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Three-color integration on rare-earth-doped GaN electroluminescent
thin films
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We have realized full color integration on rare-earth-doped thin-film electroluminedeenGaN

using lateral integration. Tm, Er, and Eu dopants wiersitu doped into GaN thin films during
growth in order to obtain blue, green, and red emission, respectively. Three color pixel arrays have
been fabricated using spin-on-glass films as the sacrificial layers for lift-off lithography. The pixel
dimensions are 0:20.7 mnf, and the separation is 0.2 mm. dc EL devices were fabricated using
indium tin oxide transparent electrodes. Typical applied voltage was 30—40 V. The blue emission
from Tm-doped GaN has a peak at 477 nm, the green emission from Er-doped GaN has two peaks
at 537 and 558 nm, while the red emission from Eu-doped GaN has a peak at 621 n2003©
American Institute of Physics[DOI: 10.1063/1.1539301

High field thin-flm electroluminescence(TFEL) and StecK® have reported two patterning fabrication tech-
devices? utilize hot electrons generated by the electric fieldniques to obtain lateral two color integration in RE-doped
to impact-excite light emitting centers in wide band gapGaN: use of shadow masks during 400 °C growth of GaN:RE
semiconductorfWBGS). This phenomenon has been em-films and photoresist lift-off in conjunction witk<100 °C
ployed to fabricate flat panel dispfayemitting a variety of ~GaN:RE growth. The growth temperature of 400 °C is sig-
visible colors. Recently green, blue® and red electrolu-  nificantly lower than the optimized growth temperatures for
minescencdEL) from rare earth§RE) in situ doped during GaN:RE films. RE-doped GaN has a very high potential in
growth into films of the II-V WBGS GaN have been re- light-emitting devices and display application due to the ad-
ported. Other colors, such as turqudfsand yellow!* have  vantage of GaN over other semiconducttr&In this letter,
also been obtained from GaN:RE through uniform codopingVe report lateral three-color integration on RE-doped TFEL
with Er and Tm and with Er and Eu, respectively. If the EL GaN.
devices(ELDs) emitting these colors can be integrated on a  Lateral integration of ELDs doped with different REs
single substrate, the integrated array could be regarded as tRRAuires a repetitive sequence of thin-film growth and pat-
prototype model of future generations of large-scale flaerning. Because GaN thin films are chemically very robust,
panel display¢FPD). There are two color integration meth- it is very difficult to use wet etching with chemical solutions
ods: vertical integration and lateral integration. In the formerfor film patterning. Although it is possible to use plasma-
case, the phosphor films are placed layer-upon-layer, while if2sed techniques to dry etch GaN:RE thin films to form pix-
the later case the devices are arranged side-by-side. The &S for different colors, the etched-region surfaces are quite
vantage of vertical integration is that the structure is com/ough making it very difficult to subsequently grow high

pact. Additional transparent electrodes need to be interleavedH@lity RE-doped GaN thin films for the other two colors.

between the phosphor layers, complicating the overall fabri]'herefore, we have pursued the lift-off technique to integrate

cation process and limiting the high temperature exposur&@a@N-RE pixels for multiple colors. It is most important to
that can be utilized. A red and green integrated EL deViceselectaswtable material as the sacrificial layer for the lift-off
with stacked layers of GaN:Eu and GaN:Er emitting greenDrocess used in three-color integration. The sacrificial layer

EL under positive bias and red EL under negative bias haQeeds t,o have the following pfopertie(st) ability to Wioth' .
been previously reported. Lateral integration can be stand high temperature annealing at more than 600 °C with-

achieved with patterned phosphors for each ¢dlor with a out emitting a significant quantity oforganic andfor inor-

. e anig gases to avoid the contamination of the molecular
ingle unpattern r and emittitigvhit hosphor 9 . o
singie unpatte e.d broadb d.e ﬁgv. e’ ) phospho beam epitaxy(MBE) growth chamber;(b) ability to be
whose emission is separated into the primary colors by pat: 4 .
. . L etched selectively with respect to the GaN layer and the sub-
terned color filters. The patterned filter approach is simple tg : : . C
. . . strate. We have investigated a spin-on-gléS®©G liquid
fabricate, but does not produce pure primary colors, while : . . e
) solution as the starting material for the sacrificial layer. SOG
the reverse is true for the patterned phosphor approach

) . iS an attractive choice: It is mostly silica and contains little or
Yamauchiet al}* reported a red and green TFEL device fab- y

cated laterallv b binati ¢ et etching for the fi tno organics, it can be annealed up to 900 °C, and it can be
ricated faterally by a combination ot wet etching for the irst oo, off in a HF solution in a few seconds.

phosphor layer and p'hot(.)resist lift-off for the second phos- GaN:RE films were grown in a Riber MBE-32 system
phor layer. Other fabrication approaches for patterned phoss, 5 iy p.si (111) substrates. Solid sources were employed
phor multicolor TFEL devices include sputter etchifig.ee to supply the Ga7 N purity) and rare earti3 N) fluxes,
while a SVTA radio frequency plasma source was used to
3Electronic mail: a.steckl@uc.edu generate atomic nitrogen. Lee and Steckl have extensively
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FIG. 1. Cross-sectional SEM micrograph 0.6 um SOG layer on Si
wafer.

investigated the growth conditions for Er-doped GaN thin
films.*®21 To obtain strong EL green emission from GaN:RE
ELD, three main parameters need to be selected appropr
ately: Ga fluxt® substrate temperatuf®, and RE
concentratiorf For all GaN:RE growth runs, a GaN buffer
layer was first deposited for 2 min, then GaN:RE layers were
deposited for 30 min, and finally a GaN cap layer was de-
posited for 1 min. The total GaN film thickness wa®.5
um. The parameters for nitrogen plasma were kept constat
for all growth runs: the M flow rate is 1.5 sccm and the
plasma power is 400 W. The substrate temperature and tf
Ga cell temperature are selected based on optimized conc
tions for each RE dopant. For the GaN:Er growth, the sub
strate is at 600 °C, the Ga cell temperature is 930 °C, and th
Er cell temperature is 860 °C. For the GaN:Eu growth, the
substrate temperature is 500 °C, the Ga cell temperature {SG. 3. (Colo Laterally integrated GaN:RE TFEL containing the three
920°C, and the Eu cell temperature is 400°C. For theprimary colors fabricated with the SOG lift-off techniqu@ optical mi-
GaN:Tm growth, the substrate is at 500 °C, the Ga cell temgroscopy photograph of the GaN TFEL showing the three-color integration;

; o . o~(b) blue, green, and red emission under dc bias from TFEL GaN devices
perature is 915°C, and the Tm cell temperature is 600 Cdoped with Tm. Er, and Eu, respectively.

GaN:RE Simple rectangular Schottky electrodes were deposited for
e I\ EL measurements on top of the GaN:RE pixels using indium
m Er Eu ®) tin oxide (ITO) sputtering. The ITO film has more than 85%
% transmittance over the whole visible light range.
A scanning electron microscodSEM) photograph of
the cross section of the SOG film on a Si wafer is shown in
® Fig. 1. The thickness of the SOG film is about Q.6 after
——— two applications and is quite uniform in thickness over the
entire Si wafer. The main fabrication steps for three-color
integrated devices are shown schematically in Fig. 2.
Figure 3a) contains an optical photograph of the later-
©) ally integrated three-color TFEL GaN:RE devices. Each
GaN:RE device is 0.3 mm wide and 0.8 mm high. The size
eme— of the ITO electrodes is 0.2 mm wide and 0.7 mm high. The
EL devices are separated from each other by 0.2 mm. The
% edge of the GaN:RE pattern is very sharp. Figui® 3hows
the GaN:RE ELDs in operation under dc bias. Blue, green,

and red emission is observed from the laterally integrated
FIG. 2. Schematic diagrams indicating the steps for SOG lift-off process torFEL GaN devices.
obtain three-color integratior) spin SOG on Si wafer twice, then coat ..
with PR and expose the PR patte(®, etch SOG with 0.1% diluted HF to EL spectra of blue, green, and red emission from
form the SOG window for GaN:RE growtt® grow GaN:Tm in MBE ~ GaN:Tm, GaN:Er, and GaN:Eu pixels, respectively, are

system after the SOG was sufficiently outgassgdSOG lift-off with HF - shown in Fig. 4a). The spectrum of visible emission from

revealing the GaN:Tm pattern&) repeat twice the procedures frof) to . ; ;
@), using GaN:Eu and GaN:E@) produce PR patterns for ITO electrodes GaN:Tm consists of a dominant blue peak at 477 nm, caused

: o 3
on GaN:RE pixels @ sputter-deposit ITO thin films@) lift-off PR and by the electronic transition from th&G, level to the®Hg

anneal samples in Nambient to form good contact. ground state of Trf.The emission spectrum of GaN:Er con-
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FIG. 5. CIEx—y chromaticity diagram showing the locations of the blue,
green, and red emission from the individually biased pixels in an integrated
device and from simultaneously biasing all three pixels in the device. Also
shown are the coordinates of the EBU-recommended phosphors.
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apability for full color displays.
FIG. 4. EL emission spectra from integrated blue, green, and red pixels o? P y play

GaN:RE:(a) individual spectra from Tm, Er, and Eu pixels at a dc bias of 30 . .
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