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Abstract—A review is presented of the fabrication, operation,
and applications of rare-earth-doped GaN electroluminescent
devices (ELDs). GaN:RE ELDs emit light due to impact excitation
of the rare earth (RE) ions by hot carriers followed by radiative
RE relaxation. By appropriately choosing the RE dopant, narrow
linewidth emission can be obtained at selected wavelengths from
the ultraviolet to the infrared. The deposition of GaN:RE layers is
carried out by solid-source molecular beam epitaxy, and a plasma
N2 source. Growth mechanisms and optimization of the GaN
layers for RE emission are discussed based on RE concentration,
growth temperature, and V/III ratio. The fabrication processes
and electrical models for both dc- and ac-biased devices are dis-
cussed, along with techniques for multicolor integration. Visible
emission at red, green, and blue wavelengths from GaN doped
with Eu, Er, and Tm has led to the development of flat-panel
display (FPD) devices. The brightness characteristics of thick
dielectric EL (TDEL) display devices are reviewed as a function
of bias, frequency, and time. High contrast TDEL devices using a
black dielectric are presented. The fabrication and operation of
FPD prototypes are described. Infrared emission at 1.5 m from
GaN:Er ELDs has been applied to optical telecommunications
devices. The fabrication of GaN channel waveguides by inductively
coupled plasma etching is also reviewed, along with waveguide
optical characterization.

Index Terms—Channel waveguides, electroluminescent devices,
flat-panel displays, gallium nitride, molecular beam epitaxy, op-
tical telecommunications, rare earths.

I. INTRODUCTION

M ANY LANTHANIDE elements have played an im-
portant role in various optoelectronic and photonic

applications [1], ranging from emitting elements in solid-state
lasers (for example the Nd:YAG laser) and in phosphors for
color lamps and displays (for example Eu and Tb) to optical
fiber telecommunications (using Er or Pr). These so-called
“rare earth” (RE) elements have a partially filled inner (4f)
shell shielded from its surroundings by completely filled outer
(5s and 5p) orbitals. Due to this shielding, the intra 4fshell
transitions result in very sharp optical emissions at wavelengths
from the ultraviolet to the infrared (IR). The wavelengths
of these emission lines are determined by the energy of the
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transition between 4f states of the RE and are relatively inde-
pendent of the host material. However, the host material does
have a very strong effect on the radiative transition probability,
in other words on the photoemission intensity. In general,
RE-doped conventional semiconductors (Si, GaAs, etc.) have
exhibited limited photoemission at room temperature due low
RE solubility and severe temperature quenching. It was shown
by Favennecet al. [2] that the thermal quenching in Er-doped
semiconductors decreases with increasing bandgap. Therefore,
wide-bandgap semiconductors (WBGS) are attractive hosts for
RE elements.

The breakthroughs made with the incorporation of trivalent
rare earth (RE ) elements into GaN films were previously
briefly reviewed [3]–[5]. In this paper, we review in some
detail the fabrication, properties, and application of RE-doped
GaN electroluminescent devices (ELDs). As will be discussed
in more detail, ELDs are optoelectronic devices operating
[6] under high electric fields in order to generate hot carriers
which, in turn, can impact-excite RE dopants and produce
emission of light through RE radiative relaxation. GaN is a
wide-bandgap semiconductor that is intensely investigated [7]
for (intrinsic) optical and electronic applications. Erdoping
of GaN has been shown [8] to produce strong near-IR 1.5-m
emission suitable for fiber-optic telecommunications from
the lowest excited state. We have also obtained (for the first
time) photoemission from higher excited RE states in GaN
covering the entire visible spectrum: light emission in the green
[9]–[11] (from Er at 537/558 nm), red [12], [13] (Pr at 650
nm, Eu at 621 nm), and blue [14] (Tm at 477 nm). Emission
in the near-infrared (IR) is also obtained at 801 nm from Tm
[14], at 1000 and 1540 nm from Er [11], and at 956, 1303,
and 1914 nm from Pr [12]. The RE doping of GaN (as well
as AlN and GaN) can be accomplished by ion implantation
or by in situ doping during growth. Ion implantation has the
advantage of a simple process and can control the doping
concentration independent of the growth conditions. Many of
the early reports [8], [15]–[19] on GaN:RE properties utilized
ion implantation doping. However, the implantation doping
approach also has disadvantages: introduction of damage in
the GaN (which cannot be completely removed by annealing,
especially at the higher concentrations used in ELDs), and the
inability to uniformly dope thick layers (because of the limited
penetration range of the heavy RE ions).

1077-260X/02$17.00 © 2002 IEEE
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Fig. 1. RE-doped GaN photoemission: (a) emission spectra from Tm-, Er-,
and Eu-doped GaN ELDs; (b) inner shell (intra-4f) transitions in Eu, Er, and
Tm ions and corresponding emission wavelengths; also shown is the GaN
bandgap energy and the laser (He–Cd) photon energy used for above-bandgap
photo-pumping.

In situ RE doping requires a good understanding and con-
trol of the overall growth process and of the interaction of the
RE flux with the main V/III fluxes. However, once that is es-
tablished, good control of the RE concentration over many or-
ders of magnitude can be obtained and very uniform doping can
be accomplished. Furthermore,in situ doping does not suffer
from the damage effects of ion implantation and, hence, results
in more efficient emission [20]. In this paper, we restrict our-
selves to REs introduced during growth of the GaN layer by
molecular beam epitaxy (MBE). The substrates used for growth
were sapphire, Si, and glass.

Emission spectra from GaN ELDs doped with Tm, Er, and
Eu shown in Fig. 1(a) exhibit dominant visible emission lines
at blue, green, and red wavelengths, respectively. IR emission
at 1.5 m from the GaN:Er ELD is also shown. By compar-
ison, the intrinsic emission from undoped GaN occurs in the
ultraviolet part of the spectrum at365 nm, corresponding to
a bandgap 3.4 eV. The primary visible colors emitted by GaN
ELDs doped with these individual REs are very “pure” and
match well the CIE coordinates adopted by the United States
National Television System Committee (NTSC) and the Euro-
pean Broadcasting Union (EBU). In addition to the pure colors,
mixed colors have been obtained by codoping GaN films with a
combination of REs. GaN:RE ELDs have been developed which
emit in a variety of pure and mixed colors. The electrolumi-
nescence (EL) emission is quite strong, being easily observable
with the naked eye at room temperature. Thermal quenching
of the emitted light is frequently not observed until well above

room temperature. Thus, RE doping of GaN represents an inter-
esting alternative to semiconductor alloying (GaN/InN/AlN) for
visible light-emission applications and has the additional attrac-
tive aspect of strong IR emission for telecommunications and
other applications.

Theoretically, RE intra-4f atomic transitions are parity for-
bidden by the Laporte selection rule. RE ions incorporated into a
partially ionic solid favor substitutional occupation of the cation
site. In addition to RE incorporation, the cation site must pro-
vide an uneven ligand crystal field in order to relax the selection
rule and increase the probability of intra-4ftransitions. These
4f-4f transitions, however, are still not fully allowed, resulting in
excited state lifetimes of 1 s 1 ms for RE-doped systems.
In wurtzitic GaN, which has a significant component of ionic
bonding, the RE ions have strong optical activity levels, since
they are generally substitutionally located on the Ga sublattice
where the lack of inversion symmetry produces strong ligand
fields, thereby increasing the 4f–4f transition probability. These
substitutional RE dopants are, therefore, likely to be the opti-
cally active RE centers observed in GaN:RE. The specific 4f
transitions and associated emission wavelengths in GaN doped
with Eu, Er, and Tm are shown in Fig. 1(b). The dominant transi-
tions producing visible emission are indicated with thicker lines.

A simple model of the GaN:RE crystal structure is shown
in Fig. 2(a). A strongly bonded GaN lattice, in conjunction
with substitutional incorporation allows [21] unusually high
RE doping concentrations (up to3–5 at.%), while preserving
the optical activation of RE dopants. By comparison, the use of
RE -doped II–VI semiconductors as emitters and phosphors
suffers from a more weakly bonded lattice, and substitutional
location of the RE ions on the 2 cation sites, which
generates additional defects due to lack of charge neutrality.
Rutherford back scattering (RBS) channeling analysis [22]
confirms that a great majority 95% of the Er ions occupy
substitutional sites on the Ga sublattice even at relatively high
concentrations of 1 at.%. The Er–N bond has been measured
by EXAFS analysis [23] to be 2.17 , versus a Ga–N bond
length of 1.95 . This unusually short Er-nearest neighbor
bond length in GaN is thought to be due to two major factors:
1) the low four-fold coordination, compared for example to a
12-fold coordination in ErSi; 2) a more polar bond for Er–N
than for Ga–N (due to electronegativity differences), which
helps to energetically compensate for the Ga–Er size mismatch.

Light emission from GaN:RE has been demonstrated via pho-
toluminescence (PL), cathodoluminescence (CL), and EL. The
dominant mechanisms for excitation and subsequent relaxation
of RE dopants in GaN are depicted in Fig. 2(b). In PL, elec-
tron–hole pairs are generated by above band-gap photon ab-
sorption, charge carrier generation is provided by a high en-
ergy electron beam in CL, and in EL, carrier injection occurs
by the application of bias voltage to electrical contacts on the
GaN layer. The charge carrier energy is transferred to the RE
dopants by impact excitation of hot carriers or as a result of
nearby electron–hole recombination. The REs then experience
either nonradiative relaxation (through multiphonon emission
and/or Auger electron excitation) or radiative relaxation. The
latter mechanism is the desired outcome as it results in the pho-
toemission utilized in ELDs. The relative strength of the radia-
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Fig. 2. Bonding and energy transfer mechanisms in RE-doped GaN: (a) bonding model for RE-doped GaN, with the REion located substitutionally on the Ga
sublattice; (b) mechanisms for RE dopant excitation and relaxation in the GaN host.

tive relaxation mechanism is a complex function of the GaN
crystalline quality and the RE concentration. For example, in-
creasing the crystallinity of the GaN host reduces the concen-
tration of point defects, and thus reduces the opportunity for RE
nonradiative relaxation. However, high crystallinity is normally
achieved under conditions which prevent the incorporation of
the optimum RE concentration into the GaN layer. Further, for
the case of above-bandgap photo-pumping of highly crystalline
RE-doped GaN, intrinsic (band-to-band) electron–hole recom-
bination provides a high probability radiative intrinsic relax-
ation mechanism in competition with the RE radiative relax-
ation.

This paper is organized in four main sections. Section II dis-
cusses growth and optical properties of GaN:RE thin films, con-
centrating on the optimization of EL emission as a function of
growth parameters (RE concentration, growth temperature, and
N/Ga ratio). Section III covers the fabrication and characteris-
tics of dc and ac devices as a function of operating temperature
(dc) and time (ac), bias voltage (dc, ac) and frequency (ac). Sec-
tion IV describes the application of GaN:RE ELDs to flat-panel
display (FPD) devices. Discussion in Section IV also includes

high contrast devices, multicolor integration and the fabrication
of FPD prototypes. Finally, Section V is concerned with the
use of GaN:Er devices for 1.5-m-based optical telecommuni-
cations.

II. GROWTH AND PROPERTIES

A. Overview of In Situ Doping During MBE Growth

As discussed in Section I,in situ RE doping of GaN has re-
sulted in the successful fabrication of ELDs with red, green, and
blue (RGB) color emissions using Eu, Er, and Tm, respectively.
We have also achieved [24] RGB colors in EL emission from
GaN:RE films grown at nominally room-temperature using the
same set of RE elements. We have utilized MBE andin situ
doping during growth for the deposition of GaN:RE thin films.
With the exception of a plasma Nsource, all other species
were generated with elemental solid sources. Through detailed
studies with GaN:RE ELDs, we have reached the understanding
that the following are the most crucial factors for obtaining and
improving EL emissions: RE concentration, growth tempera-
ture, and stoichiometry (i.e., V/III ratio) of the host material.
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While our conclusions are derived from the solid-source MBE
thin film growth, we believe that the same underlying principles
would apply to other deposition techniques.

With regard to concentration, the EL emission increases more
or less linearly with RE concentration at low levels. On the
other hand, at high concentration levels, an emission quenching
effect occurs due to an increase in RE–RE energy transfer,
rather than radiative relaxation. Hence, there is an optimum
RE concentration for which maximum emission is observed.
Most phosphor systems exhibit this concentration quenching
phenomenon. For example, ZnS:Mn exhibits [25] its luminance
maximum at 0.5–1.0 wt.% of Mn. Growth temperature and Ga
flux (V/III ratio) affect the RE emission through the properties
of the GaN host (such as crystallinity and resistivity) and di-
rectly through their influence on RE incorporation. These three
parameters, RE flux (determined by the RE cell temperature),
growth (substrate) temperature, and Ga flux (determined by
the Ga cell temperature) are externally controlled and adjusted
during GaN:RE MBE growth. Through this optimization we
can gain a better understanding of the real mechanisms behind
many of the unique optical and electrical properties of GaN:RE
ELDs. Moreover, this optimization process has led to improved
devices being fabricated for various applications.

The optimization experiments have concentrated on dc
Er-doped GaN grown on Si substrates in a Riber 32 MBE
system. A typical MBE growth cycle starts with a p-type (111)
Si substrate preheated at 500C in the preparation chamber
and outgassed at 850C for 10 min in the growth chamber.
Electron diffraction shows clear 77 reconstruction patterns
on the Si (111) surface after outgassing. A thin film of AlN (or
GaN) is first grown for 2–5 min as a buffer followed by GaN:Er
growth for 1 h. For dc-EL measurements, a simple ring-shaped
Schottky electrode is fabricated [26] on top of the GaN:Er film
using indium–tin oxide (ITO) sputtering and a liftoff process.
The electrode has an area of 7.6510 cm ; its detailed
structure is discussed in Section III-A.

Devices designed for display operation incorporate GaN
films grown on dielectric layers and are operated in the ac
mode. The quality of GaN grown on amorphous dielectric
layers is certainly not as high as that of GaN grown on
crystalline (sapphire or Si) substrates. However, the quality
is still fairly high and certainly sufficient for the operation of
ac-ELDs. For example, we have previously reported [46] that
GaN grown on sputtered AlO layers exhibited an X-ray peak
with a surprisingly narrow linewidth of 0.174.

B. Optimizing the RE Concentration

We have observed [27] that the visible and IR emission, from
both PL and EL, are a strong function of Er concentration. In
general, all Er-doped host materials exhibit a practical limit in
Er concentration beyond which the optical emission begins to
decrease. The ultimate doping limit is the RE solid solubility
in the host material. Concentrations which are introduced in a
nonequilibrium process and which are larger than the solid sol-
ubility can result in the formation of a second phase material
which contains some (or all) of the RE concentration. This pre-
cipitation is accompanied by the concomitant degradation of op-

Fig. 3. Er concentration in GaN as measured by RBS and SIMS as a function
of Er cell temperature. The measured activation energy of 2.9 eV is in close
agreement with the value of�3.0 eV for the Er vapor pressure temperature
dependence.

tical and electronic properties of the host material. A practical
limit, which is usually reached first, has to do with the concen-
tration quenching effect discussed in Sections I and II-A. For
example, the solubility limit of Er in Si is 10 cm , while
the PL intensity at 1.54m was reported [28] to saturate at even
lower concentration of 5 10 cm , which represents an
Er atomic percentage of only10 at.%. Other reported max-
imum Er concentrations include5 10 cm in GaAs [29]
and 4 10 cm in Al O [30].

RBS and secondary ion mass spectroscopy (SIMS) mea-
surements were used to measure absolute Er concentrations in
GaN:Er films. Measurement results showed that the Er concen-
tration in GaN ranged from 0.025 to10 at.% by varying the
Er cell temperature from 740C to 980 C, as shown in Fig. 3.
The Er concentration follows an exponential dependence on
the Er cell temperature. An Arrhenius-like thermal activation
energy estimated from this curve was 2.9 eV, which gives an
excellent agreement with the activation energy of3.0 eV for
the Er vapor pressure in this temperature range [31].

PL was performed at room temperature both in the visible
and infrared regions by above-bandgap excitation with a
325-nm He–Cd laser. Visible and IR PL intensities are plotted
in Fig. 4(a). Green emission at 537 nm is one of the charac-
teristic emissions due to 4f-4f inner shell transition of Er
ion and is attributed to a transition fromH to I [see
Fig. 1(b)]. IR emission at 1.54m is a well-known transition
from I to I and has special importance in optical
communication applications. As shown in Fig. 4(a), both of
these emissions have maxima at about 1 at.% Er. It is well
known in phosphor materials [32] that the optical excitation
intensity of RE ions exhibits an optimum concentration. As
the RE ion concentration is increased, the average distance
between ions is reduced proportional to the cube root of the
RE concentration. When RE ions are located sufficiently close
to each other, the excitation residing in one ion can migrate to
a neighboring ion of the same species as a result of resonant
energy transfer. This process is known as cross-relaxation.
The energy migration process increases the possibility that
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Fig. 4. Photoemission intensity as a function of Er concentration: (a) visible
and IR PL intensity display a common maximum at�1 at.% Er; (b) visible EL
intensity normalized by current flow (BIV) shows a maximum at�0.5 at.% Er.

the excitation is dissipated at nonradiative sites, resulting in a
saturation or a decrease in optical emission.

Brightness normalized by current flow, defined as BIV, is
plotted in Fig. 4(b) for devices with various Er concentrations.
Since the EL brightness is influenced by many factors, in-
cluding sample conductivity and device fabrication effects, the
current-normalized brightness is a more appropriate parameter
to evaluate rather than the “raw” brightness (i.e., brightness
regardless of current flow through the device at a fixed applied
voltage). The optimum Er concentration is 0.5–1 at.% for
visible EL emission, which is almost the same as that observed
in PL. Combining this with the results of visible PL lifetime and
XRD previously reported [27], we conclude that the optimum
Er concentration is 1 at.%. The corresponding Er–Er spacing
is estimated to be 15 .

C. Optimizing the Growth Temperature

Experiments designed to determine the optimum growth
temperature for GaN:Er films were carried out at temperatures
ranging from 100 C to 750 C. The Er cell temperature
was fixed at 860 C. Interestingly, all films exhibited EL
regardless of growth temperature. The maximum BIV (i.e.,
the largest current-normalized brightness obtained over the
current-voltage range measured in each case) for each device is
plotted in Fig. 5. Starting at low growth temperature, BIV in-
creases nearly exponentially with growth temperature, exhibits
a maximum at 600 C and decreases at higher temperatures.
This is the same trend as obtained [33] from the PL data and
from structural characterization, reinforcing the conclusion that
600 C is the optimum growth temperature for visible emission
from GaN:Er.

Fig. 5. Maximum current-normalized EL brightness (BIV) as a function of
growth temperature. BIV experiences a maximum at 600C.

Electroluminescence in GaN:Er devices is obtained by carrier
impact excitation. To accelerate injected electrons to a sufficient
energy requires high electric fields. In turn, to reach the needed
electric fields requires relatively resistive samples. The devices
fabricated from the film grown at 600C were the most resistive
and showed strongest EL emission. As a result, they produced
the highest maximum BIV. Decreased BIV from films grown
at 700 C and 750 C is due mainly to the more conductive
nature of those films, in spite of comparable raw EL intensity.
We believe that the main cause for the increased conductivity of
these films has to do with their rough morphology which allows
for many electrical leakage paths.

We conclude that an MBE growth temperature in the neigh-
borhood of 600 C produces the optimum ELD emission inten-
sity.

D. Effect of V/III Ratio

RE optical emission from GaN films is a strong function of
the ratio of the Ga- and N-bearing fluxes (V/III) during growth.
The V/III ratio can be modified by changing either component,
but is typically adjusted by controlling the Ga flux. The Ga flux
is critical to GaN crystalline quality and good crystalline GaN
is usually grown under slightly Ga-rich [34] growth conditions.
GaN crystallinity and intrinsic luminescence are strong func-
tions of Ga flux during growth. Therefore, it is clear that the
RE-related emission, which is dependent on the crystallinity of
the GaN host, will also be strongly affected by the Ga flux.

Er-doped GaN films were grown with various Ga cell tem-
peratures from 850C to 945 C, resulting in beam equivalent
pressures (BEP) from 1.5 10 to 9.0 10 torr. All
other growth parameters were fixed at 600C for growth tem-
perature and 860C for Er cell temperature.

GaN:Er film thickness achieved in 1-h growth is plotted in
Fig. 6(a) versus Ga flux specified by BEP in the MBE system.
The film thickness increases with Ga flux up to5 10 torr.
This is the Ga-controlled (or N-rich) growth regime, wherein
increasing the Ga availability increases the rate at which the
Ga–N reaction proceeds. At Ga fluxes beyond 510 torr, the
growth rate is constant at0.5 m/h. This is the Ga-rich growth
regime, wherein we have saturated the ability of the reaction to
consume Ga (at the given growth temperature and N flux). The
V/III ratio which results in the stoichiometric growth condition
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Fig. 6. Effect of Ga flux on GaN growth rate and GaN:Er PL: (a) GaN:Er
film thickness versus Ga flux used during growth. The stoichiometric growth
condition was determined by film thickness saturation to be between�4.5�
10 and�5.0� 10 torr in Ga beam equivalent pressure; (b) PL intensity
from GaN:Er films versus Ga flux. GaN band-edge emission at 369 nm increases
with Ga flux and has a maximum in the Ga-rich growth regime; the PL intensity
of visible and IR emission from Er ions (normalized by the incorporated Er
concentration) increases with Ga flux and then drops abruptly to the detection
limit near the stoichiometric growth condition.

is determined [35] as the Ga flux at the onset of thickness (or
equivalent growth rate) saturation. In this set of samples, stoi-
chiometry occurs for Ga flux between 4.510 and 5.0 10
torr (shaded region in the plot).

Fig. 6(b) shows the visible and IR PL intensity as a function
of Ga flux. Above GaN bandgap excitation with the He–Cd laser
(325 nm) was utilized in order to observe emission from Er
ions, as well as UV band-edge emission of the GaN host. Vis-
ible and IR data were normalized to the incorporated Er con-
centration in each sample. The GaN band-edge emission at 369
nm was much stronger in samples grown under Ga-rich condi-
tions, consistent with the results of other groups. Reduced inten-
sity at the highest Ga flux is due to Ga droplets formed on the
GaN surface, which act as a screen for the emitted light. The
PL from Er ions exhibits a very interesting behavior. Both
visible and IR emission increased with Ga flux up to the stoi-
chiometric growth condition followed by a very abrupt emission
reduction, to the detection limit of the measurement. EL emis-
sion exhibited [35] the same trend. Under the above-bandgap PL
excitation, the quenching of the Er-based emission near the sto-
ichiometric growth condition is probably due to the increasing
efficiency of the intrinsic band-edge emission in the GaN host,

Fig. 7. Cross-section schematic of the GaN:RE dc-ELD structure, consisting
of GaN undoped and RE-doped layers and transparent indium–tin oxide
electrodes. Due to electrode size, the larger ITO electrode is essentially ohmic,
whereas the small ring electrode is rectifying.

which then provides a faster relaxation path for excited carriers.
Under EL excitation, increased GaN conductivity reduces the
allowable applied field and resulting hot carrier energy for im-
pact excitation.

We conclude that the optimum growth condition for Er op-
tical activity is found under slightly N-rich flux near the stoi-
chiometric region. Under these growth conditions, the resulting
GaN crystallinity is high enough for efficient Er excitation but
the competition from intrinsic carrier recombination is not yet
very strong. Furthermore, the higher resistivity of GaN grown
under slightly N-rich conditions is favorable for supporting high
electric fields for hot carrier generation.

III. GaN:RE ELD FABRICATION AND CHARACTERIZATION

Both dc- and ac-ELDs were investigated. DC-ELDs involve
fewer fabrication steps as they do not require insulating layers,
can be grown directly on crystalline substrates (either Si or sap-
phire), and only require the deposition of a transparent elec-
trode. On the other hand, ac-ELDs are much more robust, effi-
cient, and have a much longer lifetime. Therefore, the ac struc-
ture is used in ELD-based FPDs. DC ELDs were utilized in basic
studies of the growth conditions (as discussed in Section II) and
in device temperature-dependence investigation (discussed in
Section III-A). Brightness, lifetime and other FPD-related de-
vice characteristics were investigated using ac-ELDs (discussed
in Section III-B).

A. DC Devices

A schematic cross section of the GaN:Er ELD is shown in
Fig. 7. A small circular inner electrode is separated from a much
larger outer electrode, which surrounds it. Visible and IR emis-
sion is present during positive and negative bias, but intensity
is much greater under the negatively biased electrode. This is
likely due to the fact that there is avalanche breakdown occur-
ring under the reverse biased electrode, thus providing a large
concentration of “hot” electrons. The breakdown voltage de-
creases with increasing temperature, which has been shown to
be related to the presence of defects [36] in similar materials.
There is almost no emission from the region of material between
electrodes.
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Fig. 8. Equivalent circuit models for the GaN:RE dc-ELD: (a) insulating
(sapphire) substrate; (b) semiconducting (Si) substrate.

The choice of ITO as both the emitting and ground contact
was made for reasons of convenience. Using ITO for both elec-
trodes allowed for single mask device patterning. An additional
advantage of using ITO is that it is relatively transparent in both
the visible and infrared wavelengths. The conductivity of the
ITO is also nearly independent of temperature. ITO has been
used as a contact for both n-type [37] and p-type [38] GaN.
However, GaN:Er is basically semi-insulating and we consider
ITO to form a Schottky contact.

Fig. 8(a) shows a simple equivalent circuit model of dc
devices on sapphire consisting of two back-to-back Schottky
diodes representing the ITO/GaN electrodes and a resistor
connecting them. Since sapphire is truly an electrical insulator,
the entire current flow occurs through the GaN film. For either
positive or negative bias, one Schottky diode is forward biased
and one Schottky diode is reverse biased. The reverse-biased
diode controls the flow of current initially. No current flows
until a significant voltage is reached, at which point the reverse
biased diode undergoes avalanche breakdown, resulting in
carrier generation. Current now begins to flow through the
forward biased diode. At this point, the resistor between the
two diodes, representing the GaN:Er film, becomes the current
limiting element of the device.

Fig. 8(b) is the equivalent circuit model for devices on Si.
In this case, one allows for current flow through the semicon-
ducting substrate with the addition of GaN–Si junctions. Notice
that if charge flows through the lateral GaN resistor and through
the Si, then the model can be reduced to that seen in Fig. 8(a),
except the resistor becomes the series resistance of the entire
device. The carrier transport of the resistor is somewhat com-
plicated and is considered in more detail elsewhere [39].

Fig. 9(a) shows the temperature dependence of the EL peak
intensity of the main Er visible emission lines at 537 and 556
nm, and of a minor peak at 666 nm. It is clear that over the tem-
perature range from 230 K to 500 K each Erelectronic transi-
tion is excited differently as the temperature is varied. If the in-
dividual emission lines are summed, we observe that electrical

Fig. 9. Temperature dependence of EL emission from GaN:Er dc-ELDs: (a)
visible emission at 537, 558, and 666 nm; (b) infrared emission at 1.5�m.

pumping produces the same temperature dependence first re-
ported through the use of optical pumping [9]. Therefore, we can
conclude that the temperature dependence of the visible emis-
sion intensity is solely a function of temperature and not the
pumping method.

The temperature dependence of the 1.5-m IR emission from
a GaN:Er ELD is also shown in Fig. 9. The EL intensity reaches
a peak above room temperature, at100 C (375 K). Notice that
at least 80% of the maximum IR emission is obtained for an op-
erating temperature range of140 C (from 270 K to 410 K).
This is very useful for 1.5-m erbium devices allowing great
flexibility in terms of operating under extreme conditions, es-
pecially when considering the temperature dependence of the
1.5- m Er emission in other semiconductor hosts (such as Si
[40], [41], GaAs [42], and GaP [43]) which exhibit varying de-
grees of temperature quenching well below room temperature.

In this section, the temperature dependence of visible and IR
rare-earth-activated electroluminescence in GaN:Er dc-ELDs
was presented, along with a simple electrical model. The fact
that the 1.5-m emission does not exhibit thermal quenching
in the vicinity of room temperature indicates the potential of
GaN:Er technology for optical communication applications.

B. AC Devices

1) Device Structure:The form of electroluminescence
utilized for operation of dc GaN:RE ELDs fits into the category
of high-field ( MV/cm) electroluminescence. Organic-light



756 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 8, NO. 4, JULY/AUGUST 2002

emitting diodes (OLED) are also an example of dc high-field
electroluminescence technology. Reliable high-field dc oper-
ation requires structurally defect-free luminescent thin films.
Irregularities in the film structure can result in high field points
or electrical shorts which cause device failure through destruc-
tive electrical breakdown of the luminescent layer. For OLEDs,
even slight irregularities in film structure can cause high field
points, which then become the dominating mode of device
degradation [44]. This thin-film uniformity requirement results
in extreme fabrication difficulties for large area dc-ELDs and
OLEDs. OLEDs inherently must be driven under dc high field
conditions and cannot circumvent this stringent fabrication
criterion. There is, however, an alternative bias scheme/device
structure [45] available to inorganic-EL phosphors such as
GaN:RE which allows reliable high-field operation of large
area electroluminescence devices. This approach incorporates
at least one insulating layer into the device structure converting
it essentially into a capacitor and utilizes alternating current bi-
asing. This ac-biased metal/dielectric/phosphor/dielectric/metal
layered device (ac-ELD) allows reliable high field operation by
current-limiting the electrical breakdown of the phosphor layer.

The ac-ELDs consist of a dielectric/GaN:RE/dielectric struc-
ture, shown schematically in Fig. 10(a). A variety of dielectrics
have been investigated [46], ranging from low permittivity,
thin-film dielectrics (such as SiO, Si N or AlN—the latter
forming an “all-nitride” structure), to very high-permittivity
thick dielectric layers (such as BaTiO). In contrast to the
GaN:RE dc-ELDs (see Fig. 7) which used epitaxial growth
conditions on crystalline substrates and were operated under
dc bias, these ac-ELDs are most often formed on amorphous
substrates (glass) and are operated under bipolar ac bias.

A simple electrical equivalent circuit [47] of an ac-ELD is
shown in Fig. 10(b). The dielectric layers are modeled as ideal
capacitors, while the phosphor layer is modeled as a capacitor in
parallel with two back-to-back diodes. In a dc-ELD, bias current
increases with applied voltage (and, therefore, field) until cata-
strophic electrical breakdown of the GaN:RE phosphor layer oc-
curs. In contrast, for an ac-ELD the maximum applied voltage is
determined by the electrical insulating strength of the dielectric
layers, which is greater than that of the phosphor. The turn-on
voltage for light emission in an ac-ELD occurs when the phos-
phor layer is subjected to an electrical field beyond its elec-
trical breakdown, thus allowing current flow. This is the case
when the voltage applied across one of the reverse biased diodes
on Fig. 10(b) is sufficient to achieve breakdown. The opera-
tional current in an ac-ELD above threshold is roughly pro-
portional to the product of the bias frequency and the capac-
itance of the dielectric layers. As the polarity of the applied
voltage is reversed, light is emitted as electrical charge carriers
travel through the phosphor layer. The light emission pulses are
then integrated by the human eye, resulting in device brightness
values of 10–1000 cd/m. Unlike dc-ELDs, GaN:RE ac-ELDs
inherently allow high-field biasing without reduced current sat-
uration of the emission intensity. Most 4f-4f RE emissions
have long lifetimes since the RE transitions are partially for-
bidden by the parity selection rule. Therefore, bipolar excitation
(ac-biasing) at a frequency lower than the inverse of the emis-
sion lifetime is necessary in order to efficiently excite a GaN:RE

Fig. 10. The GaN:RE ac ELD: (a) cross-section schematic of a simple
structure, consisting of a GaN:Er film sandwiched between two dielectric
layers, the substrate as ground electrode if sufficiently conducting, and the
transparent ITO top electrode; (b) equivalent circuit model and energy band
diagram of a biased ac-ELD.

phosphor. The rise/fall time of the applied voltage is normally
less than 1 ms, the spontaneous emission lifetime [48] for the RE
is also normally less than 1 ms, resulting in efficient biasing up
to 1 kHz or higher. For video rate displays, meeting the100 Hz
frame-rate requirement is easily achieved by ac-ELDs without
the need for active matrix addressing which is required for much
less responsive technologies such as liquid crystal displays (with
time constants of tens of milliseconds).

2) Fabrication Techniques:As detailed in Fig. 11, the
ac-ELD structures can be fabricated into an inverted structure
(Fig. 11(a), light emission away from the substrate) or a
traditional structure (Fig. 11(b), light emission through the
substrate). The basic ac-ELD fabrication sequence involves
similar thin-film requirements for the traditional and inverted
device structures. The fabrication processes start with either

-Si substrates for the inverted structure or Corning 1737
aluminosilicate sheet glass for the traditional structure. Inverted
devices have the advantage of potential Si integration, whereas
the traditional devices can be scaled to much larger substrate
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Fig. 11. AC-ELD fabrication: fabrication steps for (a) inverted (opaque
substrate) and (b) noninverted structures (transparent substrate); (c) schematic
and process steps for the noninverted ELD structure.

sizes ( 1 m sheet glass). Dielectric layers can be sputter
deposited and can be chosen from the set of AlO , AlN,
Si N , SiON, BaTaO , BaTiO , and SrTiO. AlN, deposited
by MBE, is often used as a insulator dielectric for GaN:RE
ac-ELDs because it has the additional advantages ofin situ
deposition and use as buffer layer for promotion of GaN:RE
grain growth. The GaN:RE layer thickness ranges from 0.5 to
1 m and exhibits a permittivity of 8. For the inverted
thin-film dielectric structure (TFEL), the dielectric layer thick-
ness ( 200 nm) and permittivity 8 are such that the
ac-ELDs operate reliably and the majority of applied voltage is
capacitively coupled to the phosphor layer for efficient device
operation. The deposition parameters of the GaN:RE phosphor
are similar to those described in Section II. In the noninverted
structure, the rear dielectric layer, adjacent to the opaque metal
electrode, can also be formed as a thick film (10 m) by
techniques such as screen-printing followed by sintering. The

Fig. 12. Brightness of a GaN:Eu ac-ELD operated at a frequency of 1 kHz as
a function of: (a) voltage; (b) view angle.

details of novel GaN:RE thick-film dielectric ELDs (TDEL)
are discussed in Section IV.

3) Characteristics: The luminance versus voltage charac-
teristics for a TFEL ac-ELD with a 1- m GaN:Eu phosphor
layer is shown in Fig. 12. GaN:Eu TFEL ac-ELDs have shown
maximum red luminance values of40 cd/m at 240 V and
1 kHz square wave. It is important to note that ac-ELDs are
high-voltage/low-current devices. Furthermore, unlike other
high-field OLEDs, ac-ELDs are capable of generating very
high peak luminance without device degradation. For example,
a GaN:Er ac-ELD, which exhibits an average luminance of
20 cd/m at 1-kHz bipolar bias, exhibits a peak luminance of

4000 cd/m. This value is calculated from the luminance
per cycle per second (20 cd/m/1000 cycle 0.02 cd/m per
cycle ) divided by the approximate length of the light emission
event ( 5 s for Er). The luminance threshold of60 V
is 100–200 V lower than the threshold voltage for devices
utilizing sulfide- and oxide-based EL phosphors. Utilizing a
thinner 500 nm GaN:Eu phosphor produces a luminance of

25 cd/m at a bias voltage of 120 V. High-voltage (200 V)
complementary MOS drivers are readily available for biasing
of large area ac-ELDs. The independence of brightness with
view angle is seen in Fig. 12(b). The ability to have uniform
emission over a wide range of view angles is one of the major
advantages of emissive displays over liquid crystal displays.

GaN:Er ac-ELDs exhibit equally strong visible and IR emis-
sions. The frequency dependence of visible (537/558 nm) and
IR emission (1550 nm) from a GaN:Er TFEL ac-ELD is shown
in Fig. 13. The infrared (1550 nm) GaN:Er emission originates
from relaxation of the lowest excited Erstate ( I ). Its spe-
cific applicability to optical communications will be discussed
later in Section V. At low frequency (1 kHz), the expected
linear relation between frequency and visible and IR emission
intensity is observed, with roughly as many photons emitted in
the IR as in the green. As the frequency increases beyond 1 kHz,
there is a clear saturation of the IR intensity. The visible emis-
sion intensity also increases sublinearly with frequency, but at
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Fig. 13. Brightness of a GaN:Er ac-ELD at 170 V as a function of drive
frequency. Optical power density emitted in the visible (at 537/556 nm) and
IR (at 1.5�m) is also shown.

higher frequencies. The frequency saturation is attributed to the
GaN:Er excited state lifetime [48] of each particular transition.
These lifetimes have been measured to be on the order of10 s
for the visible green emission and1 ms for the 1.5-m IR
emission. Similar results have been observed for GaN:Eu where
an onset of frequency saturation for GaN:Eu red emission above
1 kHz confirms that the GaN:Eu emission lifetime is relatively
long ( 200 s). Blue emitting GaN:Tm ac-ELDs behave simi-
larly to GaN:Er ac-ELDs at high frequency since they also ex-
hibit a relatively short spontaneous emission lifetime (tens of
microseconds).

One of the distinct advantages of GaN:RE EL phosphors
is the rugged nature of the nitride material system. Unlike
II–VI based ac-ELD phosphors and organic light emitting
diodes, GaN:RE phosphors are stable at high temperatures
and do not degrade when exposed to air/water. This allows for
flexibility in device fabrication, low-cost device packaging,
use in harsh environments, and very long lifetime operation.
Previous attempts to bring about these advantages have focused
on oxide ac-ELD phosphors. However, the highly-insulating
oxide phosphors generally require much higher operating
voltage than GaN:RE phosphors and there does not yet exist
an efficient blue oxide phosphor to enable full-color operation.
Nitride phosphors offer the same stability benefits of oxide
phosphors without the high-voltage requirement. As shown in
Fig. 14, nitride phosphors in a ac-ELD structure show excellent
accelerated aging characteristics even without hermetic sealing.
The lifetime data in Fig. 14 extrapolates to 50 000 h to reach
50% brightness for 120-Hz device operation. The device
lifetime varies inversely with the bias frequency, since power is
dissipated and light is emitted from the device only when the
polarity of the bias voltage is reversed. Between excitations,
there is no power dissipation and the GaN:RE phosphor and
surrounding device structure do not deteriorate in brightness
potential. The initial rapid luminance decrease is similar to that
seen in other ELD devices and is due to permanent electrical
breakdown at pinholes/defects in the phosphor layer [6]. These
small breakdown points do not adversely effect long-term reli-
ability of the device. In commercial ELD displays, this initial
luminance decrease is removed by a high-frequency “burn-in”
stage which then allows for the display operation to begin in
the linear aging regime for improved gray-scale capability. It is
reasonable to expect future improvements in GaN:RE ac-ELD

Fig. 14. Brightness of GaN:Eu ac-ELD as a function of operating time.
The device is biased at 80 V above threshold. Extrapolation of the brightness
decrease in the linear regime indicates a device lifetime (defined as 50% of
initial brightness) of 50 000 h.

efficiency and reliability resulting in operational lifetimes of
50 000 to 100 000 h at frequencies as low as 60 Hz.

It is interesting to compare the total number of lumens that
can be emitted from a GaN:RE ELD to an OLED display device.
With improvements in luminous efficiency (1 lm/W) of the
GaN:RE phosphor layer the product of brightness (100 cd/m)
and operational lifetime at 50% luminance (50 000 h) would
result in a total luminance generation of5 10 cd/m -h. This
is an order of magnitude larger that that of a commercial OLED
display which is capable of 5 10 cd/m -h ( 100 cd/m,
5000 h).

IV. A PPLICATIONS TOFPDS

A. Device Structures for High Contrast

A proven technology, ac-ELDs have provided the highest
level of monochrome display reliability. Recent breakthroughs
in phosphor research have led to filtered full-color ac-ELD
displays [49]. However, the potential for low-cost and high-per-
formance ac-ELD displays is limited by the need for color
filtering of the broad spectrum emitting II–VI phosphors and by
the stringent fabrication requirements for thin-film dielectrics.
In order to remedy these limitations, we have developed
GaN:RE TDEL devices [50]. The GaN:RE TDEL devices
combine the full-color capability of GaN:RE phosphors with
a device structure amenable to large area display fabrication.
The specific advantages of the GaN:RE TDEL device structure
[Fig. 15(d)] are best understood through comparison with
existing ac-ELD TFEL and TDEL structures [Fig. 15(a)–(c)].

Efficient coupling of voltage and, therefore, electric field
(1–2 MV/cm) to the phosphor layer in a standard all-thin-film
ac-ELD [Fig. 15(a), (b)] requires dielectrics which are free of
pinholes and other defects and exhibit a high dielectric constant

20–30 and/or high breakdown field (4–7 MV/cm).
Recent improvements in ac-ELD fabrication have led to the use
of very high permittivity thick-dielectric films. There are two
embodiments of these TDEL device structures. Theinverted
(I)-TDEL device [51] approach is shown in Fig. 15(c). I-TDEL
is structurally superior to TFEL ac-ELDs in capacitance (device
efficiency) and ease of large area fabrication due to use of a
screen printed (and sintered) thick-film dielectric layer. The
thick dielectric layer is unaffected by micron-sized defects
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Fig. 15. Cross-section schematic of alternative ac-ELD structures: (a) thin-film EL-TFEL; (b) inverted thin-film EL-I-TFEL; (c) inverted thick-dielectric
EL-I-TDEL; (d) thick-dielectric EL-TDEL.

or contaminants, which would cause catastrophic failure of
thin-film dielectrics. However, the I-TDEL approach requires
formation of the opaque thick-film dielectric layerbeforethe
phosphor layer. This is required because the ZnS:Mn/SrS:Ce
phosphor is incompatible with the byproducts produced and
temperature required by the dielectric sintering cycle [52]. This,
in turn, leads to the inverted designation for the device since
light must be emitted away from the substrate given that the
thick dielectric layer is generally opaque. Adding further diffi-
culty, prior to phosphor deposition the thick dielectric surface
must be smoothed by an additional sol-gel planarization layer.
GaN:RE TDEL devices arenoninvertedand emit light through
the glass substrate. As a result, these TDEL devices require no
planarization layer since the phosphor layer is deposited before
the thick-film dielectric is applied.

The substrate of choice for TDEL structures is presently high-
temperature-stable Corning 1737 glass which is widely utilized
for active matrix liquid crystal displays. The thick dielectric al-
lows for tolerance of slight substrate surface defects. Therefore,
the TDEL structures are fabricated on industrial grade 1737
glass which is 1 3 the cost of display grade 1737. The 1737
glass substrates are first coated with ITO for use as a trans-
parent front electrode. GaN:RE phosphor is then deposited with
(or without) surrounding thin-film dielectric layers. Following
phosphor deposition, one or two layers of dielectric paste are
screen printed through a wire mesh. The dielectric paste con-
tains BaTiO along with glass or fluxing agents which facilitate
low temperature sintering of the dielectric. Following printing,
the dielectric layer is dried and then sintered for5–10 min
at a temperature which can range between 600C to 800 C.
The sintered thick dielectric has a thickness in the range of
10 to 40 m (one or more prints), a breakdown strength of

0.1– MV/cm, and a dielectric constant of 500–1000.

The device is then completed by sputtering or screen printing of
a rear metal electrode. Since thick-film processing is utilized
for the rear dielectric, the device can tolerate up to microm-
eter-sized contaminants without loss of reliability. The emis-
sion from a finished GaN:RE TDEL device is uniform to dimen-
sions less than 10m which exceeds display pixel requirements
( 100 m to several millimeters).

B. Black Dielectric TDEL

Usage of light emitting devices for displays places an addi-
tional device requirement of low reflectivity of ambient light,
commonly referred to as high contrast. Low reflectivity is im-
portant since reflected ambient light can make it difficult to re-
solve the emission from a display pixel. The effectiveness of
a light emitting device to be legible in bright lighting is mea-
sured [53] as contrast ratio, which is defined as the sum of
emitted and reflected luminance divided by reflected luminance.
TFEL ac-ELDs achieve high contrast through minimizing re-
flectance from the rear metal electrode by optical interference
or light absorption. Such techniques are not available for use
in I-TDEL [Fig. 15(c)] and TDEL [Fig. 15(d)] devices since
the thick-dielectric layer is a strong diffuse reflector and little
or no light reaches the rear electrode before being reflected.
In order to combine the fabrication advantages of a GaN:RE
TDEL device with high contrast operation, we have developed
a novel black thick-dielectric electroluminescent (B-TDEL) de-
vice structure. These B-TDEL devices exhibit superior device
contrast which is easily observed by viewing the GaN:Eu TDEL
and B-TDEL devices shown in Fig. 16. Both devices were op-
erated up to 120 V and 1 kHz. The BDEL operation clearly
results in greater contrast. The black dielectric is formed by a
pigmentation process which is highly effective in reducing the
reflectivity from the thick-dielectric layer while allowing it to
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Fig. 16. Photographs showing the contrast enhancement achieved through use of a black thick-dielectric layer. The thick-dielectric GaN:Eu EL device in (a)–(c)
was photographed in 140 lx white light ambient under 0, 80, and 120 V, and 1 kHz bias. The same device was then fabricated into a black thick dielectric device
(d)–(f) and photographed under identical lighting and operating conditions. Shown in (g) is a range of colors that can be achieved with the impregnated thick
dielectric.

retain both superior dielectric constant and breakdown voltage.
The spectral reflectivity versus wavelength (speculardiffuse)
from the front surface (facing 1737 glass) of a black thick di-
electric and the black pigmentation medium itself are shown in
Fig. 17. The unpigmented thick dielectric exhibits a diffuse re-
flectivity of 10%–20%. The black pigmentation medium dom-
inates the optical characteristics of the BaTiOthick dielectric.
The measured B-TDEL diffuse reflectivity of3% translates
to a luminous reflectivity of 2.5% considering the photopic
response of the human eye. Future black dielectric reflectance
is expected to reach levels of 0.5%. This low level of reflec-
tivity, in conjunction with 300 cd/m TDEL device brightness,
would allow for sunlight legibility (contrast ratio of 3:1 under
100 000-lx lighting conditions).

C. Prototype Fabrication

Display prototypes using GaN:RE phosphors and black
B-TDEL device structures are under development at Extreme
Photonix Corporation, Cincinnati, OH. A 1.5-in diagonal
GaN:Eu B-TDEL display is shown in Fig. 18(a). The prototype
was formed using B-TDEL fabrication techniques described in
previous sections. The fixed image shown in the display was

Fig. 17. Percent reflectivity as a function of wavelength for black pigment and
black pigment-impregnated dielectric applied directly to a glass substrate.

formed through a combination of metal electrode sputtering and
screen printing patterning. This low-cost approach, which does
not require photolithography, can produce features less than
100 m in size. The resulting resolution of the patterned image
is shown in Fig. 18(b) and exceeds the resolution requirements
for most flat-panel display screen formats.
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Fig. 18. GaN:Eu ac-ELD flat-panel display prototype: (a) overall
dimensions—1� 1 in ; (b) pixel pitch—1 mm.

D. Multicolor Integration

As discussed in the previous sections, blue, green, and red
electroluminescence have been reported fromin situ doped
GaN:RE devices. So-called mixed colors, such as turquoise or
yellow, have also been obtained from GaN:RE through uniform
codoping Er and Tm or Er and Eu, respectively. Two types of
color integration have been pursued: vertical integration and
lateral integration. In the former case, the phosphor films are
placed layer upon layer, while in the latter case, the pixels are
arranged side by side. The advantage of vertical integration is
that the structure is compact. However, the disadvantage is that
it prevents optimum operation of each color pixel. A two-color
integrated ELD with stacked layers of GaN:Eu and GaN:Er has
been reported [5] to emit green light under positive bias and red
light under negative bias. The advantage of lateral integration is
that it enables growth of each film under optimized conditions
for the emission of each color [6], [54]; and that pixels can
be biased at the optimum condition for each color. Yamauchi
et al. [55] reported a two-color (red and green) TFEL device
fabricated laterally by a combination of wet etching and liftoff.
Since then many groups have studied and improved multicolor
TFEL integration, mostly on II–VI hosts.

We have investigated two patterning techniques to obtain lat-
eral multicolor integration: the use of liftoff techniques with ei-
ther organic [56] or inorganic [57] sacrificial layers and the use
of shadow masks [56] during growth of GaN:RE films.

1) Integrated Color Device Fabrication:The liftoff layer
(LoL) technique when used in conjunction with an organic
material (photoresist—PR) restricts the GaN:RE growth to
temperatures below 100C. While these as-deposited films
result [56] in rather weak EL emission, a post-deposition
high-temperature anneal has been shown [24] to increase the
emission intensity dramatically. We have also investigated the
use of inorganic LoLs, specifically spin-on-glass (SOG). SOG
is an attractive choice for this process for several reasons: it
contains mainly SiOand little or no organics; it can be exposed
to high growth temperatures; and it can be etched off in a few
seconds in an HF solution. The shadow mask deposition allows
for higher GaN:RE temperature deposition than the photoresist
LoL, but not as high as the SOG LoL, because of deformation
in the Al foils used as masks. Use of refractory metal (W, Ta)
foils as shadow masks will allow for much higher temperature

Fig. 19. Fabrication procedure for multicolor integration using the SOG
lift-off approach.

deposition. In general, shadow mask techniques cannot provide
the sharp features of the LoL technique because shadow masks
are generally much thicker than an LoL and because they cannot
provide the same level of intimate surface contact as a LoL.

The main fabrication steps for multicolor lateral integration
with the SOG LoL are illustrated schematically in Fig. 19. The
liftoff method consists of the following fabrication steps:

1) spin SOG on Si wafer twice, then coat PR and expose the
PR pattern;

2) etch SOG with 0.1% diluted HF to form the SOG window
for GaN:RE growth;

3) outgas SOG, grow GaN:Tm;
4) lift off the SOG with HF revealing the GaN:Tm pattern;
5) repeat procedures from 1) to 4) twice, but grow GaN:Er

or GaN:Eu layers;
6) produce PR patterns for ITO electrodes on GaN:RE

pixels;
7) sputter ITO thin films;
8) lift off PR and anneal in an Nambient in order to increase

the conductivity of the ITO electrode.

2) Integrated Color Device Characteristics:Fig. 20 shows
the three-color emission from the laterally integrated GaN:RE
dc-ELDs using SOG LoL. The applied voltage on the blue and
green pixels is 40 V and that on the red pixel is 30 V. The di-
mension of the GaN:RE thin-film pattern is 0.3 mm wide and
0.8 mm long. The size of the ITO electrodes is 0.2 mm wide
and 0.7 mm long, and the ELDs are separated from each other
by 0.3 mm. At these dimensions, the edge of the GaN:RE region
obtained by SOG LoL patterning is quite sharp.

All of the color emissions are bright enough to be easily
viewed with the naked eye under normal ambient lighting con-
ditions. The emission brightness of each color pixel is shown as
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Fig. 20. Laterally-integrated, full-color GaN:RE dc-ELDs: (a) reflected
light photograph of individual GaN:RE elements—0.3� 0.8 mm ; ITO
electrode—0.2� 0.7 mm ; (b) simultaneous red (GaN:Eu), green (GaN:Er),
and blue (GaN:Tm) emission from devices under dc bias.

a function of voltage in Fig. 21. A turn-on voltage for emission
of 25–30 V is observed. Above this threshold, the emission of
all three pixels increases more or less linearly with voltage, with
green emission from the GaN:Er pixel being the strongest.

In this section, we have described lateral multicolor inte-
gration of GaN:RE dc-ELDs by both organic and inorganic
liftoff and by shadow mask techniques. We have demonstrated
three-color integration using liftoff with SOG sacrificial layers,
which appears to be the most practical integration approach.
This is an important milestone in the progression toward the
fabrication of full-color GaN:RE flat-panel displays.

V. APPLICATION TO1.5- m OPTICAL TELECOMMUNICATION

The applicability of GaN:RE materials to infrared ELDs has
been shown in the previous sections. GaN:Er is of special in-
terest since it has been shown to be relatively immune to the
thermal quenching [39] seen in other Er-doped semiconductors
and has the ability to incorporate significant concentration [27]
of RE ions without precipitation and without quenching the pho-
toluminescence or electroluminescence intensity. These proper-
ties, in conjunction with the fact that GaN is a semiconductor
and can provide charge carrier excitation of the Er ions (unlike
insulators such as SiO:Er), meet the key requirements for an
electrically pumped waveguide amplifier.

To determine the potential of next generation GaN integrated
opticdevicesandsystems,wehave characterized theoperationof

Fig. 21. EL brightness from individual color pixels in a full-color GaN:RE dc
ELD array as a function of applied voltage.

GaN optical waveguides in the infrared regime. While there have
been several reports of GaN waveguide operation in the UV and
visible regimes [58], this is believed to be the first report of quan-
titative loss measurements taken in the infrared regime for GaN
channel waveguides. This will be of great importance in deter-
mining tolerances of future GaN integrated optic systems oper-
ating in the infrared as well as providing a baseline for GaN:RE
optical waveguides that can serve as an amplifying medium.

Paramount to the development of waveguides in any material
is the ability to achieve etched surfaces with morphology com-
parable to the smooth unetched surface. Unfortunately, there is
no simple effective wet etchant for GaN. To overcome these dif-
ficulties, we have initiated the development of an inductively
coupled plasma (ICP) etch process specifically for the fabrica-
tion of GaN and GaN:Er waveguides. ICP etching of GaN and its
alloys has been reported [59] to provide smooth surfaces under
properly designed etch conditions.

A. GaN Channel Waveguide Fabrication by ICP

Two different GaN materials were studied. The first material
utilized was commercially available GaN on AlO obtained
from TDI, Inc. This material consisted of an undoped 1.6-m
GaN layer grown on a double-side-polished AlO substrate by
metallorganicchemicalvapordeposition (MOVCD).Thesecond
material was our own GaN:Er grown by MBE on AlO sub-
strates at 600C. The Er concentration was estimated to be 0.5–1
at.%. The crystalline, undoped commercial GaN was included
in the etching experiments in order to provide “baseline” results
for an extensive investigation into the properties of GaN and
GaN:Er waveguides. GaN:RE material has been optimized for
lightemission inother photonicapplications,buthasnot yet been
fully optimized in terms of optical transmission and scattering
properties. The GaN:Er in this investigation was grown under
conditions for smooth morphology and optical transparency.

The materials were etched using a PlasmaTherm 790
plasma reactor in ICP mode. The only etch mask used was a
1.8- m-thick layer of Shipley 1818 positive photoresist. The
pattern consisted of parallel 5-m-wide straight lines. These
lines enabled the etching of the ridge waveguide structure
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Fig. 22. GaN channel waveguide: (a) cross-section schematic; (b) SEM photograph of waveguide—top view; (c) SEM photograph of waveguide—cross section.

shown in the schematic in Fig. 22(a). A Cl/Ar-based plasma
etch chemistry was selected and optimized for commercial
GaN material by varying the ICP power from 300 to 700 W
and the RF power from 80 to 120 W. An Ar flow of 5 sccm,
Cl flow of 15 sccm, and chamber pressure of 5 mtorr were
kept constant during all experiments. We have observed that
increasing the ICP power produces higher etch rates, while the
RF power is the most critical etching parameter in terms of
local morphology. A moderate ICP power of 500 W was chosen
and nearly flawless etching resulted from an RF power of
100 W. This is illustrated in the scanning electron microscope
(SEM) photograph of a GaN waveguide shown in Fig. 22(b).
The polished cross section of a waveguide with a ridge height
of 900 nm is shown in the SEM photograph of Fig. 22(c). It
has been shown [60] that sloping sidewalls produce very little
mode perturbation and may select the base width of the rib
when using the effective index technigue.

Fig. 23 shows the etch rates obtained for the undoped and
doped GaN films etched under the same conditions of 500 W
ICP power and 100 W RF power. The etch rate of the undoped
GaN is 400 nm/min, while Er-doped GaN film exhibits a much
slower rate of 100 nm/min. This is somewhat surprising since
the undoped material is crystalline and the GaN:Er film has a
polycrystalline structure at best. Usually, a reduction in crys-
tallinity is accompanied by an increase in etch rate due to the
many weaker and/or broken bonds. A possible explanation lies
in the difference in electrical conductivity of the two materials,
with the Er-doped GaN film actually being much more resis-
tive than the “undoped” film. Surface charge carriers are known
[61] to play a critical role in the etching process and their ab-
sence could certainly reduce the etch rate.

B. GaN Channel Waveguide Design and Characterization

GaN optical channel waveguides were designed for use with
the commercial material using the well-known effective index
method [62]. GaN refractive index values of2.35 and 2.25
at 632.8 nm and 1.5m were previously reported [63]. We have

Fig. 23. GaN waveguide fabrication by inductively coupled plasma etching:
etch depth versus time.

measured a GaN refractive index of 2.352 at 632.8 nm using the
prism coupling method. The refractive index of sapphire [64]
changes from 1.77 to 1.75 in the same wavelength range of
632.8 nm to 1.5 m. A ridge width of 5 m was fixed by the
dimensions of the lithographic mask mentioned above. Using
the fixed values of the width and film thickness was
calculated using the effective indices for the etched region
and the unetched region . An etch depth of 0.3 m was
chosen since the resulting structure would have an appropriate
effective index difference and support only a few modes,
limiting the effect of higher order lossy modes.

Optical characterization was performed using the out-scat-
tering technique. This technique [65] assumes that the scattering
centers are uniformly distributed and that the intensity of the
scattered light in the transverse direction at a given point is pro-
portional to the amount of light propagating in the waveguide at
that point. Out-scattered light intensity was measured at 50m
intervals. The waveguide facets were polished in order to reduce
roughness that would scatter excess light. Channel loss mea-
sured at one visible (633 nm) and two infrared (1307 and 1500
nm) wavelengths is shown in Fig. 24. The channel loss decreases
from a value of 5.4 dB/cm at 633 nm to a low of 4.1 dB/cm at
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Fig. 24. GaN channel waveguide loss at visible (633 nm) and IR wavelengths
(1.3 and 1.5�m).

1550 nm. The GaN loss values we have achieved in a short pe-
riod of time are only within a factor of 2 of the values reported
for GaAs waveguides [66], [67] which have been under develop-
ment for a much longer period of time. This clearly indicates the
promise of GaN:Er-based technology for 1.5-m optical com-
munication applications.

VI. CONCLUSION

We havepresented a review of the materials and device aspects
ofRE-dopedGaN.GaNfilmsdopedwithREssuchasEu,Er,Tm,
emit red, green, and blue light, respectively. These are relatively
purecolors,producedby innershellREtransitions.TheGaNpro-
vides a very robust semiconductor host which can accept a large,
optically active RE concentration and can withstand the high
fields needed to provide hot carriers for impact excitation of the
RE ions in ELDs. GaN:RE growth mechanisms were reviewed
and conclusions obtained on optimization of the GaN layers for
RE emission. The fabrication processes and electrical models for
both dc- and ac-biased ELDs were reviewed. Multicolor lateral
integrationwasachievedusingseveral techniques.Devicesbased
on GaN:RE and designed specifically for flat-panel displays
were presented. A high contrast FPD device using a black thick
dielectric was described. A second application area of GaN:RE
technology is infrared optical telecommunications at 1.3 and
1.5 m. The fabrication and characteristics of GaN:Er channel
waveguides for 1.5-m operation were also reviewed. The
versatility and robust nature of RE-doped GaN technology holds
great promise for optoelectronic and photonic applications.
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