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AN ORGANIC PHOTONIC INTEGRATED CIRCUIT
USING AN ORGANIC PHOTODETECTOR AND
A TRANSPARENT ORGANIC LIGHT EMITTING DEVICE -

Field of the Invention

[0001] The present invention generally relates to an organic light emitting device. More
particularly, the invention relates to a device that includes both an organic light emitting device and

a photodetector.

‘Bac‘kgi'bund of the Invention

[0002] Organic materials have been proposed for lﬁany applications in electronics and opto-
electronics due to their low cost and simple device fabrication processes. Many individual devices
based on ofganic materials have beeﬁ‘ demonstrated in the pasf two decades.

[0003] Organic light emitting devices (OLEDs), which make use of thin films that emit light
when excited by electric current, have become an increasingly recognized technology for
aﬁplications such as flat panel displays. Popular OLED configurations include dbuble
heterostructure, single heterostructure, and single layer, as described in PCT Application WO
96/19792, which is incorporated herein by reference. '
[0004] Recenﬂy, progress in OLED transistors, photovoltaic cells, and photodetectors has
drawn considerable interest in the field of organic electronics. The use of organic materials in OLED |
ﬁansistors, photovoltaic cells and photodetectors is motivated by a number of advmtaéeous
' properties. For example, in photodetection, the low index of refraction ailows for the efficient

coupling of light into devices, and typical optical absorption lengths of ~500A allow for the
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realization of ultra-thin and high-bandwidth devices. These devices can be deposited on a variety
of substrates including low-cost, flexible foils, thereby forming a basic building block for molecular
organic photonic integrated circuits. Such devices may be used as an input device in an organic

transistor circuit in widespread applications.

Summary of the Invention

[0005] A device is provided that includes an organic light emitting device, and an organic
photodetector dirsposed adjacent the organic light emitting device, the photodetector being adapted
to detect light emitted by the organic light emitting device. The photodetector may share a

transparent electrode with the organic light emitting device.

Briéf Description of the Drawings

[0006] Fig. 1 shows a cross sectional view of a device having an organic photodétector
disposed over a transparent electro-phosphorescent organic light emitting device, in accordance with
a first embodiment of the present invention;

[0007] Fig. 2 shows a cross sectional view of a device having an organic photodetector
disposed to the side of aAtransparent electro-phosphorescent organic light emitting device, in
accordance ﬁth a second embodiment of tﬁe pfesent invention;

[0008] Fig. 3 shows a cross sectional view of a device having an organic phot_odetector
dispdsed under a transparent electro-phosphorescent organic light emitting device, in accordance

with a third embodiment of the present invention;
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[0009] . Fig. 4 shows a cross sectional view of a device having( an organic photodetector
disposéd over a portion of a transparent electro-phosphorescent organic light emitting device, in
accordance with a fourth embodiment of the present invention;

[0010] Fig. 5 shows a switching device for enhancing bistability of an embodiment of the - |

present invention;
| - [0011] _Fig. 6 shows a brightness control circuit for an embodiment of the present invention;
[001 2] Fig. 7 shows a top view of a device fabricated in accordance with an embodiment of

thé present invention;

[001 3]‘ Fig. 8 shows the cixrr_ent density versus voltage charaéteristic of devices usihg
" different types‘of ﬁrst electrodes, in accordance with an embodiment of the ptesent invention;
[0014] | Fig. 9 shows the relationship between photodetector current and organic light enﬁtﬁng :
device (OLED) voltage at various photodetector drivé voltages for an embodiment of the invention;
[0015] Fig. 10 shows the relationship bc-etween photodetector currenit and OLED drive voltage
and the relationship between OLED bottom emission power and OLED dn've voltage at various
f)hotodetector drive Volftages for an embodiment of the present invention; - .

[0016] ‘Fig. 11 shows: (1) the relationship between photodetector current (,IPD) and
photodetector drive ffoltage (Vep) plus resistor voltage (VR); and (2) the relationship between resiétor
voltage (Vg) photodetector drive voltage (Vpp) pius resistor voltage (Vr), both at various OLED‘
drive voltages, in accordance with an embodiment of the present invention;

[0017] Fig. 12 shows the relationship between OLED drive voltage and gate-source voltage
of a transistor (Vgs) and the relationship between OLED bottom emission ﬁower and Vg for an

embodiment of the present invention; and
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[0018] Fig. 13 shows the OLED bottom emission power of an embodiment of the present

invention as a function of time at various source voltages of a transistor.

DETAILED DESCRIPTION

- [0019] -An integi'e;ted device includes an organic photodetector dispésed adjacent to an
organic light emitting device (OLED). This hltegrated device has potential applications in automatic
brightness control, image retaining displays and other phbtonic logic applications.

[0020] One application is automatic bﬁghtness control. Conventional OLEDs are subject
to potential .degradationvduring their life-spans. Each OLED, however, may have a degradation rate
different from that of other OLEDs. Some devices, such as a display screen, may include many
individual OLEDs and require that most of these OLEDs are emitting a speciﬁc amount of light for
satisfactory opefation. When too many of the OLEDs have degraded, the device may be considered -
non-functional. Thus, the degradation of only a féw OLEDs may make it necessary to replace the
entire device, and the useful life of the larger device may be determined by the fastest degrading
OLED components. The automatic brightness control provided by embodiments of the present
invention compensates for Such degfadation‘ by increasing the voltage across devices that no longer
emit as intensely at the originally specified voltage.

[0021] According to embodimentg of the present invention, each OLED would be turned on
iﬁ sequence when the display is initially powered on in a pixelated display application. The intensity
of each OLED, or of selected OLEDs (for example, one of each color in a full color display) may be
measured by a corresponding photodetector. Measurements may be stored in a look-up table.

Subsequently, the intensity of light of each OLED may again be measured and adjusted to

-4 -
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compensate for any differenées from the original measurements. Such monitofing may be
continuous, or may be performed at certain times, such as upon power-up, periodically, pf upon a
prompt. In this way, the device may allow each pixel of the display to achieve optimal and stable
luminescence throughout the display lifetime.
[0022] Furthermore, in accordance with embodiménts of the present invention, a bistable
device may bg achieved with a transistor pfoﬁdmg feedback to the ﬁtegated device. Inits “HIGH”
state, the photodetector may be used to turn on a transistor (for example, by generating an ‘
appropriate biés voltage across a resistor), which, in turn, provides current to the O'LED,‘thereby~
mamtammg the device in the “HIGH” state. In its “LOW” state, the photodetector does not generate
enough voltage across the resistor to turn on the transistér, so the transistor is off andlli'ttle or no
éurrent is provided to the OLED. Accordingly, the device is maintained in its “LOW” state. In this
way, bistability of the devicé is achie?ed. |
[0023] As used herein, the term “adjacent to” is broadly defined to include various positions
of the photodetector with respect to the OLED. In accordance with one embodilnent, the
photodetector may be disposed over the OLED. The term “over” is used to indicate a layer that is
farther away from a substrate of a device. In accordance with another embodiment, the
photodetector may be disposed under the OLED. The term “under” is used to indicate a layer that
is closer fo a substmte:of adevice. The photodetector may also be disposed to the side of the OLED.
According to another embodiment, the photodetector may be disposed over or under only a portion
of the OLED. |
[0024] Furthermore, as used herein, the term “over” allows for intervening layers. For

example, if a second layer is disposed “over” a first layer, there may be a third layer deposited in

-5-
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between the first and second layers. As used herein, the term “on top of” does not allow for
intervening Iayérs. ij example, if a second layer is deposited “on top of” a first layer, the second
llayer is in direct physical contact with the first layer, and no layer is deposited in between the first
and secqnd layers.

- [0025] As used herein, a “transparent” layer is a layer that transmits some or all of the light

* incident upon the layer.
[0026] Flg 1 shows a cross sectional view of a dev1ce having an organic photodetector

dlsposed over a transparent electro-phosphorescent orgamc light emlttmg dewce in accordance with
a first embodiment of the present invention. Device 100 may be fabricated on a substrate 110 and
may. include a first elégirode 120, an prgaxlic layer 130, a second electrode 140, a photodetector
active region 150, ‘and a third electrode 160. First electrode 120, organic layer 130, and second
electrode 140 may comprise an organic light emitting device (OLED) 170. Organic layer 1_30‘may
further comprise a first hole transport layer 132, an emissive layer 134, and an electron transport
layer 136 when used in a double heterostructure as shown in Fig. 1. Organic layer 130 may,
however, use other combinations of layers known to the art, such as éingle heteréstructure, single
layer, and the like. Orgaﬁc layer 130 may also include 6ther layers known to the art, such as A
bldcking layers. Second electrode 140, photodetector active region 150 and third electrode 160 may
comprise a photodetector 180. Photodetector 180 may further co:ﬁprise other layers known to the
aﬁ, such as transport layers, and blocking layers. In the embodiment illustrated in Fig. 1, OLED -170\

and photodetector 180 may share second electrode 140.
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"[0027] . OLED170 refer's to an organic light emitting device with a transparent top eélectrode.
OLED 170 emits light when it is “ON.” Some of the light is transmitted through second eiectrodé
140. At least some of the transmitted light is then absorbed by photodetector 180.
[0028] Photodetector 180 generates carriers in responsé to the absorbed light, whlch may
then be measured to provide an indication of the intensity of light emitted by OLED 170. The
amount of generated carriers may depend on the Bias yoltage app-lied over photodetectof 180.
[0029] Substrate 110 may be any suitable substrate known to the art, including glasé, plastic,
or ceramic. Substrate 110 may also be either flexible or inflexible. Substrate 110 may be transparent
ér opaque.
--[0030] First electrode 120 deposited on a substrate ‘,1 10 preferably functioné as an anode, but
lﬂay function as a cathode. First electrode 120 may be any suitable material or combinations of -
materials known in the art. First elecﬁode 120 énd substrate 110 may be sufficiently transparent to
create a bottom emitting device. Where first electrode 120 is transparent, a preferred material is
indium-tin-oxide (ITO). The order of organic layers may be adjusted when the first electrode is
adapted to function as a cathode. For example, tﬁe positions of the hole transporting layer and
electron transporting layer may be switched.
[0031] In the double hetero-structure configuration shéwn in Fig. 1, organic layer 130 may
further comprise first hole tragspoﬁ layer 132, emissive layer 134 and first electron transport layer‘
136. Organic layer 130 may also have other configurations known to the art, such as single hetero-
étructure or single layer. Generally, organic layer 130 may include any organic material or
combination of organic materials that emit light when a suitable voltage isv applied between first

electrode 120 and second electrode 140. Examples of suitable materials include 4,4°-[N-(1-
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naphthyl)-N-pheriyl-amino]biphenyl (o-NPD) for first bole transport layer 132, 7 wt% fac tris(2-

phenylpyﬁdinejiridium [Ir(ppy)s] doped with a 4,4.’ -dicarbazole-biphenyl (CBP) hosi for emissive

| 'llaye_:r 134, and tris(8-hyroxyquinoline)aluminum (Alqs) or cyano-poly(p-phenylene)vinylene (CN-

PPV) for electron transport layer 136.

[0032] OLED 170 may further include other layers. Such layer include i)locking layers (not
shown), adapted to block charge carriers from moying out of emissive layer 134. Such blocking

~ layers are descﬁbe& in more detail in patent application no. 10/173,682 to Forrest (filed June 18,
2002), .Atty. Docket No. 10020-23301, which is incorporated by reference in its entirety. Aﬁother
such layer is a buffer layer disposed beneath second electrode 140, adapted to protect underlying
organic layer 130 during the deposition of second electrode 140. An example of a buffer layer
material is bathcuproine (BCP). The OLEDs may be comprised of polymeric OLEDs (PLEDs).
Examples of PLEDs are disclosed in U.S. fatent No. 5,247,190 to Friend et al., Which is -
incorporated herein by reference in its entirety.
[0033] Any organic layers of the various embodiments may be deposited By methods known
to the art, including thermal evaporation or organic vapor phase depdsition (OVPD), such as that
described in U.S. Patent No. 6,33‘7,102 to -Forrest et al, which is incorporated by reference in its A
entirety. ‘Where a polymer organic layer is used, spin-on, spray-on, and ink-jet deposition methods
may be p.referred.- |

| [0034] Second electrode 140 may be disposed over electron transport layer 136. Sec;:>nd
electrode 140 may be sufficiently transparent that light emitted to OLED 170 may be detected by

photodetector 180. Preferably, second electrode 140 acts as a cathode for OLED 170. A preferred
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| second electrode 140 includes a layer of Mg:Ag alloy, deposited over organic layer 130 and a layer |
of ITO deposited over the layer of Mg:Ag. |
[0035] 'Photodetector active region 150 may be disposed over second electrode 140.
Photodetector active region 150 may generate carriers in response to the light emitfed by organic
layer 130. The amount of génerated carriers may be dependent on the bias applied voltage over
photodetector 180. One suitable structure for photodetector actlve region 150 is altematmg layers
of Cu—phthalocyanine (CuPc) and 3,4,9,lO—perylenetetracarboxylic bis-benzimidazole (PTCBI).
Sixteen alternating layers, eight alternating layers, or anpther number of layer may be used. In‘
embodiments of the present invention, the above mentioned organic alternating multiplayér
. photodetectors may provide strong optical absorption and 'felaﬁvely high carrier velocities. It would
be apparent to one skilled in the art, however, that other photodetector combinations may be used,
so long as they may be adaptéd to detéct light.
[0036] An highly efficient photodetector active region 150 that absorbs most as all of the
light incident upon it may be used for certain applications, such as high contrast displays, where
reflection from photodetector 180 transm1tted back into OLED 170 is not desned Alternatively, an
inefficient photodetector active region 150 may be used, for example, one that absorbs 5% or less
of the light passing through. An inefﬁcignt photodetector acﬁve region 150, used in conjunction
with a reﬂectiverthird electrode, allows li gﬁt to be reflected back into OLED 170 and subsequently |
to a viewer, thereby increasing efficiency.
[0037] In the embodiment shown in Fig. 1, photodetector 180 may further comprise oﬁer
layers, such as a carrier transport layer, a blocking layer, and / or a buffer lé.yer. For example, a

second hole transport layer may be disposed between second electrode 140 and photodetector active

-9-
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region 150. The second hole transport layer may be a p-doped semiconductor material. Fof
example, 4,4°, "’-tris(3 -methyl-phenyl-phenyl-amino)triphenylamine (MTDATA) doped with 2 wt%
' fcetraﬂuoro—tetracyanofquinodimethane (F4-TCNQ) [MTDATA:F4-TCNQ(50:1)] is a suitable p-
doped organic semiconductor mateﬂal for the second hole transport layer.
[0038] -A buffer layer 155 may be disposed between third electrode 160 and photodetector
active region 150. Buffer layer 155 protects photodetector active region 150 from damage during
the fabrication ,qf third electrode 160. It has been found tﬁat the addition of such a buffer layer 155
may advantageously reduce the dark current of photodetector 180.
[0039] Third electrode 160 may be disposed over photedetector active region 150. Third
electrode 160 may be any suitable material or combination of materials known to the art. For
example, aluminum (Al) or other materials lqlewn to the art may be used as third electrode 160. For
a top emitting device, third electrode 160 may be a transparent electrode. For a bottom emitting -
device, third electrode 160 is preferably reflective, so that light may be reﬂected back toward the
viewer. For high contrast bottom emitting displays, third electrode 160 and photodetector active
region 150 preferably absorb most or all of the light incident upon them from OLED 170. For ﬁllly
transparent devices, all electrodes may be transparent
[0040] The specific materials described herein for the various layers are exemplary in nature,
and other types of OLEDs and photodetectors may also be used. Many of the specific Iayers
descnbed such as separate transport layers and blocking layers, may be omitted based on design,
performance, and cost considerations.
[0041] Conventional OLEDs used in OLED-based displays typically degrade in their

luminous efficiency over time. Device 100, according to embodiments of the present invention,

-10 -
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allows for an in-situ monitormg method for each OLED pixel. Thus, device 100 may determine the :
amount of light emitted by OLED 170. Thus, the current througﬁ OLED 170 can be adjusted to
optimize its brightness.

[0042] As illustrated in Fig. 1, OLED 170 and photodetector 180 are fabricated in sequences -
on the same substrate 110. Alternatively, OLED 170 and photbdetector 180, as well as other A.
embodiments of the invention, may be gro@ onAseparate substrates for subsequent lahlination or
other attachment.

| [0043] Fig. 2 shows a cross sectional view of a device 200 having an 6rganic photodetector
disposed tc; the side of an organic light emitting device, in accordance with a second embodim‘ént
- of the present invention. Device 200 may include a first electrode 220 disposed over a substrate 219,
an organic layer 230, a second electrode 240, and a photodétector 250. First electrode 220, or-ggnic :
layer 230 and second electrode 240 may comprise an OLED 260. OLED 260 may compﬁse other
layers as described above vﬁth respect to Fig. 1, such as transport layers (not shown), and blocking.
layers (not shown). Photodetector 25Q may be disposed to the side of OLED 260. Photodetector 250
may be further comprised of a first electrode 251, a photodetector active region 252 and a sécond
electrode 253. To simplify fabrication, either tile bottom electrodes or the top electrodes may be
(but is not neceésarily) shared by photodetector 250 and OLED 260. Put another way, first electrode
220 and first electrode 251 may be connected to form a single first electrode, or second electrode 240
and second electrode 253 may be connected to form a single second electrode.

t0044] | The materials that may be used to fabricate the various layers of device 206 are

similar to those of device 100.
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[0045] Fig. 3 shows a cross sectional view of a device having an organic photodetector
disposed under an organic light emitting device, lin accordance with :a third erhbodiment of the
‘present invention. Device 300 may include a first electrode 320 disposed over a substrate 310, a
photodeteétor active region 330, a second electrode 340, an organic layer 350, and a third electrode
~ 360. First electrode 320, photodetector active region 330 and second electrode 340 may comprise
a photodetector 370. Second electrode 340, organic layer 350, and third electrode 360 may comprise
a OLED 380. | |
[004Gj Device 300, according to the third embodiment of the presént invention, may be
fabricated in a similar manner and from similar materials as the embodiment shown in Fig. 1, which
“is described belqw in greater detail. Device 300 may include layers not specifically shown, such as
'transport layers, blocking layers, and other layers as described with respect to the embodiment of Fig.
Tl
[0047] Fig. 4 shows a cross sectional view of a device having an organic photodetector
disposed over a portion of anA organic light emitting device, in accordance with a fourth embodiment
ofthe present invention. Device 400 may include a first electrode 420 disposed over a substrate 410,
an organic layer 430, a second electrode 440,' a photbdetector active region 450, and a third electrode |
460. First electrode 420, emissive layer 430, and second electrode 440 may coﬁlprise an OLED 470.
Photodetector éctive region 450, second electrode 440, and third electrode 460 may comprise a
phiotodetector 480. |
[0048] Device 400, according to the third embodiment of the present invention, may be

fabricated in a similar manner and from similar materials as the embodiment of Fig. 1, which is
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) described below in g‘reatér detail. Device 400 may include addiﬁbnal layers, such as traﬁsport layers, |
blocking layers, and other layers as described with respect to the embodiment of Fig. 1.
4[0049] In one embodiment, photodetector 480 covers at most about ten percent of the top
surface area of OLED 470. Preferably, photodetector 480 covers only a small fractlon of the surface
area Vof OLED 470, for example, about one percent of the top surface of OLED 470. Photodetector
480 énly negds to absorb enough. light to | pfovide a sufficient voitage to alter the state of the
controlling transistor. The fraction of the top surface area of OLED may be determined based on the
‘photodetector sensitivity and the gain of an external circuit, an example of which is shown andA
described below in detail with reference to Fig. 5. By redubing the area covered by the photodctectér
480, the-amount of .li ght absorbed by photodetector 480 is .éigniﬁcantly reduced; and OLED 470 may 4
emit more light, increasing the brightness of device 400. Thus, the structure shown in Fig. 4 ﬁay
increase efficiency of device 400. |
[0050] In this embodiment, electrode 440 may be a single electrode all fabricated by the same
method. Or, electrode 440 may have two portions, a first portion 440a disposed under photodetector
active region 450, and a second portion 440b that is not disposed under photodetector active region
. 440b. First portion 440a may be at least éartially transparent, to allow light ﬁém organic layer 430
to reach photodetector active region 450. Particularly for bottom emitting OLEDs, second portion
440b may be reflective. The different propérties of first portion 440a and second portion 440b mayA
be achieved by first fabricating a transparent electrode, for example ITO / Mg:Ag, in both portions.
Then, a reflective layer 440c may be deposited over portion 440b, either before or after
photodetector 480 is fabricated. The different properties of first portion 440a and second portion

440b may also be achieved by fabricating different electrodes, for example a transparent ITO /
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Mg:Ag electrode for first portion 440a, and a reflective LiF d'opgad with Al electrode for second
portion 440b. 'Light emitted by organic layer 430 incident upon second portion 440b may be
) .reﬂected back towards a viewer in a bottom emitting OLED, thereby increasing efficiency of device
400.

- [0051] In another embodiment, a photodetector may be ‘disposed under only a portion of the
" OLED. This embodiment may have a photodetector disposed u_nder‘an OLED as illustrated in Fig.
3, but the photodetector may be much smaller than the OLED as shown in Fig. 4.

[0052] Each of the embodiments, including those illustrated in Figs. 1-4, may be used in
c’onnection{with a bistable switch. Fig. 5 illustrates a first bistable switclﬁng circuit 500 for an
" embodiment of the present invention. The bistability of an OLED 530 and a photodetector 540 may
be achieved with the use of a transistor 510 and a resistor 520, as shown in circuit 500 of Fig. 5. Tn
an example actually fabricated, an intrinsic p-type organic field effect transistor is used as transistor
510. There are two stable direct current (DC) operating points of this systém: the “LOW” and
“HIGH?” states, which may be switched by a signal transmitted through a second transistor 550.

Other circuits may be used to achieve the same result. |

[0053] -Inthe LOW state, OLED 530 does ﬁot emit light, so that the current passing through .
photodetector 540, Ipp, is. solely its dark current. By choosing an appropriate resistancé “R” for

resistor 520, the gate voltage of transistor 510 maiy be selected such that, in the low state, the gate

voltage is between the threshold voltage of transistor 510 and zero (Vp; < Vél < 0, where V7 is the

threshold voltage of T1 510, Vgl = —II PD! R 520 is the gate voltage of transisitor 510, and the
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R superscript “I” rep're’sents.the LOW state). Hence, transistor 510 remains off to maintain the LOW |
state of OLED 530.

[0054] In the HIGH state, OLED 530 emits light that is directly coupled into phbtodetéctor
540 through the traﬂsparent cathode of OLED 530, which generates a photocurrent. The properties

of photodetector 540 and resistor 520 may be selected such that this photocurrent results in a gate
voltage for transistor 510 that is higher than the threshhold voltage of that transistor, Vghl <Vpr <0,

where the superscript “h” repteseﬁts the HIGH state, such fhat the HIGH state is maintained. ‘Second‘

transistor T2 550 may be adapted to provide ;;ulses in order to toggle bistable switch 500 between

HIGH éﬂd LOW states, as shown in Fig. 5. Circuits oth¢r than the one speciﬁcally illustrated in
: Figure 5 may be used.

[0055] The dark current of photodetector 540 under reverse bias increases exponentially with

1/ |VPD| , where Vpp is the bias voltage of photodetector 540. In the LOW state, photodetector 540

may be subjected to a larger reverse bias because the voltage on photodetector 540 may be less than
zero (Vpp = Vs — Vg1 <0, where Vs < 0 is the supply voltage). Thus, it is preferable to suppress the
dark current.

[0056] Fig. 6 shows a brightness control circuit 600 for an embodiment of the bresent
linvention. Circuit 600 includes a first transistbr 610 with its drain connected to an OLED 620 and
its source connected to a ﬁrét reference voitage source, V1. OLED 620 is also connected to voitage
V2. Circuit 600 also includes a second transistor 630 with 'its source connected to a voltage sb‘urce

V4, and its drain connected to a photodetector 640. Although not shown in Fig. 6, OLED 620

provides light to photodetector 640 as illustrated, for example, in Fig.s 1-4. A pulse may be provided
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at the gate of transisitor 630, and the voltage betweeh V3 and V4 read by external circuits. The
voltage differehce between V3 and V4 provides a measure of the amount of ligﬁt being emitted by
. OLED 620, because photodetector 640 is absdrbing some of that light. External circuits may further
be used to control the gate voltage of transistor 610 and / or the voltage difference between V1 and
V2, to adjust the amount of light being emitted by OLED 620. The brightness of OLED 620 may
therefore be maintained at a desired level. |
t0057] The various circuits used in connection with the present invention may be external
or internal. “Internal” as used to describe a circuit means that the circuit is ldcally fabricated on the
sp.nie substrate as the OLED and photodetector, and is gengrally disposed on the substrate very close
to'the OLED with which the circuit is associated; “External’”” describes all other cifcuits, for exampie
circuits that are connected to the OLED and photodetector by bus lines that run to the edge of an
array of devices, and exterﬁal circuits may be fabricated on a different substrate. |
[0058] Fig. 7 shows a top view of a device 700 fabricated in acc.:ordance with an embodiment
of the present invention. Device 700 includes a plurality of first electrode strips 710. A second
electrode strip 730 is disposed perpen(iicularly over first electrode strips 710. A thlrd electrode 720
is disposed ove;~ second electrode strip 730 af the intersection of first electrode strips 710 and second |
electrode strip 730. The organic layers of an OLED (not shown) may i)e disposed between first ”
electrode strips 7 10 and second electrode strip 730. The photodetector active region (not shown) of
| a pho.todetector may be disposed between second electrode strip 730 and third electrode strip 720.
Figure 7 illustrates a particular configuration that was used for experiments, and it is understood that
many configurations of electrodes, including conventional active matrix and passive matrix

configurations, may be used in connection withembodiments of the present invention.
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[0059] A device was fabricated in accordance with one embodiment of the present iﬁvenﬁon

using the following materials and thicknesses:

substrate:

- “first electrode (anode):

hole transport layer:
emissive layer:
‘exciton blocking layer:

A electr‘oﬁ transport layer:
sepond electrode:
p-doped layer:

photodetector active region:

commercially available glass substrate;

1500 A, transparent, conducting ITO (with a sheet resistance

of ~40 ohxﬁs / square);

400 A, o-NPD;
200 A, CBP:Ir(ppy)s;
80 A, BCP;

200 A, Algs;

'120 A, Mg-Ag/ITO;

500 A, MTDATA:F4-TCNQ

480 A, 16 alternating layers of a 30 A thick CuPc layer and a

30 A thick PTCBI layer;
exciton blocking layer: 150 A, BCP; and
third electrode (cathode): 1060 A, Al
[0060] A glass substrate precoated with ITO was obtained. The ITO was patterned into 2-

mm-wide stripes (710, Fig. 7) using conventional photolimography to form first electrodes as shown

in Figure 7 (electrodes 710). After solvent cleaning and exposure to O, plasma for 5 min, the

substrate was immediately loaded into a vacuum system with a base pressure of <10® Torr. The a-

NPD hole transport layer was then deposited onto the first electrode, followed by the emissive layer,

the BCP exciton blocking layer, and the Alq; electron transport layer, in that order, all by vacuum
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" thermal evaporation. - The Mg:Ag layer was deposite'dtt'hrou'gh a shadow mask by coevaporation of
Mg and Ag at a mass ratio of 20:1, resulting in a OLED area of 2x2 mm? (730, Fig. 7). The sample

'was immediately transferred through a load lock to a sputtering chamber with minimal exposure to

the atmosphere. Then, a 500 A thick layer of ITO was deposited through the same shadow maskby = . -

~ radio frequency magnetron sputtering in 5 mTorr of Ar at a power of 5 W at arate of approximately
3 A/min to complete a OLED structure. The Mg:Ag layer and the ITO layer formed an electrode
similgr to electrode 720 of Figure 7. ‘

[0061] After the ITO sputtering, the sample was transferred into an ultra-high vacuum
organic molecular beam depositidn chamber with a base pressure of 1x107"° Torr. A layér pf
MTDATA doped Wlth 2 wt% F4-TCNQ was deposited onto the OLED cathode. This p-doped layer
reduces thé dark current of the photodetector while not compromising its quantum efﬁciency. The
16 alternating Iayers of the photodetector active region were then deposited by vacuum thermal
evaporation, with the first CuPc layer in contact with the MTDATA of the p-doped layer. Then, the
second blocking layer was deposited by vacuum thermal evaporation on top of the active region.
The sample was tfansferred to a separate vacuum chamber. The Al cathode was evaporated at 1x10

¢ Torr through a shadow mask with an opening of ‘0.8><O.8 mm? (720, Fig. 7) aligned to the center |
of the OLED. The résultant device appeared smiilar to those illustrated in Figure 7, where electrode
730 is 2x2 mm. |

[0062] Devices similar to that described above were fabricated on different first electrodes
including commercial ITO, a sputtered ITO, gnd a sputtered ITO doped with MTDATA. Fig. 8
illustrates the current density versus voltage characteﬁstic of an embodiment of the invention when

different types of first electrodes are used. Plot 810 illustrates the current density (A/em?®) for a
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 device using commereial ITO: Plot 820 illustrates the current density (A/em?) for a deyice having
a photodetector deposited onto a sputtered ITO anode. Plot 830 illustrates the current density
(A/cm ) for a device having a p-doped MTDATA layer inserted between first electrode and the ﬁrst
‘CuPc layer. When the active region of the photodetector is deposited onto the sputtered ITO anode
used in the photonic integrated circuit, the reverse—bias dark current is higher than that obtained by
using. commercial ITO precoated on glass substrates. A dramatic rlecrease in the dark current is
observed, however, when a p-doped MTDATA layer is inserted between first electrode and the first
CuPc layer. | |
[0063] ~ Theinset of Fig, 8 illustrates the external quantum efficiencies, Mex, of these devices,
which use different types of first electrodes, in accordance with an embodiment of the present |
invention. The external quantum efficiencies were measured using a A=530nm monochromatic
beam of light. A calibrated Si photodetector is ue'ed to determine the intensity. Plot 840 illustrates
the quantum efﬁciency for a device using commercial ITO. Plot 850 illustrates the quantum
efficiency for a device having a photodetector deposited onto a sputtered ITO anode. Plot 860
illustrates the quantum efficiency for a device having a p-doped MTDATA layer inserted bettyeen
first electrode and the first CuPc layer. The ney of the photodetector with a sputtered ITO anode is
lowered by <15% at—10 V than that using a commercial ITO anode, both corresponding to internal
quantum efficiencies of close to 100% as the 'sputtered ITO is approximately 10% less transparent |
than the commercial ITO.

t0064] Fig. 9 shows the relationship between photodetector current (Ipp) and organic light
emitting device (OLED) voltage (Vorep) at various photodetector drive voltages (Vpp) for an

embodiment of the invention. For example, plots 910, 920, 930, 940, 950, 860, 970, 980, and 990
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illustrate changes in Isp as Vorgp is increased when Vep is set at -1V, 2V, -3V, -4V, -5V, -6V, -7V,
-8V, and -9V, fespéctively. As illustrated by varioﬁé plots in Fig. 6, Ipp is predominantly due to the
'detector dark current at low values of Vorep. For example, Ipp is 600 pA at -1V and it increases to .
4.5 pA at—9 V. Thus, at high Vpp, Vorep must be increased to raise the photocurrent well above the

' dark current to turn on the device. |

[0065] | Fig. 10 shows the relationship between photodetgctor‘ current (Ipp) and OLED drive
voltage tVOLED) and the relationship between OLED bottorﬁ emission power (0tPper) and OLED drive
voltage (Vorep) at various photodetector drive voltages (Vrp) for an embédiment of the present
invention. Plots 1010, 1020, 1030, 1040, 1050, 1060, 1070, 1080, and 1090 illustrate changés in

| 0Py and-Ipp as Vorgp is increased WhCIlAVpl)‘iS set at —‘lV,,—ZV, -3V, 4V, -5V, -6V, -7V, -8V, |
and —9V, respectively. Plot 1011 illustrates the photodetector response to light emitted by the
OLED. As the amount of emitted light approaches zero at low voltages, the photodetector.dark '
current establishes a floor which may be different for éach'photodétector bias voltage. For a discrete
OLED, the luminance of the EL emission through the substrate is Pyo: = 2300 £ 100 cd/m? (or 1.43
mW/cm?) at 10 V. This corresponds to a quantum efficiency of 2.2 + 0.1 %. The ratio of the light
emitted through the céthode to the light emitted through the substrate is oo = 0.50 % 0.05 for the |
OLED when the Mg-Ag layer has a thickness of 120 A. This results in a total quantum efﬁcienéy
of 3.3 0.2 %. |

[0066] With a photodetector integrated on top of the OLED, however, nearly 100% of the
OLED top emission is coupled with the photodetector. As shown in Fig. 9, the photocurrent is
approximately 10 pA with Vpp =—9V and Vorgp =10 V. This correspopds to an absorbed optical

power density of 3.6 mW/em? at A=530nm, while aPy; = 0.72 mW/em” in this case, as best‘
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 illustrated by plot‘ 1090. This enhanéement in the extraction efficiency of the OLED‘top emission
is partially due to the higher refractive index of the photodetector organic layers (n ~ 1.8), whicil is
better mat;:hed to that of the sputtered ITO than to that of air. It is also believed that microcavity
effects may also contribute to the observed sensitivity enhancement due to the addition of the -
photodetector and its reflecting Al cathode.

[006%] - Fig. 11 shows: (1) the nrelationship between phbfodetectof current‘ (Iep) and
photodetecto;' drive voltage (Vpp) plus resistor voltage (Vr); and (2) the relationship between resisto;'
voltage (VRr) photodetector drive Volfage (Vep) plus resistor voltage (Vgr), both at various OLED
‘driv‘e voltages, in accordance with an embodiment of the.present invention. for circuit 1190. Plots ‘
- 1130, 1131, 1i’32, 1133'and 1134 illustrate the relationship between Ipp and Vep + Vr at Vorgp =
ZV, 4V, 6V, 8V, and 10V, respectively. Plots 1140, 1141, 1142, 1143, 1144, and 1145 illustrate the -
relaﬁonélﬁp between Vg and Vpp + Vg at Vorep = 6V, 8V, 8.5V, 9V, 9.5V, and 10V, respectively.
Fig. il_ also shows the difect current (DC) operating points of two stable states of the fabricated:
device, in accordance with one embodiment of the present invention. In Fig. 11, range 1110
corresponds to the DC operating range of the fabricated deyice in its HIGH state, whereas range
1120 corresponds to the DC operating point of the fabricated device in its LOW state. Both
transistors (550 and 610 in Fig. 6) are set at threshold voltages of Vr; = Vﬁ =-1.2V. With Vg= .
_10'V, in the HIGH state Vorep ~ 10V, Vep  —7.5 V, Vg #-2.5 V <V <0, and Tpp ~ 11 pA.
With Vs =10V, in the LOW state Vorep ~ 0 V, Vep = —9.0 V, Vg1 =—1.0 V> Vpy, and Ipp =
4.5pA. To test for proper circuit operatipn, R =225 kQ is connected in series to the photodetector.
The voltage drop across the resistor, Vg, is then measured as a function of Vs and Vorep. As shown

in Fig. 8, Vg <1V when Vs =-10V and Vorep < 2V; whereas 2V < Vg <3V with Vs =-10V and
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9V < Voigp < 10V. As Vg =-Vy, these two meééurés correspond to the LOW and HIGH states of
the fabricated device, respectively. |
| [0068] Fig. 12 shows the relationship between OLED drive voltage and gate-source voltage
of a transistor (Vgs) and the relationship between OLED bottom emission power and Ve for an
" embodiment of the presént invention, for circuit 1230. Plot 1210 illustrates OLED drive voltage as
a fimction of Vg, whereas plot 1220 illustrates OLED bottom emission power as a function of V.
Both transistors (550'and 6 10 in Fig. 6) are set at threshold voltages of Vn V2 =-1.2 V. Figure
12 shows that the emission of an OLED may be switched between two states over a relatively narrow
range of gate voltages.

—[0069]" - ~Fig. 13 illustrates the optica‘l bistability of an embodiment of the present invention,
as Vg was varied from 0 to—10 V. The input of Vg and V,; are shown in the upper panel 1310 of
Fig. 13. Plot 1311 represents Vg, Plot 1312 repfesents Vg. The Vg 1312 is delayed from Vg, 1311
by tg=0.5 ms. Both Vg and V» have a pulse width of t, = 1ms. During the pulse window of Vg,
T2 is turned on, setting Vg1 to —0.95 V or —2.45 V. This, in turn, sets the photonic integrated circuit
to LOW or reset it to HIGH.

[0070] The waveforms of OLED bottom EL emission intensity at different Vs are shown in |
the lower panel 1320 of Fig. 13. Plots 1321, 1322 1323, and 1324 illustrate OLED bottom EL

| emission mtens1ty at Vs of 10V, 9.4V, 9 3V, and 8V. The Waveforms are shlfted vertlcally for

| clarity. At Vs=-8V, OLED is on during the reset window. The HIGH state, howeyver, is not stable
as OLED turns off when T2 is switched off. As Vs is increased, OLED remains on for a brief period
after T2 is switched off. AtVg=-9.4V, the HiGH state is almost fully latched between two pulses.

The stable HIGH state is clearly achieved with Vs =~10 V (i.e., OLED is turned on at the onset of
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" the RESET window). OLED remains on ﬂptil the onset of the SET window. At the onset of the SET
window, OLED is turned off and remains off until the next RESET pulse. The RESET or SET
‘windows can be as narrow as 60 ns to make the photonic integratéd circuit switch between the ‘two ’
stable states.

[0071] - The inset 1330 of the lower panel 1320 of Fig. 13 shows the frequency response of
the relative p_eak-to-valley a;‘r;plitude of the OLED bottom EL erﬂission intensity. The 3 dB,

~ bandwidth is 25 kHz, and the roll-off is approximately —18 dB/decade due to the two poles of the
circuit. This 'represenfs a lower limit of the actual bandwidth of the photonic‘ integrated circuit. A.
Si photbdet;actor used to measure the OLED emission intensity, which has a response time of ~2 ps.
‘Furthier, measuremeiits of the capacitance of the circuit ‘elements show that the frequency response
is pn'marily limited by the RC time ‘constant of > 5 ps between the OLED ‘resistanée and the
transisfcor capacitance.

[0072] The photonic integrated circxmiit, according to embodiments of the present ipvention,
has potential applications in displays. Specifically, the photonic integrated circuit may have
particular applications for devices in which bistable pixels can significantly reduce the bandwidth
needed to refresh only those pixels whose image content Achanges between frames. Also the bistable
photonic integrated circuit has similar applications to electronic paper, which may obtain an image
from an external source, and store that image. Tﬁe bistable photoic integrated circuit can be used
in electronic blackboard, where an “image” is written with a light pen. The electronic blaCkbpard
may be erased by having a shorting transparent membrane over each pixel (e.g., ITO coated plastic)

that when pressed, shorts across OLED, for example. Finally, given its digital response to a SET or

RESET pulse the photonic integrated circuit can be used as a building block of photonic logic
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circuits. Taken alone, the integrated OLED/photodetéctor can be used in linear circuit applications
such as autométic display brightness (;ohtrol and monitoring.

: [0073] Embodiments of the present invention provide an organic photonic integrated circuit .
which énhénces optical bistabilifty by integrating a transparent OLED with an organic photodetector.

' The bistable circuit has a 3 dB bandwidth of 25 kHz. The organic photodetecfor is efficient over
a broad spectral rangé from 450 nm to 750 nm. Therefore, it can be integrated with OLEDs of

_ different colors to achieve bistability in full color c‘iispléy applications. The photonic integrated
circuit ;:an be electrically or optically reset ﬁsing pulses as narrow as 60 ns. The photonic h;tegrated
circuit has potential applications in image-retaining displays and photonic logic circuits.

{0074] Several embodiments of the 4present invention are specifically illustrated and
described herein. It will be appreciated, however, that modiﬁcaﬁons and variations of the present
invention are covered by the above teachings and within the purview of the appended claims without -

departing from the spirit and intended scope of the invention.
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'WHAT IS CLAIMED IS:
L. A device comprising:

an organic light emitting device; and
an organic photodetector disposed adjacent the organic light emitting device, the

photodetector being adapted to detect light emitted by the organic light emitting device.'

2. The device of claim 1, wherein the organig photodetector is disposed to the side of

the organic light emitting device.

3. The device of claim 1, wherein the organic light emitting device and the organié

photodetector share a transparent electrode.

4, The device of claim 3, wherein the organic photodetector is disposed over of the

organic light emitting device.

5. The device of claim 3, wherein the organic photodetector is disposed under the

organic light emitting device.
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6.  The device of claim 3, wherein the organic photodetector occupies at most ten

perdent of the surface area of the organic light emitting device.

7 The device claim 6, wherein the organic photodetector occupies at most-one percent

of the surface area of the organic light emitting device. '

8.. " 'The device of claim 6, wherein:
the organic light emitting dc;vicé further comprises:
a first electrode;
an organic layer electrically connected to the first e}ectrode; and

a second electrode electrically connected to the organic layer, said

second electrode having first and second portions; and-

the photodetector further comprises:

a first portion of the second electrode;
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a photodetector active region electrically connected to the first portion

of the second electrode; and

a third electrode electrically connected to the photodetector active

region.

- 9. The device of claim 8, wherein:
the second portion of the second electrode comprises:
the same materials as the first portion of the second electrode; and

- areflective layer.

10.  The device of claim 8, wherein:

. the second portion of the second electrode comprises a reflective electrode that does

not include the same layers as the first portion of the second electrode.

11.  The device of claim 1, where all electrodes of the organic ligﬁt emitting device are

transparent, and all electrodes of the organic photodetector are transparent. -
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12.  The device of claim 1, further comprising a feedback circuit adapted to detect a signall

from the photodetector and control the organic light emitting device based on the signal.

13.  The device of claim 12, wherein the feedback circuit is adapted to maintain a desired

" intensity of light emission from the organic light emitting device.

T Y4 T The device of claim 12, wherein the feedback circuit further comprising a transistor
comnected to the organic light emittiﬂg device and the organic photodetector, the transistor providing
feedback between the organic light emitting device and the organic photodector to maiﬁtain

bistability of the device.

15.  The device of claim 3, wherein the transparent electrode is a transparent cathode.
16.  The device of claim 15, wherein the transparent cathode comprises Mg:Ag.

17.  The device of claim 3, wherein the organic light emitting device further comprises:
-28- ‘
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a ﬁst‘ eleé:trode'disposéd over a substrate;
an organic first hole fransport layer disposed over the first electrode;
an organic emissive layer disposed over the first hole transport layer;
an organic electron transport layer disposed over the emissive layer; and

a second electrode disposed over the electron transport layer,

.wherein the second eléctrodé is the transparent electrode shared by the organic light -

emitting device and the organic 'photodetector.

~18.  “The device of claim 17, wherein the photodetector further comprises:

i

the second electfode;

an organic photodetector active region disposed ovef the second hole transport layer;

and

a third electrode disposed over the organic photodetector active region.

19.  The device of claim 18, wherein the first electrode, the second electrode and the third

electrode are transparent.

20.  The device of claim 18, wherein the photodetector further bompn’ses a buffer layer

disposed between the photodetector active region and the third electrode.
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21.  The device of claim 18, wherein the photodetector active region further comprises
at least sixteen alternating layers of copper phthalocyanine (CuPc) and 3,4,9,10-

perylenetetracarboxylic bis-benzimidazole (PTCBI).

22.  The device of claim 18, wherein the photodetector active region further comprises
at least eight alternating layers of copper phthalocyanine (CuPc) and 3,4,9,10-perylenetetracarboxylic

bis-benzimidazole (PTCBI).

23.  The device of claim 18, wherein the photodetector active region further comprises
a single bilayer of copper phthalocyanine (CuPc)' and 3,4,9,10-perylenetetracarboxylic bis-

benzimidazole (PTCBI).

24.  The device of claim 18, wherein‘ the photodetector active region further comprises

a transparent top electrode.

25.  The device of claim 1, wherein the device is incorporated into a monitor.
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26.  The device of claim 1, wherein the device is incorporated intoa bistable switch.
. 27.  The device of claim 1, wherein the device incorporated into an electronic paper.

28.  The device of claim 1, wherein the device is incorporated into an electronic

blackboard.

29. A device, comprising:
an organic light emitting device adapted to emit light;
an organic photodetector disposed adj acent to the organic light emitting device, the
organic photodetector adapted to detecf the light emitted from the organic light emitting device; and
a feedback circuit connected to the oréanic light émitting device and the organic
photodetector, the feedback circuit being adap"ced’ to adjust the current passing thr,ough the organic

light emitting device based on the light detected by the organic photodetector.

30.  The device of claim 29, wherein the organic light emitting device is off when the

device is in a low state.
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31.  The device of claim 29, wherein the light transmitted by the organic light emitting -
device is directly coupled into the photodetector through the transparent electrode when the device -

is in a high state.
32.  The device of claim 29, wherein the feedback circuit is external. ‘

' ""33. " The device of claim 29, wherein the feedback circuit is an internal linear circuit.

34. A device, comprising:
a first electrode further comprising indium-tin-oxide (ITO);
an organic light emitting layer further comprising: '
a layer of 4,4’-[N-(1-naphthyl)-N-phenyl-amino]biphenyl (c;t-'NPD) disposed .
over the first eiectrodé;
a layer of fac tris(2-phenylpyridine) iridium [Ir(ppy)s] doped into 54,4’-N,N;- '
dicarbazole;-biphényl (CBP) host disposed over the layer of a-NPD ;
a layer of bathocuproine (BCP) disposed over the layer of CBP: Ir(ppy)ss 4
a layer of tris(8-hydroxyquinoline) aluminum (Algs) disposed over the layer
of BCP;
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a second e}ectrdde further comprising:
a layer of Mg:Ag disposed over the organic light emitting layer; - |
a layer of ITO disposéd over the layer of Mg:Ag; |
an organic Iigﬁt detecting layer further comprisihg:
a layer of 4,4’,4"¢MS(3-methyl-phenyl-phenyl-amino)tﬂphenylamine
(MTDATA) doped with two weight percent :tetraﬂuoro-tetracyéné—quinodimethane (F4-TCNQ)
disposed over the second electrode;
layers of CuPc, alternating with layers of 3,4,9,10—perylenetetracarboxylic‘
bis-benzimidazole (PTCBI), disposed over the layer of MTDATA: F4-TCNQ (2%);
wo—= - == alayer of bathocuproine (BCP) disposed over CuPc and PTCBI; and

a third electrode further comprising Al.
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