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Introduction

As discussed in the accompanying ar-
ticles in this issue of MES Bulletin, the
optical properties of rarc-earth (RE) ele-
ments have led to many important pho-
tonic applications, including solid-state
lasers, components for telecommunica-
tions (optical -fiber amplifiers, fiber lasers),
aptical storage devices, and displays, In
most of these applications, the host mate-
rials for the RE elements are various
forms of oxide and nonoxide glasses. The
emission can occur at visible or infrared
{IR) wavelengths, depending on the elec-
tronic transitions of the selected RE ele-
ment and the excitation mechanism. Until
recently, the study of semiconductors
doped with RE elements such as I'r and
Er has concentrated primarily on the
lowest excited state as an optically active
transition. The presence of transitions at
IR wavelengths (1.3 and 1.54 pm) that are
coincident with minima in the optical dis-
persion and the loss of silica-based glass
fibers utilized in telecommunications,
combined with the prospect of integra-
tion with semiconductor device technol -
ogy, has sparked considerable interest.

The status and prospects of obtaining
stimulated emission in 5i:Er are reviewed
by Gregorkiewicz a |'|d Langer in this is-
sue and by Coffa et al.” in a previous MRS
Bulletin issue. While great progress is be-
ing made in -.*l'll'mrlu.um_*| the emission in-
tensity of Er-doped 5i, it still experiences
significant loss in luminescence efficiency
at room temperature, as compared with
low temperatures. This thermal quench-
ing was shown by Favennec et al.* to de-
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crease with the bandgap energy of the
semiconductor. Hence wide-bandgap
semiconductors (WBGSs) are attractive
candidates for investigation as hosts for
RE doping.

Figure 1 shows the bandgap of many
semiconductors important for optoelec-

tronics as a function of lattice constant in
the basal plane of their crystal structure.”
The most common crystal structures are
the diamond cubic structure for the ele-
mental semiconductors (C, 5i, Ge) and
zine-blende cubic and hexagonal (wurtz-
ite) structures for I11-V and [I-V] semi-
conductors. The cubic form of the [11-M
compounds is metastable and is found
under certain conditions of growth on
cubic substrates. The bandgap energy
values of these cubic IT1-N semiconduc-
tors are not as “time-tested” as those of
their wurtzite counterparts. 5iC is a spe-
cial case, forming a large variety of paly-
tvpes, with the cubic 3C and hexagonal
6H and 4H polytypes being the most
heavily investigated, For the hexagonal
materials, the basal-plane lattice constant
is used in Figure 1. The semiconductors
labeled in italics have an indirect band-
gap, which results in significantly less-
efficient light emission than direct
bandgap semiconductors. The color
scheme in Figure 1is intended to provide
only a very approximate idea of the colors
of the visible spectrum associated with
band-to-band transitions in the various
semiconductors included in the graph.
An arbitrary bul accepted definition of
the boundary separating WBGSs from
other semiconductors is a bandgap en-
ergy of 2 eV. With the exception of some
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Figure 1. Bandgap energy and lattice constant of many semiconductors important
for optoglectronics, In the case of SIC and Ili-N compounds, both cubic (zinc-
blenda) and hexagonal crystal polytypes are shown. For the hexagonal materials,
the basal-plane laltice constant s used. The coloved regions approximata the band-
to-band pholoemission corresponding fo the bandgap energy.
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of the [1-V1 compound semiconductors,
the advantages of WBGSs over smaller-
gap semiconductors and glasses include
greater chemical stability, carrier genera-
tion (to excite the RE ions), and physical
stability over a wide temperature range.
The 11I-N semiconducting compounds
are of particular interest because of their
direct bandgap and high level of optical
activity” even under conditions of high
defect density, which would quench emis-
sion in other smaller-gap [11-V and in
most II-V1 compounds. Light-emitting
diodes (LEDs) and laser diodes fabricated
using GaN-based structures™ have re-
cently become commercially available,
and their utilization is rapud]} increas-
ing. In this article, we review the recent
developments with RE doping of GaM
for optoelectronic applications,

Rare-Earth Doping

RE-activated photoluminescence (PL),
cathodoluminescence (CL), and most im-
portant, electroluminescence (EL) from
device (ELD) structures have been ob-
served in GaN doped with several RE el-
ements. In Figure 2, we qimw simplified
energy diagrams of *Proa, “El 52, *Ere,
and "“Tm . The electronic structure of
each trivalent RE element (RE*") consists
of a partially filled 4f subshell and com-
pletely filled outer 5s5* and 5p* subshells.
With increasing nuclear charge, elec-
trons enter into the underlying 4f sub-
shell rather than the external 5d subshell.
The ground state of each RE"" is repre-
sented as "L, where L is the total orbital

angular momentum, [ is the total angu-

lar momentum, and mr is the multiplicity
of terms in the atomic configuration,
Since the filled 55 and 5p" subshells
screen the 4f electrons, the RE elements
have very similar optical properties in
various host materials.

Also indicated in Figure 2 are the con-
duction-band edge of GaMN and the pho-
ton energies of He-Cd and Ar lasers,
which are widely utilized for above- and
below-bandgap PL characterization of
RE-doped GaM. The wavelengths af the
dominant EL and/or PL emission lines
observed to date from these materials are
indicated in each diagram, along with
the identified electronic transitions, The
energy of the majority of RE levels shown
is the experimental value for GaMN:RE,
based on the corresponding emission
wavelength, with the few remaining val-
ues {in italics) being based” on the prop-
erties of RE-doped crystals.

Wilson et al.® were the first to observe
strong IR photoluminescence, centered at
1.54 pm, from Er-implanted GaN thin
films. As seen in Figure 2, this emission
corresponds to radiative transitions be-
tween the first excited state (*ly32) and
the ground (*115) levels of the Er** ion.
Coimplantation with O and furnace an-
nealing were needed to achieve the strong
luminescence. Several other research
groups''" have also used ion implanta-
tion to dope GaN films with Er.

The discovery of visible emission from
higher excited 4f levels of RE ions incor-
porated into GaN was reported' by

Steckl and Birkhahn, They described Er
in situ incorporation during GaN growth
by molecular-beam epitaxy (MBE) on
sapphire. The resulting GaN:Er films ex-
hibited intense green PL from the Hya
and 'S, states. The emission was visible
with the naked eye at room temperature.
This was followed in quick succession by
reports of »iait‘rle PL from GaMN:Er on 5i
substrates," green EL from GaN:Er devices
using aluminum ' and indium-tin oxide ”
{ITO) contacts, red EL from Pr-doped™
and Eu-doped" devices, blue EL from
GaN:Tm devices,” and blue-green
(“aqua”) EL from Er- and Tm-codoped
GaN devices.” The three primary colors
and one mixed color emitted from these
RE-doped GaN ELDs are seen in the
photograph on the cover of this issue.
The 4f radiative transitions resulting in
visible and IR emission for GalN doped
with these RE ions are indicated in Fig-
ure 2. Visible CL was also recently re-
ported™ for GaN films implanted with
Dy, Er, and Tm.

As just discussed, one of the critical is-
sues in RE-doped semiconductors is the
thermal quenching of the luminescence
near room temperature. The second ma-
jor issue in the RE doping of GaM is the
ability to incorporate a significant con-
centration of RE jons without precipita-
tion and without quenching the 'L or EL
intensity. Introduction of RE ions by ion
implantation has the advantage of being
able to produce a concentration level be-
yond the thermal equilibrium level. The
implantation approach has been used for
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Figure 2. Simplified energy diagrams of the 41 levels of selecled rare-garth (RE) ians (Pr, Eu, Er, and Tm) in GaN. The GaN
conduction-band edge and the phaton energies of He-Cd and Ar lasers, for above and below bandgap phetoluminascence (PL), are
also shown, The visible and near-infrared (18) wavelengihs of the RE-related electroluminescence (EL) andior PL emission lines are

indicated in each diagram.
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Si.Er, where the Er concentration intro-
duced during thin-film growth is usually
too low for practical device applications.
However, the implantation approach also
suffers from several disadvantages, The
heavy mass of the RE ions requires high
implantation energies, which in turn re-
quire thermal annealing for removing
the damage and activating the RE ions.
At high RE concentrations, the annealing
step may actually lead to RE precipita-
tion. Therefore, it is very important to
show that both ion implantation and
i sity incorporation can achieve high RE
concentrations and optical activity in GaM.

Thaik et al.*' have reported on the
thermal quenching of 1.5-pm PL for Er-
implanted GaN films. GaN films grown
on sapphire were coimplanted with Er
and O ions. The Er*” emission in the
1.5-pm region under He-Cd laser excita-
tion was measured from 13 to 550 K. As
shown in Figure 3a, only minor changes
are observed in the PL spectra obtained
at 300 and 550 K. The integrated 'L in-
tensity is shown in Figure 3b as a func-
tion of measurement temperature. The
PL intensity at 550 K is reduced by only
approximately 107 from its value at 15 K,
This is excellent temperature stability
over such a wide temperature range and
represents the best-reported data from
any Er-doped semiconductor, including
the very stable SiC:Er system.

Birkhahn et al. have investigated the
in situ incorporation of Er from a solid
source into GaN during growth by MBE
on sapphire™ and on 5% substrates. The
Er concentration in the GaN film is
primarily controlled by the Er cell tem-
perature, with growth temperature and
Ga flux also playing important roles.
Experiments with GaMN:Er on sapphire
show that the incorporated Er concentra-
tion and the PL intensity track very well
with the Er cell temperature. No evi-
dence of reaching the solid solubility
limit is observed for concentrations up to
3 % 10" /em?®, For GaN growth on 5i,
even higher Er concentrations have been
observed. For example, Figure 4 shows a
representative secondary-ion mass spec-
trometry depth profile of an Er-doped
GaN film grown on 5i(111). For an Er cell
temperature of 1100°C, a very uniform Er
concentration of —6.5 x 102 /cm” was
measured, corresponding to ~0.7 at.%
throughout the GaN film. The maxi-
mum concentration achieved under the
conditions reported was —~5 at.%.. These
values are surprisingly large and may yet
contain some hidden problems, but they
clearty indicate that the incorporation and
activation of Er and other RE elements
into GaN work extremely well.
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Figure 3. Above-bandgap PL {He-Cd laser at 325 nm) of Er-implanted™ GaN in the
1.5-pum near-1R region: {a) PL spectra measured al 300 and 550 K; (b} integrated
1.5-um PL intensily versus lemperature from 15 to 550 K.

Visible Light Emission

The results described in this section
have been obtained at the University of
Cincinnati using in situ RE-do GaM
films grown by MBE in a Riber MBE-32
system on 5i(111) substrates. Solid sources
were employed to supply the Ga and RE
{Pr, Eu, Er, and Tm) fluxes, while an SVTA
rf-plasma source was used to generate
atomic nitrogen. Typical GaN growth
rates were 0L8-1.0 pm/h at growth tem-
peratures of ~750°C. EL measurements
were performed on GaMN/Si ELIDs with
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Figure 4, Er concentration depth
profile obtained ™ by secondary-ion
mass spectromelry from an in situ-
doped Gal film grown by molecular-
beam epitaxy on Si(171). The Er cell
temperature during growth was
HO0°C. A thin (—0.25 um) undoped
GaN “initialization” layer is grown first,
followed by a —2.2-pm Er-doped
GaN layer.

ITO (3% In-10% 5n} rectifying contacts.
The electrical and optical properties of
the ITO contact can be tailored ™ for
high transmission in the visible and/or
IR regions and for low sheet resistance
by adjusting the film thickness and an-
nealing conditions. Typical properties of
ITC films were ~ 100-50 nm in thickness,
a sheet resistance of 5-100 {}/square, and
a transmission of ~70-95% for visible light
and ~5-90"% for near-1R {at 1-2 gm) light.

Er-activated emission spectra’” from
ITCYGaM:Er ELDs are shown in Figure 5.
The visible EL emission in the green,
at wavelengths of 537 and 558 nm, cor-
responds to radiative transitions from
the *H iz and *S52 states to the ground
(*T152) level of the Er?" ion. The full width
at half maximum (FWHM) of the green
lines is 2.5-3.0 nm. Conventional GaM-
based green LEDs have an FWHM rang-
ing from 45 to 90 nm, depending on the
structure and center wavelength.”™ As
discussed by Nakamura and Fasol,” there
are two device-structure approaches for
obtaining green LEDs utilizing conven-
tional III-N alloys: (1) an InGaN/AIGaMN
double heterojunction (DH) structure,
and (2) an InCaN single-quantum-well
(SOW) structure. The DH structure re-
quires heavy codoping (~10" cm”) with
Si and Zn to achieve green emission. The
InGaM SOW structure requires the growth
of seven layers, including a 2-nm-thick
quantum well. The composition of the
SOW determines the emission wave-
length. By comparison, the RE-doped
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GaN structure and device fabrication
process appear to be much simpler and
more robust,

The near-1R EL GaMN:Er emission spec-
trum shown in Figure 5b was obtained
with an input power of ~235 mW. The
spectrum exhibits three well-defined
peaks between 1.51 and 1.56 pm, and
matches quite well not only with the
fairly wide region of the silicate optical-
fiber attenuation minimum but also with
the narrower flat-band gain region
(~1.53-1.56 um) of Er-doped fiber am-
plifiers {see the article by Dejneka and
Samson in this issue).

A photograph of green EL emission
from the GaN:Er ELDY operated with
19 mA is shown in Figure 6a. The ITO
transparent electrode has a 4-mm di-
ameter, resulting in a bias current den-
sity of 152 mA/cm”. The emitted light is
easily seen in a normally lit room. Visible
emission from RE ions into GaN has also
been accomplished by focused ion-beam
(FIB) implantation. FIB technology is a
maskless and resistless “direct-write”
process that can be applied with great
versatility ™ to the fabrication of photonic
devices. FIB micro- and nanofabrication
(with ion-beam diameters ranging from
less than 100 nm to a few microns) can be
used to reduce the complexity required
of conventional photonic fabrication tech-
nology (in particular, lithography, etch-
ing, and implantation), which has to
satisfy various requirements for different
components fabricated on the same sub-
strate. FIB technology can be used to
effect local changes in topology (through
micromachining) and in electrical and
optical properties (through dopant ion
implantation and/or mixing). For ex-
ample, the use of Ga” FIB implantation
to achieve the micromachining of wave-
guides and gratings in GaN has recently
been reported.™

Erbium™ and praseody mium™ ion
sources suitable for FIB implantation have
been developed by combining the RE el-
ements with other metals to form alloys
with lower melting points and vapor
pressures. Figure 6b shows an image
of red PL from a GaN film grown by
MBE on sapphire and FIB-implanted™
with Pr. The implanted pattern is a
141 pm = 141 pm square. The implan-
tation energy and dose are 290 keV
and 4.7 x 10" atoms/em?, respectively.
The sample was annealed at 1050°C for
1 hin Ar after FIB implantation. Under
UV excitation from the He-Cd laser, the
implanted region emits red light at 650 nm
corresponding to the ‘P, — *F. transition
of Pr*. The unimplanted surrounding
area shows the yellow band emission of

the GaM film. Strong room-temperature
emission was observed in the red and
near-IR at 960 nm, 1.3 pm, and 1.9 um,
corresponding to the 'D.—F,, 'G,—"H.,
and 'G, — *H, transitions of Pr'’, re-
spectively. The emitted spectrum is es-
sentially identical to that obtained ™ with
in situ Pr-doped GaN, thus establishing

the feasibility of FIB direct-write with Pr
for GaN ELD fabrication. Recently, vis-
ible red emission was similarly achieved
using conventional ion implantation of
Pr” into GaN films grown by metal-
organic chemical vapor deposition.™
The third primary color (blue) was
achieved ™ by doping GaMN with thulium.
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Figure 5. Er-activated emission spectra from indium tin oxide/GaN:Er light-emitting
devices (LEDs):" {a) visible emission in the green (bias current of 4.4 mA), and
i) near-IR emission at ~ 1.5 wm (Was current of 8.12 mA).
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Figure 6. Pholtographs of visible
emission from RE-doped Gah.

{a) Green EL from in situ-doped
GaN:Er LED." The diameter of the
emilting area is 4 mm; the probe tip is
seen making contact with the cenler
of the ITO electrode. {b) Red PL from
Pr focused-ion-beam-implanted
GaN.* Implanted area is

147 prm = 141 pwim square.

Intense blue emission is visible at room
temperature from [TO/GaN:Tm ELDs.
The main emission peak is at 477 nm,
corresponding to the 'G, — H,, transi-
tions of the Tm™ ion. As shown in Fig-
ure 2, additional emission lines are
observed at 647 and 801 nm, correspond-
ing to the 'G; — *H, and ‘G, — *H; tran-
sitions, respectively. If two or more RE
elements incorporated into GaN emit in
the visible simultaneously, the human
eve would perceive an additive mixture
of the colors. Tt should be possible to ad-
just the relative concentrations of the RE
dopants in GaN, and hence the intensi-
ties of the corresponding wavelengths,
s0 that the mixture would produce any
color throughout the visible spectrum. In
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addition, with proper masking, it could
be possible to achieve a full-color display
with separately biased red-, green-, and
blue-emitting regions on a single sub-
strate and in a single plane. The first
such color mixing in RE-doped GalN was
achieved using a combination of Er and
Tm. The visible EL spectrum® from an
ITO/GaN ELD codoped during growth
with Er and Tm is shown in Figure 7.
Both the Tm blue emission at 478 nm and
the Er green emissions at 537 and 558 nm
are present. This blue/green combination
results in the overall color of aqua or tur-
quoise, as seen in the Er + Tm GaN ELD
shown on the cover of this issue.

The potential impact of RE-doped
GaN on display technology can be evalu-
ated with the aid of a chromaticity dia-
gram, which displays the relationship
between the color hues distinguished by
the human eye and the three primary
colors. Figure 8 contains the uniform
chromaticity diagram (UCD) revised in
1976 by the Commission Internationale
de I'Eclairage (CIE). Briefly, the CIE dia-
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Figure 7. Visible EL spectrum from an
ITO/GaN LED codoped during
growth® with Er and Tm. Both the Tm
blue emission at 478 nm and the Er
green emissions at 537 and 558 nm
are prasent, resulling in the overall
color of agqua or furquoise. Bias
current is 2.72 mA.

gram utilizes the fact that for any hue,
the combined percentage of the three
primary colors is 100%. Therefore, the
percentages of only two of the three
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X

Figure 8 The Commission Infernafionale de I'Eclairage (CIE) chromaticily diagram
showing the locations of RE-activated GaN LEDs: GaN:Tm for bive emission,
GaN:Er for green emission, and GaN:Eu and GaN:Pr for red emission. Mixed colors
can be produced by combining the appropriate RE dopanis, as in the case of Gal
codoped with Er and Tm producing the agua color emission. NTSC is the LS.

National Television Systern Committee.
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standardized primary colors are needed
to uniquely determine any hue, This al-
lows the use of a two-dimensional dia-
gram whose 1 and y coordinates define
all three colar components.™ We have
identified on the CIE diagram the recent
single-color RE-doped GaN ELDs: blue
(Tm), green (Er), and red {Eu and Pr). For
comparison, the coordinates of non-
RE-doped and other conventional LEDs
are also shown on the diagram: InGaMN
(blue and green), GaP:N (green), and
AlGaP (red). For the mixed color of the
GaMN:(Er + Tm) devices, we estimate the
UCD coordinates as x = 0.18 and y = 0.45,
placing the color approximately halfway
on the line between the Tm and Er
devices. We expect that combinations of
RE dopants in various ratios will pro-
duce a multitude of hues within the
GaMN:RE triangle. Also shown on the CIE
diagram are the three primary colors
adopted by the US. Federal Communica-
tions Commission, based on the recom-
mendation of the ULS. National Television
System Committee (NTSC) as standards
for color television. It is very promising
to note the excellent overlap between the
NTSC standard color triangle and the
triangle formed by RE-doped GaN ELDs.
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