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Voltage-controlled yellow or orange emission from GaN codoped
with Er and Eu
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Orange and yellow-colored light emission has been achieved at room temperature in the same
elecroluminescent devid&ELD) made on GaN thin films codoped with Er and Eu. The GaN film
was grown by molecular-beam epitaxy on($11) substrates using solid sources for Ga, Er and Eu
and a plasma source for,NSimple Schottky devices were fabricated on the GaN films using
indium—tin oxide(ITO) transparent electrodes. ELD spectra show that the yellow and orange colors
result from the combination of green emission from(E87, 558 nm and red emission from Eu
(621 nm). A color change was observed with applied bias, producing yellow at highefbiE30

V) and orange at lower bias-70 V). We have fabricated both relatively smé&#250 um) and

large (1.45 mm ELDs. Parameters for the chromaticity diagram were calculated =382,
y=0.605 for the yellow emission and=0.467,y=0.523 for the orange emission. This work shows
the possibility of achieving any intermediate color in the spectrum from green to red by adjusting
the concentration of Er and Eu in GaN. 2000 American Institute of Physics.
[S0003-695(00)04312-9

Many efforts are underway to produce usable visiblesources were used to supply the Ga, Er, and Eu fluxes, while
color emission using rare-earRE) materials. For this pur- an SVT Assoc. radio frequendyf) plasma source was used
pose, many host materials have been demonstrated such tasgenerate atomic nitrogen. For the nitrogen plasma, an rf
fluoride glasse$? sol-gels® ceramics, and semiconductors power of 400 W and an Nflow rate of 1.5 sccm were used,
including Si®® As far as semiconductors are concerned,yielding a chamber pressure of mid-10Torr. The Ga cell
lI-VI host materials have been widely studi€d.lll-v ~ temperature ranged from 870 to 885°C and the equivalent
wide-band-gap semiconductof@/BGS) including GaN are pressure was 6710 7 Torr. A GaN buffer layer was first
known to have many advantages over other Il1-V compoundleposited for 10 min at a substrate temperature of 600 °C.
semiconductors. This includes the fact that thermal quencH=0r the main growth, the substrate temperature was ramped
ing of the RE emission intensity is very low. GaN has beenfo 800 °C, an initialization layer of undoped GaN was grown
studied mainly for its optoelectronic application of infrared for 10 min and then a GaN:EiEu film was grown for an
(IR) emission at 1.54um using Er dopind®!! Moreover, hour. The Er cell temperature was fixed at 820 °C, while the

GaN has other advantages as a host material for RE-bas& Cell temperature was varied from 340 to 370 °C for the
electroluminescent devicé&LD) since it is transparent to 9r0Wth of various films. The resulting average thickness of
visible RE emission, and it is thermally and chemically rug-the GaN:EfEu (I]ayers was~1.2 £ For ELD fabrication,
ged. We have recently reportédhe first visible color emis- an ITO film (90% In,O; and 10,/0 Sn@ was rf quttered
sion usingin situ doped GaN:RE ELDs. Emission of the onto the GaN:EH_Eu to make o-ptlcally transparent film con-
three primary colors has been accomplished using the fofacts. Standard liftoff or etching procedures were used in
lowing rare earths: B¥ doping for greel?!® light; EW* ELD patterning. The ITO film was sputtered in a 100 W, 5
PP* doping for red!5 light: Tme* doping for quéG Iightj mTorr Ar plasma with a plasma induced dc bias-€200 V.
The rare-earth doping of GaN appears to be quite ver§~§1ti|e,'°‘f'[er sputter deposition for 45 min dna 2 min anneal at

with mixed color emission being achieved and RE ion im-420°C Inan N ambient, the main ITO film characteristics

. . i . .. were: ~5000 A thickness,~5.5 Q/square sheet resistance
plantation also leading to visible emission. Recently, visible o o

g i . o . and greater than 85% transmission over the visible spectrum.
color emission from organic light-emitting diodes

(LED9 has been studied including yellow or orange The emission spectra were analyzed by an Acton Research

slpectrometer equipped with a photomultiplier sensitive in the

color emission, but the emission spectra are much broade . o
Ultraviolet-visible spectrum.

than those from rare-earth-doped GaN and the device struc- Electroluminescence(EL) characterization was per-

tures being generally more complex. In this letter, we reportformed using the ITO/GaN:BrEu ELDs resulting in excita-
orange and yellow emission obtained under different bia?ion of EP* and EG* luminescent centers in the GaN. The
conditions from the same ELD fabricated on GaN thin f”msdevice operation was at room temperature, without .a heat

codoped with Er and Eu. _ sink. Yellow emission was obtained at bias-6100 V and

_ GaN films codoped with Er and Eu were grown in @ ,anqe emission at 70 V from the same ELD as shown in
Riber MBE-32 system on 2 im-Si (111) substrates. Solid Figs. Xa) and b), respectively. The dark notch in each
figure is the probe tip used to supply voltage. The ELD area
@E|ectronic mail: a.steckl@uc.edu is 7.65<10 % cnm? and the ring width is 75um. Thel-V

0003-6951/2000/76(12)/1525/3/$17.00 1525 © 2000 American Institute of Physics



1526 Appl. Phys. Lett., Vol. 76, No. 12, 20 March 2000

-100 W

FIG. 1. (Colon Photograph of emission from a ring structure ITO/
GaN:Er-Eu ELD with area of 7.6% 10~ * cn? and ring width of 75um: (a)
yellow emission at bias of-100 V; (b) orange emission at bias ef70 V.
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FIG. 2. (Color) | =V characteristic of the ELD with increasing and decreas-
ing voltages. Inset shows simple cross-sectional structure of the ELD.
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FIG. 3. EL spectra ofa) yellow emission at bias of 100 V, and(b) orange
emission at bias of-70 V. At top of the figure the correspondind ihner
shell transitions of BY and EG* are indicated.
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FIG. 4. (Color) Photograph of yellow emission from a large area ELD with
the same ITO/GaN:ErEu structure.

characteristic of this device is shown in Fig. 2. The inset of
Fig. 2 shows the simple structure of the ELD. Both bias
(ring) and ground(large area, unpatterngélectrodes were
formed on top of the GaN:BrEu film. It should be pointed
out that thel -V behaves differently during increasing and
decreasing voltages, which resembles “hysteresis” in mag-
netic materials. ELDs being tested for the first time usually
emit green light during increasing voltage until yellow emis-
sion is observed at around 100 V. At this point as the
voltage is decreased, the ELD emission changes from yellow
to orange. After this “first” cycle of applying voltage, how-
ever, ramping the bias produced a relatively stable behavior
which gave orange emission at lower voltage and yellow
emission at higher voltage, regardless of ramping direction.
These “hysteresis-like” phenomena are not well understood
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FIG. 5. (Color) CIE x-y chromaticity diagram showing the location of the
yellow and orange emission from the GaN+#Eu ELD with respect to the
individual Er-doped and Eu-doped GaN ELDs. Also shown are the coordi-
nates of mixed color emission using GaN:Hrm, of blue-emitting and
red-emitting rare-earth GaN devices and of other commercial LEDs.
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at this time and work is in progress to elucidate the mechaemission from GaN:ErTm ELDs and the red emitting rare
nisms responsible for this effect. earth-doped(Pr) GaN devices. CIE coordinates of other
EL spectra taken under corresponding bias conditioneommercial devices are also shown for comparison.
are shown in Fig. 3. The green peaks at 537 and 558 nm are In summary, yellow and orange emission has been
attributed? to the EF' 4f inner shell transitions from the achieved from ELDs fabricated on GaN thin film; codoped
2H,,,and*S;, levels to the'l 15, ground level, respectively. with Er and Eu. Both emissions were obtained from the same
The red peaks at 599 and 621 nm are attribdifed the EG* ELD, but at different bias conditions: yellow at100 V and
4f inner shell transitions fromD, to 'F, and to’F,, respec- orange at—70 V. “Hysteresis’-like phenomena were ob-
tively. The corresponding energies are listed in energy leveserved in the color-V andl—V characteristics and work to
diagrams found elsewheté*Figure 3a) shows that for the fully understand the phenomena is in progress. Both small
yellow emission at bias of-100 V, the intensity of red lines (250 um) and large(1.45 mm) ELDs were successfully fab-
from Eu was almost the same as that of green lines from Ericated. Chromaticity calculations show that the emitted col-
For the orange emission at bias 670 V, Fig. 3b) shows ors were simple combinations of the colors emitted by the
that the intensity of red lines was twice as high as that ofer- and Eu- singly-doped GaN devices. This also shows that
green lines. Er-related green emission became stronger thamy intermediate color can be obtained by adjusting the Er
Eu-related red emission at a bias level higher thel®0 V.  and Eu relative concentrations.
The observed color change resulted directly from different ) )
behavior of Er from Eu with applied voltagéand also This work was partially supported by a BMDO/ARO
currenj. The emission mechanism in our ELDs is believedcontract gnd an ARO AASERT grant. Equm_ent S“F’PO”
to be impact excitation rather than electron-holeWasS provided by an ARO URI grant and the Ohio Materials

recombinatior:¥#2°The impurity concentrations in the GaN Network.
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