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ORGANIC DIODES WITH SWITCHABLE PHOTOSENSIT IVITY

CROSS-REFERENCE TO RELATED APPLICATIONS _
This application claims the benefit of U.S. Provisional Application No.
60/073,346, fi led February 2, 1998, which application is mcorporated herein by

refcrence in its entirety.

BACKGROUND OF THE INVENTION
Field of the | .

The present invention relates to organic, polymer-based photodlodes andto
thelr use in one and two dimensional image sensors. In more preferred ' |
embodiments, it concerns organic polymer-based photodiodes which are voltage
switchable and which may be arrayed as image sensors in the form of a column-
row (x-y) passively addressable matrix, where the x-y addressable organic image
sensors (image arrays) have full-color or selected-color detection capablhty, oras
linear photodiode arrays. '

State of the Art

The development of image array photodetectors has a relatively long
history in the solid state device industry. Early approaches to iﬁaging technology
included devices based on thermal effects in solid state materials. These were
followed by high sensiﬁvity image arrays and matrices based on photodiodes and
charge-coupling devices ("CCDs") made with inorganic semiconductors. These

‘arrays can be simple linear (or “one dimensional”) arrays which scan an image or .

they can be two dimensional, like the image.

Photodiodes made with inorganic semiconductors, such as silicon,
represent a class of high quantum yield, photosensitive devices. They have been
used broadly in visible light deteétioﬂ"'applications in the past decades.  However,

they characteristically present a flat current-voltage response, which makes it
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difficult to use thefn n fabricating high pixel density, x-y matrix-addressable
passive image sensors. An "x-y" matrix is a two dimensional array with a first set
of electrodes perpendicular to a second set of electrodes. When passive devices
such as resistors, diodes or liquid crystal cells are used as the pixel elements at the
intersection points, the matrix is often called a "pasei\;e;' matrix in contrast to an
"active" matrix in which active devices, such as transistors, are used to control the
turn-on for each pixel. :

To effectively a@dress an individual pixel from the.polumn and row
electrodes in a two dimensional passive matrix, the pixel elements must exhibit
strongly nonlinear current-voltage_ "I-v") charactexistice or an I-V dependence
with a threshold voltage. This requirement provides the foundation for using light-
emitting diodes or liquid crystal cells to construct passive'x_-y addressable displays.
However, since the phot.oresponse.of inorganic photodiod,_e_# is voltage-independent
in reverse bias, photodiodes made with inorganic semiceiﬁ&uctor crystals are not
practical for use in high pixcl density, passive image seh_Sp,fs - there is too much
cross-talk between plxels To avoid cross-talk, existing two dimensional
photodiode arrays made with inorganic photod_ied_es must be fabricated with each
pixel wired up individﬁally, a laborious and costly:proceglﬁ}e.' In the case of such
individual connections, the number of input/output leads is_'jproponional to the
number of the pixels. The number of pixels in commerc.i:a_j_l'.two dimensional
photodiode arrays is therefore limited to <16x16=256 due to the difficulties in
manufacturing and in making intei-beard connections. Representative commerecial
photodiode arrays 1nclude the Siemens KOM2108 5x5 photodlode array, and the
Hamamatsu S3805 16x16 Sl photodiode array. »

The development of charge-coupled devices ("CCDs") provided an
additional approach toward hlgh pixel density, two-dnnensmnal 1mage Sensors.
CCD arrays are mtegrated devices. They are different than x-y addressable matrix
arrays. The operating principle of CCDs involves serial transfer of charges from
pixel to pixel. These inte;'pixel transfers occur repeatedly._ and result in the charge
migrating, eventually, to_-'the edge of the array for readfout. These devices employ
super-large integrating circuit ("SLIC") technology and geguire an extremely high
level of perfection during their fabrication. This makes CCD arrays costly (~$10°-
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10* for a CCD of 075”-1” size) and lifnits commercil CCD products to sub-inch
dlmensmns : :

The thin ﬁlm transistor ("TFT") technology on glass or quartz substrates,
which was developed originally for the needs of liquid crystal displays, can
provide acﬁve—niatrix substrates for fabricating large size, x-y addressable image
sensors. A large size, full color image sensor made with amorphous silicon (a-Si)
p-i-n photocells on a-Si TFT panels was demonstrated recently [R.A. Street, J. Wu,
R. Weisfield, S.E. Nelson and P. Nylen, Spring Meeting of Materials Rescarch
Society, San Francisco, April 17-21 (1995); J. Yorkston et al., Mat. Res. Soc.
Sym. Proc. 116, 258 (1992); R.A. Street, Bulletin of Materials Research Society

© 11(17),20 (1992); LE. Antonuk and R.A. Street, U.S. Patent No. 5,262,649

(1993); R.A. Street, U.S. Patent No 5,164,809 (1992)]. Independently, a parallel
effort on small size, active-pixel photosensors based on CMOS technology on
silicon Wafers has been re-activated following developments in the CMOS
technology which provide submicron resolution [For a review of recent progress,
see: Eric J. Lemer, Laser Focus World 32(12) 54, 1996] Thls CMOS technology
allows the photocells to be integrated with the driver and the timing circuits so that
a mono-chip image camera can be realized. ' .

CCDs, a-Si TFTs, and active-pixel CMOS image sensors represent the

existing/emerging technologies for solid state image sensors. However, because of -

~ the costly processes involved in fabrication of these sophisticated devices, their

applications are severely limited. Furthermore, the use of SLIC technologies in the
fabrication processes limits the CCDs and the active-pixel CMOS sensors to sub-
inch devic_:e dimensions. _

Photodiodes made with organic semiconductors represent a novel class of
photosensors with promising process advantages. Although there were early
reports, in the 1980s, of fabricating photodiodes with organic molecules and
conjugated polymers, relatively small photoresponse was obserVe_:d [for an review
of early work on organic photodiodes, see: G.A. Chamberlain, Solar Cells 8, 47
(1983)]. In the 1990s, there has been progress using conjugated polymers as the
active materials; see for example the following reports on the photoresponse in
poly(phenylene vinylene), PPV, and its derivatives,: S. Karg, W. Riess, V
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Dyakonov, M. Schwoerer, Synth. Metals 54, 427 ( 1993); H. Antoniadis, B.R.
Hsieh, M.A. Abkowitz, S.A. Jenekhe, M. Stolka, Synth. Metals 64, 265 (1994);
G. Yu, C. Zhang, A.J. Heeger, Appl. Phys. Lett. 64, 1540 (1994); R.N. Marks,
JJM. Halls, D.D.D.C. Bradley, RH. Frield, A.B. Holmes, J. Phys.: Condens.
Matter 6, 1379 (1994); R.H. Friend, A.B. Homes, D.D.C. Bradley, R.N. Marks,
U.S. Patent No. 5,523,555 (1996)]. '

" The photosensitivity in organic semiconductors can be enhanced by
excited-state charge trather; for example, by.sensitizin'g the semiconducting

polymer with acceptors such as C,, or its derivatives [N.S. Sariciftci and A.J.

- Heeger, US Patent 5,331,183 (July 19, 1994); N.S. Saricifici and A.J. Heeger, US

Patent 5,454,880 (Oct 3, 1995); N:S. Saricifici, L. ‘Smilowitz, A.J. Heeger and F.

‘Wudl, Science 258, 1474 (1992); L. Smilowitz, N.S. Sariciftci, R. Wu, C.

Gettinger, A.J. Heeger and F. Wudl, Phys. Rev. B '47, 13835 (1993); N.S.
Saricifici and A.J. Heeger, Intern. J. Mod. Phys. B 8, 237 (1994)].
Photoinduced charge transfer prevents early time recombination and stabilizes the
charge separation, thereby enhancing the carrier quantu‘m'yield for subséqi:ent
collection [B. Kraabel, C.H. Lee, D. McBranch, D. Moses, N.S. Saricifici and
A.J. Heeger, Chem. Phys. Lett. 213, 389 (1993); B. Kraabel, D. McBranch,
N.S. Sariciftci, D. Moses and A.J. Heeger, Phys. Rev. B 50, 18543 (1994); C.H.
Lee, G. Yu, D. Moses, K. Pakbaz, C. Zhang, N.S. Saricifici, A.J. Heeger and F.
Whudl, Phys. Rev. B. 48, 15425 (1993)]. By using charge transfer blends as the
photosensitive materials in photodiodes, external photosensitivity of 0.2-0.3
A/Watt and external quantum yields of 50-80% el/ph have been ac_hieved at 430
nm at low reverse bias voltages [G. Yu, J. Gao, ].C. Hummelen, F. Wudl and
A.J. Heeger, Science 270, 1789 (1995); G. Yuand A.J. Heeger, J. Appl. Phys,
78,4510 (1995); 1.L.M. Halls, C.A. Walsh, N.C. Greenham, E.A. Marseglia,
R.H. Frield, S.C. Moratti and A.B. Holmes, Nature 376, 498 (1995)]. Atthe
same wavelength, the photosensitivity of the UV-enhanced silicon photodiodes is
~0.2 A/Watt, independent of bias voltége [S.M. Sze, Physics of Semiconductor
Devices (Wiley, New York, 1981) Part 5]. Thus, the p’hotosénsitivity of thin film
photodiodes made with polymer charge transfer blends is comparable to that of
photodiodes made with inorganic semiconducting crystals. In addition to their
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high photosensitivity, these organic photodiodes show large dynamic range;
relatively flat photosensitivity has been reported from 100 mW/cm? down to
nW/cm?; i.c., over eight orders of magnitude [G. Yu, H. Pakbaz and A.J. Heeger,

~ Appl. Phys. Lett. 64,3422 (1994); G. Yu, J. Gao, 1.C. Hummelen, F. Wudl

and A.J. Heeger, Science 270, 1789 (1995); G. Yu and A.J. Heeger, J. Appl.
Phys. 78,4510 (1995)]. The polymer photodetectors can be operated at room

temperature, and the photosensitivity is relatively insensitive to the operating

~ temperature, dropping by only a factor of 2 from room temperature to 80K [G.

Yu, K. Pakbaz and A.J. Heeger, Appl. Phys. Lett, 64,3422 (1994)].

As is the case for polymer light-emitting devices [G. Gustafsson, Y. Cao,
G. M. Treacy, F. Klavetter, N. Colaneri, and A. J. Heeger, Nature 357, 477
(1992); AJ. Heegerand J. Long, Optics & Photonics News, Aug. 1996, p.24],
high sensitivity polymer photodetectors can be fabricated in.largé areas by
processing from solution at room temperature. They can be made in unusual
shapes (e.g. on a hemisphere to couple with an optical component or an optical

system), or they can be made in flexible or foldable forms. The processing

- advantages also enable one to fabricate the photosensors directly onto optical -

fibers. Similarly, polymer photodiodes can be hybridized with optical devices or
electronic devices, such as an integrated circuits on a silicon wafer. These unique

features make polymer photodiodes special for many novel applications.

SUMMARY OF THE INVENTION -

Recent progress in our group has demonstrated that the photosensitivity in
organic photodiodes can be enhanced by applying a reverse bias. ‘It was further
found that the photosensitivity increases with reverse bias voltage, with the
increase being independent of incident light intensity [G. Yu, C. Zhang and A.J.
Heeger, Appl. Phys. Lett. 64, 1540 (1994); A.J. Heeger and G. Yu, U.S. Patent,
5,504,323 (1996)). This work showed a photosensitivity of ~90 mA/Wattin - '
poly(2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene vinyléne);('.-’MEH-PPV")-
based thin film devices, such as I'I‘O/B/IEH-PPV/Ca thin film devices, at 10 V
reverse bias (430 nm), corresponding to a quantum efficiency of >20% el/ph. In
photodiodes fabricated with poly(3-octylthiophene), photosensitivity over 0.3
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A/Want was observed over most of visible spectral range at -15 V bias [G. Yu, H.
Pakbaz and A.J. Heeger Appl. Phys. Lett. 64, 3422 (1994)]

We have now found that this variable photosensm "_'_ty enables on-off
voltage-switchable photosensors At a reverse bias, typlc:\; ly in the range of 2-15
V, the photodiode can be switched on with photosensm tyof 30-300 mA/W. The
photosensitivity at a voltage close to the internal (bullt-lln.). potentlal is several

orders of magnitude lower, equivalent to zero at the output ofa digital read-out
circuit. This near zero state can thus be defined as the o_ff state of the photodiode.
These voltage—swrtchable, organic photodrodes can serve as individual
pixels in passive diode arrays. These" arrays can be in the form of x-y addressable
arrays with anodes connected via row (column) electrodes:'and cathodes connected

via column (row) electrodes Every plxel can be selected and the informiation

(intensity of the mcldent light) at each pixel can be read out w1thout crosstalk.
Alternatively, the voltage-swrtchable orgamc photodlodes can be arrayed in a
linear manner. - _ '

~ These arrays can utlhze the processmg advantages assoclated with the

fabrication of organic dmde structures ﬁ'om soluble, sennconductmg conjugated

- polymers (and/or their precursor polymers) Layers of th‘__ __'?matenals can be cast

- from solution to enable the fabrication of large active areas, onto substrates thh

desired shapes. This also enables active areas to be in ﬂexrble form. These
photoactive materials can be patterned onto an optically umform substrate by
means of photohthography, microcontact printing, shadow maskmg and the like. In
a preferred embodnnent for the visible region of the spectrum the substrate is
opaque for A<400 nm so ‘that the pixels are insensitive to UV radlatlon

The photoactive layer employed in these sw1tchable photodlodes is made
up of organic materials. ‘These take numerous forms. Th’ey can be conjugated
semrconductmg polymers or polymer blends. For donor-acceptor blends with
polymeric donors, the acccptor can be a polymer, macromolecule, oligomer or
small molecule (monomers) Alternatively, molecular donor/polymenc acceptor
systems also work well. The higher molecular weight component in many cases
provides mechanical strength and prevents phase changes The donor-acceptor

blends can also be made: thh small molecule donors and acceptors that are well
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known in the art. é é’nples of the n;o_'lecul.ar and dlig‘iﬁ%iéricdonors include
anthracene and its.j'dérivatives, pinacyanol and its derivatives thiophene oligomers
(such as sexithiophene.6T, and octylthiophene, ST).and their derivatives and the
like, phenyl oligomers (such as sexiphenyl or octylphenyl) and the like. Examples
of molecular écceptdrs include fullerenes (such as Cg, and their functional
derivatives), Alg,-type organometallic molecules and the like. In addition, one can
employ multiple layers of organic semiconducting materials in donor/acceptor
heterojunction or quantum-well configurations.

The organic image sensoré enab_led by this invention can have mono-color
or multi-color detection capability. In these image sensors color (optical
wavelength) selection can be achieved by combining a suitable color filter panel
with the organic image sensors and image sensor arrays already described. If
des1red the color filter panel can serve as a substrate upon which the image sensor
is carned The detection wavelength of the organic image sensors can also be

selected by using resonant cavity device structures as demonstrated in the

examples of the invention. The organic image sensor arrays with the ability to

select specific wavelengths can be used for spectrographic apphcatlons (such as
ﬂat-panel spectrometers).

In addition, embodiments of the present invention provide organic image
sensors with full-color detection capability. In these organic image sensors, a filter
panel is made up of red, green and blue color filters which are patterned in a format
corresponding to the format of a photodiode array. The panel of patterned filters
and the patterned photodiode array are coupled (and coordinated) such thata
colored image sensor is formed. The patterned color filter panel can be used
dlrectly as the substrate of the image sensor. |

Full-color detectivity, is also achieved when red, green and blue colors are
detected by three of these photodiodes with spectral response cut-off at 500 nm,
600 nm and 700 nm, respectively. Differentiation operations in the read-out circuit
extract the red (600-700 nm), green (500-600 nm) and bluc (400-500 nm) signals.
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" BRIEF DESCRIPTION OF THE DRAWINGS

This invention will be further described with reference being made to the
drawings in which: o

Fig. 1 is a cross-sectional schematic view of a voltage-switchable
photodiode of this invention 10 assembled into a circuit. The phbtocurrent can be
read out by a current meter or a read-out device inserted in the loop;

Fig. 2 is a cross-sectional schematic view of a voltage-switchable
photodiode 20 in reversed configuration, in which the reversed configuration refers
the structure with the transparent electrode contacted with the free surface of the
active layer; ' '

Fig. 3 is an exploded schematic view of a 2D image sensor 30 made of an
x-y addressable, passive matrix of voltage-switchable photodiodes; - |

Fig. 4 is an exploded schematic view of a full-color image sensor 40 made
with an x-y addressable photodiode matrix coupled to a color filter panel;

~ Fig. 5 is an exploded schematic view of a full-color image sensor 50 made
with an x-y addressable photodiode matrix of which each full#color pixel is made

- of three photosensitive materials having differing long-wavelength cut-offs such as

at 700 nm, 600 nm and 500 nm;"
- ' Fig. 6 is a graph of the photocurrent as a function of bias voltage in a

- ITO/MEH-PPV/Ca device; -

- Fig. 7 is a graph of the transmission characteristics of PANI-CSA and

. PEDT-PSSA conducting polymer electrodes; also.shown is the v1sua1 response,
- V(A), of human eye. '

Fig. 8 is a graph of the photocurrent (clrcles) and the dark current (solid
line) of a ITO/MEH-PPV:PCBM/ALl photodiode. The photocurrent was taken
under white light of intensity ~10 mW/cm?.

Fig. 9 is a graph of the current-voltage characteristics of an ITO/P30T/Au
photodiode in the dark (clrcles), and illuminated under ~ 10 mW/cm? at 633 nm

{(squares);

Fig. 10 is a graph of the current-voltage characteristics measured between a
row electrode and a column electrode from a 7x40 photodiode matrix in the dark

(lines) and under room light illumination (circles);
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Fig. 11 1s a schematic representation of the driving scheme for a 7x40
photodlode matrix. It will be described in terms of ITO/MEH-PPV:PCBM/Ag
switchable photodmdes

Fig. 12 is a graph of the photoresponse ofa voltage-sw1tchable photodiode
made with P30T;

Fig. 13A is a graph of the photoresponse of voltage-switchable photodiodes
with speétral response simulating that of human eye, V(1);

Fig. 13B is a graph of the transmittance of the long-wavelength-pass filter
and the visual response, V(1) corresponding to Fig. 13A;

_ Fig.14isa gréph of the spebtral response of a solar blind UV detector
bperating at -2V. The photoresponse of the MEH-PPV:C,, photodiode on
ITO/glass sul_)straté and the photoresponse of an UV-enhanced Si photodiode are
plotted for comparison; | _

Fig. 15Aisa graph of the response of a PTV photodiode;

Fig. 15B is a graph of the photoresponse of R, G, B photosensors made of
PTV photodiodes coupled with a color-filter panel;

Fig. 15C is a graph of the transmittance of the color filters used in the
generation of the data graphed in Figs. 15A and 15B; _

Fig. 16A is a graph of normalized spéctral response of photodiodes made
with PPV (open squares), _PDHPV_ (open circles), and PTV (solid circles);

Fig. 16B is a graph of red, green and blue color detection derived from the
dxodc responses in Fig. 16A;

Fig. 17 is a graph showing I-V response of a photodlode made with PPV in
the dark and under illumination,

Fig. 18 is a graph showing I-V response of a photodiode with a
donor/acceptor heterojunction structure in the dark and under illumination;

. Fig. 19 is a graph of the dark (solid circles) and photocurrents (circles) of a
P3HT photodiode under 8 mW/cm? broad band white light (400-700 nm);

Figs. 20A and 20B are cross-sectional schematic views of linear photodiode
arrays made with organic semiconductors; |

Fig.21isa sketch of the circuit used to drive the organic photcd;ode array;
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Figs. 22A-D show images achieved by a P30T linear photodiode array of
100 pixels over a 2.5 inch length. Fig. 22A is ared color'image Fig.22Bisa
green color image; Fig. 22C is a blue color i image; and Flg 22D isa full-color
image recovered by superposmg the red, green and blue color images of Figs. 22A-
G

Fig.23isa graph of an optlcal beam analy7er made w1th a lxl 02 polymer
photodiode array; R

Fig. 24isa graph of the angular distribution of the hght emission from a
GaP LED measured wgth a ﬂe_xlble linear photodlode arrg_y,_

Fig.25isa schfqmatic view of a spect'rog_raphef made of P30T photodiode
array; - ' B

-~ Fig.26isa graph of the transmission spectra of a PPV ﬁlm measured with

. the spectrographer of Flg 25,

Fig.27isa graph of the spectral response-of an' orgamc photosensor in
microcavity (opnc etalon) structure. o

' DETAILED DESCRIPTION OF THE INVENTION

This invention pfbvides high sensitivity photodfd§§s' with voltage-
switchable photoscnsitivity; the photdsensitivity can be‘-’_?yy)j_k’:hed on and off by the
application of selected .:\'rdltages, thereby reducing cross-talk between pixelsinan
array of such voltage-switchable photodiodes to acceptable iévéls. These
switchable photoSensofé eénable the fabrication of either one- or two-dimensional
(2D), passive image sensors with column-row (x-y) adﬂtfe%ébility. The voltage-
switchable photodetectoi' is constructed in a metal-semiéiiﬂductor—meta] (M-S-M)
thin film structure in Wthh an organic film such as a ﬁlm of semiconducting
polymer or a polymer blend is used as the photoactive matenal Selected-color or
multi-color detection in the visible and near UV can be achleved by coupling the
image sensor to an opt1ca1 filter(s). Fabrication processes for red, green and blue
(RGB) and full-color i m_;_age sensors are described by coup}g_ng the x-y addressable
polymer diode matrix dx%__ linear array with a RGB color ﬁlter panel, or by

. fabricating photodiodes with cut-off of the photoresponéé at 500 nm, 600 nm and

700 nm, respectively, onﬁo optically uniform substrates,".io_r'l_ by fabricating the
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green and blue regmns _

Voltage-swuchable photodlodes make possible 2D image sensors. Using
such photodiodes as the sensing elements in a column-row matrix, a 2D X-y
_éddreésable, passive image sensor can be constructed which operates without
crosstalk. Because of the strong voltage dependence of the photosensitivity, a

column of pixels in the 2D photodiode matrix can be selected and turned on with

_proper voltage bias, leaving the rest of the pixels-on other rows insensitive to the

incident light. With this type of operation, the physical M row, N column 2D
matrix is reduced to N isolated linear diode arrays each with M elements; said
isolated linear dibde arrays are free from the crosstalk which originatcs from finite
resistance between devices on different columns. With such 2D, passive
photodiode arrays, an image can bé read out with a pulse train scanning through

each column of the matrix. Since the number of contact electrodes are reduced to

N+M in the x-y addressable matrix, compared to NxM in the case of individual

connection, large size, high pixel density, 2D image arrays become practical
(comparable to the high pixel density display -arrays made with LCD technology).
For example, for a 1000 by 1000 pixel array, the present invention reduces the
number or required electrodes by 500 times. The polymer image sensor matrix
thus provides a unique approach to fabricating large size, low cost, high pixel
density, 2D image sensing arrays with a2 room temperature manufacturing process.
 Inaddition to being used as the sensing elements in x-y addressable, 2D
passive photodiode matrices, these voltage-switchable organic photosensors can
also be used to construct linear photodiode arrays. As shown in examples
disclosed in this invention, the ratio of L,(V,,) / L,(V ) can be more than 3x10’
under photoexcitation of a few mW/cm®. The large L,(V Wy (V) ratio
(>1.3x10°) allows the collection of image data with gray scale resolution of more
than 12 bits (12 bit has 4096 gray levels). Linear photodiode arrays made with '
these materials can be used for high image quality (over 18 bits), full-page color
digital image scannérs. Contrary to active image senéors, no analog switches are
needed to drive these arrays. A digital shift register or a BCD decoder can be used
for pixel selec_tion.
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The device structure of the linear photodiode array is shown in Fig. 19.
Transparent glass or PET films can be used as the substrates. Opaque materials
~ such as silicon wafers can also be used as the substrate mat'eri'al. In this case, the

light is incident onto the free surface side as shown in Fig. 19B. When organic

5 PET films are used as éubstrates, the linear diode array can be made in flexible
form. Optical devices with curved surface can also be used as the substrate for
these diode arrays; i.e., the linear diode array can be coupled to and integraied with
other optical devices in a desired optical arrangement and with a desired optical
wavefront. ' '

10 Linear photodiode arrays can be made in the configurations similar to that
shown in Fig. 3 with one row and i columns or with one column and n rows. The
cross sectional views of two typical device structures are shown in Fig. 19. The
substrates can be transparent or opaque. In a preferred configuration (Fig. 19A),

~ the linear photodiode arrays (210) can be fabricated onto a transparent glass

15 substrate (214) with patterned ITO (211) or other transparent electrode materials

(such as conducting polymer electrodes, thin metal films, _hf:etal/conducting
- polymer bilayer electrodes. dielectric film/ITO or metal ﬁir'n/dielectric film bilayer

! - eléctrodes). The process of ITO patterning is well known in the existing art, and

| has been used broadly in LCD technologies. The deposition of the organic layer

20 . (212) can be achieved by spin casting, drop casting,'printing,'eiec’:trochénﬁcal
synthesis or vapor deposition. The back electrode, in the form of a narrow bar
shape (213), can be vacuum deposited with a simple shadow mask or patterned by
means of photolithography. In most applications (especially for larger pixel sizes),
no patterning of the sensing material is necessary. This seﬁsing array can be

25 mounted onto a print circuit (PC) board with a driving ciréuit. Several existing

connection techniques (Such'as card-edge connectors, zebra connectors, bonding

tapes, wire bonding, soldering bumper etc.) can be used for interboard connection.
The drive circuits can also be arranged (surrounding the se_néor'axray) ontothe
same substrate. This is especially preferred in arrays with a high pixel density

30 (e.g., >80 pixels/inch). In these cases, the IC chips can be bonded to the glass '
substrate, and the electrical connections can be achieved &ia soldering, one-

dimensional conducting epoxy or other existing connection technologies.
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As demonstrated in the examples herein, the spectral response of the

polymer image sensors can cover the entire visible spectrum with relatively flat

response. A portion of the visible spectrum can also be selected with a band-pass

or low-pass optical filter. Multi-color detection in the visible and the near UV can

be achieved by coupling the image sensor with a color-filter panel. A fabrication

process for full-color image sensors is described with the x-y addressable polymer

diode matrix and a RGB (red, green, blue) color filter panel. A similar fabrication

process can be employed to prepare a linear photodiode array.

Definiti 1 Device S |

In this description of prefetred embodiments and in the claims, reference
will be made to several defined terms. One group of terms concerns the structure
of the voltage-switchable photodiode. A cross-sectional view of the voltage-
switchable photodiode is shown in Fig. 1. The voltage-switchable photodiode 10
.is constructed using the metal-semiconductor-metal (M-S-M) thin film device
configuration. Specifically, the device 10 includes:

A “photoactive layer” (layer 12) comprised of organic,
semiconducting material(s), such as a conjugated polymer, a polymer
blend, a polymer/molecule polyblend, a layer of organic molecule or -
molecular blends; or a multilayer structure combining the above materials;

Two “contact electrodes” (layers 11, 13) which serve as the anode
and cathode of the photodiodes to extract electrons and holes, respectively,
from the photoactive layer. One of the electrodes (layer 11 in Fig. 1) is
made transparent or semitransparent in the spectral range of interest to -
allow the incident light 18 to be absorbed in the active layer (12).

-~ The "anode" electrode is defined as a conducting material with higher work
function than the "cathode" material.
This same relationship of electrodes 11 and 13 to active layer 12 and light
source 18 (or 18’) is found in devices 10, 20, 30 40 and 50 as depicted in Figs. 1, 2,
3, 4, and 5, respectively. .
As shown in Figs. 1 and 2, electrodes 11 and 13 are connected to bias
voltage source 15 via lines 17 and 17/, respectively. Detector 16 (that represents a
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current meter or a read out device) is wired in series into this circuit to measure the
photoresponse generated in the photodiode in response to light 18. This same
circuit would be employed in all of the devices (10, 20, 30, 40 and 50) depicted in
Figs. 1-5.

The devices may also include an optional substrate or support 14, as shown

in Figs. 1-5. This is a solid, rigid or flexible layer designed to pfovide robustness
to the diodes and/or to the matrix array of diodes. When light is incident from the
substrate side, the substrate should be transparent or semitransparent in the spectral
range of interest. Glass, polymer sheets or flexible plastic films are substrates
commonly used. Wide band semiconductor wafers (such as SiC, SiN) which are

transparent below their optical gaps can also be used in some applications. In these

-cases, a thin, doped region can also serve as the contact electrode 11.

- - -.Devices with the inverted geometry shown in Fig. 2 are also useful in

- applications. In this configuration, light 18 is incident from the “back” electrode

side, and optically opaque materials can be used as the substrate material. For
example, by using an inorganic semiconductor wafer (such as silicon) as the
substrate 14, and by doping the semiconductor to “conductive” levels (as defined
in the following), the wafer can serve both as the substrate 14 and the contact
electrode 11. The inverted structure offers the'adVantage'Of integrating the

- photosensor with driving/read-out circuitry built directl)} onto the inorganic

semiconductor substrate (using integrated circuit technology).

.. The incident light 18 (or 18’) is defined generally so as to include
wavelengths in visible (400-700 nm), wavelengths in thé ultraviolet (200-400 nm),
wavelength in the vacuum UV (<200nm), and wavelengths in the infrared (700-
2000 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 used to
describe a substrate with transmittance -over 50% and the term “semi-transparent”
is used to describe a substrate with transmittance between 50% to 5%.

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/cm.

' PCT/US99/02247
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~ The “positive” (or “négative”) bias refers to the cases when higher potential
is applied to the anode electrode (cathode electrode). When values of negative

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

_enhanced photosensitivity, the relative values will be stated in terms of absolute

values; that is, for example, a -10 V (reverse) bias is greater than a -5 V (reverse)
bias.

The structure of the x-y addressable, passive photodiode matrix (2D image

_sensor 30) is depicted in Fi'g. 3. Shown in Fig. 4 is the structure of a full-color

image sensor 40 made with the x-y addressable photodiode matrix. In these:

- devices, the anode and cathode electrodes 11°, 13° are typicélly pattemed into rows

and columns perpendicular to one another. Patterning of the photoactive layer 13
is not necessary for pixels with sufficient space between adjacent electrodes. Each
inters_ection of the row and column electrodes defines a photosensitive element
(pixel) with device structure similar to that shown in Fig. 1 or Fig. 2. The widths
of the row and column electrodes 117, 13’ define the active area of each pixel.

A matrix of color filters 19 (each pixel of the color filter is comprised of

-red, green and blue color filters 19°) is coupled with the photodiode panel. A -

separate sheet of color filters similar to that used for color-LCD displays [For a
l’.@iew, see: M. Tani and T. Sugiura, Proceeding of SID, Orlando, Florida (1994)]
can be used for this purpose. In a more preferred embodiment, the color-filter
panel can be coated directly onto the substrate for the photodiode matrix. The set
of transparent electrodes 11 (for example, made of indium-tin-oxide, ITO) can be
fabricated over the color filter coating. In this configuration, high pixel densities
Wlﬂl niicron-size feature size can be achieved. .

A coating of "black" material (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 matrix". This coating is helpful in some situations to
further reduce cross-talk between neighbor pixels in devices with an unpatterned
photoactive organic layer. Black matrices have been used in CRT monitors and
other flat panel displays to increase display contrast, and are well known in the
display industry. The patterning of the "black matrix" can be achieved with
standard photolithography, stamp, ink-jet or screen printing techniques.

PCT/US99/02247
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- Full-color detection can be achieved with an alternative approach 50 as
shown in Fig. 5. In this approach, each full-color pixel 12 comprises three
photodiodes 12R, 12G and 12B with long wavelength cut-offs at 700, 600 and 500
nm, respectively. These photodiodes are made of three photosensitive materials in
the defined areas on the substrate. The patterning of the active layers can be
achieved by photolithography, screen printing, shadow masking and the like. The

correct red, green and blue color information can be obtained by differentiation of

_ the signals.(in the read-out circuit) from the three sub-pii;els, I12R, 12G and 12B, as

demonstrated in the examples of this invention. 'An optically uniform material is
used as the substrate which is transparent in the visible and opaque inUV.

The color selection can also be achieved by combining the device structure
shown in Fig. 4 with that shown in Fig. 5. For instance, with the photosensing

material in the photodiode defining part of the spectral response, the optical filter

~ placed in front fine-tunes the response desired. Example 15 utilizes this approach -

for a photosensor simulating the response of the human eye.

The photoactive layer 12 in the voltage-switchable photodiodes is made of

~ a thin sheet of organic semiconducting material. The active layer can comprise one

or.more semiconducting; conjugated polymers, alone or in combination with non-

conjugated materials, one or more organic moleculcs, or oligomers. The active

‘layer can be a blend of two or more conjugated polymers with similar or different

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

-and different electronic energy gaps. The active layer can be a blend of conjugated

polymers and organic molecules with similar or different _eiectron affinities and
different energy gaps. The latter offers specific advantages in that the different
electron affinities of the components can lead to phdtoinduced charge transfer and
charge separation; a phenomerion which enhances the photosensitivity [N.S.
Saricifici and A.J. Heeger, US Patent 5,333,183 (July 19, 1994); N.S. Sariciftci
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. Smilowitz,
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N.S. Sariciftci, R. Wy, C. Gcttinggr, AlJ. Heeger and F. Wudl, Phys. Rev. B
47,. 13835 (1993); N.S. Sariciftci and A.J. Heeger, Intern. J. Mod. Phys. B 8,
237 (1994)]. The active layer can also be a series of heterojunctions utilizing
layers of organic materials or blends as indicated above.

The thin films of organic molecules, oligomers and molecular blends can
be fabricated with thermal evaporation, chemical vapor deposition (CVD) and so
on. Thin films of conjugated polymers, polymer/polymer blends,
polymer/oligomer and polymer/molecule blends can often be fabricated by casting -

directly from solution in common solvents or using similar fluid phase processing.

- When polymers or polyblends are used as the active layer, the devices can be

fabricated onto flexible substrates yielding unique, mechanically flexible

photosensors. _ -
lExam_ples 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, ("PE"), and its derivatives;

poly(p_henylene vinylene), ("PPV"), and its derivatives; polycarbazole and its
derivatives; poly(1,6-heptadiyne); polyisothianaphene and its derivatives; -

polyquinolene and semiconducting polyanilines (i.e. leucoemeraldine and/or the

cemeraldine 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 organic solvents are preferred because of their
procéssing advantages.

Examples of PPV derivatives which are soluble in 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 Materials for Nonlinear Optics: Chemical Perspectives, edited by S.R. Marder,
J.E. Sohn and 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)-1,4-phenylenevinylene), ("BCHA-PPV") [see U.S.
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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 tHa'n 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 seniiconducting
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 poiymers
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
molecules such as Cg, and its functional derivatives, and organic molecules and

organometallic molccules used heretofore in the art for photoreceptors or electron

transport layers.

- One can also produce photoactive layers using two sémiconducting organic
layers in 2 donor/acceptor heterojunction (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 made up of poly(cyanaophenylenevinylene) ("CN-
PPV"), fullerene molecules such as C,, and its functional derivatives (such as
PCBM and PCBCR), or organic molecules used heretofore in the art for
photorécepfors and electron transport layers. Examples of this heterdjunctidn layer
structure for a photoactive layer include but are not limited to, PPV/C,,, MEH-
PPV/Cgy, PT/Cgy, P3AT/C,y, PTV/C,,and so on. '

The active layer can also be made of wide band polymers such as poly-N-
vinylcarbazole ("PVK") doped with dye molecule(s) to enhance photosensitivity in
the visible spectral range. In these cases, the wide band organic serves as both host
binder as well as hole (or electron) transport material.- Exainples include, but are
not limited to, PVK/o-chloranil, PVK/rhodamine B and PVK/coronene and fhe
like. = ' -

The photoactive layer can employ organic molecules, oligomers or
molecular blends: Inthis embodiment, the photosensitive material can be

fabricated into thin films by chemical vapor deposition, molecular epitaxy or other
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known film-deposition technologies. Examples of suitable materials include but
are not limited to include anthracene and its derivatives, tetracene and its
derivatives, phthalocyanine and its derivatives, pinacyanol and its derivatives,

fullerene ("Cg,") and its derivatives, thiophene oligomers (such as sixethiophene

| - "6T" and octithiophene "8T") and their derivatives phenyl oligomers (such as

sixephenyl "6P" or octiphenyl "8P") and their derivatives, aluminum chelate
(Alg3) and other metal-chclate molecules (m-q3) , PBD, spiro-PBD, oxadiazole
aﬁd its derivatives and biends such as 6T/Cg,, 6P/Cg,, 6P/PBD, 6P/Alq3,
6T/pinacyanol, phthalocyaninc/o-chloranil, anthracene/Cg,, anthracene/o-
chloranil. Fof the photoactive layer containing more than two types of molecules, -
the organic layer can bein a blend form, in bilayer form or in multiple alternate
layer forms. |

In some embodiments, the active layer 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,),080; M"
wherein R represents alkyl alkyllaryl,

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 diodés has been demonstrated by Y. Cao
[U.S. Patent Application, Serial No. 08/888,316, which is incorporated by
reference]. o . :

Other types of additives include solid state electrolytes or organic salts.
Examples include poly(ethylene oxide), lithium triflucromethanesulfonate, or their
blends, tetrabutylammonium dodecylbenzenesulfonate and the like. Application of
such electrolyte to luminescent polymers and invention of new type of light-
emitting devices have been deémonstrated 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
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phase(s) with higher electron affinity acts as an electron acceptor(s) while the
phases with lower electron affinity (or lower lomzatlon energy serves as an
electron donor{(s). These organic blends form a class of charge-transfer materials,
and enable the photo-mmated charge separation process deﬁned by the fo]lowmg
steps [N.S. Saricifici- and A.J. Heeger, Intem. J. Mod Phys B 8, 237 (1994)]:

Stepl: 'D + A “D* + A, (excitation on D)
Step 2: : l3D"‘ +A“ 13D - A)*, (excxtauon delocahzed onD-A
complex); v
Step 3: 'f-’(n - Ay* “13(D¥ - A%)¥, (charge transfer initiated);
Step 4: l'3(D“' - A%y« 3D . A, (1oii i"adlcal pair formed);
Step 5: D7 - A 4D +AT (charge sggarauon)

where (D) denotes the organic donor and (A) denotes the ';ol_fganic acceptor; 1,3.
denote singlet or triplet excited states, respectively. .
Typical thickness of the active layer range ﬁom a few hundred Angstrom

* units to a few thousand Angstrom units; ie, IOO-SOOOA ( 1 Angstrom unit = 10

cm).. Although the active film thicknesses are not cnuoal devxce performance can
typically be improved. by using thinner films thh optlcal densmes of less than two

in the spectral region. of interest.

Electrodes _ :
As shown in Flgs 1 and 2, the organic photodlodes of tlns invention are

.constructed in an M-S—M structure, in which the orgamc photoactxve layer is

bounded on two sides w1th conductive contact electrodes In the configuration
shown in Fig. 1, a transparent substrate 14 and a transparent electrode 11 are used
as one contact electrode. Indium-tin-oxides ("ITO") can be used as the electrode
11. Other transparent electrode materials include alummum doped zinc oxides
("AZO"), aluminum’ doped tin-oxides ("ATO"), tm-oxldes and the like. These
conducting coatings are made of doped metal-oxide compounds which are
transparent from near UV to mid-infrared. o

- The electrode- 11 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 velahoe of the elements or
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the morphology of & films. These sé'r’nicon&ucting- éfi'f:'i?ﬁétallic compounds are
known in the art and are well documented (e.g., N.F. Mott, Metal-Insulating
l‘mnsiﬁons, 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). , _

The electrode 11 in Fig. 1 (or 13 in Fig. 2) 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 sentitransparent electrode (11 in Fig. 1 or 13 in Fig.
:2) 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 with dodecylbenzene
sulfonic acid ("DBSA") or other acid [J. Gao, A.J. Heeger, J.Y. Lee and C.Y.
Kim, Synth. Metals 82, 221 (1996)] and the like.

A thin semitransparent layer of metals (such as Au, Ag, Al, In etc.) can also
be used as the electrode 11 in Fig. 1and 13 in Fig. 2. Typical thicknesses for this
semitransparent metal electrode are in the range of 50-1000 A, with optical
transmittance between 80% and 1 %. A proper dielectric coating (often in the form - -
of multilayer dielectric stacks) can enhance the transparency in the spectral range

of interest [For examples, see S.M. Sze, Physics of Semiconductor Devices (John

Wiley & Sons, New York, 1981) Chapter 13].

A transparent electrode can also be made from metal/conducting polymer,
conducting polymer/metal/conducting polymer or dielectric layer/metal/conducting
polymer structures. The transmission propetties of these composite electrodes are
improved relative to that of a single metal layer of the same thickness.
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A mietal layer with low optical transmittance can also be used as the
electrode 11 for some applications in which spectral response at certain
wavelengths is of interest, The photosenéitivity can be enhanced by fabricating the
deviceina micro-cavity structure where the two metal électrodes 11 and 13 act
also as optical mirrors. Light resonance between the two electrodes enhances the
photosensitivity at certain wavelengths and results in selective spectral response,
similar to that seen in optical microcavity (optical etalon) devices.

The “back” electrode 13 in Fig . 1 (and 11 in Fig. 2) is typically made of a
metal, such as Ca, Sm, Y, Mg, Al, In, Cu, Ag, Au and so on. Metal alloys can also
be used as the electrode materials. - These metal electrodes can be fabricated by, for
example, thermal evaporation, electron beam evaporation, sputtering, chemical
vapor deposition, melting process or other 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 microns 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 and semi-transparent materials described above can

".also be used as the “back” electrode 13 in Fig. 1 (and 11 in Fig. 2).

* The patterning of the row and column electrodes shown in Fig. 3 and Fig.
4 can be achieved by standard patterning technologies well-known in
semiconductor industry such as shadow masking, photolithographing, silk-screen
printing or stamp (microcontact) printing etc. These methods are well known to -

. those knowledgeable of the art of display and image sensor technologies.

To improve the device performance (for example, device lifetime,
operation speed etc.), a buffer layer comprising conducting polymers or blends
containing them can be inserted in between the electrode 11 (or 13) and the
photoactive layer. The conductivity of the buffer layer can be chosen from a broad
range (betweeh that of the pure conducting polymer and the photoactive material).
Conductivity of the buffer layer is changed by processing conditions of the
conducting polymer {(counter-ion, solvent, concentration etc.) and the composition
ratio of the blend. ' In certain situations the thickness of the buffer layer also affects
the spectral response of the photosensor. |
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 Color Filter Coati

In some applications, multicolor detection or selected color detection are of
i.nter_est.. These can be achiei_red by properly selecting the material for the
photoactive 1éyer along with coupling the photosensor w1th a color filter coating.

| One type of application is a photosensor with selected spectral response, for
example, from 500 to 600 nm. One effecﬁve approach is taking an organic
photodiode with low energy cut-off at 600 nm (for example, a photodiode made
with MEH-PPV), and placing a long-wavel_exigth, low pass optical filter (with cut- -

off at 500 nm) in front. The spectral response of semiconducting oligomers and

polymers can be controlled by modifying the side chain or main chain structures.

For example, by varying the side chain of the PPV system, the optical gap can be
tuned from 500 nm to 700 nm. An alternative approach to achieving bandpass
s_electibn is to place a bandpass optical filter in front of an organic photodiode with
wider spectral response. o : o
In photoimaging applications, full-color detection is frequently of interest.

This can be achieved by splitting a sensdr element (pixel) into three subpixels with
responsé to red (600-700 nm), green (500-600 nm) and blue (400-500 nm) (R,G,B)
spectral regions (as shown in Fig. 4) respectively, similar to that commonly used
in liquid crystal display (LCD) color-display technologies.

. A simple but effective approach to full-color image sensors is sketched in.

Fig. 4. In this approach, the photodiode matrix is made of single sheet of active

layer without patterning. The active areas are defined by the row and column

electrodes. The spectral response of these organic photodiodes should cover the
entire visible region (400-700 nm). Color selection is achieved by the color filter
panel in front of the transparent electrodes. There are many organic materials or
blends with photoresponse covering the entire visible spectrum. Examples include
PT derivatives such as "P3AT" [G. Yu, et al., Phys. Rev. B42, 3004 (1990), -
"POPT", poly(3-(4-octylphenyl)thiophene) [M.R. Andersson, D. Selese, H.
Jarvinen, T. Hjertberg, O. Inganas, O. Wennerstrom and J.E. Osterholm,
Macromolecules 27, 6503.(1994)], PTV and its derivatives and the like.

Several color filter techniques have been developed and have been used

| broadly in color displays made with liquid crystal technologies, including dyeing,
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pigment-dispersed, printing and electro-deposition [M. Tani and T. Sugiura,
Digest of SID 94 (Orlando, Florida)]. Another approach uses multilayer dielectric
coating based on optical interference. Because of better stability, pigment

dispersion has become the major process used in large-scale manufacturing. Color

- filter panels with designed patterns, often in arrangements in triangular, striped

(similar to that shown in Fig. 4), or diagonal mosaics, with transparent electrode
coating (such as ITO) are existing art and are commercially available to the display
industry. This type of substrate can be used in the fabrication of full-color image
sensors shown in Fig. 4. o -

The photodetectors provided by the present invention can be adapted to
respond to various types of ionized particles in addition .to'photons, themselves.
This can be accomplished by'incorporaﬁng in the phdtodetéctor'Structure a
scintillating material adapted to emit photons in response to ionized particles. This

material can be present in admixture with the active layer, it can be present as a

- separate layer or it can be present as part of the substrate or the transparent

electrode. In one example this scintillating material is é'phosphor, present, for

-example as a phosphor layer.

Examples of ionized particles which may be detected with devices of this
structure are high energy photons, electrons, X-rays and ionized particles are
characteristic of X-rays, beta particles and ionized partiéles are characteristicof =

gamma radiation.

Applications of the | .

The invention of voltage-switchable organic photodiodés provides the
foundation for fabrication of large size, low cost 2D -imé.ge sensors based on X-y
addressable passive diode matrices. This type of photodiode shows high
photosensitivity (typically in the range of 30-300 mA/W), quantum efficiency
(even over 100% electrons/photon at given reverse biases) and virtually zero
response at a bias voltage close to-the built-in potential. Thus, a row of pixelsin a
column-row matrix of such photodiodes can be selected by setting the selected row
at reverse bias and the pixels on the other row biased at a voltage close to the built-

in pofenﬁal._ In this way, crosstalk from pixels in different rows is eliminated. The
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image information at the pixels in the selected row can be read-out correctly in
both the serial mode or the parallel mode. The information on the pixels in the
other rows can be read-out in sequence or in selected fashion by setting the row of
intercst to reverse bias. The x-y addressable organic photodiode matrices provide a
new type of 2D image sensor which can be made in large size, with low fabrication.
cost, onto substrates in desired shape or flexible, and hybridizable with other

optical or electronic devices.

‘Specific advantages of this invention over the prior art include the
_following:
(1) : Organic photosensors with switchable photosensitivity. High
photosensitivity can be switched on (typically in the range of 30-
-300 mA/W) at a selected reverse biasing voitage. The.
photosensitivity can be switched off effectively when the diode is
biased externally at a voltage closed to that corresponding to the
internal potential.

(i) 2D, x-y addressable, passive image sensors fabricated with the

- organic photodiodes with switchable photosensitivity. Crosstalk-
.- free read-out can be achieved with these passive image sensors by
o means of proper electronic pulse sequences.

(ili) Multi-color detection and full-color image sensing can be achieved
by coupling the image matrix with a color filter panel or by
fabricating the image sensor matrix directly onto a color filter panel.

(iv)  Organic photodetector arrays in combination with other known
advantages which characterize devices made with organic materials
such as soluble conjugated polymers (ease in fabrication into large
areas and desired shapes on rigid or flexible substrates, room
temperature processing, ease in hybridization with optical, electro-
optical, opto-electric or electric devices) offer promise for large
size, low cost, high pixel density, 1D or 2D image sensors for use in '

~ office automation, in industrial automation, in biomedical devices

and in consumer electronics.
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Examples
Example 1

Voltage-switchable photodiodes were fabricated by evaporating a 50004
calcium contact (13) on the front of a thin MEH-PPV film 12 which was spin-cast

- from solution onto a ITO/glass substrate 14. The glass substrate had been

previously partially coated with a contact layer 11 of indium-tin-oxide (ITO). The
active area of each device was 0.1 cm®. The MEH-PPV film was cast from a2 0.5 %
(10mg/2ml) xylene solution at room temperature. Details on the synthesis of
MEH-PPYV can be fouﬁd in literature [F. Wudl, P.M. ‘Allemand, G. Srdanov, Z.
Ni, and D. McBranch, in Materials for Nonlinear Optics:Chemical Perspectives,
Ed. S.R. Marder, J.E. Sohn and G.D. Stucky (American Chemical Society,
Washington, DC, 199-]) p. 683]. The thickness of the active layer was adjusted by
varying the concentration of the solution, by varying the spin speed of the spinner

‘head and by applying multxple coating layers.

Electrical data were obtained with a Keithley 236 Source-Measure Unit.

The excitation source was a tungsten-halogen lamp filtered with a bandpass filter

- (center wavelength of 430 nm, bandwidth of 100 nm) and collimated to form a

homogeneous 5mm x IOmm area of illumination. The 'maximum optical power at

- the sample was 20mW/cm as measured by a calibrated. power meter. A set of

neutral density filters were used for measurements of i mtensny dependence.

Fig. 6 shows the magnitude of the photocurrent (absolute value) as a
function of bias voltage under 20mW/cm? iltumination at 430 nm. The
photocurrent at 1.5 V bias was ~3x10°* A/cm’, increasing to 9x10°* A/em? at -10V
reverse bias correspondmg to a photosensitivity of 45 mA/W and a quantum
efficiency of 13% el/ph. The ratio of the photosensitivity between the two bias -
voltages was 3x10°, thus the photosensitivity at 1.5 V bias ‘'was practically zero in
the read-out circuit. This degree of difference enabled an analog-to-dl gital (A/D)
convertor of 8-12 bit resolutlon -

The photoresponse increased nearly linearly with light intensity (I°*") over
the entire range measured from nW/cm? to tens mW/cm?. No signature of
saturation was observed at 20mW/cm? (the highest light intensity in the

measurement).
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Other metils&ich as Al, In, Cit, Ag and the 1{ké were also used for the
counterelectrode 13 (see Fig. 1) which is the cathode in these devices. Similar
photosensitivities to that shown in Fig. 5 were observed in ali these devices. The
off-state voltage which balanced off the internal potential of the photodiode varied
with the work function of the metal; the off-state voltage is determined by the work
function difference between the metal cathode and the ITO anode. Table 1 lists the
off-state voltage found for MEH-PPV photodiodes with several metal electrodes.

This experiment was also repeated with a thin layer (0.5-20nm) of one of
the metals listed in Table 1 with a thick Al layer deposited on top as a current
conducting layer. The device performance is similar to that discussed above, with
the off-state voltage mainly determined by the thin metal layer at the interface.

~ Devices were also fabricated with other photoactive organic materials,
including P3AT, POPT, PTV, PPV, BuEH-PPV, BuHP-PPV, C,, 6T, 6P, spiro-
6P, Alg,, anthracene and phthalocyanine. Similar results to those shown in Fig. 6
were observed. ' '

~ This example demonstrates that high photosensitivity can be achieved with

'MEH-PPV organic photodiodes under reverse bias. The desired photosensitivity

can be achieved at a given reverse bias. The photosensitivity can be switched off
at a proper bias voltage which is dependent on the electrode materials selected. As
shown in Table 1, air stable metals with work functions over 4 V can be used for
the electrodes in organic photodiodes. This example also demostrates that the off-
state voltage is determined by the work function of the electrode close to the
interface area. This example also demonstrates the broad dynamic range of the
polymer photodiodes, 2 dynamic range which is sufficient to enable image
detection with multi-grey levels.

. Table 1: Off-state voltage in ITO/MEH-PPV/metal photodiodes
MetalcathodeCa Sm Yb Al In Ag Cu
Vae(V) 15 15 15 11 09 07 04
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Example 2
Devices of Example 1 were fabricated onto flexible ITO/PET substrates.
" The thickness of the PET sheets used as substrates was 5-7 mils (125-175 um).
Similar device performance was observed.
5 This example demonstrates that the voltage-switchable organic photodiodes
can be fabricated in a thin structure, in flexible form, or in a desired shape to meet

the special needs in specific applications.

‘Example 3 - _

.10 Devices of Example 1 were fabricated on‘glass and PET substrates. In
these devices, the ITO anode 11 was replaced with organic conducting coatings or
with ITO overcoated with conducting organic films. PANI-CSA and PEDT/PSS

- .were used as the organic electrode. The PANI-CSA layers were spin-cast from m-
- cresol solution [details about preparation of the PANI solution and PANI-CSA
15 film have been disclosed in United States Patent No. 5,232,631}, The PEDT-PSS
_ films were cast from-an aqueous.dispersion (1.3% W/W) which was supplied by
. Bayer [Bayer trial product, TP Al 4071], details about the synthesis can be found
in the litcrature [G. Heywang and F. Jonas, Adv. Materials 4, 116 (1992)]. The
cast films were then baked at 50-85 °C for several hours in a vacuum oven or in a
20 N, dry box. In the case of PEDT/PSS, the films were finally baked at a

temperature over 100 °C for several minutes to complete the drying process. The

thickness of the conducting polymer electrodes was controlled from a few hundred
Angstroms to a few thousand Angstroms. '
The optical transmission spectra of the polymer anode electrodes are shown
25 inFig. 7, including data from PANI-CSA and PEDT-PSS. Also shown in Fig. 7
is the spectral response of the normal human eye, V(A). The data indicate that
these organic conducting electrodes can be used for photosensors for applications
in visible spectral range. Moreover, the PEDT-PSS electrodes can also be used for
ultraviolet (250-400 nm) and for near infrared. Thus, the polymer electrodes can
30 be used in photosensors with full-color (white color or R,G,B three color)
detection.
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In addition to the electrodes made with PANI-CSA or PEDT-PSS alone,
devices were fabricated with ITO/PANI-CSA and ITO/PEDT-PSS bilayer
electrodes. In these cases, the polymer electrodes were cast in a thin layer
(thickness of a few hundred Angstrom units) to maximize the optical transmission.
Organic li ght-emifting devices with bilayer electrodes have demonstrated -
improved device performance such as carrier injection and device stability.

Examples are shown in U.S. Patent Applications Serial Nos. 08/205,519 and

. 08/609,113.

The photosensitivities of the devices with organic anode electrodes or

bilayer electrodes werce similar to those shown in Fig. 6;i.c. tens of mA/W at

reverse bias voltage in the -5 to about -10 V range.

This example demonstrates that conducting polymer materials can be used
as the transparent electrodes of the photodiodes and image sensors. These plastic -
electrode materials provide the opportunity to fabricate organic photosensors in
flexible or foldable forms. This example also demonstrates that the polymer
electrode can be inserted between a metal-oxide transparent electrode (such as
ITO) and the active layer to modify the interfacial properties and the device.

performance.

. Example 4
Devices of Example 1 were repeated. A thin buffer layer was inserted

- between the ITO and the MEH-PPV layers to reduce the leakage current through

pinhole imperfections in the active layer. The materials used for the buffer layer
were PAZ, TPD (prepared via chemical vapor deposition) and PVK (cast from
cyclohexanone solution). The thickness of the buffer layer was 100-500 A. The
photoresponse of these devices was similar to that shown in Fig. 6. However, in
these devices, the dark current (which is caused frequently from microshorts due to
pinholes in the active layer) was reduced in magnitude. In these short-free
devices, a photon flux as small as 1 nW/cm® was detected under direct current
operation. The off-state voltage was 1.6~1.7 V in these devices, slightly higher
than in the devices in Example 1.
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- This example demonstrates that a buffer layer can be inserted between the
active layer and the contact electrode(s) to reduce device shorts and to improve the
device response to weak light. This buffer layer can be made of 6rganic molecules
via chemical vapor deposition or polymeric materials through wet casting

processes.

Example 5

Devices of Example 1 were repeated. The active material, MEH-PPV, was
blended with an a‘nionic surfactant Li-CO436 in molar ratios of 0, 1, 5, 10 and
20%. The Li-CO436 was synthesized by a substitution reaction from Alipal
C0436 (ammonium salt nonylphenoxy ether sulfate) supplied by Phone-Poulenc
Co.: [Y. Cao, US. Patent Application Serial No. 08/888,316]. Al was used as the
cathode. The photosensitivity was enhanced in the devices with blended Li-
CO436. For example, the photocurrent increased by a factor of 2 in a device made
with MEH-PPV:Li-OC436 (10 wt%) compared with a Similar device made without
the Li-OC436. Moreover, the off-state voltage shifted ﬁom 1.1 V in ITO/MEH-
PPV/Al devices (see Example 1) to 1.5V in 'the‘ITO/MﬁH—PPV:Li-OC436 '
(20%)/Al devices. Similar effects were also observed in devices having an
ITO/MEH-PPV/Li-OC436/Al structure. The off-state voltage increases from 1.1 V
tol6V. : .. : '

- Devices of Example 1 were also fabricated with LiF, Li,O or BaO layers
(1-30 nm) inserted between the MEH-PPV and the Al cathode. Similar
enhancement of the short circuit current and the off-state voltage was observed.

- Devices of Example 1 were also fabricated with a TiO, layer (1-30 nm)

inserted between the MEH-PPV and the Al cathode, and with TiO, nanoparticles

dispersed in the MEH-PPV film (forming a phase separated MEH-PPV:TiO, blend
film. Similar results to those obtained with ITO/I\/IEH'—PPV/BaO/Al were
observed. P
This example demonstrates that organic additives can be added to the‘active
layer or inserted between the active player and the conta_ét electrode to modify the
device performance including photosensitivity and off-state voltage. This example

also demonstrates that a layer of inorganic dielectric or semiconducting
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compounds can be inserted between the active layer and the contact electrode to
modify device performance, including photosensitivity and off-state voltage. The
inorganic dielectric or semiconducting compounds can also be made in

nanoparticle form and blended with the organic photosensing materials.

Example 6

letage-switchab]e photodiodes were fabricated in the structure of
ITO/MEH-PPV:PCBM/metal,. similar to that shown in Fig. 1. The PCBM (a C,
derivative) served as an acceptor in a donor-acceptor pair with the MEH-PPV
acting as donor. The active area of these devices was ~0.1 cm®. The blend
solution was prepared by mixing 0.8% MEH-PPV and 2% PCBM/xylene solutions
with 2:1 weight ratio. The solution was clear, uniform, and was processable at
rb_om temperature. Solutions were sfored in a N, box for over 1.5 years and no
aggregation or phase separation were observed. The active layer was spin-cast
from the solution at 1000-2000 rpm. Typical film thicknesses were in the range of
1000~2000A. Ca, Al, Ag, Cu, and Au were used as the counter electrode 13. In
each case, the film was deposited by vacuum evaporation with thickness of 1000-
5000A. In another experiment, the concentration of the acceptor PCBM was
varied from 0 to 1:1 molecular ratio. Higher on state photosensitivity and lower
on-state opefation_ volfage were observed in devices with higher concentrations.

Fig. 8 shoWs the 1-V characteristics of an ITO/MEH-PPV:PCBCR/Al
device in the dark and under light illumination. The thickness of the blend film
was ~2000 A. The dark cufrent saturated at ~1nA/cm® below 3 V and then
increased superliﬁear]y at high bias voltages (>E,/e). Zener tunneling can account
for this effect. The photocurrent was measured. The photocurrent at 0.65 V was
~1x107 A/cm?, increasing to 5x10 A/cm? at -10V bias. The on-off ratio was
~500. Devices with thinner blend films showed improved photosensitivity and
higher on-off ratio. Similar photosensitivity was also observed in devices
fabricated with other metals or metal alloys as the counter electrodes. These
included Ag, Cu, Ca, Sm, Pb, Mg, LiAl MgAg, BaAl.

- Other organic molecules were used as the photoacceptor, including C,.

Other mixtures were prepared using the C,, derivative, PCBM with different

PCT/US99/02247
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solvents. Highier photosensitivity was observed from MEH-PPV: PCBM'processed
from 1,2-dichlorobenzene solution. The photosensmwty reached 0.2 A/W at 430
nm when biased at -2 V. ' _

This example demonstrates that the photosensitivity can be further
improved by blending a donor polymer with a molecular acceptor such as Ceos
PCBM, PCBCR. High photosensitivity can be achieved at relatively low bias and
low field (~10° V/cm). This example also demonstrates that the photosensmvny
can be switched to nearly zero when bias the device at a voltage balancing the
internal built-in potenhal (~0.65V for Al cathode). Thg data in this example show
that, due to its low dark current level, the polymer phoﬁod?i_ode can be used to
detect weak light dow'n' to intensity level of tens of 'nW/..r.Eun:2 'Thus, the polymer
photodiodes have a dynarmc Tange spanning more than s1x orders of magnitude,
from nW/cm? to 100 mW/cm o o

Example 7 :
Devices similar to those of Example 6 Were-fabﬁcated with glass/ITO and

- PET/ITO substrates in 4.5 cmx4 om (18 cm?) and in 3.8/cmx6.4 cm (24.3 cm?)
- using a fabrication procjess similar to that of Examplelé".:;?”I-V characteristics similar

to that shown in Fig. 8 were observed. The photodiodés rnade with flexible PET
substrates were bent mto c1rcular shapes any without change in their - '
photosensitivity. _

This example demonstrates that the high sensitivity, voltage-switchable
photosensors can be fabﬁcated in large sizes, With ﬂexibi'e PET substrates, the

- photosensors can be bent into desired shapes for speclal needs in optics, physics

and biomedical ﬁelds

Example 8
Devices similar to those of Example 6 were tepdated'with the active layer
made of MEH-PPV:CN-PPV, a polyblend with two polymers as the donor and
acceptor phases. Ca and ITO were used as the cathode and anode "electrodes,'
respectively. The molecu]ar ratio between this donor and the aeceptor was varied
from pure MEH-PPV (1:0) to pure CN-PPV (0:1). Snmlar I-V characteristics to
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those shown in F1g8 were observed in devices with jitermediate molecular ratios.
The off-state voltage shifted to ~1.2 V as anticipated from the change in the

potential barrier between the donor and acceptor phases.

- Example 9
Devices similar to those of Example 6 were repeated with the active layer
made of sexithiophene (6T):PCBCR, a blend with two organic molecules as the
donor and acceptor phases. Similar I-V characteristics were obtained to those
shown in Fig. 8. - —_— _
Devices. were fabricated in the form of ITO/6P/Cg/Al, ITO/6P/-Bu-
PBD/AL The photoactivé layer comprised two types of organic molecules in

heterojunction form, made by thermal cvaporéti_on. Similar I-V characteristics to

those shown in Fig. 8 were observed. o
Examples 8 and 9 demonstrate that the active layer of the voltage-

switchable photodiodes can be organic molecules arranged in bilayer or multilayer

- structures, a blend of organic molecules, or a blend of conjugated polymers, in

- addition to a polymer/molecule blend as demonstrated in example 6. The data in

these examples along with that in the Example 1 also demonstrate that, for a given
cathode such as Ca, the off-state voltage varies with the electronic structure of the

active material.

Example 10

Voltage-switchable organic photodiodes was fabricated with P30T as the
active layer in an ITO/P30T/Au structure. The I-V characteristics in the dark and
under light illumination are shown in Fig. 9. Since the work function of Anis
higher than ITO, the Au electrode serves as the anode in these devices. Positive
bias was defined such that a higher potential was applied to Au electrode. Light
was incident from the cathode (ITO) electrode. In this experiment, a He-Ne laser
at 633 nm was used as the illumination source with a photon density of 10
mW/em?®. .

The built-in potential in this photodiode was reduced to nearly zero volts.
Thus, the off-state of the photodiode was shifted to close to zero volts. The.

PCT/US99/02247
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photocurrent at -12 V was' 1 mA/cm?, which was 10* times higher than that at zero
bias. Values of the ratio L,(-12V)/;(0) in excess of 1.5 x 10° have been realized
in similar devices. The photosensitivity at 633 nm was ~100 mA/W,
corresponding to a quantum efficiency of ~20 % ph/el. The dark current in the test

range was below 5x107 A/om’. The photocurrrent/dark current ratio was greater

- than 1000 over a broad bias range (-4 ~ -12 V).

~ . .This example demonstrates that the off-state of the photodiode can be
varied by proper selection of the active material and the electrode materials. This
voltage can be set to a voltage close to zero volts. A photodiode matrix fabricated
with this type of photodiode can be driven by pulse trains with mono-polarity, thus
simplifying the driving circuitry. ‘The large on/off switching ratio and the large
photocurrent/darkcurrent ratio permit the photodiodes to be used i the fabrication
of x-y addressable passive matrices with high pixel density and with multiple-gray

levels, -

_ Example 11 .

Two-dimensional, photodiode matrices were fabricated with seven rows
and 40 columns. Pixel size was 0.7 mm x 0.7 mm. ‘The space between the row
electrodes and the column electrodes was 1.27 mm'(0.0S”). The total active area
was ~27'x0.35”, Typical I-V characteristics from a pixel are shown in Fig. 10.
White light from a ﬂuordscent lamp on the ceiling of the lab was used as the
illumination source witﬁ intensity of ~tens of pW/ecm?®. This is much weaker than
the light intensity used in document scanners.

This example demonstrates that pixelated photodiode matrices can be
fabricated without shoits and without crosstalk. This example also demonstrates
that these devices can be used for applications with light intensities equal to or
much less than a microwatt/cm®. Thus, polymef photodiode matrices are practical

for image applications under relatively weak light conditions.

Example 12
A scanning scheme for the photodiode matrix was developed (see Fig. 11).

Due to the strong voltage dependence of the photosensitivity, a column of pixels in
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the 2D photodiode matrix could be selected and turned on with proper voltage bias,
leaving the pixels in the adjacent rows insensitive to the incident light. Under such
operation, the physical M row, N column 2D matrix is reduced to N isolated M
element lineér diode arrays which are free from crosstalk between columns. This
is reminiscent of the concept that is used in solving a 2D integral by dimension
reduction, /f{x,y)dxdy = /g(x)dx /h(y)dy. With such 2D, passive photodiode
arrays, an image can be read out with a pulse train scanning through each column
of the matrix. _ : )

| Fig. 11 shows a instantaneous “snap-shot” of the voltage distribution in a
7x40 photodiode matrix. At a specific time t, all the pixels were biased at+0.7 V
except the pixels in column 1. The pixels in column 1 were all biased at -10 V so
as to achieve high photosensitivity (tens-hundreds of mA/Watt). The information
at each of the pixels in column 1 was read-out in both parallel (with N channel
con\}erting circuits and A/D converters) or serial (with N channel analog switches) -
sequences. Pixels in other columns were selected by switching the column bias
from +0.7 V to -10 V in sequence. A digital shift register was used for the column
selection. _

To simplify the driver circuit, it was preferable that the photosensor can be
switched on and off between 0 V and a reverse bias voltage (-2 to -10 V). Sucha
mono-polarity, voltage-switchable photodiode was demonstrated with -
ITO/P30T/Au, as shown in Example 10.

Example 13

An image of multi-gray levels was selected, the image was scanned with

- the 7x40 photodiode matrix following the scanning scheme discussed in Example

12. The original image and the readout image were recorded photographically.
The readout image reproduced the original image with excellent fidelity.

This example demonstrates that the voltage-switchable photodiodes can be
used as the pixel elements of a column-row matrix (as shown in Fig. 3). The
photodiodes at each pixel can be addressed effectively from the column and row
electrodes. Image information with multiple gray-levels can be read-out without
distortion, '
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‘Example 14
Devices similar to those of Example 10 were fébri'cat'ed and their spectral
response was measured at a reverse bias of -15V. The data are shown in Flg 12.
"In contrast to the significant sensitivity decrease at short wavelength_in
conventional inorganic photodiodes, the P30T'photodiodes exhibited relatively
flat response for wavelengths shorter than 630 nm; the apparent decrease in
sensitivity below 350 nm was mainly due to the transmission cut-off of the ITO
coated glass substrate. For -15 V bias, the sensitivity at 540 nm reached 0.35 A/W
(a quantum yield of ~80% el/ph), the same value as obtained with UV-enhanced Si
diodes. Similar photosensitivity values persisted into the UV region below 400
nm. In some devices, quantum efficiency of over 100% el/ph (l40~1 80% el/ph)
was observed under reverse bias.
Devices weré also fabricated in the form of IT O/P3HT/P3HT:PCBM/AL
‘White light was used as the illumination source. Quantum efficiency of over 100% N
electrons/photon was observed. The highest value observed was ~1100% |
electrons/photon. A gain mechanism may play a role in these multilayer devices.
This example demonstrates high photosensitivity organic photodetectors
with response covering, simultaneously, the near UV and the entire visible spectra,
-‘This example also demonstrates that organic photodetectoré in the
metal/organic/metal sandwich structure can have quantum eﬂicxency over 100%

electrons/photon; i.e. » possesses a gain mechanism.

‘Example 15

- Voltage-switchable photodiodes were fabricated to achieve a response
similar to the visual response of the human eye, V(A). The devices were fabricated
by coating a long-wavelength-pass filter onto the front panel of the glass substrates
of devices, similar to those shown in Example 15. The coating material in this
example was a layer of PPV which was converted from its precursor film at
230°C. The photoresponses of the devices with and witliout'the' filter are shown in
Fig. 13A. The visual response of the human eye, V(1) (s:ee Fig. 13B), and the
transmittance of the PPV optical filter are shown for comparison. The
photoresponse of the P30T diode closely coincided with V(A) for wavelengths
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longer than 560 nm, while the optical transmittance of the PPV filter followed
V() over a bfoad range between 450 nm and 550 nm.

| This example demonstrates a polymer photodetector with visual response
essentially equivalent to V(A), which is of great interest in optical engineering and

biophysical/biomedical applications.

Example 16

Solar-blind UV detectors were fabricated with polyblend MEH-PPV:C,,,
ITO and Al were used as anode and cathode materials. The devices were
fabricated on an UV bandpass filter purchased from Melles Griot Inc. (product
No. 03 FCG _177). Fig. 14 shows the spectral response of the UV detector
op'.crating at-2V. The spectral response of the MEH-PPV:C,, photodiode on
ITO/glass substrate and the response of an UV-enhanced Si photediode are plotted
for oo_mparisoh. The data show that the polymer UV detector was sensitive to UV -

- radiation between 300-400 nm with photosensitivity of ~150 mA/W, comparable

to that of UV-enhanced silicon photodiode. The data also show that the
photoresponse of the MEH-PPV photodlode was suppressed (over 10° times) by

the optical bandpass filter.

This example demonstrates that high sensitivity, solar-blind UV detectors
can be fabricated by integrating voltage-switchable organic photodiodes with UV
pass optical filters.

Example 17

Example 14 was repeated except that the active layer was a thin PTV layer.
The spectral response of a PTV photdd_iode is shown in Fig. 15A, which covers the -
range from 300 to 700 nm; i.e., spanning the entire visible range. Selected color
detection was achieved by inserting a bandpass filter or a long wavelength filter in
front of the detectors. Fig. 15B shows the responses of a blue-color pixel, a green-
color pixel and a red-color pixel made with a panel of color filters and an array of
PTV photodiodes. The transmittance of the corresponding R,G,B color filters is
shown in Fig. 15C. |

PCT/US99/02247
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This example demonstrates that by coupling the polymer image sensor with
a panel of color filters, R,G,B color recognition can be achieved with a panel of

polymer photodiode matrix with response covering entire visible spectrum.

Example 18
Red, green and blue (R,G,B) color detection were achieved following the

approach shown in Fig. 5. The materials used for the active layers were PPV with

- a long wavelength cut-off at 500 nm; poly(dihexyloxy phenylene vinylene),

"PDHPV", with a long wavelength cut-off at 600 nm; and PTV with long
wavelength cut-off at 700 nm. Films were cast from solutions in their precursor
forms with thickness between lOOOA—3000A. Conversion to the conjugated forms
was carried out at temperatures between 150-230 °C. “The conjugated films formed

- in this way were insoluble to organic solvents. Thus, patterning of these materials

" on a single substrate in dot or strip shapes can be achieved with standard

photolithography, screen printing and the like, The nor_m'élized photoresponse of
these photodiodes is shown in Fig. 16A. An ITO/giass substrate was used in this
experiment which is optically transparent in visible and opaque in UV.

Red and green selective color detection were achieved by differentiation of

~ the signals from these photodiodes (this operation can be done in the read-out

circuit). The differential responses of these photodiodes are shown in Fig. 16B.

* Red color detection (with response between 600-700 nm) was achieved by

subtracting the signal from the PTV photodiode from the signal from the PDHPV
photodiode. Green color detection (with response betwéen 500-600 nm) was
achieved by subtraction of the PDHPV signal from the PPV signal. The blue color
detection was obtained by PPV photodiode directly. ' '
This example demonstrates that R,G,B selected color detection and full-
color image sensors can be achieved by patterning three photosensitive materials

on a substrate with uniform optical characteristics.

Example 19
‘Voltage-switchable photodiodes were fabricated with the conjugated
polymer poly(p-phenyl vinylene), PPV as photoactive material. The PPV films
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were spin-cast onto ITO substrates from a nonconjugated precursor solution and
then converted to conjugated form by heating at 200-230°C for 3 hours. Al was
used as the back electrode. The active area was ~0.15 cm®. The I-V characteristics
of this photodiode in the dark and under illumination are shown in Fig. 17. The
photocurrent/darkcurrent ratio is in the range of 10" for white light illumination of
a fe_w.mW/cmz. Relatively low dark current was observed in forward bias as
oompared to that observed in photodiodes of, for example, in Example 1. This
allows photodetection in b_oth forward bias and reverse bias as shown in Fig. 17.
The photosensitivify can be switched on and off by varying the external biasing
voltage. Fqi' example, under white (or UV) light illumination, the photocurrent at
+5V or -5V is 2000 times higher than that at +0.95V (or 0.3V).

This example demonstrates that the photodiode can be switched on by
applying a forward bias (beyond the vicinity of the voltage corresponding the off
State) or a reverse bias. Photodiodes operable in both switch polarities are useful in

certain circuit designs and applications.

_ Example 20
Voltage-switchable photodetectors were fabricated which had a
heterojunction structure as their active layers. they had an ITO/donor
layer/acceptor layer/metal structure. The materials used for the donor layer were

'MEH-PPV and PPV. The material used for the acceptor layer were Ceo» 1aid down

by physical vapor deposition and PCBM and PCBCR laid down by drop casting or
épin casting. A data set for a MEH-PPV/Cy, photodiode is shown in Fig. 18. .

' Multiple junctions were observed in these devices. A build-up potential of
~-0.5V (forward bias was assigned as the positive bias to ITO) was seen in the I-V

curve taken in dark. The other junction was revealed when the devices were

~ illuminated. The overall effective barrier is ~0.15V (changed sign). The

photocurrent/darkcurrent ratio was 10* over a broad bias range. Voltage-

switchable photosensitivity was seen in both forward and reverse bias. For

~ instance, the on/off ratio of the photocurrent is ~10° between +2V and +0.15V bias,

This example demonstrates that voltage-switchable photodetectors can be

fabricated in heterojunction form with two. (or more) organic semiconductors with
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different electronic structures. The photosensitive mbd_é can be achieved in both

forward and reverse biases in these devices.

Example 21

- Voltage-switchab]e-photc')sensors was fabricated in the conﬁgliratidn shown
in Fig. 1. Glass with patterned ITO was used as the 'Suﬁs_t_ratc. The size of each test
pixel was ~0.1 cm®. Thé sensing material used was pol)i(;!-hexyl thiophene), P3HT,
which was spin cast at room temperature from a 2.5 wt% solution in toluexie.
Similar to the spectral response of P30T (see Example 10); the photoresponse of
P3HT sensor covers the entire visible and near UV spectral region'énch that red,
green and blue full-color rccognition can be achieved by'color filtering techniques.

" Fig. 19 shows the photo- and dark currents from a P3HT device with

3150A film thickness. The data werc taken with white light illumination of 8

mW/cm? (between 400 nm and 700 nm) and with mono§Mbmatic light (600 nm at
1.1 mW/cm®). In the dark, the reverse current saturates at low field region and then -'
increases with the biasing voltage, to ~2x10* mA/cm? a’_t -25 V bias. The forward
current increases exponentially under forward bias (for. :w,izo)tages >1 V), reaching
~ImA/em’ at 3 V bias. The-exponential forward curren_f covers more than 5 orders
of magnitude in the voltage range from 1-2 V. The rectiﬁcation ratio at 2 V is over
10%. Strong photosensitivity was observed in reverse blas "_I"he photocurrent at-25
V reaches 5.33 mA/cm® under 8 mW/cm?, white light illumination. This number
corresponds to a photoresponsivity of in excess of 0.5 A/W, corresponding to a
quantum efficiency larger than 100% electrons/photon. A high L,(V,)J1,(V.q)
switching ratio was also achieved in this devices: under 8 mW/cm?’, (-
25V)/L,(0.5) is ~4x10”. This switching ratio is equal to or even better than the
switching ratio of TFT-based photosensors made with inbrgatlic semiconductors
(10*-10%). These organic photodiodes also exhibit a high Ipi,(V)/Idm(V ) ratio. The
L/Liu 8t -25 V is ~4x10° for 8 mW/cm? white light illumination, which implies
that more than 18 bits (2.6x10°) gray levels can be resolw}cd for image applications.
| The high switching ratio implies that for an x-y addressable 2D 'photodiode
matrix of 400x390 pixels (refer to Fig. 3 of the 2D patent), more than 256 gray

levels can be resolved. Adopting quad-matrix design (fo'iir sub-matrices arranged




10

15

20

30

WO 99/39395 g e PCT/US99/02247

-41 -

in each quadrants),“rﬁore than 1000x625 pixels are possxble with the same
resolutlon Thxs pixel densny is even better than the SVGA standard. The drive
circuit for these photodiode matrices is simplified; digital shift registers and BCD
digital decoders can be used. _

~ These phofosensors can aiso be used to fabricate high pixel density linear
photodiode arrays. Since only the pixel at fhe nodc contributes to the pixel dark

current, there is no restriction on the number of pixels. Hence, the gray level of the

~ sensor array can be as high as 2'%=3x10%. These results suggest that the organic

photosensor arrays constructed from ITO/P3HT/Al can be used for high quality
image sensing. Moreover, the driver circuits for column selection are simplified
considerably and digital shift registers or digital decoders can be used directly.
This example demonstrates an organic photosensor with high switching
ratio and high I,/I,, ratio. The photosensitivity of such photosensors covers the
entire visible spectral range. These sensors are especially suitable for constructing
linear photodjode arrays and 2D photodiode matrices for high quality image

sensing applications.

_ Example 22

Linear photodiode arrays were fabricated with 102 sensing elements, each
made with P30T as the semiconducting polymer. Two typical structures of the
photodiode arrays are shown in Fig. 20A and Fig. 20B. The pixel size was ~0.635
mme 635 mm. The length of the total sensing area was ~2.5”, longer than any
hnear photodiode array commercially available. A full-color linear scanner was
constructed with a sensing circuit shown in Fig. 21, no analog switching elements
(such as field effect transistors) were used in this driver. The read out circuit was
digitized into 8 bit with 256 gray levels. Red, green and blue color filters were
mounted on'a panel and was switched in front of the linear diode array when
collecting the corresponding images. The linear photodiode array was mounted on
a computer controlled translation stage for the image scanning. A full-color image
taken with this scanner is shown in Fig. 22D. It was recovered by a superposition
of the red, green and blue color images (Fi_gs. 22(a,b,c)) taken separately. The



10

15

20 -

25

30

WO 99/39395 ' PCT/US99/02247

-42-

image quality was similar to that achieved with a commercial color scarmer in the
same pixel format (40 dpi) with so-called “multi-million ( 256°) colors” formal.

Linear photodiode arrays were also fabricated in 40 dpi and 50 dpi forms
with total pixels of 200 and 240. The total sensing lengih is close to 5”. The
arrays were used for ir;iage sensing experiments. Lar'gé'.'si'z'e (5”x117), high quality
(8-10 bit), full-color image sensing was demonstrated. N | '

This example démonstrates that organic photodi@dé arrays can be uéed for
large size image 'sensin_é applications with full-color capélbi lity and with multiple

gray levels.

" Example 23
* The linear photodiode arrays demonstrated in Example 22 were also used
for visible-blind UV sensing. In this experiment, a visible blocking, 10)% pass filter

" was placed in front of ihe array. The UV image generafed: with UV ink was

projected onto the senSbr. The UV image was read out w1th the organié '
photodiode array. - ' N
This example demonstrates that visible-blind UV, sensors can be achieved

with organic photosensors, and that image in UV spectral region can be detected.

Example 24
'Linear photodiode arrays were fabricated in the same configuration as that
of Example 22 (1x102 piXels, 40 pixels/in). One of the é‘érjsor arrays was used as
an optical beam analyzer to test the optical field distribution a laser bear, The

‘intensity distribution of the testing optical field is shown in Fig. 23. This example
~ demonstrates that the polymer photodiode array can be used to detect spatial

distribution of an optical beam. This function is of broad applications in industrial

automation,

Example 25
Another 1x102 linear photodiode array was fabricated on PET substrate @
mil in thickness). The flexible sensor array was arranged in a semicircular shape.

A point light source from a green light emitting diode was placed at the center of
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the circle, and the afigiilar distribution of the light intefiéity was tested with the
curved _sehsor_ array.. The result is shown in Fig. 24.

Thls example demonstrates that the polymer linear photodiode arrays can
be fabricated ont@ flexible substrates or on curved substrates to fit into an optical
épparatus or to ﬁrbbe the spatial distribution of an optical field. The fabrication
process and the thin film architecture of the polymer photodiodc arrays also allow
them to _be ihtégrat_ed with electronic drivers on a silicon wafer or integrated with

an adapted optical component. :

_ _ Example 26
A P30T photodiode array was used as the detector of an UV-visible
spectrometer for transmission measurement. The setup is shown in Fig. 25. A
transrhission spectrum of a thin film of poly(p-phenylene vinylene), PPV, was

measured with the polymer linear photodiode arrays. The result is shown in Fig.

- 26.

This e_kample demohstrates that the organic photodiode arrays can be used
for spectrographic applications.

_ Example27

Voltage-switchablle photosensors were fabricated in a
metal(1)/P3HT/metal(2) sandwich structure. In one case, metal(1) was Aun and _
metal(2) was Al. The thickness of the Au layer was varied from 20nm to 80 nm
and the optical transmission of the Au layer was varied from 50% to ~1%. The
optical reflection of the Au layer varies correspondingly. The thickness of the Al
layer was more than 100 nm, so that its reflectance was almost 100%. Such a
metal/organic layer/metal structure forms an optical microcavity (optical etalon)
device in the spectral region where the optical absorption of the organic layer is
relatively low. Such a microcai'ity structure possesses optical resonance at
selected wavelengths, The center wavelength and the bandwidth of the sensing
profile can be adjusted by changing the reflection of the metal electrode, by the
absorption coefficient, the dielectric constant and the thickness of the organic

layer. Fig. 27 shows the spectral response of such device,
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Microcavity devices were also made in the "rcverse” structure similar to
that shown in Fig. 2; i.e., with light incident onto the free surface electrode (13).
The devices were made in both configurations: glaés/Au(l 00nm)/MEH-
PPV/Ag(50nm) and glass/Ag(100 nm)/MEH-PPV/Au(50nm). In these devices, Au
acts as the anode and Ag as the cathode. Selective spéétral résponsé was observed
in both structures. These results demonstrate the'ﬂéxibility of fabricating the
wavelength selective sensors on either transparent substrates or opaque substrates.

These results also demonstrate that the devices can be designed so that the light is

incident onto either the anode or cathode electrode.

Wavelength selective ﬁhotos'ensors were also fabricated with substrates
containing an optical stack (sometimes called DBR, Defractive Bragg Reflector).
The transmission of the DBR was ~2%. The photosénsofs were fabricated as
follows: glass/DBR/ITO/MEH-PPV.PCBM/AI Wavelength selecnve spectra]
response was observed with ~ 2nm bandwidth.

This example also demonstrates that the organic photosensors can be |
constructed with wavelength selectivity of narrow bandwidth. Buiiding such a
photodiode array or 2D matrix in which each pixel has a different sensing profile
forms a flat-panel spectrometer. These kinds of devices have great potential for

- image sensing, spectrographic, biophysical and biomedical applicatiops.
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. WHAT IS CLAIMED IS:

1. A switchable organic photodetector capable of producing a
photocurrent in response to light impinging therenpon comprising a photodiode
and a variable voltage source,
said photodiode having a built-in potential and comprising:

a first electrode; |

a photoactive organic layer disposed on said first electrode; and

a second electrode disposed on said photoactive organic layer; and
said voltage source adapted to selectively apply a switching voltage across said
first electrode and said second electrode, said switching -voltaée:imparting a
photosensitivity above 1 mA/W at a preselected operating bias and near-zero -
photoscnsitivity at a cut-off bias substantially equivalent in magnitude to said

built-in potential.

2. A photodiode detector of claim 1 wherein the operating bias

is an operating reverse bias.

3. A photodiode detector of claim 1 wherein the operating bias

is an operating forward bias.

4. A read-out circuit comprising an organic photodiode
detector of claim 1 and means for detecting the photocurrent, wherein the operating
bias is in the range of 1-15 V and represents an ON state of the photodiode, said
detector having a photosensitivity above 1 mA/Watt in said ON state, and wherein
the cut-off bias represents an OFF state of the photodiode equivalent to zero

photoresponse at an output of the read-out circuit.

5. Theread out circuit of claim 4 wherein the ON and OFF
states provide a digital read out.
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6. A photodiode array comprisirig a plurality of photodiode
detectors of claim 1 said detectors having their photodiodes arranged in an array,
each of said photodiodes being selectively addressable as a pixel of said array.

7. The photodiode array of claim 6, wherein said array
comprises at least one row of photodiodes and at least one column of photodiodes,
each row having associated therewith a common anode, each column having
associated therewith a common cathode, the first electrode of each photodiode of a
row being connected to said common anode, the second electrode of each
photodiode of a column being connected to said common cathode, said voltage
source adapted to apply said switching voltage across at least one common anode

and at ]east one common cathode to thereby selectively activate at least one pixel

- of said array.

8. . The photodiode array of claim 7, comprising means for
applying said switching voltage across a plurality of common anodes and at least
one common cathode to thereby selectively activate at least one column of pixels

of said array.

9. The photodiode array of claim 7, comprising means for
applying said switching voltage across a plurality of common cathodes and at least
one common anode to thereby selectively activate at least one row of pixels of said

array. -

10. A scannable array of voltage-switchable organic
photodiodes each having a built-in potential and a predetermined photosensitivity
range, said array comprising: ' '

a support substrate;

a first electrode layer comprising at least one linear electrode
disposed on said support substrate along a first direction;

a photoactive organic layer disposed on said linear electrode;
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a second electrode layer comprising a plurality of linear electrodes
disposed on said photoactive layer along a second direction transversc to said first
direction;' and o _
| a voltage source adapted to apply a switching voltage across at
least one electrode of said first electrode layer and at least one electrode of said
second electrode layer, said switching voltage thereby imparting to at least one
selected photodiode a photosensitivity above 1 mA/W at an operating reverse bias
and near-zero photosensitivity at a cut-off bias substantially equivalent in

magnitude to said built-in potential.

11. A method of selectively detecting light incident on an array
of voltage-switchable organic photodiode detectors, said array comprising a
plurality of photbdiod&s arranged in a row and column matrix, each photodiode
having a built in potential and adapted to generate an output in response to incident
radiation, each photodiode comprising a first electrode, a photoactive organic layer
disposed on said first electrode, and a second electrode disposed on said
photoactive layer, the first electrode of each photodiode in a row being electrically
connected to a common anode, the second electrode of each photodiode in a
column being electrically connected to a common cathode, said method
comprising:

sequentially activating a selected column of photodiodes by; .

applying an operating bias voltage across the common

éathode associat_ed with said selected column and all the common anodes, said

operating bias voltage imparting to each photodiode of the selected column a
photosensitivity above 1mA/W; :

_ applying a cut-off voltage across remaining cathodes and all
the anodes, said cut-off voltage being equivalent in magnitude to said built-in
potential and imparting to the photodiodes of all columns other than the selected
column near-zero photosensitivity; and .

sequentially reading out the generated output of the selected

column of photodiodes.
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12. A method of selectively detecting light incident on an array
of voltage-switchable organic photodiode detectors, said array comprising a
plurality of photodiodes arranged in a row and column matrix, each photodiode
having a built in potential and adapted to generate an output in response to incident
radiation, each photodiode comprising a first electrode, a photoactive organic layer
disposed on said first electrode, and a second electrode disposed on said
photoactive layer, the first electrode of cach photodiode in a row being electrically
connected to a common anode, the second electrode of each photodiode in a
column being electrically connected to a common cathode, said method
comprising: _

sequentially activating a selected row of photodiodes by;

-applying an operating bias voltage across the common anode

associated with said selected row and all the common cathodes, said operating bias

voltage imparting to each photodiode of the selected row a photosensitivity above

1mA/W; '

applying a cut-off voltage across remaining anodes and all
the cathodes, said cut-off voltage being equivalent in mag'ﬁitude to said built-in
potential and imparting to the photodiodes of all rows other than the selected row
near-zero photosensitivity; and o |
sequentially reading out the generated output of the selected

row of photodiodes.

13.  An organic photodiode detector compﬁéing a photodiode
and a voltage source, said photodiode having a built-in potential and a prescribed
photosensitivity range in response to incident radiation, said photodiode
comprising: '

a first electrode;

a photoactive organic layer disposed on said first electrode;

a second electrode disposed on said photoactive organic layer; and
said voltage source adapted to apply an operating biasing voltage across said first
electrode and said second electrode, said biasing voltage operating to vary said

prescribed photosensitivity range.
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14, The organic photodiode detector of claim 13, wherein the
photosensitivity of said photodiode is above 1mA/W at an operating bias of said
voltage source and is at a near-zero level at a cut-off bias substantially equivalent
in magnitude to said built-in potential, said voltage source being switchable

between said operating bias and said cut-off bias.

15.  The organic photodiode detector of claim 13, additionally
comprising a support substrate upon which the first electrode is disposed wherein
said support substrate and said first electrode are substantially transparent to the

incident radiation.

16.  The organic photodiode detector of claim 13, wherein said

photoactive organic layer is comprised of a semiconducting conjugated polymer.

17.  The organic photodiode detector of claim 16, wherein said
semiconducting conjugated polymer is selected from:
poly(phenylenevinylene), and its derivatives;
polythiophene, and its derivatives;
poly(thiophene vinylene), and its derivatives;
polyacetylene, and its derivatives;
polyisothianaphene, and its derivatives;
polypyrrole, and its derivative;
poly(2,5-thienylenevinylene), and its derivatives;
poly(p-phenylene), and its derivatives;
polyflourene, and its derivatives;
polycarbazole, and its derivatives;
poly(1,6-heptadiyne), and its derivatives;
pblyquinolene, and its derivatives; and

polyaniline, and its derivatives.

18.  The organic photodiode detector of claim 16, wherein said

semiconducting conjugated polymer is the donor of a donor/acceptor polyblend,

PCT/US99/02247
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said acceptor being selected from poly(cyaﬁdphenylene vinylene), fullerene

molecules including C, and functional derivates thereof, PCBM and PCBCR.

19.  The organic photodiode detector of claim 16 whercin said
semiconducting conjugated polymer is the donor of a donor/acceptor polyblend,
said acceptor being selected from an organic photorecepto_r molecule or an electron

transport molecule. -

20.  The organic photodiode detector of claim 13, wherein said
photoactive organic layer comprises a matgﬁal selected from a polymer/ﬁolymer
polyblend, a polymer/(organic molccule) polyblend, and_ organic molecules,
organometallic molecules, diigdx’n’ers or moiécnlar blei;ds selected from:

anthracene and its derivatives, o

tetracene and its derivatives,

phthalocyanine and its derivatives,

pinacyanol and'its:deﬁvatiVe_s,-

fullerene C,, and its derivatives,

thiophene and its derivatives,

phenylene and its derivatives,

oxadiazole and its derivatives,

PBD and its derivatives,

Alqg, and other metal-chelate (M-L,) type organometallic molecules,

6T/C,, and blerids comprising their derivatives,

6T/pinacyanol and blends comprising their derivatives,

phthalocyanine/o-chloranil and blends cbfhprising their derivatives,

anthracene/Cy, and blends comprising their derivatives, and

anthraceije/o-chlbranil and blends comprising their derivatives.

21.  The organic photodiode'detectdr'of claim 13, wherein said
photoactive organic layer is arranged in a'semiconductin_g heterojunction structure

having at least one set of donor and acceptor regions disposed therein.

PCT/US99/02247
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22.%"The organic photodiode detector 6f claim 13, wherein said
photoactive organic layer comprises opticélly inert organic additives and/or

optically inert inorganic nanoparticles.

23.  The organic photodiode detector of claim 13, wherein at

least one of said first and second electrodes c_orhprises conducting polymer.
24 The organic photodiode detector of claim 13, additionally
comprising an optical filter layer adapted to restrict transmission of incident

radiation to a predetermined wavelength range.

25.  The organic photodiode detector of claim 24, wherein the

- predetermined wavelength range is selected to permit a spectral response which

follows that of the human eye.

26. A photodiode array comprising a pluraty of photodiode
detectors of claim 13, said detectors having thereon photodiode arranged in an
array, each of said photodiodcs being selectively addressable as a pixel of said
array which said pixels incl'uding.pixels for detecting radiation in the red range,
pixels for detecting radiation in the green fange_, .and pixels for detecting radiation

in the blue range.

27.  The organic photédio_de detector of claim 13, additionally
comprising a scintillating over layer, said scintillation over layer emitting photons
in response to incident high energy ionized particles, said photons being detected
by the organic photodetector.

28.  The organic photodiode detector of claim 27, wherein said
ionized particles are selected from high energy photons, electrons, characteristic of

X-rays, beta particles and gamma radiation.

- PCTIUS99/02247
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29. The orgénic photodiode detector of claim 13, additionally
* ‘comprising an organic sensing layer that generates mobile electrons and holes in

response to incident high energy ionized particles.

5 . 30. Thescannable array of claim 10, wherein the support
‘substrate is made of insulating or semiconducting material and embedded with

integrated driving and readout circuits.

31.  The scannable aﬁay of claim 30, wherein the integrated

10 driving circuit comprises a column or row selection circuit.

32, The scannable array of claun 30, wherein the readout cxrcult

comprises current mtegrators or current-voltage converters

15 33. The photodlode array of claim 7, additionally comprising a
: coatmg of black matnx m the space between the pixels.

34. The orgamc photodetector of clalm 13 addmonally
comprising an optxcal mirror placed to form a m:crocawty optical etalon device .

20 which possesses selective response at resonant wavelengths.

35.  The organic photodetector of clalm 13, additionally
comprising two optical mirrors placed outside to form a nucrocavuy device
{optical etalon) which possesses selective response at resonant wavelengths.
’s | : o _ | o
36.  The organic photodetector of claim 13, wherein a buffer

layer is inserted between an electrode and the photoactive organic layer.

37.  The organic photodetecter arrays of claim 7, wherein the
30 switching voltage varies among pixels so that inhomogeneity of photosensitivity
can be compensated with external bias. '




