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Rare-Earth-Doped GaN Switchable Color
Electroluminescent Devices

Jason HeikenfeldVlember, IEEEand Andrew J. SteckFellow, IEEE

Abstract—Switchable color (SC) light emission has been semiconductor-based SCELD that can change between red,
obtained from thin-film electroluminescent devices (ELDs) which green, yellow, or orange emission by varying the electrical bias
use green Er- and red Eu-doped GaN phosphors. These two-elec-y, o1y two electrodes. The SCELDs we report here are based

trode SCELDs can switch color through variation of applied bias.
Different SCELD structures, which share in common a stacked ©" the rare earth-doped GaN phosphor system [12]. GaN has

GaN:Er/GaN : Eu phosphor layer, can be implemented for use €merged as an excellent host [13] for visible [14] light emission
with dc or ac operation. A single SCELD can emit green (537/558 from trivalent rare earths, which occupy substitutional sites on

nm), red (622 nm), yellow, and orange. For the DC-SCELD, an the Ga sub-lattice. In a flat panel display, the two-electrode
electrically rectifying GaN/p-Si interface allows polarity-depen-  gcE) ps have the advantage of structural simplicity over their

dent current paths, which induce selective luminescence of red or .
green phosphor layers. For the AC-SCELD, as the bias frequency three-electrode counterparts. The SCELDs also have potential

is increased, bright red emission from GaN : Eu saturates while for switchable infrared [15] (IR) emission which would be
green emission from GaN: Er increases and becomes dominant. useful in applications such as single-fiber multichannel optical

The AC-SCELD exhibits brightness levels>10 cd/n? and can  communications. The emission colors are determined by
change chromaticity coordinates by as much adx > 0.32 and e |yminescent activators introduced, primarily rare earth

Ay > 0.33. Application of these devices to switching between . .
other visible and/or infrared wavelengths is envisioned based on or transition metals in a GaN-based phosphor layer. These

appropriate choice of luminescent dopants in the GaN layers. dopants are impact-excited by hot carriers which are provided
by a high electric field applied to the GaN layer. The SCELD

structures contain a stacked green/red phosphor layer which
can be optimized for dc or ac operation. For the DC-SCELD,
an electrically rectifying GaN/p-Si interface allows polarity-de-
. INTRODUCTION pendent current paths which induce selective luminescence of
ESEARCH on light emitting devices which can changé?d or green phosphor Igyers. Fo_rthe ac-SCELD, increasing the
emission color by varying the electrical bias is of imporbias frequency results in saturation of the bright red phosphor
tance for multicolor flat panel displays, indicators and bacl@mission, wh|l_e the green phosphor emission increases and
lights. Commercialized approaches to obtaining multiple col§€comes dominant.
capability are color-by-white [1], [2] (which uses a planar ar-
rangement of red, green, and blue (RGB) color filters to subtrac-
tively create saturated RGB colors from white light) and tech- Il. DC-SCELD
nigues for integration of side-by-side single color RGB devices
[2], [3], which produce additive multicolor emission. MulticolorA. DC-SCELD Device Structure
capability has also been demonstrated by use of multiple eIec:I_he structure of the dc-biased SCELD is shown in Fig. 1.

trical contacts to a stack of transparent single color devices SLf_ccr;r the DC-SCELD, an Er- and Eu-doped GaN layered struc-

Index Terms—Display, electroluminescence, GaN, phosphor,
switchable color.

thin film electroluminescent devices [6] (ELDs). However, thesiz i

. o . . ~Z in. p-Si (111) substrates ef1-10£2-cm resistivity. Ga, Er,
are multicolor and multidevice structures, which require bias ' . i . . .
and Eu solid sources were used in conjunction with a radio fre-
control of three or more electrodes.

. . - uency plasma source supplying atomic nitrogen. The epitaxial
A true switchable color (SC) device utilizes a generall% yp PRYINg 9 P

. . rowth sequence starts with300 nm of undoped GaN, fol-
less complex device structure requiring only two electrodq iwed bv~300 nm of GaN * Eu and 100 nm of GaN : Er. The Eu
Examples of SC devices are tunable [7], [8], color or switch:- y : o

. e 0
able [9]-[11], color OLEDs, with the color change induceémd Er concentrations utilized range frend.1 to 1 at.%. After

by the maanitude of applied voltage or by the polarity of th rowth, indium-tin oxide (ITO) ring contacts were deposited
y aghitu applied voltag y polartly o y RF sputtering. During operation of the DC-SCELD the ITO
applied bias, respectively. In this paper, we reporinamganic

ring contact is always used as the (positive or negative) bias elec-
trode with the other much larger ITO contact being grounded.
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Fig. 1. Schematic diagram of the DC-SCELD structure and dominant current

paths cor_respondi_ng to positivg (solid_ and dotted lines) and negative VOItE}ﬂS. 2. EL intensity measured from ITO/GaN : Er/GaN : Eu/p-Si DC-SCELD

(dashed line) applied to the emitting bias electrode. for positive and negative bias applied to the ring electrode. Emission lines from
GaN:Er and GaN:Eu are labeled and the dominant atomic transitions of the
trivalent rare earth dopants are indicated.

B. DC-SCELD Electro-Optic Characteristics
As shown in Fig. 2, the spectrum from the DC-SCELD SDNENNNE—
switches between green (537/558 nm) and red (622 nm) emis- 0.0 foommmee—3
sion based on the polarity of the applied bias. The emission is -—red
measured from an uncooled DC-SCELD with an emitting area
of 7.65x 10~* cm?. The DC-SCELD exhibits-10x contrast
between red and green emission modes and is capable of greate!
than 10 cd/m brightness at~100 V. Based on previous reports
of red [16], [17] (Pr or Eu), green [18] (Er), blue [19] (Tm),
and mixed color [20] (Er: Tm, Er:Eu) GaN ELDs, proper 1.5 |
choice of rare earth dopant in the GaN layers should allow for r
DC-SCELDs that switch between any two colors in the visible 00 Leatueiatien
spectrum or at infrared wavelengths (such as the 1.3 angi.5 -30 -20 -10
wavelengths emitted by Pr and Er, respectively). AC biasing Bias Voltage (V)
of the DC-SCELD should result in a color mixing (yellow or
orange) of each polarity associated color (red or green). Fig. 3. I-V characteristic of a DC-SCELD (700 nm GaN : Er/GaN : Eu/GaN).
Current—voltage {—V") characteristics shown in Fig. 3 indi—Igg 'n”rﬁec‘,fsf,‘r?;”ospig Lg;eﬁt;:/o(wﬁg;,CbhoiLage;nsélf,_osfiasﬂf,\gtcrztztsr_wure wihonty
cate that current paths through the DC-SCELD change with bias
polarity. When negatively biased, several milliamps of current -
flow through the DC-SCELD and red light is emitted (dashelfBE- However, itis clear that the substrate dopant type strongly
line current path in Fig. 1). Under positive bias, the DC-SCELEPNtrols the rectifying nature of the GaN/Si interface. To sum-
has>10x increase in series resistance and exhibits green liAgize: red emission is observed under negative bias since cur-
emission (solid line current path in Fig. 1). Either of these CuF_-ent ﬂ?WS verncally through '_[he G_aN 1 Er,Eu layers and effec-
rent paths can become dominant (regardless of bias polarityj“ﬁeIy shorts” to the conductive Si substrate/ITO ground elec-
the GaN layer thickness and substrate conductivity are cho e. Under positive bias, current flow is restricted to the GaN

accordingly [21]. For the DC-SCELD structure utilized, neithe?Y€rs only and green emission results along with an increase in

of these paths are strongly favored with respect to GaN laykr’ SEries resistance.

thickness and substrate conductivity, allowing the current paths ) )

and I-V characteristics to be dominated by the GaN/p-Si i DC-SCELD Proposed Device Mechanisms

terface. The insert in Fig. 3 shows the rectifying nature of the Polarity dependence of current paths is believed to be the
GaN/Si interface througi—V measurement of 150 nm GaNdominant mechanism behind the color switching behavior, but
films on n- and p-Si. For the Fig. 3 insert plot, the GaN layaslearly cannot be the only mechanism giving rise to the high
(semi-insulating) isv4x thinner than the combined GaN layersontrast between emission modes. Assuming the majority of
of the Fig. 3 main plot. Similar, but notidenticdkV character- voltage (30—100 V) is applied to the semi-insulating GaN layers,
istics are seen from GaN/Si sample to sample. Slight variationtire applied field strength is in the range of 0.4 to 1.4 MV/cm.

I-V characteristics arises from repeatability limitations of GaMccording to theoretical calculations [22] of high field electron

o
(3]

Current (mA)

ITO/GaN:Er/
GaN:Eu/
GaN/p-Si
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Fig. 5. Schematic diagram of the AC-SCELD structure formed on glass
ﬁgbstrates. The high permittivity: ( > 500) dielectric layer capacitively

Fig. 4. Qualitative graphs of polarity-dependent current density Versﬁngles an alternating voltage to the stacked GaN : Eu/GaN : Er phosphor layer.

distance into the phosphor layers (top graphs) and polarity-dependent elec
energy versus distance into the phosphor layers (solid line bottom graphs). The

threshold energies for red (2.1 eV) and green (2.3 eV) phosphor excitation . . . . .

are also shown. Phosphor regions with carriers sufficiently hot for phospraased on low-field conditions and highly crystalline semicon-

excitation (emission) are shown in dark gray whereas unexcited phosplfiictors such as Si. However difficult to characterize, high-field
regions are shown in light gray. EL phosphors are efficient light emitters (upt& Im/W) and a
mature technology for which further understanding is presently
transport in GaN, the majority of hot carriers begin to gain agpeded and being pursued. For the DC-SCELD demonstrated in
equate energy for impact excitation % eV) at applied fields this work, it is the present understanding that the polarity con-
of ~1 MV/cm. Therefore, under device operating voltages fplled current density, electron energy, and phosphor threshold

30-100 V (0.4 to 1.4 MV/cm), the efficiency of excitation ofjikely combine to determine the DC-SCELD color contrast.
the GaN : Erand GaN : Eu phosphor layers should be highly sen-

sitive to any local variations in field strength. Beyond polarity

dependent current paths, there are very likely additional mech- lll. AC-SCELD

anisms which involve the localization of hot carriers to eithe .

the red or green phosphor layers. Qualitative graphs of the cur- AC-SCELD Device Structure

rent density and electron energy versus depth for positive andAC-ELDs based on [I-VI phosphors [23], [24] are com-
negative bias are shown in Fig. 4. As represented in Fig. 4, enercially utilized in flat panel display applications calling for
ergy barriers and/or band bending in the vicinity of interfacesxtreme ruggedness and reliability [25]. Also, II-VI phosphor
between layers could lead to a local increase in electric field aA@-ELDs on ceramic substrates are being pursued [26] for
increased rare earth impact excitation. The dominance of ragplications such as flat-TVs. AC-ELDs can be biased with
emission observed during negative bias could also be attributedxpensive £$2 U.S.) drivers, which can supply voltages up
to a lower threshold energy for impact excitation of GaN : Eto 200 V or greater. The second type of SCELD demonstrated
(°Dy level or~2.1 eV) in comparison to GaN : E%HH/Q level here is shown in Fig. 5 and utilizes a novel AC-ELD structure
or ~2.3 eV). Another contrast mechanism could be tied to th27], which we have developed. This device can selectively
resistivities of the rare earth-doped GaN layers. If the GaN : Emit red, green, yellow, or orange light. Our approach is similar
is more resistive than the GaN : Er layer, under positive bias ttea previous report of an AC-SCELD structure [28] based on
lateral current between the ITO electrodes will be mostly cohi—-VI phosphors, which, however, had a much more limited
fined to the less resistive GaN : Er layer and will result in prieolor gamut (yellow or green).

marily green luminescence. Under negative bias, current travelAC-ELD (single color) and AC-SCELD (switchable color)
vertically through both GaN: Er and GaN: Eu layers and thaructures were formed on Corning 1737 glass substrates, which
more resistive GaN : Eu layer would experience a higher fielthve a thermal strain point of 668, sufficiently above the
strength and subsequent hotter electron distribution than the ev@00°C substrate temperature at which GaN : Er and GaN : Eu
found in the GaN: Er layer. The individual resistivities of thgghosphors were deposited. Corning 1737 is a widely utilized
GaN: Er and GaN: Eu phosphor layers can not be easily metsplay glass [29] due to its compatibility with low tempera-
sured in the finished DC-SCELD or predicted with strong confture (500-600°C) poly-Si processing used for active-matrix
dence due to slight variances in the epitaxy process. Therefdiglid crystal displays. GaN : Eu~1 ;m), GaN: Er 1 pm),

the effect of phosphor layer resistivity is noted as at least a thend layered GaN : Eu{0.6 xm)/GaN : Er ¢~0.3:m) phosphor
oretically possible contrast enhancement approach, if not anfédins were deposited by molecular beam epitaxy ca890 nm
ready existing mechanism in the DC-SCELD. CharacterizatidhO-coated 1737 glass substrates. Following phosphor deposi-
of poly-crystalline high-field EL devices is very difficult duetion, two layers of Dupont 5540 dielectric paste were screen
to a limited ability to apply conventional semiconductor theorgrinted. The 5540 paste contains BaZi@ong with glass or
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Fig. 6. EL intensity measured from Ta/BaTi@aN : Eu/GaN : Er/ITO/1737 of the GaN: Tm, Er, or Eu phosphor systems. In addition to primary colors,

glass substrate AC-SCELD for high (100 kHz) and low (1 kHz) frequenc{l‘iXEd colors or white light can be obtained by mixing relative intensities found
Emission peaks from GaN : Er and GaN : Eu are labeled. within the triangle defined by the individually colored constituents. A single

AC-SCELD is capable of red, green, yellow, or orange color emission. The
square wave frequency and peak voltage is listed for each color obtained.
fluxing agents that facilitate low temperature900 °C) sin-
tering of the dielectric. To preserve compatibility with the glasg. Ac-SCELD Device Mechanisms
substrate a special printing/firing sequence for the dielectric
layer was implemented in order to significantly alleviate sub- The AC-SCELD device structure shown in Fig. 5 was
strate shrinkage and warpage. The resulting dielectric layer higkigned with the following criteria in mind. Phosphor layer
a thickness 0f~40 m, a breakdown strength300 V, and a #1 which demonstrates a higher luminance at a given voltage,
permittivity of e ~ 500-1000. The back electrode is formed b¥nhouid have a relatively long emission lifetime; ), which

~300 nm Ta sputtering and stencil mask patterning of 5-mm gissults in saturation of emission intensity as the bias frequency

ameter dots. exceedd /r;. Phosphor layer #2, which has a lower luminance
at the same voltage, should have a comparatively short emis-
B. AC-SCELD Electro-Optic Characteristics sion lifetime > <« 71) so that emission intensity increases

linearly with frequency. When these two phosphor layers are

The completed AC-SCELD structure exhibits bias-controtombined in a single AC-SCELD, phosphor #1 will dominate
lable (voltage and frequency) emission color which ranges fraitme emission intensity at lower frequencies, whereas at higher
red to green and all colors in between (various shades of yelltiquencies, the shorter lifetime phosphor #2 should dominate
and orange). A strong contrast between the absolute intensitg emission intensity, and therefore color. Luminance versus
of green and red emission modes is shown in emission spe@mplied square wave peak voltage and frequency are shown
plotted in Fig. 6. In the green emission mode, the emission colarFig. 8. The data in Fig. 8 is taken from AC-ELDs which
appears as a saturated green despite the presence of a matidize single~1 um thick phosphor layers of either GaN : Eu
ately strong red peak from GaN : Eu. The photopic responsefof red emission or GaN : Er for green emission. GaN: Er and
the human eye to the AC-SCELD color change is accounted f8aN : Eu phosphors meet the basic AC-SCELD requirement
in the Commission Internationale d’Eclairage (CIE) color spasince GaN : Eu is roughly twice as bright (30 cdjras GaN : Er
of Fig. 7. In Fig. 7, the color change is induced by varying thg3 cd/n?) at 1 kHz, 200 V applied bias. Furthermore, photo-
square wave peak voltage from 120 V to 200 V, and the biasninescent [30] and electroluminescent measurements reveal
frequency between 1 and 100 kHz. The luminance and chtbat GaN:Eu has an emission lifetime, (~ 250 iS) more
maticity measurements were performed with a Minolta CS-1@0an an order of magnitude longer than the emission lifetime
Chroma-Meter. Changes in frequency or voltage both produ@d] for GaN:Er > ~ 7 us). Electroluminescent lifetime,
strong color change. The color change can also be inducedvaich is approximated as 1/e of the maximum EL intensity,
constant input power or brightness10s cd/m) by utilizing is shown in Fig. 9 for GaN: Eu and GaN : Er AC-ELDs. The
high voltage, low frequency biasing to produce red emissioAC-ELDs were biased with a 100 Hz 200, square wave for
and utilizing low voltage, high frequency biasing for green emisvhich excitation occurs during the rising/falling edge of the
sion. The high frequency biasing should use a low duty cycle $guare wave (slew rate100 V/us). The EL intensity is filtered
reduce the power input, i.e., high frequentylQ kHz) biasing with a diffraction grating to<1l nm resolution and detected
for short durations<{1 ms). by a photomultiplier tube with an electron transit time<g22
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Fig. 8. (a) Luminance-voltage plots at 1 kHz from separate Time (us)

Ta/BaTiO;/phosphor/ITO/1737 glass substrate AC-ELDs with GaN:Eu or
GaN: Er phosphor of~1 pm thickness. (b) Luminance—frequency plots a i : ; : . .

) , Fig. 9. EL intensity versus time for GaN:Eu and GaN:Er AC-ELDs. The
200 V square wave peak voltage from AC-ELDs with GaN:Eu or GaN:EX~ ¢/’ no\vere biased at 100 Hz and 200 peak voltage. Phosphor excitation
phosphors. The dotted lines in (b) represent the expected linear luminance Jise

without saturation due to emission lifetime. The onset of frequency saturatlgn urs during the rising/faling edge of the square wave (slew a1€0
occurs in the range of 1 kHz for GaN - Eu and 10 kHz for GaN : Er. Tus). The EL intensity is filtered with a diffraction grating to better than 1-nm

resolution and detected by photomultiplier tube with an electron transit time of
less than 22 ns.

ns. Fig. 8(b) demonstrates that the GaN : Eu emission intensity

begins to saturate [32] at a lower frequency than GaN: Ebltage is understood in terms of asymmetric charge injection
emission. One method to identify the onset of saturation is 3] (injection from ITO/GaN versus from BaTi§dGaN). This
calculating the 3 dB reduction from the linear relation. Thanderstanding was confirmed by showing that the chromaticity
3 dB reduction is observed for GaN:Eu afl kHz and for shift with increasing voltage is dependent on which phosphor
GaN: Er at~10 kHz, which supports the emission lifetimegayer (red or green) is adjacent to the BaJi@yer. In a de-
argument. vice in which the dopant order was switched, such that we have
The dependence of emission color on frequency and volta@eN : Er for phosphor #1 and GaN: Eu for phosphor #2, the
is plotted in Fig. 10. The ordinates of Fig. 10(a) and (b) are thedfect of increasing bias voltage now resulted in a green shift.
1931 CIEx andy coordinates. The emission color is observebh addition to charge injection from the phosphor/dielectric in-
to be red shifted by 0.05-0.08 CIE in bathandy CIE co- terface, high permittivity dielectrics [33] such as BaZ%i@re
ordinates at all bias voltages as the frequency is reduced frinmown to have the ability to inject charge from bulk traps within
50 kHz to 10 kHz. This is in agreement with the emission sahe dielectric. The amount of charge injection from the bulk di-
uration argument concluded from Figs. 8(b) and 9. At a fixeelectric increases with applied field (positive voltage on ITO)
frequency of 10 or 50 kHz the emission color is red shifteand should result in electrons with very high energy as they
by a somewhat larger amount 50.10 in bothz andy as the transit the GaN/BaTi@heterojunction and inject into the GaN
peak voltage is increased from 140 V to 200 V. By adjustinghosphor layer. These “hotter” electrons more efficiently excite
both voltage and frequency the AC-SCELD changes CIE chrifte phosphor layer adjacent to BaTi@han the phosphor layer
maticity by a total ofAz > 0.32 and Ay > 0.33. For an adjacent to ITO, since after injection into the phosphor layer
AC-SCELD, charge transport across, and therefore impact &¥ith higher energy, the electrons rapidly “cool” to the energy
citation of, the phosphor layer occurs only as the capacitiassociated with nominal high field transport across the phos-
structure charges ugX = CV). The red-shift in color with phor layer.
increasing voltage (shown in Fig. 10) is clearly not due to cur- Switching the color (from red to green) by increasing the bias
rent saturationf = C e dV/dt) of emission since this would frequency increases the power input to and, of course, the lumi-
resultin a green color shift with increasing voltage based on thance of the device. To counteract this effect, one can reduce the
emission saturation with frequency argument concluded frdnias voltage. This would not only minimize any increase in input
Figs. 8(b) and 9. The increase in red color with additional peg@lower, but would also maintain the same luminance level for
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square wave frequencies of 10 kHz and 50 kHz applied to an AC-SCELD. ThE[g]

emission color is red shifted by 0.05 CIEx andy for all voltages as the

frequency is reduced from 50 kHz to 10 kHz. The emission color is red shifted
by >0.10 CIEx andy at both 10 and 50 kHz as the peak voltage is increased o]

from 140 V to 200 V.

(20]

the two colors. Voltage reduction also results in a reinforcement
of the red-to-green color shift, as shown in Fig. 10. This effec{;
points out the need to design the device such that the effects
of frequency and voltage can balance each other. This design
approach is properly implemented in the AC-SCELD shown i1

Fig. 5.

IV. CONCLUSIONS

(13]

In summary, we have reported on a versatile device structurgy
for switching color emission based on Er- and Eu-doped GaN
electroluminescence. For the DC-SCELD, it is believed tha[ |
the electrically rectifying GaN/p-Si interface allows polarity
dependent current paths which induce luminescence of dis-
tinct phosphor layers. These results should be extendable to

a DC-SCELD, which switches between any two colors in

(16]

the visible spectrum and several infrared wavelengths based
solely on choice of rare earth dopant in the GaN layers. Foi7]
the AC-SCELD, as the bias frequency is increased bright red
emission from GaN:Eu saturates as green emission froms]
GaN: Er increases and becomes dominant. The results for the

AC-SCELD should be extendible to use of II-VI and oxide ;9

based phosphors, as long as the activator dopants (rare earth or

transition metals) have a strong difference (10-4ph emis-

sion lifetime and therefore frequency saturation. The SCELD

[20]

relieve difficulties of integrating red and green emitters on a
single substrate, while requiring the use of only one additiona X
biasing scheme for each color that is to be added (from the sgt ]

of green, yellow, orange, or red).
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