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We describe encapsulated passive matrix, video rate organic light-emitting (@) displays

on flexible plastic substrates using a multilayer barrier encapsulation technology. The flexible OLED
(FOLED™) displays are based on highly efficient electrophosphorescent QEEHIDLED ™)
technology deposited on barrier coated plagkexible Glass™ substragteand are hermetically
sealed with an optically transmissive multilayer barrier coatit@garix™ encapsulation).
Preliminary lifetime to half initial luminancel(,~ 100 cd/n?) of order 200 h is achieved on the
passive matrix driven encapsulated 80 dpi displays; 2500 h lifetime is achieved on a dc tested
encapsulated 5 miFOLED test pixel. The encapsulated displays are flexed 1000 times around a 1
in. diameter cylinder and show minimal damage. 2003 American Institute of Physics.

[DOI: 10.1063/1.1594284]

Organic light-emitting devic€OLED) technology is rap- fects in the oxide as well as allow for greater flexibility in an
idly gaining momentum as the technology of choice for fu-otherwise rigid coating.
ture flat panel display applications where low power con-  Figure 1(b)shows lifetime data for a 5 mfnthin film
sumption, low cost, and superior viewing ability are desired. encapsulated PHOLED test pixel on barrier coated PET. In-
The flexibility of both small molecufeand polymet OLEDs  cluded for comparison are data for a glass based PHOLED
further enables the use of these materials in flexiblewith glass lid and desiccant as well as a thin film encapsu-
displays* OLED displays on flexible plastic substrates havelated PHOLED test pixel on glass. The PHOLEDs are based
been demonstratét, the principal limitation of OLED dis-
plays on plastic, however, is their lifetime. The materials

currently used in OLEDs are very sensitive to moisture and (a) Multilayer H0, O

oxygen, and plastic substrates are generally too permeable to barrier OLED
both to be suitable for OLEDSDevelopment of a long-lived coating

flexible OLED (FOLED) display on plastic therefore poses

two major challenges: preventing moisture and oxygen dif- Plastic substrate
fusion into the display area from the bottom/substrate and

also from the togsee Fig. 1(a)].

Phosphorescent OLED®HOLEDsY on barrier coated i : chl), 0, : i
polyethyleneterephthalatéPET) substrates with operating (b)1_0 L y ) 4
lifetimes approaching that of PHOLEDs on glass have been L cs00cam |~ Glass
demonstrated. However, those devices were encapsulated S ool > |
using a glass lid and perimeter epoxy seal. Here, we report & |
PHOLED displays on plastic with a monolithic, thin film Eos- Plastic/ i
encapsulant. The displays are passive matrix with 80 dpi A
resolution and grown on 178m-thick barrier coated PET. 507- |
After OLED deposition, the displays are encapsulated with -
an optically transmissive multilayer barrier coating. The thin g |
film encapsulation process includes deposition il lay- =96 Glass-to-glass OLED w/ desiccant 7

. . . . || —o— Thin film encapsulated OLED on glass
ers, which are reactively sputtered onto the display via an —a— Thin film encapsulated OLED on plastic 2
energgtlc pl_asma, in betwee_n polyacrylate layers, which are 0-8_01 o1 1 10 10 '“1(')"00' 10000
deposited via flash evaporation of the monomer followed by Time (h)

UV curing.” The entire process is carried out in an integrated

vacuum tool. The alternating Iayers of inorganic oxide andF!G- 1. (@) Schematic diagram of a thin film encapsulated OLED on barrier
. coated plastic. The multilayer barrier coatings on the substrate and OLED
polyacrylate protect the OLEDs from moisture and 0Xygenprotect the OLED from water and oxygeth) Normalized lifetime data

[Fig. 1(a)]. The inorganic oxide layers act as diffusion barri-under dc drive for a PHOLED on glass packaged with a glass lid and
ers to water/oxygen while the polymer layers decouple dedesiccant(solid line), thin film encapsulated PHOLED on glagspen
circles), and thin film encapsulated PHOLED on plagsolid squares).
Starting luminance for all 5 mfndevices was 600 cd/fn Half lives of the
2Electronic mail: achwang@univeraldisplay.com devices are 9000, 3700, and 2500 h, respectively.
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FIG. 3. Thin film encapsulated PHOLED display on 1Z& barrier coated

10° : PET. The encapsulation is comprised of five alternating pairs gdAand
(b) ) polyacrylate; total thickness of the multilayer barrier stack is p#7. The
N’E‘10 b 64240 display is passive matrix and capable of full motion video.
S 10! i
E 10
0 . . . . . .
‘b’m ] thin film encapsulation using a multilayer barrier stack has
210" 1§ . significant potential as a packaging option for plastic and
E R o o S , 1 glass OLEDs as the lifetime of the thin film encapsulated
€ z 400 500 600 700
310°| Wavelength (nm) il glass sample was extended to 3700 h.
3104 i | Electroluminescent spectra, current density—voltage
. o . uu (J-V) characteristics, and luminous efficiencies of a thin
10°F O —a, /W 1 film encapsulated PHOLED test pixel on plastic before and
10°

after lifetest characterization are presented in Fig. 2. Spectra
were measured using a PhotoResearch SpectraScan 705 ra-
diance meter. Thd—V characteristics and luminous efficien-
cies were measured with a Keithley 236 source-measure unit
and a Keithley 2400 source meter in combination with a
calibrated Hamamatsu S3584-08 photodiode to measure light
T output. Also shown in Fig. 2(aare pictures of the PHOLED
before and after encapsulation and after driven lifetest at
. room temperaturédc, constant current). Included in Fig.
2(a)are pictures of the adjacent pixels on the substrate which
. were shelf tested, i.e., not driven. The normalized electrolu-
minescence spectra of the bottom right driven PHOLED in

0 s : - L - Fig. 2(a)are presented in the inset of Figh2and are char-

10" 10" 10" 10 10’ 10" 10° acteristic of the green phosphorescent emitter Ir(puged
Luminance (cd/m”) . .
in these devices. That the spectrum does not change after the

FIG. 2. (a) Pictures of a set of PHOLEDs before and after thin film encap- driven lifetest indicates that as the device decays, the

sulation and lifetest. The first three pixels at the bottom of Fig) %ere electron-hole recombination zone is still confined to the
shelf tested, i.e., not driven, at room temperature. The fourth pixel was d

tested at room temperature with initial luminance of 600 éd/Eiectrolu- ?r(ppy)g doped region. FlgureS, 2(land 2(c)illustrate that .
minescent spectrf(b), inset], current density—voltage characteristioy the decayed PHOLED has a higher voltage and lower lumi-
and luminous efficienciegc) of the dc tested thin film encapsulated nous efficiency for a given current density or luminance.
PHOLED of Fig. 2(apefore(filled squaresand after(open circles)ifetest. This is a typical observation of aged OLEDs, plastic or glass
based. The dark spot growth observed in all four devices is
on the green electrophosphorescent dopéat tris(2- illustrated in Fig. 2(a). Close examination of FigaZreveals
phenylpyridine)iridium [ Ir(ppy)s].® Device structure of the that the dark spots were present after encapsulation at the
OLEDs, grown by vacuum thermal deposition, is 100—400 Abeginning of the lifetest, i.e., no new dark spots formed as
CuPc/300 Aa-NPD/300 A CBP:Ir(ppy) (6 wt%)/100 AB  the devices aged, but the ones which were present grew
Alg/400 A Algs/LiF/AL.7 The devices were lifetested at larger. The initial formation of dark spots are believed to be
room temperature and ambient pressure under dc drive arfi#e to unintentional exposure of the OLEDs to particulates,
constant current conditions. Starting luminance for all de-oxygen and/or HO immediately prior to encapsulation. The
vices was 600 cd/fm The multilayer coating on the thin film observed dark spot growth is attributed to exposure of the
encapsulated PHOLEDs consists of 4—5 pairs of alternatinLED to oxygen and b in the environment due to unop-
Al, O, and polyacrylate; the total thickness of the multilayertimized barrier coatings on the PET substrate and on top of
thin film coating is 5—7.m. While the 2500 h half life of the the OLED?
thin film encapsulated PHOLED on plastic is not as long as  The multilayer, thin film barrier coating of the test pixels
the 10000 h half life of the glass-to-glass device, this life-in Figs. 1 and 2 can be extended to displays. Figure 3 shows
time represents a significant achievement considering that am video rate 64:240, 80 dpi, passive matrix PHOLED dis-
unencapsulated PHOLED on glass typically decays to halplay on barrier coated PET after encapsulation with five al-
luminance in less than 600 h. Figur¢bl also shows that ternating pairs of AIO; and polyacrylate.

Luminous Efficiency (cd/A)
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100 |-

" At start of lifetest: After 10 days: been observed before the test. Finally, after 1000 flexes, three
: additional partial row-outs were observed, also due to cracks
in the cathodefive total). While further flex testing is re-
quired to determine the ruggedness of the encapsulated dis-
play under alternative flexing conditions, e.g., along the col-
umns, under compression, in two dimensions, etc., these
early results are promising.
In summary, we have demonstrated hermetically sealed,
n ] thin film encapsulated PHOLED displays on barrier coated
PET with preliminary operating lifetimes of 200 h(passive
matrix drive). Operating lifetime of 2500 h was achieved on
u - a thin film encapsulated PHOLED test pixel on barrier
R T PR T coated PET. Initial flex test results indicate that the thin film
0 100 200 300 400 500 600 encapsulated displays suffer some damage after being flexed
Time (h) under tensile stress around a 1 in. diameter cylinder. We note
fG. 4. Lumi i the thin il eG4 _ that the thin film, multilayer barrier stack encapsulant has not
mat.rix.PHuOmLIEzE)niJ(ies;ISaylr?netEe inesetlghcl)vr\r:inznf[:i?r?;ut: ﬁalf Iurr?iizsr:::/ee of yet been optimized for either barrier properties or flexibility

>200 h. The encapsulation is comprised of five alternating pairs #dAl  @nd that such optimization, in addition to a highgy sub-
and polyacrylate with total thickness 5. strate, should improve display lifetiméand flexibility).

While further optimization and testing of the encapsulation
dand substrate are required, the achievement of a functional,
thin film encapsulated PHOLED display on plastic with ex-
tended lifetime represents a significant step towards fulfill-
ment of advanced communication devices with roll-out, flex-

ible emissive displays.

Luminance (cd/m?)
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Figure 4 shows lifetime data for a similarly encapsulate
6464, 80 dpi display with a 50% fill factor. The passive
matrix driven display was lifetested with a starting lumi-
nance of 110 cd/Mm(duty cycle=1/64). Display luminance
was measured using a handheld luminance m@tnolta
LS-100). As seen in Fig. 4, the lifetime to half luminance of This work was funded in part by the Defense Advanced
the encapsulated display on barrier coated PET was over 2Qesearch Projects Agency and the Army Research Labora-
h. We note that the shelf life of a similarly encapsulatedtory. The authors thank Dr. Paul Burrows and Dr. Gordon
PHOLED display on barrier coated PET is approximatelyGraff and their team at Pacific Northwest National Labora-
700 h. tory for thin film encapsulation of the glass based OLED in

The discrepancy between the thin film encapsulatedrig. 1(b).

FOLED pixel (2500 h)and display(200 h)lifetimes may be

partially explained by the relatively high current drive of the s H. ju, S. H. Yu, J. H. Kwon, H. D. Kim, B. H. Kim, S. C. Kim, H. K.
pixels in the display and the presence of an organic grid glf:jurg)% '\|3/|" S. Vgga\iggé\/légidzLu.KR-VS- Kworllgf, l\g'Halcgk. fgdszgéBr\?wn,
surroundmg each pixel, neither of wh|c_h are p_arncular tp KUo and Ilg.egtjzu’ki, MR(S BuI)I,27,.8532r21832)rT. isp18, 12 (2002); Y.
PHOLED displays. For example, to achieve a display lumi-2¢ \y Tang and S. A. VanSlyke, Appl. Phys. Léit., 913 (1987).

nance of 100 cd/R) each pixel in the 6484 display must  2J.H. Burroughs, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. MacKay,
be driven to at least 6400 cdfmThe actual luminance of a  R. H. Friend, P. L. Burn, and A. B. Holmes, Natufieondon) 347, 539

i . ) ) o £ (1990).
driven pixel will be higher due to the 50% fill factor. Each 4(2)P. E. Burrows, W, D. Bennett, C. C. Bonham, G. L. Graff, M. E. Gross,

display pixel is therefore pulsed an order of magnitude . G, Hall, E. S. Mast, P. M. Martin, D. W. Matson, M. R. Zumhoff, M.
higher in current density than an individualondisplay)test S. Weaver, J. A. Silvernalil, A. B. Chwang, R. H. Hewitt, S. Y. Mao, L. A.

pixel, which can lead to faster decay. Moreover, the organic Michalski, T. Ngo, M. R. Nugent, K. Rajan, M. A. Rothman, and J. J.

. . P . - Brown, MRS Spring Meeting (paper G3.7), San Francisco, G& April
grid used in the FOLED display to electrically insulate each 2002: Y. Shi, J. Bernkopf, S. Herrmann. A. Hermanns, and D. Choquette,

pixel from adjacent pixels is made of photoresist material. sip 02 Digest33, 1092(2002); T. Miyadera, A. Yoshida, A. Sugimoto,
Normally this material is sufficiently baked to remove any and S. MiyaguchilCEL-3 (paper O-7), Los Angeles, CA-8 Sept. 2001.
. 5 3

harmful solvents and/or moisture that would lead to prema- (Pi Eé B‘;]”OWS\}VGB L. Gr?ﬁi_ MME-hGIVOSS'NFI’- '\S" \'\/"Vaf“”' Mj Hj‘”vBE- 'V'aStD'

. . . bonham, . bennet, L. IChalsKl, .o, eaver, J. J. brown, .
ture degradation of the OLED_. Hoyvever, a comprqmlsed Fogarty and L. S. Sapochak, Proc. SRIEDS, 75 (2000).
bake due to the temperature limitations of the plastic sub-6m. A, Baldo, D. F. O'Brien, Y. You, A. Shoustikov, S. Sibley, M. E.
strate may result in incomplete outgassing or curing of the7Thompson, and S. R. Forrest, Appl. Phys. L885, 151(1998). _
photoresist which would negatively affect OLED lifetime. A g"-JS-g’;’gﬁ‘r’]erbLEA-B'\ﬂ'r‘;z\?v':kgK-L Rajar MMAI-ER(O;:‘O”Q:“PJ- " 31‘;3;”3'\'/"1
hlgherTg b_amer substrate Wou_ld al!eVIate this problem, as Hall, E. Mast, C. Bohnam, W. Bennett, and M. Zurnhoff, Appl. Phys. Lett.
would a grid that does not require high temperature process-g1, 2929(2002).
ing, M. A. Baldo, S. Lamansky, P. E. Burrows, M. E. Thompson, and S. R.

; ; ; _Forrest, Appl. Phys. Lett75, 4 (1999); M. A. Baldo, D. F. O’'Brien, Y.
. A dlslﬁ)la){ Wlth Rl Sameldevfllce StrUthL;re ﬁndd?n(iapsma You, A. Shoustikov, S. Sibley, M. E. Thompson, and S. R. Forrest, Nature
tion as that in Fig. 4 was also flex tested. The display was ( ongon)39s, 151(1998).
flexed along the rows and under tensile stress 1000 times$s. F. Lim, W. Wang, and S. J. Chua, Adv. Funct. Ma1é, 513 (2002); L.
around a cylinder of 1 in. diameter at a rate of approximately :<i, S-SJ- Chua, K. Zhang, and N. Yakovlev, t/;\ppl- Phys. L&, 2dl95

; ; _ (2002); J.-S. Kim, P. K. H. Ho, C. E. Murphy, N. Baynes, and R. H.

12 flexes/min. After 100 ﬂexe?'. the display showed no dam Friend, Adv. Mater(Weinheim, Ger.J14, 206 (2002); M. Schaer, F. Nue-
age. After 500 flexes, two additional defettathode breaks)  ch D. Berner, W. Leo, and L. Zuppiroli, Adv. Funct. Matad, 116
that led to two partial row-outs were observed that had not (2001).
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