wavelengths in visible (400-
700 nm), wavelengths in the ultraviolet (200-400 nm), wavelengths in vacuum

ultraviolet (<200 nm), and wavelengths in the near infrared (700-2500 nm).

Several layers are designated as transparent or semi-transparent. These
terms are used to refer to the property of a material which transmits a substantial
portion of the incident light incident on it. The term "transparent” is often used to
describe a substrate with transmittance over 20% and the term "semitransparent" is
often used to describe a substrate or layer with transmittance between 20% and 1%.

A "conductive" layer or material has a conductivity typically larger than 0.1

S/cm. A semiconducting material has conductivity of from 10 to 10” S/em.
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A 'dielectric’ or an 'inSu'lé:lting' layer of material has a conductivity typically

. lower than 10"'° S/cm.

The "positive" (or "négai ive") bias refers to situations where a higher

potential is applied to the anode ielectrode (cathode electrode). When values of

negative voltage are referred to,: as in the case of the reverse bias voltages applied

.to obtain enhanced photosensmvlty, the relative valies will be stated in terms of

absolute values; that is, for exaniple a-10v (reverse) bias is greater thana -5 V

The spectral response of loptical image sensing elements which one often

~ coupled to its switches is deterrijined by the optical band gap and the electronic

properties (such as carrier mébil%ity) of the sensing material, by the structure of the
sensing elements and by the ﬁaﬁsmission characteristics of the optical filters,

substrates, or other coating layers in the optical path; as demonstrated in the

.. .. examoples in this application.' ’ _
1S L

In addition to single ban{i, visible image detection (often referred as

- . black/white, or monochroma'fic‘i!mage sensors), there is great demand for image

sensors with full-color detectfivit'iy. Full-color detection is often achieved by

... splitting the visible spectrum; im!io three separate regions, the red (6004700 nm),

green (500-600 nm) and blue (4(;)0-500'nm) fundamental colors. A full-color

- -signal can be represented by thegintensities of the incident light in these three -
.. bands. A full-color image element thus refers to an image device with thiee
. spectral channels in the red, green and blue spectral ranges (sometimes, their

complimentary colors, cyan, fmafgenta and yellow, are chosen), and can provide

correct color and light intensity infonnatibn on the incident light..

A coating of "black" matenal (opaque in the spectral range of interest) in

~ the area between each sensing pixel can be placed in front of the photodetector
- plane, forming a "black matr'i'x"f This coating is helpful in some situations to
- further reduce cross-talk bet»fveefn neighbor pixels in devices with an unpatterned

.. photoactive organic layer. Black matrices have been used in CRT monitors and

other flat panel displays to incmb.se display contrast, and are well known in the
cod
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display industry. The patterning of the "black matrix" can be achieved with

standard photolithography. stamp. ink-jet or screen printing techniques.

Electrodes
In the configuration shown in Fig. 1. a transparent substrate and a
transparent electrode are used as one contact electrode. - Indium-tin-oxides ("ITO")

can be used as the electrode. Other transparent electrode materials include

~ aluminum doped zinc oxides ("AZQ"), aluminum doped tin-oxides ("ATO"), tin-

oxides and the like. These conducting coatings are made of doped metal-oxide
compounds which are transparent from near UV to mid-infrared.

© The electrode can also be made with other doped inorganic compounds or
alloys. These compounds can be doped into metallic (or near metallic) form by
varying the composition of the elements involved, the valance of the elements or
the morphology of the films. These semiconducting or metallic compounds are
known in the art and are well documented (e.g., N.F. Mott, Metal-Insulating '~
Transitions, 2nd edition (Taylor & Francis, London, 1990); N.F. Mott and E.A.
Davis, Electronic Processes in Non-crystalline Materials (Claredon, Oxford,
1979)}. Examples of such compounds include the cuprate materials which possess
superconductivity at low temperatures (so-called high temperature
superconductors). |

This electrode can be formed of a conductive polymer such as polyaniline

in the emeraldine salt form prepared using the counterion-induced processability
technology disclosed in U.S. Patent 5,232,631 and in Appl. Phys. Lett. 60, 2711
(1992) or other suitable techniques. The polyaniline film which serves as the

‘electrode can be cast from solution with high uniformity at room temperature. The

organic conducting electrodes in combination with polymer substrates and organic
active layers allow these photosensors be fabricated in fully flexible form. Other
conductive polymers can be used for the transparent or semitransparent electrode
(11 inFig. 1 or 21 in Fig. 2A) include polyethylene dioxythiophene polystyrene
sulfonate, ("PEDT/PSS") [Y. Cao, G. Yu, C. Zhang, R. Menon and A.J. Heeger, |
Synth. Metals, 87, 171 (1997)], poly(pyrrole) or its function derivatives doped
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with dodecylbenzene sulf‘onic afcid'("DBSA") or other acid [J. Gao. AJ. Heeger,
J.Y. Lee and C.Y. Kim. Syhthi Metals 82, 221 (1996)] and the like.

A thin semitransparent liayer of metals (such as Au, Ag, Al In etc.) can also
be used as electrodes. Typiéal téhicknesses for this semitransparent metal electrode
are in the range of 50-1000 A v'\nth optical transmittance between 80% and 1 %. A
proper dielectric coating (offen :in'the form of multilayer dielectric stacks) can

enhance the transparency in :thegspectral range of interest [For examples, see S.M.

. Sze, Physics of Semiconductor j)e’vices (John Wiley & Sons, New York, 1981)

Chapter 13]. - | -
A transparent electrode can also be made from metal/conducting polymer,
conducting polymer/metal/céndipéting polymer or dielectric layer/metal/conducting

polymer structures. The transmlission properties of these composite electrodes are

~ improved relative to that of a sil:hgle metal layer of the same thickness.

A metal layer with low (iptical transmittance can also be used as the

- electrode for some applications m which spectral response at certain wavelengths is

|
of interest. The photosensitivity can be enhanced by fabricating the device in a

micro-cavity structure where the two metal electrodes 11 and 13 act also as optical

~ mirrors. Light resonance betweéen the two electrodes enhances the photosensitivity

at certain wavelengths and résulits in selective spectral response, similar to that -

seen in optical microcavity (opti;cal etalon) devices.

The “back” electrode 13 ln Fig . 1 is typically made of a metal, such as Cé,
Sm, Y, Mg, Al, In, Cu, Ag, Au and so on. Metal alloys can also be used as the
électrode materials. These metaél electrodes can be fabricated by, for example,
thermal evaporation, electron beam evaporation, sputtering, chemical vapor
deposition, melting process or oiher technologies. The thickness of the electrode

13 in Fig. 1 (and 11 in Fig. 2) is?not critical and can be from hundreds of

| . Angstroms to hundreds of microéns or thicker. The thickness can be controlled to

achieve a desired surface conductivity:
- When desired, for example, for a photodiode with detectivity on both front
and back side, the transparent aﬁd semi-transparent materials described above can

also be used as the “back” electrode.

=



10

15

20

30

“;0 99/39394 ) ' PCT/US99/02239

-11-

As demonstrated in the examples of this invention, microswitches with
useful I-V characteristics can be fabricated using contact layers with relatively high
resistivity. For example, PANI-PAAMPSA with a bulk resistivity of order 10° Q-
cm can be used as the anode material of microswitches with good switching I-V
characteristics.. For example, in a microswitch fabricated in the structure of
Mg/MEH-PPV/PANI-PAAMPSA/Ag, the I-V characteristics are defined by the
work functions of PANI-PAAMPSA and Mg. Ag serves only a conductor in the
test circuit. The advantage of using a contact electrode with high bulk resistivity is
that when the lateral resistance is high enough (by proper selection of the bulk
resistivity, the thickness of the high resistive anode material and the dimension of
the pixels), the cross-talk between pixels becomes sufficiently small that patterning
of the high bulk resistivity material is not necessary.

| Two "contact electrodes” (11, 13) serve as the anode and cathode of the
diodes to inject electrons and holes, respectively, into the semiconducting layer
(12). In the devices with undoped semiconductor as layer 12, the anode electrode
is defined as the one with relatively higher work function. In the devices with p-n
or p~i-n junction in the layer 12, the anode electrode is defined as the one in contact
with the p-doped region. In all the cases, the anode can be defined as the electrode
with higher potential when the device is in the conductive mode. In additionto -
traditional metals and alloys, doped semiconductors (both organic and inorganic)
can also be used as the contact materials of 11 and 13. An example of using doped
silicon as the anode of organic luminescent device has been given by 1.D. Parker
and H. Kim, Appl. Phys. Letters 64, 1774 (1994). Examples demonstrating the
utility of conducting polymers such as polyaniline-(camphor sulfonic acid), PANI-

- CSA, PEDT-PSS, and polypyrrole, PPy, as electrodes in electroluminescent

devices have been disclosed in a number of patents and publications [Y. Cao et al.,
U.S. patent 5,232,631; G. Gustafsson, Y. Cao, G. M. Treacy, F. Klavetter, N.
Colaneri and A. J. Heeger, Science 357, 477 (1992); Y. Yang, U.S. Patent
5,723,873; G. Heywang and F. Jonas, Adv. Materials 4, 116 (1992); Y. Cao, G.
Yu, C. Zhang. R. Menon and A.J. Heeger, Synth. Metal (1997); J. Gao, A.J.
Heeger, J.Y. Lee and C.Y. Kim, Synth. Metals 82, 221 (1996)].
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e Semiconductor I.a I
The semiconductor layeli' is made of a thin sheet of inorganic or organic
semiconducting material. Iniorgianic materials include Si, Se, Ge. CdS, CdSe. Ta0,
Cuo. etc. The semiconductor la:yer-can comprise one or more semiconducting,
conjugated polymers, alone br m combination with non-conjugated materials. one
or more organic molecules, or oiligomers. ‘The semiconducting materials also serve

as active layers in the sensor deVices to which these switches may be completed.

- The active organic layer can ?be a blend of two or more conjugated pdlymers with

similar or different electron afﬁmtxes and different electronic energy gaps. The
active layer can be a blend of two or more organic molecules with similar or
different electron affinities and dlfferent electronic energy gaps. The active layer

can be a blend of conjugated polymers and organic molecules with similar or

- different electron affinities and glffemnt energy gaps. The latter offers specific
. advantages in that the differé'nt i;tlectron affinities of the components can lead to
. photoinduced charge transfef-ariid charge separation; a phenomenon which

enhances the photosensitivity [NS -Sariciftci and A.J. Heeger, US Patent

5,333,183 (July 19, 1994); N.S.| Saricifici and A.J. Heeger, US Patent 5,454,880

- (Oct 3, 1995); N.S. Sariciftci, L. Smilowitz, A.J. Heeger and F. Wudl, Science

258, 1474 (1992); L. Smilowiti:, N.S:- Sariciftci, R. Wu, C. Gettinger, A.J.
Heeger and F. Wudl, Phys. !Reti/. B 47, 13835 (1993); N.S. Sariciftci and A.J.

. Heeger, Intern. J. Mod. Phj(s. B 8,237 (1994)]. The active layer can also be a

. series of heterojunctions utiliziﬂg layers of organic materials or blends as indicated

The thin films of orggnité; ‘molecules, oligomers and molecular blends can be

fabricated with thermal evapbta’ftion, chemical vapor deposition (CVD) and so on.

~ Thin films of conjugated polymfers, polymer/polymer blends, polymer/oligomer

and polymer/molecule blends can often be fabricated by castirig directly ﬁ'ofn
solution in common solvents or éusing similar fluid phase processing. When
polymers or polyblends are usecji as the active layer, the devices can be fabricated
onto flexible substrates yieldiné unique. mechanically flexible photosensors.

|
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Examples of typical semiconducting conjugated polymers include. but are
not limited to, polyacetylene. ("PA"), and its derivatives; polyisothianaphene and
its derivatives; polythiophene, ("PT"). and its derivatives; polypyrrole, ("PPr"), and
its derivatives; poly(2,5-thienylenevinylene), ("PTV"), and its derivatives; poly(p-
phenylene), ("PPP"), and its derivatives; polyflourene. ("PF"). and its derivatives;
poly(phenylene vinylene), ("PPV"), and its derivatives; polycarbazole and its
derivatives; poly(1.6-heptadiyne); polyisothianaphene and its derivatives;
polyqﬁino__lene and semiconducting polyanilines (i.e. leucoemeraldine and/or the -
emeraldine base form). Representative polyaniline materials are described in U.S.
Patent 5,196,144 which is incorporated herein by reference. Of these materials,
those which exhibit solubility in.drganic solvents are preferred because of their -
processing advantages.

Examples of PPV derivatives which are soluble to common organic
solvents include poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene),
("MEH-PPV")_ [F. Wudl, P.-M. Allemand, G. Srdanov, Z. Ni and D. McBranch_.'
in Matérials for Nonlinear Optics: Chemical Pérspectives, edited by S.R.- Marder, |

- JE. Sohnand G.D. Stucky (The American Chemical Society, Washington DC,

1991), p. 683.], poly(2-butyl-5-(2-ethyl-hexyl)-1,4-phenylenevinylene), ("BuEH-
PPV") [M.A. Andersson, G. Yu, A.J. Heeger, Synth. Metals 85, 1275 (1997)),
poly(2,5-bis(cholestanoxy)-l,4-p}ienylenevinylene), ("BCHA-PPV") [see U.S. "
patent application No. 07/800,555, incorporated herein by reference] and the like.
Examples of soluble PTs include poly(3-alkylthiophenes), ("P3AT"), wherein the
alkyl side chains contain more than 4 carbons, such as from 5 to 30 carbons.

Organic image sensors can be fabricated using donor/acceptor polyblends
as the photoactive layer. These polyblends can be blends of semiconducting

polymer/polymer, or blends of semiconducting polymer with suitable organic

- molecules and/or organometallic molecules. Examples for the donor of the

donor/acceptor polyblends include but are not limited to the conjugated polymers
just mentioned, that is PPV, PT, PTV, and poly(phenylene), and their soluble
derivatives. Examples for the acceptors of the donor/acceptor polyblends include

but are not limited to poly(cyanaophenylenevinylene) ("CN-PPV™), fullerene
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molecules such as C,, and its ﬁinctional derivatives, and organic molecules and
organometallic molecules used %heretofore in the art for photorecept'ors or electron
transport layers. - . - - ‘ |

One can also produce p}ixotoactive layers using two semicdnductirig organic
layers in a donor/acceptor hétergojunction (i.e., bilayer) structure or alternation layer
structures. In these structures, the donor layer is typically a conjugated polymer
layer and the acceptor layer is niladé up of poly(cyanaophenylenevinylene) ("CN-
PPV"). fullerene molecules suc§1 as Cg, and its functional derivatives (such as

PCBM and PCBCR), or organinfz molecules used heretofore in the art for

‘photoreceptors and electron traxémsport, layers. - Examples of this heterojunction layer

. structure for a photoactive_laiyexgL include but:are not limited to, PPV/C,,, MEH-

PPV/Cqt, PT/Cqp, P3AT/Cyy, PTV/Cypand s on.

The active layer can 'als'éo be made of wide band polymers such as poly-N-

vinylcarbazole ("PVK") doped fwnh dye molecule(s) to enhance the

photosensitivity in visible spectéral range. In these cases, the wide band ofganic

serves as both host binder as w{:n as hole (or electron) transport material.

Examples include, but are not-li:mitedi to, PVK/o-chloranil, PVK/rhodamine B and
PVK/coronene and the like. - - ' '

The photoactive layer can employ organic molecules, oligomers or

. molecular blends. In this embo‘fdiment, the photosensitive material can be
fabricated into thin films by _chémical vapor deposition, molecular epitaxy or other

. known film-deposition .technokigies-. Examples of suitable materials include but

are not limited to anthracene, pl%uthalocyanine, 6-thiophene ("6T"), 6-phenyl ("6P"),
Aluminum chelate (Alq3) and ozther metal-chelate molecules (m-q3) , PBD, spiro-
PBD, oxadiazole and its -derivatives or molgcular blend_s such as 6T/C,,,
6T/pinacyanol, phthalocyani;neléo-chloranil, 6P/Alq3, 6P/PBD and the like.

Examples of organic :md:lecules. oligomers and molecular blends can be

used for the active layer inclu'déz anthracene and its derivatives, tetracene and its

derivatives, phthalocyanine and its derivatives, pinacyanol and its derivatives.
fullerene ("C,,") and its derivatives, thiophene oligomers (such as sixethiophene

"6T" and octithiophene "8T") and their derivatives and the like, phenyl oligomers
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(such as sixephenyl "6P" or octiphenyl "8P") and their derivatives and the like,
6T/Cgp. GP/CGO, 6P/Alq3, 6T/pinacyanol, phthalocyanine/o-chioranil.
anthracene/C,, anthracene/o-chloranil and the like. For the photoactive layer
containing more than two types of molecules. the organic layer can be in a blend
form, in bilayer form or in multiple alternate layer forms.

_ In some embodiments. the active layer 12 comprises one or more organic
additives (which are optically non-active) to modify and to improve the device
performance. Examples of the additive molecules include anionic surfactants such
as ether sulfates with a common structure,

~ R(OCH,CH,),050; M*
wherein R represents alkyl _alkylléryl,

M" represents proton, metal or ammonium counterion,

n is moles of ethylene oxide typically n=2-40).

‘Application of such anionic surfactants as additives for improving the
performance of polymer light-emitting diodes has been demonstrated by Y. Cao
[U.S. Patent Application, Serial No. 08/888,316, which is incorporated by
reference].

Other types of additives include solid state electrolytes or organic salts.

Examples include poly(ethylene oxide), lithium trifluoromethanesulfonate, or their -

blends, tetrabutylammonium dodecylbenzenesulfonate and the like. Application of

such electrolyte to luminescent polymers and invention of new type of light-
e-mitting devices have been demonstrated in U.S. Patents 5,682,043 and 5,677,546.
In cases where the active layer is made of organic blends with two or more
phases with different electron affinities and optical energy gaps, nanoscale phase
separation commonly occurs, and heterojunctions form at the interfacial area. The
phase(s) w1th higher electron affinity acts as an electron acceptor(s) while the
phases with lower electron affinity (or lower ionization energy serves as an
electron donor(s). These organic blends form a class of charge-transfer materials.
and enable the photo-initiated charge separation process defined by the following
steps [N.S. Sariciftci and A.J. Heeger, Intern. J. Mod. Phys. B 8, 237 (1994)}: -
Step 1: D+ A “ 1“D* + A, (excitation on D);
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Step 2: SD* 4+ A 4D -< A)*, (excitétion delocalized on D-A
complex); S ' L ' - ;
Step 3: (D -- A)* “ 13D .. A%)*, (charge transfer initiated):
~ Step 4: ¥(D* - ?A‘*)* “(D - A"). (ion radical pair formed);
Steb 5: 3D -- ',A) “D*"+ A, (charge separation)

where (D) denotes the organic ciionor and (A) denotes the organic acceptor:. 13
denote singlet or triplet excited !States, respectively.
Typical thickness of the!active layer range from a few hundred Angstrom

units to a few thousand Angstrom units; i.e., 100-5000A (1 Angstrom unit = 10

cm). Although the active ﬁlm thicknesses are not critical, device performance can
typically be improved by usingé thinner films with optical densities of less than two
in the spectral region of interest. ' '

The microswitch (10) r'nfay also include an optional substrate or support 14,

~asshowninFig. 1. Thisis a so?id, rigid or flexible layer designed to provide
~ robustness to the diodes and/or to a matrix -array of diodes. Glass, quarti, polymer

.. sheets or flexible plastic films are substrates commonly used. Semiconductor

wafers (such as Si, GaAs, SiC, iSiN) can also be used as the substrate 14. In these -

cases, a thin, doped region of thfe substrate can also serve as the contact electrode

11,

The current-voltage (I'-\?)-charécteristics_df the devices shown in Fig. 1 are

. typically asymmetric. As demonstrated in the Examples, the rectification ratio
. (defined as the ratio of forward gc':urrent' to reverse ‘current at a given bias

~ magnitude) can be as high as 166-107;' i.e., conductive in the forward bias direction

and insulating at zero and in re\'frerse bias. Devices with two terminals, such as that -
of Fig. 1, and with strong asymmetry in I-V characteristics are traditionally called
diodes (passive devices) and aré represented by a symbol -, in which the arrow
denotes the direction of current éﬂow. The switching property can be characterized
by the rectification ratio I(V)/ I;:(-V), or the switching ratio (a current ratio at two
given voltages I(V;)/I(V,) in wilich I{V{)>1I(V,)). A special situation is V,=0.

As demonstrated in the Exampl%es of this invention. the svs)it'ching ratio I(V;)/I(Vz)
can be higher than 10'° for V, c' lose to OV.
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The MSM device Ci‘O) shown in Fig. 1 can be used as an electric switch to
switch on and off a sensor device in series with the switch. forming a voltage
switchable sensor unit. Two geometric structures of the sensor unit 20 are shown
in Fig. 2A and 2B. This unit 20 includes substrate 26. a sensor made up of
electrodes 25 and 23 and sensing element 24. The switching function is provided
by electrodes 21 and 23 and semiconductor layer 22. Fig. 2C shows their
equivalent circuit. Since the conductivity or electric potential (or time derivatives
or integrals) of the sensor layer are designed to change in response to external
physical conditions (for example, temperature or magnetic field), this sensing
circuit can be used as a sensing element which can be switched on in forward bias
and be switched off at zero and reverse bias.

Many physical effects can be detected by selecting the sensing layer. For
example, the resistivity of the sensing layer can change directly in response to
changes in the temperature, magnetic field (magnetoresistivity or Hall effect),
incident light intensity. incident microwave radiation strength or in response to X-

ray or other high energy fluxes (photoconductive effect) and so on. Alternatively,

- external environmental changes results in a built-in electric potential in the sensing

layer, which in turn leads to the forward current change in the circuit unit shown in
Fig. 2C. Examples include the piezoelectric effect (voltage change in response to
pressure change), the thermoelectric effect (voltage change in response to
temperature change), and the photovoltaic effect (voltage change in response to
change in incident light intensity), etc. The sensing element (24) shown in Fig. 2
can also be used for another type of sensing applications, in which the derivative
and integral of the current vary in response to changes in the external environment.
As demonstrated in Example 7, the MSM microswitches shown in Fig. 1 also
exhibit switching characteristics on dI/dV, the integral of -I(V); and time derivative
and integral of the device current. '
When the sensor (20) is used for light wave or radio wave detection. one of

the electrodes (25, 21) should be transparent or sethitransparent to the incident

electromagnetic wave.: When the wave is incident from the substrate side, the

substrate needs to be transparent or semitransparent to the incident wave as well.
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Column-row addressable, two-dimensional (2D). passive sensor matrices

can be constructed with the voltage-switchable sensor elements, as shown in Fig. 2.

. Two matrix structures are sh‘owjh in Fig. 3. Their equivalent circuits (in 8 row, 14

column form) are shown in F lg‘ 4. In these sensor matrices, the electrodes (31, 35) -

~ are typically patterned into row% and columns perpendicular to each other. In the -

case of Fig. 3A, an array of the fcolumn electrodes (31) is first deposited and
patterned on the substrate (36). %l‘hen, a sensor layer (32) is deposited or cast.
When the lateral conduction of ihe' sensor layer between the pixels is sufficiently

low, this layer does not have to be patterned. Then a metal layer or a doped

“semiconductor layer (33) is dep:t)sited (and patterned, if necessary); (33) serves as

the second electrode for each of the sensors, and it serves as the contact electrode
to the switching diodes. As s'pec%.iﬁcally noted, conducting polymers and other

doped semiconductors with proi)er_ work function can be used for layer 33. When

-~ the lateral resistance of the matérial comprising layer 33 is high enough, the cross-
“talk between neighboring pixelé. is negligible. In such cases, 33 need not be

.- patterned, a simplification which leads to considerable advantage in manufacturing

cost and reliability The':switch@ng layer (34) is then deposited. Finally, the array

- . .of the column electrodes (35) lS fabricated on top of the sensing layer to complete

the column-row addressable'serisor array.
Patterning of the semiconductor layers (32, 34) is not necessary when the

lateral resistance of the: materiaf comprising that layer is high enough. Thus,

~ continuous sheets can be used for the sensor matrix. Each cross-point of the row

- and column electrodes defines a sensing element (pixel) with device structure

similar to that shown in Fig. 1 or Fig. 2.  The row and the column electrodes also

serve as the contact electrodes for the microswitches and the sensing devices. The

. electrode 33 can be either a sinéle_-layé‘r or a bi-layer, to meet the contact needs for

both switching layer 32 and senfsing layer 34. When highly conductive metals are
used for 33. fhis layer needs to Ee patterned into isolated pixels as that shown in
Fig. 3. However, a thin layer of' metal can be prepared as the electrode 33 in the
form of granular particles with a density below percolation threshold, the resistance

in lateral direction is large er'louigh that no patterning of the electrode 33 is
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necessary. As shown in Example 11. such a thin, discontinuous metal film still
provides the work function needed for the switching devices.

When doped semiconductor layers with relatively high lateral resistivity are
used for 33, patterning of 33 can be avoided for certain applications, and a thin
continuous coating can be used. The active area of each pixel is defined either by
the widths of the row and column electrodes (31, 35), or defined by the patterned
size of electrode 33, whichever is smaller.

The device structure can be reversed so that the switching layer is closer to
the substrate, as shown in Fig. 3B. The preference is dependent on the process
simplicity or the type of sensor fabricated. For example, for a pressure sensor
which senses the mechanical preséure near the device pixels, Fig. 3B is the better
choice since the sensor layer is.closer to the free surface. Foran IR sensor in
which an inorganic semiconductor layer (e.g., Ge) is used for IR sensing, the
structure of Fig. 3A is favored, since the metal layer (33) can be patterned with
conventional photolithography technelogy on top of the IR sensor (Ge) layer.

The common electrode 33 provides the work function necessary for the
sWitching diodes. Since high resistivity polymers (such as PANI) and doped
inorganic semiconductors can provide this function, such materials can be used as
the common electrode between the sensing layer and the switching layer. In some
applications, patterning of the common electrode layer can also be eliminated.

- These microswitch-based passive sensor matrices can be operated and
addressed using schemes similar to those developed for light emitting diode
matrices. One practical driving scheme is to apply a positive bias across the row
and column electrode selected (for example, between row electrode 2 and column

electrode B in Fig. 4), leaving the rest floating. This is often achieved with analbg g

- multiplexers connected to the row and column electrodes. The pixel at the cross-

point of the two electrode is then switched on with an applied forward bias larger
than the turn-on voltage. Since there is always a diode in reverse bias in the

paraliel paths seen from 2 to B (except the path at the cross-point), the leakage

_currents from the parallel paths are negligible. Thus, pixel 2B is selected. The

current or its integral (charge) or derivative tested in the external test loop
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connecting 2B is thus sensitive to the physical condition near the pixel 2B. The
image of the entire sensor can be electronically recorded by selecting each pixel of
the array in time sequence. : ‘ ' |
Another driving sche‘meé is achieved by connecting the row and the column
electrodes to digital gates-whicl'i; provide only two possible voltage states, "high"

and "low". This is often accbm?plished via digital decoder circuits or digital shift

- registers. In this driving schém:e, three biasing conditions at V+, OV and V- exist

for each sensing pixel. For example, if at an instant of time, row 2 is selected low

and column B is selected high, tihen pixel 2B is under forward bias and is selected.
The remainder of the pixels in the row 2 can be actively turned off by applying the
same potential as that of 2 td alI the columns except B. These pixels are thus under
zero bias. The remaining piXelsé. in the column B can also be actively turned off by
applying the same potential as tihat of column B to all rows except 2. In this way,

all the pixels except 2B will be ESubject to either zero bias or reverse bias, and

‘therefore will not contribute to t:he current in the external circuit For the pixels

under zero bias, an even larger sfwitching ratio, I(V,,)/I(0V) is achieved than that

- given by the rectification ratio Ii(Von)/I(-Von).

- Another driving scheme; is achieved by fixing all the row(or column)

electrodes at a given potential (sf'such as at OV) for read out (such as connected to

_ current-voltage converters or cdr‘rent integrators). ‘The column(or row) electrodes

are scanned one-by-one .betWeeh the same potential applied to the row(column)

electrodes and the potential éoxfesponding-to V... This operation can be realized

. by a digital shift register or w1th a digital decoder. In this driving scheme, a

column(row) is switched on at a given time, leaving the rest columns(rows) under
zero bias. The microswitches cpnnected to the off columns(rows)are thus in the off
state. As shown in the Examplés,- the current switching ratio I(V,,)/I(0V) can be
over 10° times, better than the réctiﬁcation ratio I(V,)/1(-V,,) Since the data are
read out column(row) by co‘l_umin(row), the time need for read out the entire matrix
can be much faster than thatwi’éh the point scan schemes.

There are two common épproaches to column and row selections. One is

the so-called shift-registration. in which the pixels are scanned line-by-line in time
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sequence. This addressing method has been frequently used in emissive displays -
made with passive light emitting diodes and in CCD cameras. The other
addressing scheme is the so-called "random addressing"”, in which the row and
column electrodes are encoded and are selectable with a binary decoding circuit.
This addressing scheme has frequently been used in memdry chips in the computer
industry. This scan scheme is intereéted by its selectability of sensfng area with
faster frame time. Both addressing schemes can be used to address the
microswitch boards and the integrated sensor matrices shown in Figures 3 and 4.

The switch matrices disclosed in this inventio_h can be used not only for

sensor applic.ations (picking up signals from each pixel location), but also for

delivering electric signals (cuneﬁt, charge, voltage and their variations) to every
pixel locations. Corporating such micros_witches with a diel_ectfic layer with
electric memory property, readable and writable momory devices can be
constructed. Incorporating such a switch with a thin film with eletro-optical

properties, devices can be made for electric-optical transformation.

_ EXAMPLES
* This invention will be further described with the reference to the
accompanying examples. These examples are presented to illustrate ways of

practicing the invention but are not to be construed as limitations to the claims.

~ Example 1

MSM devices were fabricated in the structure shown in Fig. 1. The anode
electrode (11) used in this Example was an indium doped tin oxide (ITO) layer with
work function close to 4.8 eV and surfacé resisitivity of ~20 Q/square. A 7 mil
Mylar film was used as the sﬁbstrate (14) _fbr this device. A thin layer of MEH-
PPV (~1500A) was spin cast onto the .ITO electrode at room temperature. Details.
on the synthesis and process of NIEH—P?V can be fou_nd in literature [F. Wudl,
PM. Allémand, G Srdanov, Z. Ni, and D. McBranch, ih Materials for Nonlinear
Opt_ics:ChemicaI 'Perspectives, Ed. SR Marder, J.E. Sohn ahd G.D. Stucky
(American .Chemical Society, Washington, DC, 1991.) p. 683]. A thin layer of Ca
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(500-5000A) was then thermally§ evaporated as the cathode electrode (the Ca was

typically over-covered by a p’rotective layer Al). The active area of each device

)
was 0.1 cm™, _
-

Figure 5A shows the device current as a ﬁ.mction of bias voltage. Forward
bias is defined as positive voltage applled to the ITO contact. The I-V
characteristics in forward blas can be classified into three regions. A very small
current was detected below 1.3 V (e.g. ~0.4 nA/cm> at 1V). In the range of 1.3-2
V, the forward current mcreased exponentrally with the brasrng voltage, by
approxrmately five orders of magnrtude For V>2 V, the rate of increase of the
forward current dxmmrshed the forward current in the high bias region was
dominated by both tunnehng and space charge lrmrted transport [D. Braun and A.J.
Heeger, Appl Phys. Lett. 58 1982 (1 991) 1.D. Parker, J. Appl. Phys 75, 1656
(1994)1.

In reverse bias, the current remained nearly constant at the level of 10°"

* Alem? for several volts. Theirecé’tiﬁcation ratio (R,) of this device is plotted in Fig.
'5B. R,~4x10°at3 V. - -

MSM devices were also fabncated with P3HT, Alq3 PPV, and C60 asthe
semrconductmg layer. Srmrlar devrce performances were observed

MSM devices similar to that shown in Frg 1 were also fabncated in4.0

cmx6.4 cm size. Similar dev,rce-;performance was observed.

This example demonstrai:es that électric microswitches can be constructed in’
the thin film MSM conﬁguration These two-terminal, passive devices can be

switched to the conductive state ("ON" state) by applying a forward bias (with

" higher potential on the anode electrode), and switched to the non-conductrng state

("OFF" state) by app]ymg a reverse -bias or a zero bias. Rectification ratios higher -

" than 10° were demonstrated at 3 V The ON/OFF switching ratio under I(5V)1(0V)
iseven hrgher approaching approxrmately 10° (see, Fig. 5A).

This Example also demonstrates that orgamc semiconductors can be used
to fabricate microswitches at room temperature, using low cost processes (such as

casting. ink-jet printing, ﬁsere;en printing, or thermal evaporation) applicable to

 fabrication of arrays over large areas.
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Moreover, the microswitches demonstrated in this Example were
fabricated on flexible mylar substrates and in flexible form. This mechanical
flexibility is unique compared to commercialized active switching péne]s made
with TFTs (the

5 high temperature fabrication process processes prohibit the use of flexible

substrates).

Example 2
- The experiments of Example 1 were repeated with Au as the anode and Al
as the cathode. The device size was reduced to ~0.0004 cm?, comparable to that
10 of a pixel in a microswitch matrix for image sensor applications. The I-V
characteristics and the rectification ratio are shown in Fig. 6A and 6B. The
re_ctiﬁcation ratio and the ON/Off ratio at SV and 0V were ~5x10° and >107,
respectively. '
Similar devices were fabricated with different metal cathode, including
15 Sm. Y, Pr, MgAg, MgAl, Li, Ba, Ag, Cu, In, Hf etc. Similar switching effect was
observed in each case. |
Similar devices were fabricated with a thin buffer inserting between the
semiconducting layer and the cathode layer. Examples of the buffer layer include
inorganic compounds such as LiF, BaO, BaF,, Li,0. Organic inolecu]es can also
20  beused for the buffer. Examples include OCA and its derivatives. Similar
switching effect was observed in each case. . | |
Organic molecules were also used for the buffer. Examples include

anionic surfactants such as ether sulfates with a common structure,
R(OCH.CH,),0S0; M*

25 wherein R represents alkyl alkyllaryl,
M’ represents proton, metal or ammonium counterion,

n is moles of ethylene oxide typically n=2-40).
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When a buffer layer comprisingéthese organic molecules was placed between the

. Al cathode and the semlconducqng MEH-PPV, improved device performance was

observed :

Similar devices were fabf"{icated with different metal anodes. including Au.
Cr, Ag, Ptetc. Conductihg polyéners (such as PANI-CSA, PEDOT-PSS) were also
used as the anode material. In e:%ch case, similar switching performance was’

observed. In the microswitches f:'abricated in thé AWMEH-PPV/Ca/Al

. configuration, a forward current bf 200 A/cm? was achieved under pulsed

operation. Comparing this valuel ito the device cutrent of 10° mA/cm? at ~ zero

 bias, a switching ratio of >10" was demonstrated.

This example demonstratgs that metals with work functions covering a
broad range can be selected as thé anode and cathode materials. This example also

demonstrates that stable metals (such as Au, Ag, Al) and conducting polymers can

- be used as the electrode matenalsl for the microswitches. This example also

demonstrates that a buffer layer czf_m be inserted between the semiconductor layer

. Example3

The experiments of B_xamf?le 1 were repeated with ITO as the anode and Al

as the cathode. An MEH-PPV;PQBM blend film (1:1 weight ratio) was used as the

semiconducting layer 12, which was spin cast from solution in xylenes
(concentration of approximately 05 wt %). PCBM is a fullerene molecule with
molecular structure and chemisal_ éroperties similar to C, (a form of C molecule in
buckyball shapé). Details about xts synthesis and characterization has been
documented in literature [J.C. Hu@melen. B.W. Knight, F. Lepec, and F. Wudl, J.
Org. Chem. 60, 532 (1 995)]. The I-V characteristics and the rectification ratio are
plotted in Fig. 7A and 7B. The reé_tiﬂcation ratio was larger than 4x10° for bias
over 1.5 V and the ON/Off ratio operating at 2V and 0V was >3x10".
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Similar results were obtained from ITO/MEH-PPV/C,/Al.

ITO/T PB/Alq3/Al devices in which the semiconducting layer was in a bi-layer
structure reminiscent of the so-called heterojunction structure in inorganic devices.
This Example demonstrates that the semiconducting layer 12 in the
microswitches can be a blend, a composite, a bi-layer or a multilayer structure.
This Example also demonstrates that, due to the charge transfer effect between

MEH-PPV and PCBM, the forward current turn-on voltage was significantly

reduced, thereby achieving a high rectification ratio at relatively low bias.

- Example 4

The experiments of Example 1 were repeated with Ag as the anode and Ca -
as the cathode. The device size was ~0.0014 cm?, reminiscent of a 0.35 mm x 0.4
mm pixel of a microswitch matrix. A PANI-PAAMPSA layer (300A) was inserted
in between the Ag and the MEH-PPV layer as a buffer layer. TheI-V
characteristics and the rectification ratio are plotted in Fig. 8A and 8B. The
rectification ratio was higher than 106 at 6V. The ON/OF ratio at 6V and OV was
greater than 2x10%. The PANI layer also reduced the incidence of electrical shons, |
thereby improving fabrication yield and device operating lifetime considerably.

This experimeht was repeaied with the thickness of the buffer layer varied
between 100 and 3000A. Sfmilar device performance was observed.

This exi:eriment was repeated with a buffer layer made with PANI with

different resistivity (from 10> S/cm to 10® S/cm). The resistivity was varied either

~ by choosing different counterions (such as CSA, P'AAMPSA) or by blending the

conductive PANI with an electrically-inert host polymer (such as PMMA). Similar
device performance was observed. '

- This example demonstrated that a buffer layer can be inserted at the S-M
interface to improve the device performance (such as reduction of device shorts,
enhancement of device stability). The buffer layer can also be used to modify the
M-S interface and thereby improve the device I-V characteristics. The current

turn-on in this Example was determined by the work function of the PANI (~5 eV),
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rather than by the Ag (~4.3 éV) metal layer. This example also demonstrates that

-the resistivity of the buffer layex?' can be varied in a broad range.

_Example5

Dev1ces were fabncatedan the form of ITO/PANI-PAAMPSA/Au Linear
I-V characteristics were obse,rvegd in both biasing directions. Ohmic contacts at
both ITO/PANI-PAAMPSA and metal/PANI-PAAMPSA interfaces were
explored. . |

This- example along with the Example 4 demonstrate that a high resistive
PANI layer can be used as the common electrode 23 and 33 (see Fig. 2 and Fig. 3)
to serve both as the aﬁode for thfe microswitch and the ohmic contact to the sensors |
24 and 34. |

. .~ Example 6

The expeﬁﬁ_:em_s of Exatinple 1 were repeated with ITO as the anode and Al
as the cathode. An amorphous $1 film was used as the semiconducting layer. The
amorphous Si film was prepgufecgl by chemical vapor deposition, and was in p-
type/undoped/n-type three layeré configuration. The doping was achieved by ion
implantation. The I-V charaétexj‘istics and thé rectification ratio are plotted in Fig.
9A and 9B. The rectiﬁcatio_n.ragtio_was ~3x10° at 2 V and the ON/Off ratio at 2V
and ~0V was >5x10F, '

This example demonstrates that inorganic semiconductor films can also be

used as the semiconducting layt_:r 12, 22, 32 in the microswitches of this invention.

Example 7

Microswitches were fabncated similar to that shown in Example 1. The -

-devxce differential current dl/dV was measured as a function of biasing voltage ;

the data are shown in Fig. 10A.: The device conductance G (= I/V) as a function of

bias voltage was measured; the_;data are shown in Fig. 10B. The integrated current,

Int_IdV, as a function of biasing voitage was measured and shown in Fig. 10C.
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Switching behavior similar to that of I-V (see Fig. 5A) were observed for all these
quantities.

The time derivative and integral of the device current I were also tested,
switching behavior identical to the device current I (Fig. 5A) were observed.

This example demonstrates that the microswitches 10 can not only be used
for switching device current 1, but also for switching other physical parameters
related with the current (for example, the various derivatives and the integrals of

the current).

- Example 8

ITO/MEH-PPV/Ca microswitches were fabricated in the structure shown in
Fig. 1. The thickness of the MEH-PPV was ~2000A. The device current at 3V
was measured as a function of ambient temperature; the data are plotted in Fig. 11,
which shows that the current follows the relation, exp(-Ty/T), with T~ 0.34 eV. .

Microswitches in the same configuration were also fabricated in 10x10
column-row addressable matrix form similar to that shown in Fig. 3, but without
layer 33 and 34. The pixel area was 0.35mmx0.4mm and the pitch size was
0.625x%0.625 mm?2. The matrix was scanned with electric pulses between 0 and 3.0
V following the first driving scheme described in the Description of the Preferred
Embodiments. A point heat source was placed on top of the pixel (5,5), which
results in a temperature distribution on top of the 10x10 temperature sensor. The
device current distribution and its corresponding surface temperature distribution
are shown in Fig. 12.

This Example demonstrates that the microswitches 10 made with
semiconducting films with proper thickness can be used as a temperature sensor.
The forward current of the microswitches varies with temperature. Column-row
addressable matrices fabricated with such microswitches can be used as a

temperature sensor to image the temperature distribution over the device surface.
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Example 9

A voltage switchable inf;i‘ared sensor element was fabricated in the structure
shown schematically in Fig. 2A' The device was fabricated on a glass substrate
with films in the following order: ITO/MEH-PPV/Ca/Aw/InSb/Au.
Semitransparent Au'(200A) :waé used as the electrode 25, which allowed infrared
IR radiation to pass through and reach the IR sensor layer.” A bi-layer metal
(Ca/Au) was used as the common electrode 23.

In addition to its good rgctxfymg I-V characteristics, the ITO/MEH-PPV/Ca
device is also a good light emitt::in'g device with red-orange color. Since its
emission intensity is pr0porti'odfal to the forward current passing through the device
over a broad current range, | ' '
the integrated device in this fexgimp'le serves as an infrared indicator. The output
orange light intensity reflects tlf;e intensity of the infrared radiation.

This example demonistrates that voltage switchable IR sensors can be

-constructed by integrating a mi:k‘:rqswitch and a thin film IR sensor. When the

integrated sensor is biased in f(iirward direction, the device is switched-on with

high photosensitivity. The Sani:e device at zero and reverse bias does not respond

. to'the IR radiation. This SWitcﬁing-characteﬂstic makes the device an ideal

~ element in the construction of x-y addressable, passive IR sensor matrices. When a

visible light emitting diode is used as the microswitch, the integratéd device (the
matrix) functions as an JR 1nd1cator

This example also dempnstrates'that. by replacing the sensor layer with
other materials, sensors and seﬁsor matrices sensitive to radiation in other
wavelengths of the electromag_inetic spectrum (such as UV, X ray, far-infrared,
microwave and radiowave) can be constructed. Sensors sensitive to magnetic field,
to mechanical pressure and to élcoustic waves can also be fabricated using this

general principle.




10

15

20

30

WO 99/39394

. PCT/US99/02239

-29 -

Example 10

A voltage switchable X-ray sensor element was fabricated in the structure
shown schematically in Fig. 2A. The device was fabricated on a glass substrate
with films in the following order: ITO/MEH-PPV/Al/Se/Al. Selinium was used as
the X-ray sensing layer, its electric characteristics under X-ray radiation has been
disclosed in Physics Today, Nov. 1997. A thin Al layer (500A) was used as the
electrode 25, which is transparent to X-ray radiation. Aluminum (2 um) was used
as the common electrode 23. |

The X-ray radiation results in the current increase (following a linear
relation) in the sensing layer 24 made with Selenium. The pixel resistance of the
Al/Se/Al device is thus falls to the range of 10°-10° Q/cm? (dependent on radiation
intensity) which is much larger than the forward resistance typically <1KQ/cm?® of
the microswitch constructed by ITO/MEH-PPV/AL, but much smaller than the
switch resistance at zero or reverse bias. The forward current of the integrated -
X-ray sensor element (ITO/MEH-PPV/AV/Se/Al) is thus reflecting the X-ray
intensity, and the switching characteristics of the integrated device allows it to be
used in fabrication of X-Yaddressable X-ray sensing matrices as described in this
invention. _

This example demonstrates that voltage switchable X-ray sensors can be
constructed by integrating a microswitch and a thin film X-ray sensor. When the
integrated sensor element (pixel) is biased in forward direction, the pixel is
switched-on, and the current strength is proportional to the intensity of the X-ray
.radiation. The same device at zero and reverse bias does not respond to the X-ray
radiation. This switching characteristic makes such integrated devices ideal pixel
elements for constructing x-y addressable, passive X-ray sensor matrices. When a
visible light emitting diode is used as the microswitch (for instance, replacing the |
Al electrode 23 with Ca/Al bi-layer electrode), the integrated device shown in this
example or a matrix of such integrated devices), the X-ray intensity can be

reflected by the visible electroluminescent intensity of the microswitch, forming a

X-ray indicator.
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This example along with Example 9 also demonstrate that by placing a

sensor layer in which its electrig conductivity or its variations varies with

environmental conditions, a varjety of sensor devices (e.g.. radiation sensors

sensitive to a certain range of electromagnetic spectrum such as UV, X ray,

far-infrared, microwave and :rad$owave) can be constructed. Sensors sensitive to

~ magnetic field, to mechanical p}essure and to acoustic waves can also be fabricated

~ Example 11
Microswitches were fabricated in the form of AuWMEH-PPV/Ca/Al on glass
substrates. The thickness of the Ca laj'er is varied between Inm to 1000nm.

Lateral resistance (resistance in|parallel to the substrate surface) measurement of

* the bare Ca film on a glass 's'ubst'rate revealed the Ca film forms discontinuous

particle for thickness below approx1mate 10nm (the detail threshold is related to
the surface roughness of the substrate) The I-V performance of the m1crosw1tches

with Ca thickness less than 10 nm is similar to that with Ca film of thickness larger

~ than 10nm, which is determineél-By the work function of the Ca, rather than that of
AL o |

This example suggests f:hat' a thin metal layer in laterally-discontinuous

granular form can be used as the electrode material to define the I-V performance -

- of the microswitch. ‘Such m’et'ai layers provide novel thin films of high

conductivity in vertical dlrectlon and insulating in lateral direction. They are

useful in fabrication contact layer 23, 33 (the common electrode of the sensor and

- the microswitch) without patterning.
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1. A microswitch array comprising a plurality of electric
microswitches, each member of the plurality of microswitches being in first
electrode/semiconductor/ second electrode layer form with the semiconductor layer

being a unit body shared by the members of the array.

2. The microswitch array of claim 1 wherein the plurality of

microswitches are configured in an x-y-addressable array.

3. The microswitch array of claim 1 wherein the semiconductor is an

inorganic semiconductor.

4. The microswitch array of claim 1 wherein the semiconductor is an

organic semiconductor.

5. The microswitch array of claim 2 wherein the semiconductor is an

organic semiconductor.

6. The microswitch array of claim 4 wherein the organic
semiconductor is selected from the group consisting of conjugated organic
semiconducting polymers, conjugated organic semiconducting polymer blends,
semiconducting organic molecules, semiconducting organometallic molecules,

molecular blends or semiconducting organic molecules and multilayer structures of

such materials.

7. The microswitch array of claim 1 wherein at least one of the
electrodes is a metallic electrode.
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8. The microswitch garray of claim 1 wherein at least one of the
electrodes comprises a conducti\i/e_ organic polymer.
|
9. The microswiich !array of claim 1 wherein at least one of the

electrodes comprises a buffer la)f'er adjacent to the semiconductor layer.

10.  The microswitch array of claim 1 wherein at least one of the

electrodes is transparent.

11. A three dimehsioinal microswitch array comprising a stack of a

plurality of the arrays of claim 1 :

12. A three dimensional microswitch array comprising a stack of a

plurality of the arrays of claim'i.'

13. - A multi-element gvoltage-switchable sensor array comprising a
microswitch array of claim 1 ‘with individual elements of the array connected in
series with individual members of a plurality of sensor elements, said sensor

elements producing an electrica} signal in response to a stimulus being sensed.

14. The multi-ele_meint voltage-switchable sensor array of claim 13
wherein the sensors are thin -layftar-sensor's', themselves being in first sensor

electrode/sensor semiconductor/ second sensor electrode layer form.

15. The multi-elemént voltage-switchable sensor array of claim 14

wherein the sensor semiconductor is an organic semiconductor.

16. The multi-elemént voltage-switchable sensor atray of claim 15

wherein the microswitch and the sensor share a common electrode.
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| 17. A multi-element voltage-switchable sensor array comprising a
microswitch array of claim 5 with individual elements of the array connected in
series with individual members of a plurality of sensor elements, said sensor

elements producing an electrical signal in response to a stimulus being sensed.

18.  The multi-element voltage-switchable sensor array of claim 17
wherein the sensors are thin layer sensors, themselves being in first sensor

electrode/sensor semiconductor/ second sensor electrode layer form.

19.  The multi-element voltage-switchable sensor array of claim 18

wherein the sensor semiconductor is an organic semiconductor.

20.  The multi-element voltage-switchable sensor array of claim 19

wherein the microswitch and the sensor share a common electrode.

21.  The multi-element voltage-switchable sensor array of claim 15

additionally comprising a supporting substrate.

22.  The multi-element voltage-switchable sensor array of claim 15

wherein the sensor senses light.

- 23.  The multi-element voltage-switchable sensor array of claim 22

wherein the second sensor electrode is transparent to the light being sensed.

24.  The multi-element voltage-switchable sensor array of claim 22

wherein the light comprises visible light.

25.  The multi-element voltage-switchable sensor array of claim 22

wherein the light comprises ultraviolet light.
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26. The multi-elemenft voltage-switchable sensor array of claim 22
wherein the light comprises mfrared light.

27. = The multi-elelhenit voltage-switchable sensor array of claim 15

~ wherein the sensor senses X—ray$.

28. The multi-elemenft voltage-switchable sensor array of claim 15
wherein the sensor senses ioﬁize_fd high energy particles selected from electrons,

beta particles and gamma ray radigtion.

29. The multi-elemeriit voltage-switchable sensor array of claim 15

- wherein the sensor senses surface pressure.

30. The mtilti-elemenft voltage-switchable sensor array of claim 15

- wherein the sensor senses surface temperature. -

31. The multi-elemeﬁt voltage-switchable sensor array of claim 13

. made in two dimensional x-y addressable form.

_ 32. A method for dri\j'/ing an individual member of a multi-element
voltage-switchable sensor array

the sensor array czomprisin'g microswitch array having a plurality of

 individual elements of the array in:onnected in series with individual members of a

- plurality of sensor elements and fa bias voltage source,

the microswitch array comprising a plurality of electric
microswitches each merriber of the plurality of microswitches being in ﬁr’sf
electrode/semiconducior/;second electrode layer form with the
semiconductor layer beirgg a unit body shared by the- members of the array, |
the plurality of microswiétches defined by a row of first electrodes and a

column of second electrades configured in an x-y-addressable array, and
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the x-y addressable position of each individual microswitch being uniquely

defined by a particular first electrode defining the x coordinate and a |

particular second electrode defining the y coordinate, and

said sensor elements producing an electrical signal in response to a
stimulus being sensed,
the method comprising
| applying a positive bias voltage greater fhan the microswitch's turn on

voltage across the particular first electrode and particular second electrode defining
the individual member, leaving the remainder of the first electrodes and the
remainder of the second electrodes floating and -

~ reading the electrical signal produced by the particular sensor element.

33.  The method of claim 32 wherein multiple members of the array are

driven serially.

34. A method for driving an individual member of a multi-element
voltage-switchable sensor array _

the sensor array comprising microswitch array having a plurality of
individual elements of the array connected in series with individual members of a
plurality of sensor elements and a bias voltage source, said bias voltage source
capable of providing a "high bias voltage state, a 0 bias voltage state and a "low"
bias voltage state,

the microswitch array comprising a plurality of electric

microswitches each member of the plurality of microswitches being in first

electrode/semiconductor/second electrode layer form with the

semiconductor layer being a unit body shared by the members of the array.,-

the plurality of microswitches defined by a row of first electrodes and a

column of second electrodes configured in an x-y-addressable array, and

the x-y addressable position of each individual microswitch being uniquely
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defined by a particular ﬁlg'st' electrode defining the x coordinate and a
particular second elec’trotéie defining the y coordinate, and
said sensor elémeints producing an electrical signal in response to a
stimulus being sensed, ’ : o
5 the method comprising aipplying the positive bias to the particular first
electrode and the negative bias v:oltage to the particular second electrode defining
the individual member thereby dixceeding said member's turn on voltage, and
applying the negative bias toithéi remainder of the first electrodes or applying the
positive bias to the remainder of the second electrodes thereby leaving the
10 remainder of the plurality of indiividual elements in an off condition and

reading the electrical 's'igilal produced by the particular sensor element.

- 35. The method of clalm 34 wherein multiplé members of the array are

driven serially.

36. A method f(’n"driéving_a series of individual member of a multi-
15 element voltage-switchable sensé.or array
the sensor array compris?ing-'microswitch array having a plurality of
individual elements of the artayé’connected in series with individual members of a
plurality of sensor elements andl a bias voltage source, said bias voltage source
capable of providing a first biasévolta’ge and a second bias voltage the difference
20 - between the two bias voltages ezxceeding the turn on voltage for the elements of the
microswitch array , - |
the microswitch array comprising a plurality of electric
microswitches each mexﬁber of the plurality of microswitches being in first
: electrode/semiconductof/second‘ electrode layer form with the |
25 : semiconductor layer beifng a unit body shared by the members of the array. |
 the plurality of mici'0sw§itches defined by a row of first electrodes and a
column of second eleCtréodes configured in an x-y-addressable array, and

the x-y addressable p_osiition of each individual microswitch being uniquely
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~defined by a particular first electrode defining the x coordinate and a
particular second electrode defining the y coordinate, and
said sensor elements producing an electrical signal in response to a

stimulus being sensed,

the method comprising applying the first bias voltage all the first electrodes
and applying the second bias voltage bias to a particular second electrode defining
a particular column of individual elements theréby turning on the particular column
of elements and leaving the remainder of the plurality of individual elements in an
off condition and

reading the electrical signal produced by the particular column of sensor

elements.

37.  The method of claim 33 wherein the reading of the electrical signal
produced by the particular column of sensor elements is carried out with a digital
shift register or a with a digital decoder to produce a series of electrical signals
corresponding to the electrical signals generated by the series of sensor elements in -

the particular column.

38. A plurality of sensor arrays of claim 13 stacked to form a three

dimensional matrix.

39. A plurality of sensor arrays of claim 13 stacked to form an

integrated sensor array with multiple sensing functions.

40.  The method for producing an array of claim 6 comprising laying
down an electrode-semiconductor-electrode electric microswitch on top of an array

of sensor elements.
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41. The method for p'iroducing- an array of claim 6 'comprising laying -
down an array of sensor elerrientfs‘on top of an array of electrode-semiconductor-

electrode electric mic'roswitchesf. o
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