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Contrast-Enhancement in Black Dielectric
Electroluminescent Devices

Jason HeikenfeldMember, IEEEand Andrew J. SteckFellow, IEEE

Abstract—A high contrast electroluminescent (EL) device
structure is presented. The diffuse luminous reflectivity from
the metal/dielectric/phosphor/indium-tin-oxide/glass EL de-
vice structure is ~3%. A Eu-doped GaN phosphor is used to
demonstrate the contrast-enhanced operation. Low reflectivity is
achieved by inserting a light-absorbing black thick-film BaTiO3
layer between the phosphor and the rear metal electrode. In
addition to providing contrast enhancement, the opaque thick
dielectric film exhibits capacitance and high voltage reliability
(40 nF/cn?, dielectric constantegy ~ 500-1000, breakdown
field E4p- ~ 0.1-0.4 MV/cm) similar to that of the highest
performance transparent thin-film dielectrics. An EL device
luminance of only 20 cd/nt is sufficient for a display contrast ratio
of ~10:1 under 140 lux indoor ambient lighting (illumination).
Under sunlight illumination of 100000 lux, a display contrast
ratio of >3:1 is expected with application of additional contrast
enhancement techniques.

Index Terms—Black dielectric, contrast, display, electrolumines-
cence, GaN, reflectivity.

|I. INTRODUCTION

(Lambiens in Im/m?/sr) is calculated ag; Fapient /7. A dis-

play with 50% diffuse reflection under an ambient illuminance
(Fambient IN Im/m? or lux) of 100 lux for office lighting will
reflect a luminance of 16 cd/mOperation in direct sunlight at
100000 lux results in a reflected luminance of 16 000 ¢d/m
For long life display operation and low power consumption it
is clear that low reflectivity, not higher brightness, is the best
approach for high display contrast. We have recently developed
a thick-film dielectric electroluminescent (TDEL) structure
[5] on glass substrates. The TDEL devices were demonstrated
using a novel phosphor which we have developed, namely
rare-earth-doped GaN [6], [7]. In this paper, we report on the
contrast enhancement obtained with a black dielectric TDEL
(B-TDEL) device structure. This increase in contrast is seen in
Fig. 1 which compares GaN:Eu TDEL and B-TDEL devices
operating at 1 kHz and 0, 80, and 120 V. The Eu emission
wavelength is 621 nm. It is quite apparent that the B-TDEL
approach allows for increased legibility and saturated emission
chromaticity.

IGHT emissive technologies currently being investigated

for flat panel displays [1] (FPDs) include: field emission

II. COMPARISON TOEXISTING APPROACHES

display (FED), plasma display panel (PDP), inorganic thin-film Existing high contrast TFEL device structures are shown in
electroluminescence (TFEL), and organic light emitting diodgig. 2(a)—(c). The oxidized metal TFEL (OM-TFEL) structure
(OLED). ZnS:Mn TFEL [2], [3] flat panel displays are well[g] in Fig. 2(a) uses a low reflectivity, graded #Ds-to-Al
known for their superior readability and durability. Such readear electrode in order to achieve readability in 10000 lux
ability is due to an excellent view angle and very high displayghting. The absorbing substrate [9] TFEL (AS-TFEL) struc-
contrast. In a dark operating environment, display dark contragte in Fig. 2(b) uses a light absorbing Si substrate as a rear

is the ratio of maximum pixel luminangd.,;,,) to Minimum

electrode. For the optical interference [10] TFEL (OI-TFEL)

pixel luminance Limin). Pixel blooming (emission that appearsstructure in Fig. 2(c), the light reflected from the partially
outside the pixel area) is one effect that can reduce dark contrasfiective Iconel (low corrosion metal alloy) layer experiences
Most display applications, however, must take into account tg@structive optical interference with light reflected from the Al

reflected luminancé L,,ient) from ambient light (illumina-

electrode. All other layers in the structure of Fig. 2(c) are also

tion). This true measure of display contrast [4], or contrast ratifiodified for low reflectivity. For OI-TFEL, the reflectance

(CR), is defined for a Lambertian emitter/reflector as

Lmax + Lambient

R Eambient
Lmin + Lambient

CR = 5 with Lambient = {ir

1)

R; is the diffuse luminous reflectance of the ambient illumin
tion ( Fambient )- R, 1S the absolute reflectivity weighted against.
the spectral (photopic) response of the human eye versus w
length. The diffusely reflected surface luminance of the displ
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is a strong function of view angle. OI-TFEL is difficult to
use in multi-viewer or full color displays due to a narrow
high-contrast view angle and emission color shift with view
angle, respectively. By comparison, the B-TDEL structure in
~ig. 2(d) uses a black diffuse dielectric surface to absorb light.
hile these contrast enhancement techniques (as shown in
g 2) are readily applicable to inorganic display technologies,

E%ﬁey could also apply with some modification in design to
I

rect current supply from a rear metal electrode (OLED).
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B-TDEL display devices were fabricated [5] in a manner sim-

far to TDEL devices. Indium-tin-oxide (ITO) thin transparent

electrodeg~200 nm) are sputtered onto Corning 1737 glass.

0018-9383/02$17.00 © 2002 IEEE



HEIKENFELD AND STECKL: CONTRAST-ENHANCEMENT 1349

normal dielectric

black dielectric

Fig. 1. Photographs of operating GaN:Eu EL devices taken in ambient lighting of 140 lux. The TDEL (a, b, c) and B-TDEL (d, e, f) devices were operated at
1 kHz frequency and biased at 0, 80, and 120 V, respectively. The pictures were taken in an ambient lighting of 140 lux.

(a) oxidized metal (OM-TFEL) (b) absorbing substrate (AS-TFEL) FoIIowing ITO deposition, an AIN thin dielectri(wSO nm)
Foxdizad Al Tear olectrode B é ﬁ é § é and a~ 500 nm GaN:Eu phosphor layer were deposited by
N R solid-source molecular beam epitaxy. Alternative GaN phos-

phor deposition means (sputtering, reactive evaporation) and/or
other phosphor (ZnS:Mn) and dielectric layéfd»Os) are en-
visioned for the B-TDEL structure. One of the key advantages of
the B-TDEL device is use of a thick film dielectric. The screen
printed thick film dielectric layer determines the high voltage
reliability of the device and is beneficial for high yield fabrica-
tion. Unlike thin-film dielectrics used in TFEL, thick film di-
electrics are easily scaleable to large display sjzes?’) with

(d) black thick dielectric (B-TDEL)  yacuum-free processing, and can tolejatesized film defects,
surface roughness (high-field points), or even small particulate
contamination. The figure of merit [3] (FOM) for dielectrics is
given by the maximum charge capacity.{..., Clcnt) prior

to dielectric breakdowE, 4,.)

Si substrate

EoEd
Qmax = Z—Ed,brtd or Qmax = EOEdEd,b’I’ (2)
d

wheret,; andey are the dielectric film thickness and relative
permittivity (dielectric constant). The BaTidhick-film dielec-
tric implemented in TDEL devices exhibits an excellent FOM
Of Quax ~ 10-20 puClen? (e, = 8.85 x 107 Flem,eq ~
Fig. 2. Approaches for high contrast EL devices: (a) oxidized met00—1000, Ed:‘”_’ ~0.1-04 MV/C_m_)' The FOM for thick-film
(OM)-TFEL; (b) absorbing substrate (AS)-TFEL; (c) optical interferencé~20 pm) BaTiO; allows for efficient and reliabl¢>>300 V)
(ON-TFEL; and (d) black thick dielectric (B)-TDEL. coupling of voltage to the phosphor layer which emits light by
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o 10 L/ s L ) N Fig. 4. Diagram of specula¢F") and diffuse (D) light reflection and
N O N s \\ 1 transmissioT") components in a B-TDEL device.
LS tet B-TDEL + AIR "3
calculated using (2) to be3%. This calculation does not take

into account thin-film interference effects. This remaining re-
flection can be further reduced by exploiting thin-film interfer-
Wavelength (nm) ence effects similar to those used in OI-TFEL. In addition, color
Fo 3 M § reflecii . f it incid filter technology can also be used to reduce reflectance from the
L e o cafjovice and improve contrast without decreasing the emited -
reflectivity spectrum for B-TDEL with antireflective (A/R) and with color Minance. The color filter is chosen to match the device emis-
filter contrast enhancement. sion wavelength and absorb all other visible light wavelengths.
For a red, green, and blue (RGB) emitting full color display,
undergoing reversible (current limited) electrical breakdowthe overall reflection would be reduced to approximately 1/3
The FOM for screen printed BaTiQOis of the same level as its original value. This averaged effect of RGB color filters is
that of the high performance TFEL dielectric [2],o85:TiO,, approximated as axdreduction in B-TDEL device reflectivity
which is deposited by atomic layer epitaxy. and is shown as the dotted-line and shaded curve of Fig. 3. The
In the fabrication process of B-TDEL devices, a pigmentaticstmmation of these further contrast enhancements would result
process is used to coat the numerous cavities found in the portsug total reflectance of-3% which is composed of2% spec-
microstructure of the thick-film dielectric. The black pigmentylar and~1% diffuse reflection. With 1% diffuse reflection and
which is thermally stable, is delivered by a solvent which €0 cd/nt device luminance, a 3:1 contrast ratio is expected for
volatilized at~ 200°C after delivery. This black thick dielectric 10 000 lux ambient lighting.
layer is then capable of absorbingd0% of the incident light.  All thin-film layers in the B-TDEL stack are transparent
It is important to note that the high voltage reliability and higli>>90%). The total reflectancéR) decrease associated with
capacitance of the thick dielectric layer are not compromiséidht absorption in the thin-film layers, without thin-film
by the pigmentation process. The black dielectric approach alaterference, can be calculated as
appears applicable to inverted TDEL (I-TDEL) flat television s i .\
displays [11], which are formed on ceramic substrates. R Z r H Tf +D HTf
=0

400 450 500 550 600 650 700

(4)

1=0 =0

IV. REFLECTANCE CHARACTERISTICS
The spectral reflectance characteristics were measured unifBgreZ; is the transmittance of each layg), and D is the

surface normal incidence in an integrating sphere. The refléiffuse reflection from the rear thick dielectric layer. Fig. 4
tivity of TDEL and B-TDEL device structures are shown irfliagrams the multiple reflection components according to (4).
Fig. 3 as a function of wavelength. Thin-film interference effo reach sub-1% diffuse reflectance and sunlight legibility
fects are obvious. The largest component of reflectivity for t{800 000 lux illumination), one can insert an additional ab-
TDEL device is in the red and green (20-25%), correspondisgrbing layer between the phosphor layer and black dielectric.
to the brown appearance of the TDEL device background (thidkis is an effective method to decrease the reflectance because
dielectric layer). Using the black dielectric reduces the total ref the double pass of diffusely reflected light through the
flectivity to ~10-15%. A large portion of this reflectivity is absorbing layer. Unlike use of dark front glass, use of an
due to Fresnel (specular) reflection [12] between adjacent layetssorbing layer between phosphor layer and black dielectric

(4,7 + 1) with different indices of refractiofin;) can enhance contrast without reducing the device luminance.
9 To achieve such contrast enhancement, an oxygen deficient
F, = M (3) dielectric(Al,O3:Al) or a narrow-gag<2 eV) semiconductor
(ni +nit1) layer (InN) could be embedded in a insulating thin dielectric

wheren; takes the appropriate value of the five layers shown |ayer. The absorbing film should be chosen such that its refrac-
Fig. 4. For the glassi ~ 1.5 at 550 nm)/ait(ny = 1.0) inter- tive index matches that of the dielectrics. Otherwise, refractive
face this specular reflection is large-4%), but can be nearly index mismatch will result in strong specular reflection. For
eliminated through use of an antireflective (A/R) coating. Usexample, the use of an a-Gig; ~ 4.2) layer [Fig. 2(b)] for

of such an A/R coating would result in the spectral reflectantkis purpose would result ir-10% specular reflection [see
characteristic shown as the dashed line curve in Fig. 3. The sp&)]. Once properly chosen, an absorbing layer with 40% trans-
ular Fresnel reflection from the other layers in the structuresnsttance would reduce the diffuse reflectivity of the B-TDEL
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device by a factor of si§1/(0.4)?]. For an original diffuse
reflectance of~3%, this absorbing layer would reduce the
reflectance to 0.5%. Under 100 000 lux illumination, this woulc
result in a (diffusively) reflected brightness 6f150 cd/nft,
requiring a device luminance 6f300 cd/nf for a contrast ratio
of 3:1. This value is achieved without use of a color filter(Skig. 6. TDEL and B-TDEL device luminance and contrast as a function of

which if implemented, would further reduce the Iuminancaokeratingdr}ir)ameters and 1?0 lén;f ambiedntlightling: (@ apriliedlp?alg V°”a§f, at
: . S 1 kHz an contrast ratio for different device luminance levels (obtained by
requirement for sunlight legibility. increasing the bias frequency).
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V. ADDITIONAL DISPLAY USAGE ISSUES ) . . ) .
ment using a colored thick dielectric. In order to achieve strong

The chromaticity and luminance of the B-TDEL reflectancgpor saturation a lightly colored (semitransparent) lead niobate
is shown in Fig. 5 as a function of view angle for a 1500 luyick film dielectric layer (region “a”) is printed, fired, and then
light source with 1931 Commission Internationale d’EcIairaqggmemed either red (“b”), green (“c”), blue (“d”), or black
(CIE) coordinates of: = 0.42, y = 0.41. The color of re- («e") The dark circles seen in the pigment-free dielectric re-
flected lightis nearly constant with view angle (CIE coordinategions (“a”) are due to reflection from the rear metal electrodes.
of z = 0.49,y = 0.43). The intensity of reflected light from the Thjs technique can be utilized to create strongly contrasting

B-TDEL structure is also insensitive to view angle (constant lgpjor combinations (such as blue background, yellow emission)
minous reflectance 0£3%, equivalent to a reflected luminancefor novelty display applications.

of 14 cd/nt). This is very important for multiviewer applica-
tions since display contrast must be consistently high at all view
angles. Since the black dielectric layer is a diffuse reflector, the
B-TDEL device has built-in display glare reduction. Unlike the In conclusion, we have demonstrated contrast enhance-
OI-TFEL device, the B-TDEL device is ideal for a full colorment using a black thick dielectric in an electroluminescent
display since emitted and reflected chromaticity will not signifdevice structure. In addition to providing contrast enhance-
icantly vary with view angle. Total luminance (emittedre- ment, the opaque thick dielectric film exhibits capacitance
flected) and contrast ratio as a function of applied voltage aadd high voltage reliability (40 nF/cme; ~ 500-1000,
emission brightness are shown in Fig. 6 under office lightingy ;. ~ 0.1-0.4 MV/cm) similar to that of the highest
conditions (140 lux). The B-TDEL device exhibits twice theperformance transparent thin-film dielectrics. For medium
contrast of the TDEL device at 120 V bias. At a bias frequendy large size displays and in a variety of lighting conditions
of 1 kHz, a useable contrast ratio of 5:1 is achieved at a dd:00-1000 lux), the B-TDEL device approach greatly reduces
vice luminance of 25 cd/ffor the TDEL structure while re- the complexity associated with contrast enhancement, thin-film
quiring only 8 cd/mi device luminance for the B-TDEL struc- defects, and scalability issues in TFEL display devices. Fur-
ture [Fig. 6(a)]. By increasing the bias frequency, the device Ithermore, the B-TDEL approach does not suffer from the
minance and contrast ratio for B-TDEL are further increasethgular variation of emitted and reflected intensity associated
[Fig. 6(b)]. with contrast enhancement using optical interference. Invari-
The pigmentation process used in the fabrication of the blaakce of emission/reflected color with view angle is critically
dielectric layer is highly flexible. Shown in Fig. 7 is a photoimportant for wide-view angle full-color displays. With addi-
graph of an alternate embodiment of TDEL contrast enhand&nal contrast enhancement such as antireflective film, color

VI. CONCLUSIONS
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Fig. 7. Photograph of TDEL contrast enhancement using a colored thick dielectric. The lightly colored (semitransparent) lead niobate thiektfilcrialier
(region “a”) is printed, fired, and then pigmented either red (“b”), green (“c”), blue (“d"), or black (“e”).

filtering, and/or a light absorbing layer, the B-TDEL device Jason Heikenfeld (M'99) recieved the B.S. and
i i i i i it Ph.D. degrees from the University of Cincinnati,
would be legible under sunlight ambient lighting conditions ¢ Cinginnati, OH, in 1098 and 2001 respectively. His
100000 lux. major was electrical engineering with minors in both
photonics and physics. His doctoral study was sup-
ported by the University of Cincinnati Distinguished
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concentrated on novel inorganic electroluminescent
display devices based on rare earth-doped GaN.
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