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Abstract

We have proposed novel photoresponsive green- and blue-emitting organic electroluminescent (EL) devices combining organic EL
diodes with titanyl phthalocyanine as a photoconductive layer. By irradiating red and near-infrared (IR) lights to these devices, green and
blue emissions were generated, respectively, well below the turn-on voltage. The results indicate that the devices act as an optical switch
and up-converter. The EL response time using a laser pulse was abque.3®Bove the turn-on voltage, enhancement of the EL intensities
was observed with the light irradiation with the ratio of up t4.10
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction from red to near-infrared (IR), while representing very weak
absorption from 400 to 600 nnirig. 1(b)). So, it is reason-
Organic electroluminescent (EL) devices have received ably considered that green and blue emissions from emis-
considerable attention due to high potential for display ap- Sive materials, tris-(8-hydroxy quinoline) aluminum (A)q
plications [1-4]. In recent years, there has been growing and N,N'-diphenylN,N'-bis(1-naphthyl)-1-’biphenyl-4,4-
interest in application of organic EL devices to advanced diamine @-NPD) for example, can be taken out from the
optoelectronic devices. Hiramoto et f8-7] have reported  ITO side efficiently without absorption in the OPC layer.
organic light transducers combining organic photoconductor In this paper, we report about new photoresponsive organic
(OPC) layers (photon to electron conversion) with organic EL devices exhibiting green and blue emissions by red and
EL diodes (electron to photon conversion). However, the de- near-IR light irradiation, respectively.
vices needed to be driven at high applied voltage under vac-
uum and to use thick OPC layer (above 500 nm). In addition,
optical switching response of the devices was on the order
of seconds, too slow to be applied as optoelectronic devices.
Recently, we have proposed that a new type of the pho- i .
toresponsive organic EL device including a thin OPC layer A TIOPc layer was deposited on an ITO coated glass
could be driven at low voltage under ambient condition SuPstrate. The green-emitting diode which consisted of
[8]. Schematic structure of the photoresponsive organic EL N/N'-diphenyN,N'-di(m-tolyl)benzidine (TPD) as a hole
device is shown ifFig. 1(a). In this device, a thin OPC layer ~ ransportlayer and Agas an electron transport and emitting
was interposed between an organic EL diode and an Ia}yer was_construc_:ted on the TiOPc layer. The blue-emitting
indium-tin oxide (ITO) anode. By irradiating external lightto  diode which consisted af-NPD as an hole transport and
the device, photocarriers are generated in the OPC layer an™Mitting layer and 2,9-dimethyl-4,7-diphenyl-1,10-phenan-
then the carriers are injected into the EL diode. As a result, throline (Bathocuproine or BCP) as an electron transport
the device exhibits the EL emission. We used titanyl phthalo- @nd hole blocking layef10] was constructed on the TiOPc
cyanine (TIOPc) for the OPC layer because this material had aYer. A thickness of each organic layer was Same as 60 nm.
high quantum efficiency of photon—electron converd@gin Deposition was carried out at a pressure<@x 10~° Torr.

The TiOPc film has a strong absorption band in the region DePosition rate of each organic material was typically
0.3-0.7 nm/s. Finally, 150 nm thick magnesium and silver

* Corresponding author. Tek:81-298-61-6306; fax:-81-298-61-6303.  (10:1) was co-deposited as a cathode on the organic layers.
E-mail address: k.yase@aist.go.jp (K. Yase). The active area of the device was 4 fiim
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Fig. 1. (a) Schematic structure of the photoresponsive organic EL device; (b) absorption spectrum of 60 nm thick TiOPc film on a quartz substrate (upper
panel) and PL spectra of Adgand «-NPD films on quartz substrates (lower panel).

The luminance of the device was measured by the use of
a luminance meter (Topcon BM-8) and the current—voltage
(I-V) characteristics were measured with an electrometer
(Keithley 2400). EL spectra of the device were measured
utilizing a charge-coupled device multichannel detector LI BRI B LA BRI BN L

o L .
equipped with a polychromator (Princeton Instruments). 10 3 ....--l"'§
Red (650nm) and near-IR (780 nm) lasers were used as & 00 L ...nn E
incident lights to the green- and blue-emitting devices, re- RS E .-" =
spectively. The devices were irradiated from the side of the E 10" b ‘-" D,DD -
ITO anode by the laser beam with the power density of Q £ o -~ 3
50 mWi/cn?. The temporal evolution of the electrolumines- S 10 F / D.D'E =
cence in response to a laser pulse was measured by a streak < g / + 3
camera (Hamamatsu Photonics K.K.). A pulse generator g 107 - ™ o E
(Stanford Research Systems DG535) triggered the streak a . EFD ]

10° b Switch Enhancement .

camera as well as the lasers to generate square-shaped 3 ; ],‘E E

pulses to be injected into the device. The pulse width was 100 Lo e

1 ms and the repetition frequency was 200 Hz. All measure- 0 5 10 15 20 25 30
ments were carried out at room temperature in ambient air.  (a) Voltage (V)
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3. Results and discussion . E ** 3
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Fig. 2a) shows luminance—-voltage~V) characteristics I 10 o? d E

[ . . . . o 3 . / 3

of the green-emitting device with and without red laser ir ° F .,0 dJd :

radiation. Under non-irradiated condition, green emission O o L o d -

was observed above 12V and the luminance increased with  «© E ./ d 3

increasing the applied voltage. When the device was irra- = - / ]

. W a g / 2

diated by the red laser, the luminance was enhanced in- 3 100 F L4 J E

stantaneously and the turn-on voltage was lower by 9V F Switch p’ Enhancement :

than that of the non-irradiated condition. Therefore, in the 107 & < e -

range of the lower voltage (between 3 and 12 V) the device L L A I

0 1 20 25 30

acted as an optical switching/up-converter, which converts 0 15

) : : - Voltage (V)
low-energy red light to high-energy green light (“optical
switching/up-conversion” mode). Moreover, above 12V the Fig. 2.1 characteristics of the green (a) and blue (b) emitting devices
device exhibited enhancement of green emission with red under the non-irradiated (open) and irradiated (solid) conditions.
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10" Frer s Table 1
3 EL efficiency of the photoresponsive EL devices and the corresponding
10* ' ] devices without TiOPc layers
o b 3 EL efficiency? (cd/A)
T 407 0%80g " N
= - " Laser OFF Laser ON No TiOPc
& .\DELDD I.‘ 3
O 102 0\. e Green 2.9 7.7 3
~ E
(ZD OOOOOO \.\. DDDDD‘.E Blue 0.2 0.9 0.7
£ O, \ Ug_
10ty F %o 0 o 3 aCurrent density at 1 mA/cfa
O'O %o 3 b Device structure: ITO/TPD (60 nm)/A4g(60 nm)/MgAg.
10° ,OO/ _ ¢ Device structure: ITQ/-NPD (60 nm)/BCP (60 nm)/MgAg.
P T I NI AT TR
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Voltage (V) laser irradiation and then changes active as a hole injection

layer. In particular, the efficiency of the green-emitting de-
Fig. 3. Laser ON/OFF ratios of current and EL intensity. Squares represent vice was higher than that of the “No TiOPc” device. This
the ratio of current (open) and EL intensity (solid) of the green-emitting - .
device. Circles represent the ratio of current (open) and EL intensity resglt |nd|_cates that a.neW type of _a hlgh-performance EL
(solid) of the blue-emitting device. device using external light was realized.
Fig. 4(a) shows typical EL spectra of the green-emitting
device with and without red laser irradiation in the “light
light irradiation (“light enhancement” mode)-V character- enhancement” mode. Under the non-irradiated condition,
istics of the blue-emitting device with and without near-IR
laser irradiation are shown iffig. 2(b). Between 5 and

12V, the device acted as an optical switching device and Energy (eV)

up-converter from near-IR to blue. Above 12V, the device 435 3 25 2 15

exhibited enhancement of blue emission with near-IR light UL

irradiation. o _
Fig. 3 shows laser ON/OFF ratios of current and EL in- Laser

tensity of the devices. Photocurrent of the green-emitting B ON | Red Laser 7

——

device was observed above 1V. The laser ON/OFF ratio of
current increased with applied voltage and reached@ at N
6 V. The current densities with and without laser irradiation
at 6V were 108 x 10~4 and 6x 108 A/lcm?, respectively. Laser ]
Above 6V the ratio decreased gradually with the voltage. OFF (x5) 1
The maximum of the laser ON/OFF ratio of the EL inten- | /e \¥
sity was 2x 10* at 12 V. The ratio decreased with increasing 300 400 500 500 200 800 900
voltage. The current of the blue-emitting device was also en- (a) Wavelength (nm)
hanced by the laser irradiation above 3V. The maximum of
the laser ON/OFF ratio of the currentwas 60 at 11 V. The cur- Energy (eV)
rent densities with and without laser irradiation at 11V were 4 35 3 25 > 15
1.02x 10~2 and 175x 10> A/lcm?, respectively. The max- LN KL I L B B A I B B
imum of the ratio of EL intensity reached about¥ 12 V.
Therefore, it is considered that both light appearance in the =)
“optical switching/up-conversion” mode and light enhance-
ment in the “light enhancement” mode are attributed to pho-
tocarrier generation in the TiOPc layer by laser irradiation.
EL efficiency of the green- and blue-emitting devices is
shown inTable 1 The EL devices excluding TiOPc lay-
ers (“No TiOPc” inTable 1) were fabricated and evaluated,
because these were compared with the photoresponsive EL
devices. Since all compounds consisting of the “No TiOPc”
devices, namely TPD, Al a-NPD and BCP, have no ab- 300 400 500 600 700 800 900
sorption in the region from red to near-IR, the “No TiOPc” (b) Wavelength (nm)
devices did not exhibit any response by red or near-IR laser _ - _
. [ _ - Fig. 4. EL spectra of the green (a) and blue (b) emitting devices under
Irra(_jlatlon' The efficiency of the _gree_n-_ and blue-emltt_lng_ the non-irradiated (dashed line) and irradiated (solid line) conditions in
devices was enhanced by laser irradiation. The result indi- the “light enhancement” mode. Data points around the red laser (650 nm)
cates that the TiOPc layer has photocarrier generation byare omitted due to the strong scattering.
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L B B UL B B exhibited good reversibility of the switch. This fast response

i — gﬁ‘flfr ] should be also caused by the high-efficient generation of

photocarriers in the thinner OPC layer compared with the
result by Hiramoto et a[5—7]. Moreover, we confirmed that
the optical switch only occurred in the laser-irradiated spot.
Therefore, this photoresponsive EL device is considered as
a promising candidate for an IR-visible image converter.

EL intensity (a. u.)

4. Conclusions

v b b b v Py Py

-1 0 1 2 3 4 Novel photoresponsive organic EL devices combining or-
Time (msec) ganic EL diode with TiOPc photoconductive layer were
successfully fabricated. These devices exhibited efficient
up-conversions of red to green and near-IR to blue at the low
drive voltages. The response time of optical switch for the
laser pulse irradiation was about 308. In addition, these

green emission from Algwas observed around 550nm emissions were significantly enhanced by light irradiation
(2.3eV). By red laser (1.9eV) irradiation, the intensity above the turn-on voltage.

of green emission was largely enhanced. In the case of

the blue-emitting device, blue emission fraaNPD was

observed around 470 nm (2.6 eV) under the non-irradiated Acknowledgements

condition Fig. 4(b)). By near-IR laser (1.6eV) irradia-
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high-efficient generation of photocarriers in the TiOPc layer
and the enough injection of the carriers into the EL diode.
For both the cases, there were no change in the shape
and pealf positions of the spectrg by Iasgr .irradiation. As [1] C.W. Tang, S.A. VanSlyke, Appl. Phys. Lett, 51 (1987) 913

a result, |t. was fpund that the devices gxhlblt the effect of (] C. Adachi, S. Tokito, T. Tsutsui. S. Saito, Jpn. J. Appl. Phys. 27
photo-assisted light enhancement having no color change  (1988) L269.

without and with laser irradiation. The emission spectra [3] J. Kalinowski, J. Phys. D 32 (1999) R179.

in the “optical switching/up-conversion” mode were also [4] C. Adachi, M.A. Baldo, M.E. Thompson, S.R. Forrest, J. Appl. Phys.
identical with those indicated iRig. 4. Therefore, the en- 90 (2001) 5048.

. 5] T. Katsume, M. Hiramoto, M. Yokoyama, Appl. Phys. Lett. 64 (1994
ergy gaps of red to green and near-IR to blue up-conversion 5] 2546 Y ppL Y (1994)

were estimated to be 0.4 and 1.0 eV, respectively. [6] T. Katsume, M. Hiramoto, M. Yokoyama, Appl. Phys. Lett. 66 (1995)
EL response of the blue-emitting device by near-IR laser 2992.

pulse in the “optical switching/up-conversion” mode is [7] K. Nakayama, Y. Nishikawa, M. Hiramoto, M. Yokoyama, in:
shown inFig. 5 Rise and decay times of temporal emis- Proceedings of the 10th International Workshop on Inorganic and
sions. which were defined as the times between 10 and 90% Organic Electroluminescence, Hamamatsu, Japan, 2000, p. 341.

! - . [8] J.P. Ni, T. Tano, Y. Ichino, T. Hanada, T. Kamata, N. Takada, K.
of the saturated EL intensity, were 260 and 330 respec- Yase, Jpn. J. Appl. Phys. 40 (2001) L948.
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Fig. 5. EL response by the laser pulse in the “optical switching/up-
conversion” mode.
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