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Abstract—A review is presented of the fabrication, operation, transition between 4f states of the RE and are relatively inde-
and applications of rare-earth-doped GaN electroluminescent pendent of the host material. However, the host material does
devices (ELDs). GaN:RE ELDs emitlight due to impact excitation  aye g very strong effect on the radiative transition probability,
of the rare earth (RE) ions by hot carriers followed by radiative . th d th hot o intensitv. | |
RE relaxation. By appropriately choosing the RE dopant, narrow In_other words onl ep o.oem|SS|on In e.'nS| y- In general,
linewidth emission can be obtained at selected wavelengths from RE-doped conventional semiconductors (Si, GaAs, etc.) have
the ultraviolet to the infrared. The deposition of GaN:RE layersis exhibited limited photoemission at room temperature due low
carried out by solid-source molecular beam epitaxy, and a plasma RE solubility and severe temperature quenching. It was shown
N> source. Growth mechanisms and optimization of the GaN py Fayenneet al. [2] that the thermal quenching in Er-doped
layers for RE emission are discussed based on RE concentration, . . .
growth temperature, and V/III ratio. The fabrication processes sgmlconductors depreases with increasing bandgap. Therefore,
and electrical models for both dc- and ac-biased devices are dis- Wide-bandgap semiconductors (WBGS) are attractive hosts for

cussed, along with techniques for multicolor integration. Visible RE elements.

emission at red, green, and blue wavelengths from GaN doped g preakihroughs made with the incorporation of trivalent

with Eu, Er, and Tm has led to the development of flat-panel i . ) .
display (FPD) devices. The brightness characteristics of thick rare earth (REF) elements into GaN films were previously

dielectric EL (TDEL) display devices are reviewed as a function briefly reviewed [3]-[5]. In this paper, we review in some

of bias, frequency, and time. High contrast TDEL devices using a detail the fabrication, properties, and application of RE-doped
black dielectric are presented. The fabrication and operation of GaN electroluminescent devices (ELDs). As will be discussed
FPD prototypes are described. Infrared emission at 1.5:m from in more detail, ELDs are optoelectronic devices operating

GaN:Er ELDs has been applied to optical telecommunications 6 der high electric fields | der t te hot .
devices. The fabrication of GaN channel waveguides by inductively [6] under high electric fields in order to generate hot carriers

coupled plasma etching is also reviewed, along with waveguide Which, in turn, can impact-excite RE dopants and produce
optical characterization. emission of light through RE radiative relaxation. GaN is a

Index Terms—Channel waveguides, electroluminescent devices, Wide-bandgap semiconductor that is intensely investigated [7]
flat-panel displays, gallium nitride, molecular beam epitaxy, op- for (intrinsic) optical and electronic applications.?Erdoping
tical telecommunications, rare earths. of GaN has been shown [8] to produce strong near-IR;ivb-
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
ANY LANTHANIDE elements have played an im- covering the entire visible spectrum: light emission in the green
portant role in various optoelectronic and photonifg)_[11] (from Er at 537/558 nm), red [12], [13] (Pr at 650
applications [1], ranging from emitting elements in solid-statgm, Eyu at 621 nm), and blue [14] (Tm at 477 nm). Emission
lasers (for example the Nd:YAG laser) and in phosphors f{ the near-infrared (IR) is also obtained at 801 nm from Tm
color lamps and displays (for example Eu and Tb) to opticpl4], at 1000 and 1540 nm from Er [11], and at 956, 1303,
fiber telecommunications (using Er or Pr). These so-calleghq 1914 nm from Pr [12]. The RE doping of GaN (as well
‘rare earth” (RE) elements have a partially filled inner"(4f 55 AIN and GaN) can be accomplished by ion implantation
shell shielded from its surroundings by completely filled outey; py in situ doping during growth. lon implantation has the
(58" and 5) orbitals. Due to this shielding, the intra™éhell  agvantage of a simple process and can control the doping
transitions result in very sharp optical emissions at wavelengi@isncentration independent of the growth conditions. Many of
from the ultraviolet to the infrared (IR). The wavelengthghe early reports [8], [15]-[19] on GaN:RE properties utilized
of these emission lines are determined by the energy of 3@ implantation doping. However, the implantation doping
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(&) s : 'sal. . room temperature. Thus, RE doping of GaN represents an inter-
T | TR+ [GaN:RE ELDs] esting alternative to semiconductor alloying (GaN/InN/AIN) for
a T F f ] visible light-emission applications and has the additional attrac-
ﬁ' e | 1 Eifss tive aspect of strong IR emission for telecommunications and
" F , B other applications.

3 n [ | i Theoretically, RE intra-4f atomic transitions are parity for-
g E | | | I bidden by the Laporte selection rule. RE ions incorporated into a
i |E|I P r| [\ partially ionic solid favor substitutional occupation of the cation
£ I\ JHWL 1 site. In addition to RE incorporation, the cation site must pro-
2 5 l'._._._J._._.._..J_._;."::r_-r.-:f:'-A 'M b b “ vide an uneven ligand crystal field in order to relax the selection
436 450 500 550 BOU 650 1500 15850 1800 rule and increase the probability of intra*4fansitions. These
Wavalangth (i 4f-4f transitions, however, are still not fully allowed, resulting in

excited state lifetimes of1 us — 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
A where the lack of inversion symmetry produces strong ligand
47 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
i oy transitions and associated emission wavelengths in GaN doped
b 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

Fig. 1. RE-doped GaN photoemission: (a) emission spectra from Tm-, Ef h ; ; ;
and Eu-doped GaN ELDs; (b) inner shell (intra:#fransitions in Eu, Er, and Sliith substitutional incorporation allows [21] unusually high

Tm ions and corresponding emission wavelengths; also shown is the GEBWE doping copce_ntrations (up te3-5 at.%), Wh"? preserving
bandgap energy and the laser (He~Cd) photon energy used for above-bandbapoptical activation of RE dopants. By comparison, the use of

photo-pumping. RE3*-doped 11-VI semiconductors as emitters and phosphors
suffers from a more weakly bonded lattice, and substitutional
In situ RE doping requires a good understanding and colecation of the RE* ions on the 2 cation sites, which
trol of the overall growth process and of the interaction of thgenerates additional defects due to lack of charge neutrality.
RE flux with the main V/IlI fluxes. However, once that is esRutherford back scattering (RBS) channeling analysis [22]
tablished, good control of the RE concentration over many atenfirms that a great majority~95%) of the Er ions occupy
ders of magnitude can be obtained and very uniform doping caimbstitutional sites on the Ga sublattice even at relatively high
be accomplished. Furthermoiie, situ doping does not suffer concentrations of-1 at.%. The Er—N bond has been measured
from the damage effects of ion implantation and, hence, resuig EXAFS analysis [23] to be 2.1&, versus a Ga—N bond
in more efficient emission [20]. In this paper, we restrict outength of 1.95A. This unusually short Er-nearest neighbor
selves to REs introduced during growth of the GaN layer bdyond length in GaN is thought to be due to two major factors:
molecular beam epitaxy (MBE). The substrates used for growth the low four-fold coordination, compared for example to a
were sapphire, Si, and glass. 12-fold coordination in ErSi 2) a more polar bond for Er—N
Emission spectra from GaN ELDs doped with Tm, Er, andhan for Ga—N (due to electronegativity differences), which
Eu shown in Fig. 1(a) exhibit dominant visible emission linekelps to energetically compensate for the Ga—Er size mismatch.
at blue, green, and red wavelengths, respectively. IR emissiorLight emission from GaN:RE has been demonstrated via pho-
at ~1.5m from the GaN:Er ELD is also shown. By comparioluminescence (PL), cathodoluminescence (CL), and EL. The
ison, the intrinsic emission from undoped GaN occurs in tliminant mechanisms for excitation and subsequent relaxation
ultraviolet part of the spectrum at365 nm, corresponding to of RE dopants in GaN are depicted in Fig. 2(b). In PL, elec-
a bandgap 3.4 eV. The primary visible colors emitted by Gafkon—hole pairs are generated by above band-gap photon ab-
ELDs doped with these individual REs are very “pure” andorption, charge carrier generation is provided by a high en-
match well the CIE coordinates adopted by the United Stategy electron beam in CL, and in EL, carrier injection occurs
National Television System Committee (NTSC) and the Eurby the application of bias voltage to electrical contacts on the
pean Broadcasting Union (EBU). In addition to the pure color§aN layer. The charge carrier energy is transferred to the RE
mixed colors have been obtained by codoping GaN films withdopants by impact excitation of hot carriers or as a result of
combination of REs. GaN:RE ELDs have been developed whinkarby electron—hole recombination. The REs then experience
emit in a variety of pure and mixed colors. The electrolumkiither nonradiative relaxation (through multiphonon emission
nescence (EL) emission is quite strong, being easily observabiel/or Auger electron excitation) or radiative relaxation. The
with the naked eye at room temperature. Thermal quenchilagter mechanism is the desired outcome as it results in the pho-
of the emitted light is frequently not observed until well aboveemission 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, witt tlem Ri€ated 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 GaNigh contrast devices, multicolor integration and the fabrication
crystalline quality and the RE concentration. For example, inf FPD prototypes. Finally, Section V is concerned with the
creasing the crystallinity of the GaN host reduces the concarse of GaN:Er devices for 1 bm-based optical telecommuni-
tration of point defects, and thus reduces the opportunity for Riations.
nonradiative relaxation. However, high crystallinity is normally
achieved under conditions which prevent the incorporation of Il. GROWTH AND PROPERTIES
the optimum RE concentration into the GaN layer. Further, for . . ) )
the case of above-bandgap photo-pumping of highly crystallife Overview of In Situ Doping During MBE Growth
RE-doped GaN, intrinsic (band-to-band) electron—hole recom-As discussed in Sectionih situ RE doping of GaN has re-
bination provides a high probability radiative intrinsic relaxsulted in the successful fabrication of ELDs with red, green, and
ation mechanism in competition with the RE radiative relaxblue (RGB) color emissions using Eu, Er, and Tm, respectively.
ation. We have also achieved [24] RGB colors in EL emission from
This paper is organized in four main sections. Section Il di&aN:RE films grown at nominally room-temperature using the
cusses growth and optical properties of GaN:RE thin films, cosame set of RE elements. We have utilized MBE anditu
centrating on the optimization of EL emission as a function afoping during growth for the deposition of GaN:RE thin films.
growth parameters (RE concentration, growth temperature, ahiith the exception of a plasmasNsource, all other species
N/Ga ratio). Section Ill covers the fabrication and characterigrere generated with elemental solid sources. Through detailed
tics of dc and ac devices as a function of operating temperatstadies with GaN:RE ELDs, we have reached the understanding
(dc) and time (ac), bias voltage (dc, ac) and frequency (ac). SHtat the following are the most crucial factors for obtaining and
tion IV describes the application of GaN:RE ELDs to flat-panemproving EL emissions: RE concentration, growth tempera-
display (FPD) devices. Discussion in Section IV also includasre, 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 Er Cell Temp. (C)
thin film growth, we believe that the same underlying principles 100 — 380 90 820 740
would apply to other deposition techniques. E ]
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 o1 L e
phenomenon. For example, ZnS:Mn exhibits [25] its luminance ; ]
maximum at 0.5-1.0 wt.% of Mn. Growth temperature and Ga ‘ v Sis e ]
flux (V/l ratio) affect the RE emission through the properties R T S T
of the GaN host (such as crystallinity and resistivity) and di- 078 08 B Ceﬁf:’mp. (1000(3?Kelvin) 098 !
rectly through their influence on RE incorporation. These three
parameters, RE flux (determined by the RE cell temperatur%)g. 3. Erconcentration in GaN as measured by RBS and SIMS as a function
growth (substrate) temperature, and Ga flux (determined byEr cell temperature. The measured activation energy of 2.9 eV is in close
the Ga cell temperature) are externally controlled and adjusgteement with the value @£3.0 eV for the Er vapor pressure temperature
during GaN:RE MBE growth. Through this optimization weiependence.
can gain a better understanding of the real mechanisms behind
many of the unique optical and electrical properties of GaN:Rfeal and electronic properties of the host material. A practical
ELDs. Moreover, this optimization process has led to improveighit, which is usually reached first, has to do with the concen-
devices being fabricated for various applications. tration quenching effect discussed in Sections | and II-A. For
The optimization experiments have concentrated on dsample, the solubility limit of Er in Si is-10'® cm~3, while
Er-doped GaN grown on Si substrates in a Riber 32 MBtBe PL intensity at 1.54m was reported [28] to saturate at even
system. A typical MBE growth cycle starts with a p-type (11ljpwer concentration of-5 x 10'” cm~3, which represents an
Si substrate preheated at 500 in the preparation chamberEr atomic percentage of only10® at.%. Other reported max-
and outgassed at 85 for 10 min in the growth chamber.imum Er concentrations include5 x 10'® cm~2 in GaAs [29]
Electron diffraction shows clear 7 7 reconstruction patternsand 4x 10'? cm—2 in Al,Os [30].
on the Si (111) surface after outgassing. A thin film of AIN (or RBS and secondary ion mass spectroscopy (SIMS) mea-
GaN) is first grown for 2—5 min as a buffer followed by GaN:Esurements were used to measure absolute Er concentrations in
growth for 1 h. For dc-EL measurements, a simple ring-shap€aN:Er films. Measurement results showed that the Er concen-
Schottky electrode is fabricated [26] on top of the GaN:Er filrtration in GaN ranged from 0.025 t810 at.% by varying the
using indium—tin oxide (ITO) sputtering and a liftoff processkr cell temperature from 740C to 980°C, as shown in Fig. 3.
The electrode has an area of 7.6510 * cm?; its detailed The Er concentration follows an exponential dependence on
structure is discussed in Section IlI-A. the Er cell temperature. An Arrhenius-like thermal activation
Devices designed for display operation incorporate Gadhergy estimated from this curve was 2.9 eV, which gives an
films grown on dielectric layers and are operated in the axcellent agreement with the activation energy-&.0 eV for
mode. The quality of GaN grown on amorphous dielectrithe Er vapor pressure in this temperature range [31].
layers is certainly not as high as that of GaN grown on PL was performed at room temperature both in the visible
crystalline (sapphire or Si) substrates. However, the qualiynd infrared regions by above-bandgap excitation with a
is still fairly high and certainly sufficient for the operation 0f325-nm He—Cd laser. Visible and IR PL intensities are plotted
ac-ELDs. For example, we have previously reported [46] that Fig. 4(a). Green emission at 537 nm is one of the charac-
GaN grown on sputtered AD; layers exhibited an X-ray peakteristic emissions due to 4f-4f inner shell transition ofEr
with a surprisingly narrow linewidth of 0.174 ion and is attributed to a transition froFrh-Iu/Q to 4I15/2 [see
Fig. 1(b)]. IR emission at 1.54m is a well-known transition
from 4I13/2 to 4I15/2 and has special importance in optical
communication applications. As shown in Fig. 4(a), both of
We have observed [27] that the visible and IR emission, frothese emissions have maxima at about 1 at.% Er. It is well
both PL and EL, are a strong function of Er concentration. known in phosphor materials [32] that the optical excitation
general, all Er-doped host materials exhibit a practical limit iimtensity of RE ions exhibits an optimum concentration. As
Er concentration beyond which the optical emission beginstite RE ion concentration is increased, the average distance
decrease. The ultimate doping limit is the RE solid solubilitpetween ions is reduced proportional to the cube root of the
in the host material. Concentrations which are introduced inRE concentration. When RE ions are located sufficiently close
nonequilibrium process and which are larger than the solid std-each other, the excitation residing in one ion can migrate to
ubility can result in the formation of a second phase materialneighboring ion of the same species as a result of resonant
which contains some (or all) of the RE concentration. This prenergy transfer. This process is known as cross-relaxation.
cipitation is accompanied by the concomitant degradation of ophe energy migration process increases the possibility that

Er Concentration (at. %)
,
4

B. Optimizing the RE Concentration
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g 3 '
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o F 7 \ p . . . . . -
o 20 - , . Electroluminescence in GaN:Er devices is obtained by carrier
[ y ] impact excitation. To accelerate injected electrons to a sufficient
1 F 1 energy requires high electric fields. In turn, to reach the needed
7 o\ ] electric fields requires relatively resistive samples. The devices
T S I S o 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
Fig. 4. Photoemission intensity as a function of Er concentration: (a) visibk 700°C and 750°C is due mainly to the more conductive
and IR PL intensity display a common maximum-at at.% Er; (b) visible EL  nature of those films. in spite of comparable raw EL intensity.
intensity normalized by current flow (BIV) shows a maximum&.5 at.% Er. We believe that the m’ain cguse for thepincreased conductivityyof
these films has to do with their rough morphology which allows
the excitation is dissipated at nonradiative sites, resulting irféxr many electrical leakage paths.
saturation or a decrease in optical emission. ~ We conclude that an MBE growth temperature in the neigh-
Brightness normalized by current flow, defined as BIV, i§orhood of 600 C produces the optimum ELD emission inten-
plotted in Fig. 4(b) for devices with various Er concentrationsity.
Since the EL brightness is influenced by many factors, in-
cluding sample conductivity and device fabrication effects, the. Effect of V/III Ratio
current-normalized brightness is a more appropriate p_arametehE optical emission from GaN films is a strong function of
to evaluate rather than the “raw” brightness (i.e., brightnegs, ratig of the Ga- and N-bearing fluxes (V/I11) during growth.
regardless of current flow through the device at a fixed appligghe v//jij ratio can be modified by changing either component,
voltage). The optimum Er concentration is 0.5-1 at.% fq§ is typically adjusted by controlling the Ga flux. The Ga flux
visible EL emission, which is almost the same as that obsenedyisical to GaN crystalline quality and good crystalline GaN
in PL. Con_]bmlng this with the results of visible PL Ilfet|mg andg usually grown under slightly Ga-rich [34] growth conditions.
XRD previously reported [27], we conclude that the optimurg,an crystallinity and intrinsic luminescence are strong func-
Er concentration is-1 at.%. The corresponding Er—Er spacingions of Ga flux during growth. Therefore, it is clear that the

Er Concentration (at. %)

is estimated to be-15 A. RE-related emission, which is dependent on the crystallinity of
o the GaN host, will also be strongly affected by the Ga flux.
C. Optimizing the Growth Temperature Er-doped GaN films were grown with various Ga cell tem-

Experiments designed to determine the optimum growgeratures from 850C to 945°C, resulting in beam equivalent
temperature for GaN:Er films were carried out at temperaturpgessures (BEP) from-1.5 x 107 to ~9.0 x 10~ torr. All
ranging from 100°C to 750 °C. The Er cell temperature other growth parameters were fixed at 60D for growth tem-
was fixed at 860°C. Interestingly, all films exhibited EL perature and 860C for Er cell temperature.
regardless of growth temperature. The maximum BIV (i.e., GaN:Er film thickness achieved in 1-h growth is plotted in
the largest current-normalized brightness obtained over thig. 6(a) versus Ga flux specified by BEP in the MBE system.
current-voltage range measured in each case) for each devicEhs film thickness increases with Ga flux up4& x 10~ torr.
plotted in Fig. 5. Starting at low growth temperature, BIV inThis is the Ga-controlled (or N-rich) growth regime, wherein
creases nearly exponentially with growth temperature, exhibitereasing the Ga availability increases the rate at which the
a maximum at-600°C and decreases at higher temperatureGa—N reaction proceeds. At Ga fluxes beyond® ” torr, the
This is the same trend as obtained [33] from the PL data agtbwth rate is constant at0.5m/h. This is the Ga-rich growth
from structural characterization, reinforcing the conclusion theggime, wherein we have saturated the ability of the reaction to
600°C is the optimum growth temperature for visible emissiononsume Ga (at the given growth temperature and N flux). The
from GaN:Er. V/1I ratio which results in the stoichiometric growth condition
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g S ,i'! 10° 5 Under EL excitation, increased GaN conductivity reduces the
o g Visile E allowable applied field and resulting hot carrier energy for im-
7 1 g I— . 100 £  pact excitation.
H 3 8 fﬁ o We conclude that the optimum growth condition for Er op-
£ [ §--SpT tical activity is found under slightly N-rich flux near the stoi-
SRVl I Sl gt SURUN DN N N S———
E ! Maoise Laved chiometric region. Under these growth conditions, the resulting
Tl FPP PP PP 8 10 GaN crystallinity is high enough for efficient Er excitation but
4 the competition from intrinsic carrier recombination is not yet
Ga Flux (107 Toer) very strong. Furthermore, the higher resistivity of GaN grown

under slightly N-rich conditions is favorable for supporting high

Fig. 6. Effect of Ga flux on GaN growth rate and GaN:Er PL: (a) GaN:Eelectric fields for hot carrier generation.
film thickness versus Ga flux used during growth. The stoichiometric growth
condition was determined by film thickness saturation to be betwes x

10~7 and~5.0 x 10~7 torr in Ga beam equivalent pressure; (b) PL intensity [Il. GaN:RE ELD FABRICATION AND CHARACTERIZATION
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 Both dc- and ac-ELDs were investigated. DC-ELDs involve
of visible and IR emission from Et ions (normalized by the incorporated Er]cewer fabrication steps as they do not require insulating layers
concentration) increases with Ga flux and then drops abruptly to the detection . . . . !
limit near the stoichiometric growth condition. can be grown directly on crystalline substrates (either Si or sap-
phire), and only require the deposition of a transparent elec-
is determined [35] as the Ga flux at the onset of thickness (‘t%g(r)de. On the other hand, ac-ELDs are much more robust, effi-
: . . lent, and have a much longer lifetime. Therefore, the ac struc-
equivalent growth rate) saturation. In this set of samples, St?l- . . . : .
. - - “tureisusedin ELD-based FPDs. DC ELDs were utilized in basic
chiometry occurs for Ga flux between 430~ ' and 5.0< 10 . o . i .
S studies of the growth conditions (as discussed in Section Il) and
torr (shaded region i the plot). in device temperature-dependence investigation (discussed in
Fig. 6(b) shows the visible and IR PL intensity as a functio P P 9

of Ga flux. Above GaN bandgap excitation with the He—Cd IasegreCtIon llI-A). Brightness, lifetime and other FPD-related de-

(325 nm) was utilized in order to observe emission frorrEr Vice characteristics were investigated using ac-ELDs (discussed

ions, as well as UV band-edge emission of the GaN host. VIJQ_SeCtIOH i-B).

ible and IR data were normalized to the incorporated Er con- i

centration in each sample. The GaN band-edge emission at §69PC Devices

nm was much stronger in samples grown under Ga-rich condi-A schematic cross section of the GaN:Er ELD is shown in
tions, consistent with the results of other groups. Reduced intéfig. 7. A small circular inner electrode is separated from a much
sity at the highest Ga flux is due to Ga droplets formed on the@rger outer electrode, which surrounds it. Visible and IR emis-
GaN surface, which act as a screen for the emitted light. Th®n is present during positive and negative bias, but intensity
PL from EFP* ions exhibits a very interesting behavior. Botlis much greater under the negatively biased electrode. This is
visible and IR emission increased with Ga flux up to the stoiikely due to the fact that there is avalanche breakdown occur-
chiometric growth condition followed by a very abrupt emissioring under the reverse biased electrode, thus providing a large
reduction, to the detection limit of the measurement. EL emisencentration of “hot” electrons. The breakdown voltage de-
sion exhibited [35] the same trend. Under the above-bandgap&kases with increasing temperature, which has been shown to
excitation, the quenching of the Er-based emission near the dte-related to the presence of defects [36] in similar materials.
ichiometric growth condition is probably due to the increasinghere is almost no emission from the region of material between
efficiency of the intrinsic band-edge emission in the GaN hoslectrodes.
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The choice of ITO as both the emitting and ground contact N
was made for reasons of convenience. Using ITO for both elec- € o2} 3
trodes allowed for single mask device patterning. An additional 2 [
H : H 5 H 0'0' PEFEErSN EPEEPE EPUT ORI BN RN
ahdvarlt%g:l]e of l:js_ln? lT% is thatllt is rsla‘uvgly tranjpare.nt mfb%th R T T
the visible and infrared wavelengths. The conductivity of the Temperature (K)

ITO is also nearly independent of temperature. ITO has been

used as a ContaCt_ for b_Oth n-type_ _[37] ar_‘d p-type [38] G_alﬂig. 9. Temperature dependence of EL emission from GaN:Er dc-ELDs: (a)
However, GaN:Er is basically semi-insulating and we considegible emission at 537, 558, and 666 nm; (b) infrared emission gth.5

ITO to form a Schottky contact.

Fig. 8(2) shows a simple equivalent circuit model of i}%gmping produces the same temperature dependence first re-
0

devices on sapphire consisting of two back-to-back Schott . .
. . . ported through the use of optical pumping [9]. Therefore, we can
diodes representing the ITO/GaN electrodes and a resisior - .
. ; S L conclude that the temperature dependence of the visible emis-
connecting them. Since sapphire is truly an electrical msulatglron intensity is solely a function of temperature and not the
the entire current flow occurs through the GaN film. For either y y P

e : . ; ; . mping method.
positive or negative bias, one Schottky diode is forward bias&d o
and one Schottky diode is reverse biased. The reverse-bias [he temperature dependence of the ABR emission from

: - agtgaN:Er ELD is also shown in Fig. 9. The EL intensity reaches
diode controls the flow of current initially. No current flows . .
. o : i . a peak above room temperature;-d00°C (375 K). Notice that
until a significant voltage is reached, at which point the revers } N .
: X . __af least 80% of the maximum IR emission is obtained for an op-
biased diode undergoes avalanche breakdown, resulting in_. .
. : . erating temperature range of140°C (from 270 K to 410 K).
carrier generation. Current now begins to flow through thg . . . . .
is is very useful for 1.5:m erbium devices allowing great

forward biased diode. At this point, the resistor between tI?I%xibility in terms of operating under extreme conditions, es-

two diodes, representing the GaN:Er film, becomes the current . A
limiting element of the device. pecially when considering the temperature dependence of the

Fig. 8(b) is the equivalent circuit model for devices on Sl.S-Nm Er emission in other semiconductor hosts (such as Si
9. q IL‘40], [41], GaAs [42], and GaP [43]) which exhibit varying de-

ldnug:ilr? Csjt?étcr’gti a:?r:/\ltiéo; dc duitrir::gilg\’;&h_rgﬁ%ﬂgggnssem:)ct? C%rees of temperature quenching well below room temperature.
9 J ' In this section, the temperature dependence of visible and IR

that if charge flows through the lateral GaN resistor and throu he—earth-activated electroluminescence in GaN-Er dc-ELDs

the Si, then the model can be reduced to that seen in Fig. 8 giJs presented, along with a simple electrical model. The fact

except the resistor becomes the series resistance of the enire o 1.54m emission does not exhibit thermal quenching

device. The carrier transport of the resistor is somewhat CoMm-4 o vicinity of room temperature indicates the potential of

plicated and is considered in more detail elsewhere [39]. . . L o
Fig. 9(a) shows the temperature dependence of the EL p(%iN.Er technology for optical communication applications.

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 teljﬁl AC Devices

perature range from 230 K to 500 K eact¥Eelectronic transi- 1) Device Structure:The form of electroluminescence

tion is excited differently as the temperature is varied. If the inutilized for operation of dc GaN:RE ELDs fits into the category
dividual emission lines are summed, we observe that electricdl high-field (~MV/cm) electroluminescence. Organic-light
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emitting diodes (OLED) are also an example of dc high-field (a)
electroluminescence technology. Reliable high-field dc oper transparant slectrode
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 o
tive electrical breakdown of the luminescent layer. For OLEDs o ] : T 300 i
even slight irregularities in film structure can cause high field e i
points, which then become the dominating mode of device|  diglBctrc 240 m 300 nimi
degradation [44]. This thin-film uniformity requirement results
in extreme fabrication difficulties for large area dc-ELDs and | & ongr
OLEDs. OLEDs inherently must be driven under dc high field
conditions and cannot circumvent this stringent fabricatior
criterion. There is, however, an alternative bias scheme/devic| - dishaciric 300 nm
structure [45] available to inorganic-EL phosphors such a
GaN:RE which allows reliable high-field operation of large
area electroluminescence devices. This approach incorporat
at least one insulating layer into the device structure convertin
it essentially into a capacitor and utilizes alternating current bi
asing. This ac-biased metal/dielectric/phosphor/dielectric/met:
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- {b} J_‘-"m:

GO0 nm

ground elacirode )

ture, shown schematically in Fig. 10(a). A variety of dielectrics
have been investigated [46], ranging from low permittivity, Cd
thin-film dielectrics (such as Si) SisN, or AIN—the latter
forming an “all-nitride” structure), to very high-permittivity
thick dielectric layers (such as BaTipD In contrast to the e —
GaN:RE dc-ELDs (see Fig. 7) which used epitaxial growth Ca
conditions on crystalline substrates and were operated und
dc bias, these ac-ELDs are most often formed on amorphot &
substrates (glass) and are operated under bipolar ac bias. __I:
A simple electrical equivalent circuit [47] of an ac-ELD is =
shown in Fig. 10(b). The dielectric layers are modeled as ides
capacitors, while the phosphor layer is modeled as a capacitor in i i )
. . . Fjg. 10. The GaN:RE ac ELD: (a) cross-section schematic of a simple
paraIIeI with two back-to-back diodes. Ina dc-ELD, bias Curre@iructure, consisting of a GaN:Er film sandwiched between two dielectric
increases with applied voltage (and, therefore, field) until catayers, the substrate as ground electrode if sufficiently conducting, and the
strophic electrical breakdown of the GaN:RE phosphor layer dggnsparer}zt ITO top electrode; (b) equivalent circuit model and energy band
curs. In contrast, for an ac-ELD the maximum applied voltage igoramota biased ac-ELD.
determined by the electrical insulating strength of the dielectric
layers, which is greater than that of the phosphor. The turn-phosphor. The rise/fall time of the applied voltage is normally
voltage for light emission in an ac-ELD occurs when the phokess than 1 ms, the spontaneous emission lifetime [48] for the RE
phor layer is subjected to an electrical field beyond its elets also normally less than 1 ms, resulting in efficient biasing up
trical breakdown, thus allowing current flow. This is the casw® 1 kHz or higher. For video rate displays, meetingtH€0 Hz
when the voltage applied across one of the reverse biased diddashe-rate requirement is easily achieved by ac-ELDs without
on Fig. 10(b) is sufficient to achieve breakdown. The oper#he need for active matrix addressing which is required for much
tional current in an ac-ELD above threshold is roughly prdessresponsive technologies such as liquid crystal displays (with
portional to the product of the bias frequency and the capdone constants of tens of milliseconds).
itance of the dielectric layers. As the polarity of the applied 2) Fabrication TechniquesAs detailed in Fig. 11, the
voltage is reversed, light is emitted as electrical charge carrieis-ELD structures can be fabricated into an inverted structure
travel through the phosphor layer. The light emission pulses gFeég. 11(a), light emission away from the substrate) or a
then integrated by the human eye, resulting in device brightnéssditional structure (Fig. 11(b), light emission through the
values of 10—1000 cd/fa Unlike dc-ELDs, GaN:RE ac-ELDs substrate). The basic ac-ELD fabrication sequence involves
inherently allow high-field biasing without reduced current sasimilar thin-film requirements for the traditional and inverted
uration of the emission intensity. Most 4f-4f RE emissions device structures. The fabrication processes start with either
have long lifetimes since the RE transitions are partially for- p*-Si substrates for the inverted structure or Corning 1737
bidden by the parity selection rule. Therefore, bipolar excitatialuminosilicate sheet glass for the traditional structure. Inverted
(ac-biasing) at a frequency lower than the inverse of the emdevices have the advantage of potential Si integration, whereas
sion lifetime is necessary in order to efficiently excite a GaN:Rthe traditional devices can be scaled to much larger substrate

“diglectric
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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.
c) Process Staps For invaried AC-ELD Fabrication

I - o hick or thin fim metal slectrode details of novel GaN:RE thick-film dielectric ELDs (TDEL)

- T black pigrrsniation are discussed in Section IV.

- 8 kol e BT ket 3) Characteristics: The luminance versus voltage charac-

scroan printing and sintar ng teristics for a TFEL ac-ELD with a-1-xm GaN:Eu phosphor
layer is shown in Fig. 12. GaN:Eu TFEL ac-ELDs have shown

e s maximum red luminance values &f40 cd/n? at 240 V, and

1 —— 4) in fim GaMN.RE phasphor 1 kHz square wave. It is important to note that ac-ELDs are
PRRCiAg SVRRorIicn high-voltage/low-current devices. Furthermore, unlike other
w5} thin film chslecikic spuBieding high-field OLEDs, ac-ELDs are capable of generating very
e eem—— high peak luminance without device degradation. For example,
) 33'3;;{':;;"%_‘333,1"“'3‘:2 a GaN:Er ac-ELD, which exhibits an average luminance of

20 cd/nt at 1-kHz bipolar bias, exhibits a peak luminance of
~4000 cd/m. This value is calculated from the luminance
1) high sirain poird glass subatrabe per cycle per second (20 cd?f000 cycle = 0.02 cd/n? per
cycle ) divided by the approximate length of the light emission
event 5 us for Er). The luminance threshold ef60 V
Fig. 11. AC-ELD fabrication: fabrication steps for (a) inverted (opaquéS 100—-200 V lower than the threshold voltage for devices
substrate) and (b) noninverted structures (transparent substrate); (c) schenatiiizing sulfide- and oxide-based EL phosphors. Utilizing a
and process steps for the noninverted ELD structure. thinner ~500 nm GaN:Eu phosphor produces a luminance of
~25 cd/n? at a bias voltage of 120 V. High-voltage:200 V)
sizes (1 m? sheet glass). Dielectric layers can be sputt&@mplementary MOS drivers are readily available for biasing
deposited and can be chosen from the set ofQ4| AIN, of large area ac-ELDs. The independence of brightness with
SisN,, SION, BaTaOg, BaTiOs;, and SrTiQ. AIN, deposited view angle is seen in Fig. 12(b). The ability to have uniform
by MBE, is often used as a insulator dielectric for GaN:REMission over a wide range of view angles is one of the major
ac-ELDs because it has the additional advantagei situ advantages of emissive displays over liquid crystal displays.
deposition and use as buffer layer for promotion of GaN:RE GaN:Er ac-ELDs exhibit equally strong visible and IR emis-
grain growth. The GaN:RE layer thickness ranges from 0.5 sions. The frequency dependence of visible (537/558 nm) and
1 um and exhibits a permittivity of,, ~ 8. For the inverted IR emission (1550 nm) from a GaN:Er TFEL ac-ELD is shown
thin-film dielectric structure (TFEL), the dielectric layer thick-in Fig. 13. The infrared (1550 nm) GaN:Er emission originates
ness £200 nm) and permittivitfe,. > 8) are such that the from relaxation of the lowest excitedﬁstate%llgm). Its spe-
ac-ELDs operate reliably and the majority of applied voltage @fic applicability to optical communications will be discussed
capacitively coupled to the phosphor layer for efficient devidater in Section V. At low frequency<(1 kHz), the expected
operation. The deposition parameters of the GaN:RE phosplinear relation between frequency and visible and IR emission
are similar to those described in Section Il. In the noninverteéatensity is observed, with roughly as many photons emitted in
structure, the rear dielectric layer, adjacent to the opaque meted IR as in the green. As the frequency increases beyond 1 kHz,
electrode, can also be formed as a thick film1Q xm) by there is a clear saturation of the IR intensity. The visible emis-
techniques such as screen-printing followed by sintering. Thi®n 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 drivgig. 14. Brightness of GaN:Eu ac-ELD as a function of operating time.

frequency. Optical power density emitted in the visible (at 537/556 nm) anghe device is biased at 80 V above threshold. Extrapolation of the brightness

IR (at 1.54m) is also shown. decrease in the linear regime indicates a device lifetime (defined as 50% of
initial brightness) of 50 000 h.

higher frequencies. The frequency saturation is attributed to the
GaN:Er excited state lifetime [48] of each particular transitiorefficiency and reliability resulting in operational lifetimes of
These lifetimes have been measured to be on the ordet@fis 50 000 to 100 000 h at frequencies as low as 60 Hz.
for the visible green emission andl ms for the 1.5:m IR It is interesting to compare the total number of lumens that
emission. Similar results have been observed for GaN:Eu whesn be emitted from a GaN:RE ELD to an OLED display device.
an onset of frequency saturation for GaN:Eu red emission abdMigh improvements in luminous efficiency<(L Im/W) of the
1 kHz confirms that the GaN:Eu emission lifetime is relativel{zaN:RE phosphor layer the product of brightnes@0 cd/n¥)
long (~200us). Blue emitting GaN:Tm ac-ELDs behave simiand operational lifetime at 50% luminance 0 000 h) would
larly to GaN:Er ac-ELDs at high frequency since they also exesult in a total luminance generation-e$ x 10° cd/n?-h. This
hibit a relatively short spontaneous emission lifetimégns of is an order of magnitude larger that that of a commercial OLED
microseconds). display which is capable o5 x 10° cd/m?-h (~100 cd/n?,
One of the distinct advantages of GaN:RE EL phospho?§00 h).
is the rugged nature of the nitride material system. Unlike
[I-VI based ac-ELD phosphors and organic light emitting V. APPLICATIONS TOFPDs
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, A proven technology, ac-ELDs have provided the highest
use in harsh environments, and very long lifetime operatiolevel of monochrome display reliability. Recent breakthroughs
Previous attempts to bring about these advantages have focusepghosphor research have led to filtered full-color ac-ELD
on oxide ac-ELD phosphors. However, the highly-insulatindisplays [49]. However, the potential for low-cost and high-per-
oxide phosphors generally require much higher operatifgrmance ac-ELD displays is limited by the need for color
voltage than GaN:RE phosphors and there does not yet efiisering of the broad spectrum emitting 11-VI phosphors and by
an efficient blue oxide phosphor to enable full-color operatiothe stringent fabrication requirements for thin-film dielectrics.
Nitride phosphors offer the same stability benefits of oxiden order to remedy these limitations, we have developed
phosphors without the high-voltage requirement. As shown @aN:RE TDEL devices [50]. The GaN:RE TDEL devices
Fig. 14, nitride phosphors in a ac-ELD structure show excelleodmbine the full-color capability of GaN:RE phosphors with
accelerated aging characteristics even without hermetic sealiaglevice structure amenable to large area display fabrication.
The lifetime data in Fig. 14 extrapolates to 50 000 h to readte specific advantages of the GaN:RE TDEL device structure
50% brightness for 120-Hz device operation. The devidEig. 15(d)] are best understood through comparison with
lifetime varies inversely with the bias frequency, since power existing ac-ELD TFEL and TDEL structures [Fig. 15(a)—(c)].
dissipated and light is emitted from the device only when the Efficient coupling of voltage and, therefore, electric field
polarity of the bias voltage is reversed. Between excitationd,—2 MV/cm) to the phosphor layer in a standard all-thin-film
there is no power dissipation and the GaN:RE phosphor aactELD [Fig. 15(a), (b)] requires dielectrics which are free of
surrounding device structure do not deteriorate in brightnesisholes and other defects and exhibit a high dielectric constant
potential. The initial rapid luminance decrease is similar to th&t,, ~ 20-30 and/or high breakdown field (4—7 MV/cm).
seen in other ELD devices and is due to permanent electricent improvements in ac-ELD fabrication have led to the use
breakdown at pinholes/defects in the phosphor layer [6]. Thesfevery high permittivity thick-dielectric films. There are two
small breakdown points do not adversely effect long-term reiembodiments of these TDEL device structures. iherted
ability of the device. In commercial ELD displays, this initial(I)-TDEL device [51] approach is shown in Fig. 15(c). I-TDEL
luminance decrease is removed by a high-frequency “burn-iig’structurally superior to TFEL ac-ELDs in capacitance (device
stage which then allows for the display operation to begin gfficiency) and ease of large area fabrication due to use of a
the linear aging regime for improved gray-scale capability. It screen printed (and sintered) thick-film dielectric layer. The
reasonable to expect future improvements in GaN:RE ac-EliBick dielectric layer is unaffected by micron-sized defects

Device Structures for High Contrast



STECKL et al: RARE-EARTH-DOPED GaN: GROWTH, PROPERTIES, AND FABRICATION OF ELDS 759

(a} TFEL (k) I-TFEL
) rasar Elﬁrma
BaTapOg 300 nemi =
BaTapOg
IEnS:I'-'In.'ErE:Ee B00 r'|r'nI
Al TiOo 250 nm
imo 200 nm

Corning 7059 glass substrate

{c) -TDEL id) TDEL

Gy R
BaTiO3

= thin chelechnicE
T

Corning 1737 glasa aubsirate

Fig. 15. Cross-section schematic of alternative ac-ELD structures: (a) thin-film EL-TFEL; (b) inverted thin-film EL-I-TFEL; (c) inverted i¢hécitrid
EL-I-TDEL,; (d) thick-dielectric EL-TDEL.

or contaminants, which would cause catastrophic failure @he device is then completed by sputtering or screen printing of
thin-film dielectrics. However, the I-TDEL approach requires rear metal electrode. Since thick-film processing is utilized
formation of the opaque thick-film dielectric laybeforethe for the rear dielectric, the device can tolerate up to microm-
phosphor layer. This is required because the ZnS:Mn/SrS:&er-sized contaminants without loss of reliability. The emis-
phosphor is incompatible with the byproducts produced amtbn from a finished GaN:RE TDEL device is uniform to dimen-
temperature required by the dielectric sintering cycle [52]. Thisions less than 10m which exceeds display pixel requirements
in turn, leads to the inverted designation for the device sin¢e100.m to several millimeters).
light must be emitted away from the substrate given that the . )
thick dielectric layer is generally opaque. Adding further diffiB- Black Dielectric TDEL
culty, prior to phosphor deposition the thick dielectric surface Usage of light emitting devices for displays places an addi-
must be smoothed by an additional sol-gel planarization lay@tnal device requirement of low reflectivity of ambient light,
GaN:RE TDEL devices amoninvertedand emit light through commonly referred to as high contrast. Low reflectivity is im-
the glass substrate. As a result, these TDEL devices requirepaetant since reflected ambient light can make it difficult to re-
planarization layer since the phosphor layer is deposited befgegve the emission from a display pixel. The effectiveness of
the thick-film dielectric is applied. a light emitting device to be legible in bright lighting is mea-
The substrate of choice for TDEL structures is presently higbured [53] as contrast ratio, which is defined as the sum of
temperature-stable Corning 1737 glass which is widely utilizeghitted and reflected luminance divided by reflected luminance.
for active matrix liquid crystal displays. The thick dielectric alTFEL ac-ELDs achieve high contrast through minimizing re-
lows for tolerance of slight substrate surface defects. Therefofiectance from the rear metal electrode by optical interference
the TDEL structures are fabricated on industrial grade 173¥ light absorption. Such techniques are not available for use
glass which is~1/3 the cost of display grade 1737. The 173 I-TDEL [Fig. 15(c)] and TDEL [Fig. 15(d)] devices since
glass substrates are first coated with ITO for use as a tramse thick-dielectric layer is a strong diffuse reflector and little
parent front electrode. GaN:RE phosphor is then deposited withno light reaches the rear electrode before being reflected.
(or without) surrounding thin-film dielectric layers. Followingin order to combine the fabrication advantages of a GaN:RE
phosphor deposition, one or two layers of dielectric paste ar®EL device with high contrast operation, we have developed
screen printed through a wire mesh. The dielectric paste cemovel black thick-dielectric electroluminescent (B-TDEL) de-
tains BaTiQ along with glass or fluxing agents which facilitatevice structure. These B-TDEL devices exhibit superior device
low temperature sintering of the dielectric. Following printingcontrast which is easily observed by viewing the GaN:Eu TDEL
the dielectric layer is dried and then sintered #66—10 min and B-TDEL devices shown in Fig. 16. Both devices were op-
at a temperature which can range between 8000 800°C. erated up to 120 Y and 1 kHz. The BDEL operation clearly
The sintered thick dielectric has a thickness in the range @fsults in greater contrast. The black dielectric is formed by a
10 to 40 xm (one or more prints), a breakdown strength gdigmentation process which is highly effective in reducing the
~0.1-0.4 MV/cm, and a dielectric constant ef ~ 500-1000. reflectivity from the thick-dielectric layer while allowing it to
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Mormal Dielactric
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Fig. 16. Photographs showing the contrast enhancement achieved through use of a black thick-dielectric layer. The thick-dielectric GaN:EirHa)d€ujc

was photographed in 140 Ix white light ambient under 0, 80, and 120 V, and 1 kHz bias. The same device was then fabricated into a black thick diedectric dev
(d)—(f) and photographed under identical lighting and operating conditions. Shown in (g) is a range of colors that can be achieved with the dnipidgnate
dielectric.

retain both superior dielectric constant and breakdown voltage. 5

The spectral reflectivity versus wavelength (specutiffuse) [

from the front surface (facing 1737 glass) of a black thick di- 4f

electric and the black pigmentation medium itself are shown in 8 : dielectric:pigmentiglass ]
Fig. 17. The unpigmented thick dielectric exhibits a diffuse re- § 3f r—— .
flectivity of ~10%—20%. The black pigmentation medium dom- s ; ﬂ/ﬂf’/ W
inates the optical characteristics of the BaJiick dielectric. g o [T

The measured B-TDEL diffuse reflectivity e¥3% translates 2 i

to a luminous reflectivity 0f~2.5% considering the photopic & it pigmentiglass | |
response of the human eye. Future black dielectric reflectance S e st A '
is expected to reach levels of 0.5%. This low level of reflec- N R T T e R
tivity, in conjunction with 300 cd/rh TDEL device brightness, 0400 450 500 550 600 650 700
would allow for sunlight legibility (contrast ratio of 3:1 under Wavelength (nm)

100 000-Ix lighting conditions).
Fig.17. Percentreflectivity as a function of wavelength for black pigment and
black pigment-impregnated dielectric applied directly to a glass substrate.

C. Prototype Fabrication

Display prototypes using GaN:RE phosphors and blad&rmed through a combination of metal electrode sputtering and
B-TDEL device structures are under development at Extreraereen printing patterning. This low-cost approach, which does
Photonix Corporation, Cincinnati, OH. A 1.5-in diagonahot require photolithography, can produce features less than
GaN:Eu B-TDEL display is shown in Fig. 18(a). The prototyp&00.m in size. The resulting resolution of the patterned image
was formed using B-TDEL fabrication techniques described is shown in Fig. 18(b) and exceeds the resolution requirements
previous sections. The fixed image shown in the display w&s most flat-panel display screen formats.
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Fig. 18. GaN:Eu ac-ELD flat-panel display prototype: (a) overal (3
dimensions—X 1 in?; (b) pixel pitth—21 mm.

D. Multicolor Integration

As discussed in the previous sections, blue, green, and
electroluminescence have been reported fionsitu doped g &
GaN:RE devices. So-called mixed colors, such as turquoise E' ﬁ ||| ﬁ
yellow, have also been obtained from GaN:RE through unifor \ = |
codoping Er and Tm or Er and Eu, respectively. Two types wu:
color |r_1tegrat|qn have been pursued: vertical mtegra’qon aE%. 19. Fabrication procedure for multicolor integration using the SOG
lateral integration. In the former case, the phosphor films ar@off approach.
placed layer upon layer, while in the latter case, the pixels are

arranged side by side. The advantage of vertical integration jis .. . .
g 4 g g position. In general, shadow mask techniques cannot provide

that the structure is compact. However, the disadvantage is t & :
it prevents optimum operation of each color pixel. A two-cola e sharp features of the LoL technique because shadow masks

integrated ELD with stacked layers of GaN:Eu and GaN:Er haLe generally much thicker than an Lol and because they cannot

been reported [5] to emit green light under positive bias and r8 vide the same level of intimate surface contactasaLoL.

) ; . . . _._The main fabrication steps for multicolor lateral integration
light under negative bias. The advantage of lateral integration is ) . -
that it enables growth of each film under optimized conditio Ith the SOG Lol are llustrated schematically in Fig. 19. The

for the emission of each color [6], [54]; and that pixels ca:h off method consists of the following fabrication steps:

be biased at the optimum condition for each color. Yamauchi 1) Spin SOG on Si wafer twice, then coat PR and expose the
et al. [55] reported a two-color (red and green) TFEL device PR pattern;

fabricated laterally by a combination of wet etching and liftoff. 2) etch SOG with 0.1% diluted HF to form the SOG window
Since then many groups have studied and improved multicolor ~ for GaN:RE growth;

TFEL integration, mostly on 1l-VI hosts. 3) outgas SOG, grow GaN:Tm;

We have investigated two patterning techniques to obtain lat-4) lift off the SOG with HF revealing the GaN:Tm pattern;
eral multicolor integration: the use of liftoff techniques with ei- ©) repeat procedures from 1) to 4) twice, but grow GaN:Er
ther organic [56] or inorganic [57] sacrificial layers and the use ~ OF GaN:Eu layers;
of shadow masks [56] during growth of GaN:RE films. 6) produce PR patterns for ITO electrodes on GaN:RE

1) Integrated Color Device FabricationThe liftoff layer pixels;

(LoL) technique when used in conjunction with an organic 7) Sputter ITO thin films;

material (photoresist—PR) restricts the GaN:RE growth to 8) liftoff PRand annealinanNambientin order toincrease
temperatures below 100C. While these as-deposited films the conductivity of the ITO electrode.

result [56] in rather weak EL emission, a post-deposition 2) Integrated Color Device Characteristicdzig. 20 shows
high-temperature anneal has been shown [24] to increase tie three-color emission from the laterally integrated GaN:RE
emission intensity dramatically. We have also investigated tHe-ELDs using SOG LoL. The applied voltage on the blue and
use of inorganic LoLs, specifically spin-on-glass (SOG). SO@een pixels is 40 V and that on the red pixel is 30 V. The di-
is an attractive choice for this process for several reasonsmension of the GaN:RE thin-film pattern is 0.3 mm wide and
contains mainly Si@and little or no organics; it can be expose®.8 mm long. The size of the ITO electrodes is 0.2 mm wide
to high growth temperatures; and it can be etched off in a feand 0.7 mm long, and the ELDs are separated from each other
seconds in an HF solution. The shadow mask deposition allotgs0.3 mm. At these dimensions, the edge of the GaN:RE region
for higher GaN:RE temperature deposition than the photoregiéitained by SOG LoL patterning is quite sharp.

LoL, but not as high as the SOG LoL, because of deformationAll of the color emissions are bright enough to be easily
in the Al foils used as masks. Use of refractory metal (W, Tajewed with the naked eye under normal ambient lighting con-
foils as shadow masks will allow for much higher temperatuiditions. The emission brightness of each color pixel is shown as




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

50 e

4.0 | -

3.0 |-

2.0 |-

EL emission brightness (a.u.)

O«—blue (477 nm)

0 10 20 30 40 50 60 70
Applied voltage (V)

0.0

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.
Fig. 20. Laterally-integrated, full-color GaN:RE dc-ELDs: (a) reflected Paramount to the development of waveguides in any material
g?:cttrgggtﬂ%g’g.7°fm'r??ci"’('g)u;'mﬁﬁgﬁsisﬂg??g;;gﬁ'%rg'ef ’(G';?:Er)’is the ability to achieve etched surfaces with morphology com-
and blue (GaN:Tm) emission from devices under dc bias. 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
a function Of voltage in Fig. 21. A t_urn-on voltage for emission upled plasma (ICP) etch process specifically for the fabrica-
of 25-30 V is observed. Above this threshold, the emission &En of GaN and GaN:Er waveguides. ICP etching of GaN and its

allthree p!xe_ls mfcrea?re]: S golr\? Er Ie_ssIllge_arlyt\évnh;/oltagei wi loys has been reported [59] to provide smooth surfaces under
green emission from the GaN:Er pixel being the strongest. Eproperly designed etch conditions.

In this section, we have described lateral multicolor int
gration of GaN:RE dc-ELDs by_both organic and inorganig\' GaN Channel Waveguide Fabrication by ICP
liftoff and by shadow mask techniques. We have demonstrated ) ] ] ] )
three-color integration using liftoff with SOG sacrificial layers, TWo different GaN materials were studied. The first material
which appears to be the most practical integration approadiilized was commercially available GaN on»8); obtained
This is an important milestone in the progression toward tifgem TDI, Inc. This material consisted of an undoped Aré-

fabrication of full-color GaN:RE flat-panel displays. GaN layer grown on a double-side-polished @ substrate by
metallorganic chemical vapor deposition (MOVCD). The second

material was our own GaN:Er grown by MBE on-8); sub-
strates at 600C. The Er concentration was estimated to be 0.5-1
The applicability of GaN:RE materials to infrared ELDs haat.%. The crystalline, undoped commercial GaN was included
been shown in the previous sections. GaN:Er is of special iinthe etching experiments in order to provide “baseline” results
terest since it has been shown to be relatively immune to tfoe an extensive investigation into the properties of GaN and
thermal quenching [39] seen in other Er-doped semiconduct@aN:Er waveguides. GaN:RE material has been optimized for
and has the ability to incorporate significant concentration [2H§ht emission in other photonic applications, but has notyetbeen
of RE ions without precipitation and without quenching the phdully optimized in terms of optical transmission and scattering
toluminescence or electroluminescence intensity. These prog@eperties. The GaN:Er in this investigation was grown under
ties, in conjunction with the fact that GaN is a semiconduct@onditions for smooth morphology and optical transparency.
and can provide charge carrier excitation of the Er ions (unlike The materials were etched using a PlasmaTherm 790
insulators such as SiCEr), meet the key requirements for arplasma reactor in ICP mode. The only etch mask used was a
electrically pumped waveguide amplifier. 1.8-um-thick layer of Shipley 1818 positive photoresist. The
To determine the potential of next generation GaN integratedttern consisted of parallel om-wide straight lines. These
optic devices and systems, we have characterized the operatidmes enabled the etching of the ridge waveguide structure

V. APPLICATION TO 1.5-:m OPTICAL TELECOMMUNICATION
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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-eftross secti

shown in the schematic in Fig. 22(a). A fAr-based plasma 1000 1 - T - - T
etch chemistry was selected and optimized for commercial
GaN material by varying the ICP power from 300 to 700 W goo |- undoped. crystaline GaN o 1

and the RF power from 80 to 120 W. An Ar flow of 5 sccm,
Cly 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 [ GaN:Er
local morphology. A moderate ICP power of 500 W was chosen 200 | ]
and nearly flawless etching resulted from an RF power of r r._-—————""""’/" 1
100 W. This is illustrated in the scanning electron microscope i . . ' . ' . ]
(SEM) photograph of a GaN waveguide shown in Fig. 22(b). O o w1 1 1eo

The polished cross section of a waveguide with a ridge height Etch Time (sec)

of 900 nm is shown in the SEM photograph of Fig. 22(c). kig. 23. GaN waveguide fabrication by inductively coupled plasma etching:
has been shown [60] that sloping sidewalls produce very litéégeh depth versus time.

mode perturbation and may select the base width of the rib o )
when using the effective index technigue. measured a GaN refractive index of 2.352 at 632.8 nm using the

Fig. 23 shows the etch rates obtained for the undoped a#f¢ém coupling method. The refractive index of sapphire [64]
doped GaN films etched under the same conditions of 500 §ganges from-1.77 to~1.75 in the same wavelength range of
ICP power and 100 W RF power. The etch rate of the undop8g2-8 Nm to 1.5:m. A ridge width of 5.m was fixed by the
GaN is~400 nm/min, while Er-doped GaN film exhibits a muctflimensions of the lithographic mask mentioned above. Using
slower rate 0f-100 nm/min. This is somewhat surprising sincéh€ fixed values of the widttw) and film thicknesg, ), n. was
the undoped material is crystalline and the GaN:Er film hasG&lculated using the effective indices for the etched region)
polycrystalline structure at best. Usually, a reduction in cry@nd the unetched regidn.2). An etch depth of-0.3m was
tallinity is accompanied by an increase in etch rate due to tRBOSen since the resulting structure would have an appropriate
many weaker and/or broken bonds. A possible explanation Ig&€ective index differencgn.) and support only a few modes,
in the difference in electrical conductivity of the two materialdimiting the effect of higher order lossy modes.
with the Er-doped GaN film actually being much more resis- OPtical characterization was performed using the out-scat-
tive than the “undoped” film. Surface charge carriers are knoWa"ng technique. This technique [65] assumes that the scattering

[61] to play a critical role in the etching process and their alfenters are uniformly distributed and that the intensity of the
sence could certainly reduce the etch rate. 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 atrB0
intervals. The waveguide facets were polished in order to reduce
GaN optical channel waveguides were designed for use withughness that would scatter excess light. Channel loss mea-
the commercial material using the well-known effective indesured at one visible (633 nm) and two infrared (1307 and 1500
method [62]. GaN refractive index values©£.35 and~2.25 nm)wavelengthsis shownin Fig. 24. The channelloss decreases
at 632.8 nm and 1.bm were previously reported [63]. We havefrom a value of 5.4 dB/cm at 633 nm to a low of 4.1 dB/cm at

600 E

400 - b

Etch Depth (nm)

B. GaN Channel Waveguide Design and Characterization



764

10° T T T T

X =633 nm

o = 5.4 dBfcm
W
A =1307 nm i
M
[ ']
]

o = 4.6 dB/em

10"
[6]

Scattered Light Intensity (a.u.)

A =1500 nm
a =4.1dB/cm

1 0—2 L 1 1 I3
0 1 2 3 4 5

Distance (mm)

Fig. 24. GaN channel waveguide loss at visible (633 nm) and IR wavelengths[7]
(1.3 and 1.5¢m).

(8]

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 1.8t optical com-
munication applications.

[11]

VI. CONCLUSION

We have presented a review of the materials and device aspeJ:Jt%]
of RE-doped GaN. GaNfilms doped withREssuchasEu, Er, Tm,
emit red, green, and blue light, respectively. These are relativeli}3]
pure colors, produced byinner shell RE transitions. The GaN pro-
vides a very robust semiconductor host which can accept a largrg]
optically active RE concentration and can withstand the high
fields needed to provide hot carriers for impact excitation of th?jls]
RE ions in ELDs. GaN:RE growth mechanisms were reviewe
and conclusions obtained on optimization of the GaN layers for
RE emission. The fabrication processes and electrical models foyg
both dc- and ac-biased ELDs were reviewed. Multicolor latera
integration was achieved using severaltechniques. Devices based
on GaN:RE and designed specifically for flat-panel displays;,
were presented. A high contrast FPD device using a black thic
dielectric was described. A second application area of GaN:RE
technology is infrared optical telecommunications at 1.3 an(ﬁw]
1.5 um. The fabrication and characteristics of GaN:Er channel
waveguides for 1.5sm operation were also reviewed. The [19]
versatility and robust nature of RE-doped GaN technology holds
great promise for optoelectronic and photonic applications. [20]
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