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Visible emission from AIN doped with Eu and Tb ions
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We report the observation of visible cathodoluminesce(i@e) from AIN thin films grown on
sapphire(0001) substrate by molecular beam epitaxy and doped by implantation with &od

Tb3* ions. The strongest rare eaffRE) CL was observed from samples annealed at 1100 °C for 0.5

h in N, ambient. The sharp characteristic emission lines corresponding*todbd TE* intra-4f"

shell transitions are resolved in the spectral range from 350 to 900 nm. The CL spectra were
recorded over 1-16 keV electron energy in the temperature range of 8—330 K. The depth resolved
CL spectral analysis gives the luminescence surface a dead layer thicknes8 o for implanted

AIN samples. We observed several different recombination centers luminescing in the 286—480 nm
spectral region due to the presence of structural defects and oxygen impurities. The time resolved
spectra and the CL kinetics were studied. The decay timesSDgr— F, (EW"), °D;—'Fg

(Tb%"), and®D,— Fg (Tb3") transitions at 300 K are-0.4,~0.9, and~0.4 ms, respectively. We

also discuss possible excitation mechanisms of RE ions in AIN.2001 American Institute of
Physics. [DOI: 10.1063/1.1357447

I. INTRODUCTION this study were grown on sapphif@001 wafers by plasma
source molecular beam epitaxy in a custom designed ultra-

doped IlI-nitride semiconductors due to their potential app"_hlgh_\gacuum chamber with a base pressure lower than 1
cations in photonics systems. The AIN and AlGaN are inter-* 10 Torr. The groyvth chamber has, among other sources,
esting hosts for RE ions because of light emitting and wave@" EP! Uni-bulb radio frequencyf) plasma source for de-
guide devices. The advantage of AIN waveguides with dVery gf excited nitrogen and a 35 croold lip effusion cell .
refractive indexn=2.1—2.2 for single crystal epitaxial films for Al.” Prior to growth, the substrate was degreased by boil-
(1.9-2.1 for polycrystalline films, 1.8—1.9 for amorphpus NG in organic solvents, etched for 1 min in a solution of
cladded with A}O; (n=1.64) or SiQ (n=1.45) is that the 3:H:SO,~1:H,0,—1:H,0, rinsed in de-ionized water, and
high index difference between the core and cladding resultdried in nitrogen. In order to ensure homogeneous radiative
in high confinement of optical modes in the waveguide. Thigheating of the sapphire in vacuum, a 0.2-mm-thick Mo layer
ensures efficient amplification and pumping, as well as alwas deposited on the backside of the wafer by e-beam evapo-
lowing small waveguide bending radii for device applica-ration. The sapphire wafer was then annealed in a vacuum to
tions. Furthermore, its thermal and chemical stabilities mak&00 °C. This step was followed by surface nitridation of the
it attractive for the generation, guiding, and switching of wafer which was carried out for 1 h under the following
light. The potential of waveguides, fiber amplifiers, andconditions: sample temperature of 750 °C as measured by a
narrow-band lasers in optical communication systems, whiclpyrometer, a rf power of 400 W, and a nitrogen flow of 1
stimulated the initial development of this technology, wassccm. The growth of the AIN epilayer was conducted at a
confirmed by the spectacular emergence of erbium dopesample temperature of 750 °C using an Al beam equivalent
fiber amplifierst? Recently infrared and visible emissions pressure of 7.£10" 7 and the same nitrogen source setting
from Er doped crystalline AIN;* Er, and Th doped amor- as described above. This Al flux corresponds to a near-to
phous AIN>® as well as from AlGaN/GaN superlattice im- unity ratio between the group Ill and V fluxes.

There has been increasing interest in rare etRBE)

planted with EW, were reported. AIN films (~1 um thick) were doped by implantation
with Eu and Tb ions at room temperature. Each RE ion was
II. SAMPLES AND MEASUREMENT implanted at four energiE(QSO, 75, 38, and 17 k@\&t doses

chosen to give an approximately flat implant concentration
In this article we focus on measurements for visibledepth profile in the AIN layer. The implanting ion beam was
emissions from single crystal AIN thin films doped by im- jnclined at 7° to the normal of the AIN epilayer to prevent
plantation with Ed" and TB". The AIN samples used in channeling. A computer simulation of the depth profiles
(Pearson’s distributionindicates penetration depths for im-
dElectronic mail: lozykows@bobcat.ent.ohiou.edu planted ions approximately at the same rafigd5 nm with
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FIG. 1. CL emission from an unannealed reference AIN sartglexcited
by electron beant9 kev, 1 mA/enf) and measured at 300 tsolid line) FIG. 2. Evolution of CL TB" ions emission as a function of annealing
together with peaks obtained from deconvolution to Voigt badited  temperature, recorded at 300 K under electron beam parameters described in
lines). Numbers in parentheses indicate the bands’ peak positions reportafle figure. Spectrunta) is for unannealed reference AIN sample, spectrum
by Morita (Ref. 93 and attributed to nitrogen vacancies or interstitial Al (p) js for unannealed Tb implanted AIN sample, spe¢tiaand (d) are for
(349 and 372 nm and to oxygen impurity defectst31 and 458 nmre-  AIN:Th samples annealed for 30 min in,lmbient at 600 °Gc), 1100 °C
spectively. CL emission from an unannealed Tb doped AIN sanfiple  (g) respectively. All spectra were normalized with respect to the strongest
excited by electron beari® keV, 1 mA/cnf) and measured at 300 (olid peak of curve(d) at 492 nm and artificially shifted for clarity.
line) together with bands at 281, 324, and 360 nm obtained from deconvo-
lution to Voigt bandgdotted lines.

defects induced by the increase in oxygen concentration.
Oxygen is a very common impurity in AIN and its lumines-
cence has been reported in a wide spectral range from 295 to
43 nm°®
The evolution of the AIN:TB" CL emission spectra as a

the peak concentrations for: £u3.9x 10'° At/cm® and T
4.01x 10'° At/cm?, respectively. To optically activate incor-
porated impurities and remove ion implantation-induce

damage, the implanted AIN samples were subjected t " ¢ lina t ¢ d at 300 K und
postimplantation isochronal thermal annealing treatment unction of annealing temperature measured a unaer
(duration 30 mif in temperatures from 500 to 1100°C in a Identical excitation conditions are shown in Fig. 2. The spec-
tube furnace under a flow of Nat atmospheric pressure. trum () 'IndF'g% 2 is the CL Iem_:_shsmn ofk?n AII;I6ZS,Argr0vynth
Subsequently spectroscopic studies were conducted inclu _r:3a+nnea}e_ reference sample. 1he weakiine a nrr% IS the
ing cathodoluminescend€L) as a function of temperature emission line orlglnat!ng from the sapphire substrate.
depth resolved CL spectra, the CL time resolvetl TRS), Spectrum(b) is for the AIN:Tb unannealed sample, spectra
and CL kinetics using experimental setup and apparatus d © and_(d) are for samples annealed at 600 and 11.00. C,
respectively. It can be seen that only very weak emissions

scribed elsewher®. - . .
from a terbium ion are detected after implantation. The char-

IIl. RESULTS AND DISCUSSION acteristic 4 emission for all mv_estlgated RE ions in an AIN .
host start to appear at annealing temperatures about 600 °C

The CL spectra of undoped and Th doped AIN samplesnd increase as a function of the annealing temperature. The
measured at 300 K in the spectral range from 200 to 620 nrstrongest emission from RE ions was observed for samples
are shown in Fig. 1. The spectrufa) is the CL emission annealed at 1100 °C and is about 35 and 25 times stronger
from an unannealed reference AIN sample which contains &or Tb®* and E&*, respectively than for implanted and
broad modulated band centered at 375 nm. The weak modunannealed samples. We have reported a similar observation
lation of the broadband can be attributed to an interference ifor amorphous AIN:TH. CL spectra of AIN samples doped
the microcavity formed by the AIN-air and AIN-sapphire with Eu and Th annealed at 1100 °C recorded at 7 and 300 K
substrate interface. However, some of the bands obtaineate shown in Figs. @) and 3b). The excitation parameters
from deconvolutior(to Voigt band$ of this broad modulated are described in the figures together with the assignment for
spectrum have peak positions matching well with bands anchost of the RE' transitions based upon their correspon-
humps observed by Morita and oth&~© They were ob-  dence with the wavelength of luminescence lines of Rif
served at 349, 372, 389, 397, 431, and 458 nm and assignether host$® The CL emission of EX (4®) implanted into
as follows: the first two to nitrogen vacancies or interstitial AIN measured at 300 K in Fig.(d) exhibits several groups
Al, and the last two bands were attributed to oxygen impurityof emission lines linked to transitions froAD; and®°D, to
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Energy [eV] TABLE I. The electron penetration deptiR) as a function of energy cal-
2 1.6 culated at a normal and 45° incidence for AIN. TRg is calculated by

3632 28 24
e —— : ! scaling normal incidence data for Si according to the density ratio of Si and

1.0 = R
—_ (a) AlN'Eu3+ =2 AIN [Ref. 11a)], theRyg is calculated from Kanaya—Okayama mofieéf.
3 5 keV 1'3 mA/cmz 11(b)], and theRy is obtained from the Monte Carlo simulati¢Refs.
; 0.8 > J=1 Sp~"F 11(c)—(e)] (10° electron trajectories at each electron beam energy
I 1 [} g |
S Electron energy  Incident Ry ®@ Ryl Ry 0@
g [keV] angle [um] [um] [em]
z 1.6 0° 0.033 0.053 0.021
g 45° 0.038 0.016
= 3.0 0° 0.096 0.15 0.058
= 45° 0.11 0.046
O 6.0 0° 0.32 0.48 0.19
45° 0.34 0.15
: —— : 9.0 0° 0.64 0.95 0.38
350 450 550 650 750 850 45° 0.67 0.30
363432 3 28 26 2.4 22 2 12.0 0° 1.05 1.53 0.63
P T S IJ_.SI n 1 ._ 1 n 1 n 1 n 450 108 050
__1oq(b) . 1=6 " 1.0 16.0 0° 1.72 2.48 1.01
= AIN:Thb b= 45° 1.75 0.81
=g SkeV,1.3 mA/em” | 2
M =
o M
% 0.6 = . . .
5 ' 4; tron beam energy, PGlectron trajectories were simulated to
=z = obtain satisfactory statistical accuracy. The MC simulations
= 0.4 ;
g 8 accurately calculate the total electron energy loss profiles
k= = (depth and lateralof primary electron interactions in mate-
61 02 d rials. When the incident angle is 45° to the normal, the in-
teraction volume becomes asymmetric about the beam axis
0.0

and the depth dimension of the envelope containing a given
fraction of the trajectories falls. As an approximation, the
Ruc andRgo penetration depths for tilted sample are given
FIG. 3. CL spectra of AIN doped with B () and TG* (b) recorded at 7 by R(a) =R, Cos(a), whereR, is the penetration depth at
K (right scale and 300 K(left scale$ excited b_y ele_ctron bgam with energy normal incident, and is the incident ang|e. Table | summa-
5 keV and current 1 mA/cfmeasured under identical excitation conditions. fize the maximum penetration depth obtained from the above
methods using a density of 2.33 g/&for Si and 3.26 g/cth
for AIN.
levels of the’F; ground terms, and the much weaker emis-  The Rko and Ry penetration depths calculated at inci-
sions from electronic stat€§;, °L;, °Dy4, °D3, and®D,.  dent angle 45° are plotted in Fig. 4 showing that the penetra-
We also observed the broadband at 475 nm due to the hogbn depthRy,, is bigger thanRyc. The MC simulations
emission. The CL spectra of AIN doped with Ib(4%)  provide more reliable results in good agreement for a depth
recorded at 7 Kupper spectrumand 300 K(a lower spec-
trum) are shown in Fig. @). The sharp line structures arise

T T T T T T T T T T T T T
350 400 450 500 550 600 650
Wavelength [nm]

from D, and °D; emissions to the’F; multiplets. The 2.5 5 /
5 7 . . ] ;

D3—'F, 10 transitions are masked by the more intense E AlN, 3.26 g/cm /
°D,—'F¢ emission that occurs at a similar energy, and i —— MC simulations data '
could not be clearly observed. =l 2'0'; --—-- K-O equation ,"

In order to determine the CL depth resolved spectra from= 3 A

Eu and Th doped AIN samples we recorded emission spectris 1.5 3 v z

under a constant excitation power Bf,=4.26 W/cnt with 5 ] v

electron acceleration voltage varying from 0.5 to 16 kV. The § 0: i

CL experimental data were obtained for the incident electrong " ] e -
beam at an angle 45° to the normal. The electron penetratioi™ ] e —

depths were obtained using three methods, the Norris 0.5 i

(Ry) scaling techniqué’® the Kanaya—Okayama model ] /_/-"’//

(Rko), ™™ and Monte Carlo (MC) simulations 00 ez

(Ryc).*49~©® The penetration rangBy was calculated by 0 2 4 6 8 10 12 14 16 18 20
scaling normal incidence data for Si according to the density Incident Electron Energy [keV]

ratio of Si and AIN, theRyg is calculated using the Kanaya— _ o

Okayama equation, and thMc was obtained from the MC FIG. 4. The electron beam range as a function of the |nc_|dent _electron
. . . ; .. energy calculated for AIN epilayer using tlt@ Monte Carlo simulations

simulations. The MC simulations were performed for inci- and (b) Kanaya—Okayama equation, for the incident beam angle 45° to the

dent beam angles of 0° and 45° to the normal. At each eleaormal.
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FIG. 5. Depth resolved CL spectra of AIN:Eumeasured a8 K and con-
stant beam power excitation conditiofls2 W/cnf) artificially shifted up
for clarity. The emission lineD,—'F, recorded at 16 keV is 25 times
stronger than the band at 480 rifigure shows only~6% total intensity of
this transition.

FIG. 6. Depth resolved CL spectra of AIN:Thmeasured at 8 K and con-
stant beam power excitation conditiol2 W/cn?) artificially shifted up
for clarity. The emission lineD;— 'Fs recorded at 14 keV is 50 times
stronger than the band at 480 rifigure shows only~3% total intensity of
this transition.

profile and for absolute values of the energy dissipation bedround is barely noticeable. The dominaBtz— 'F transi-

tween the experimental and the calculation data.
The depth resolved CL spectra measure8 & for Al-

tion is about 50 times stronger than the broadband 480
nm which start to appear at4 keV. To separate the ¥b

N:Eu and for AIN:Tb are shown in Figs. 5 and 6, reSpeC_emission from the AIN host band we measured the CL TRS
tively. The E§* and T8 ion emissions are detected begin- Shown in Fig. 7. The spectra were recordé®« using as
ning at approximately 1.5 and 1.6 keV which corresponds tXcitation source a pulsed electron beam with an energy of 9

keV and current density 1 mA/chior different delay times.

an electron penetration dep®Ryc~15nm (Th) and Ryc
~16nm (Eu), respectively. The emission spectra up to 3
keV contain only characteristicf44f sharp lines attributed
to E*" and TB" ions without any AIN host broadband
emission background. At an electron acceleration voltage
above~4 kV (Ryc=75nm), a broadband centered at 480
nm starts to appear, and grows with increasing beam energy,
which is seen for AIN doped with Eu samples in Fig. 5. At
acceleration voltages higher than 9 kR{c=300 nm), two
new bands emerge at 400 and 440 nm and overlap with the
existing band at~480 nm. With still higher acceleration
voltage the ~480 nm emission band intensity increases
while the two shorter wavelength bands at 400 and 440 nm
increase faster and become equal with the band peaking at
~480 nm at acceleration voltage 16 k\R4c=810nm).
Note that the intensities of Bt transitions from®D, to
'F1,3 levels are much stronger than the broadband at 480
nm. At electron excitation energy of 16 keV the emission
line 5Dy— F, is 25 times stronger than the band at 480 nm
(Fig. 5 shows only 6% total intensity of transitiotD,
—'F,) A closer look at Fig. lupper spectruinreveals that
their positions are close to the bands position obtained from
the deconvolution analyses done for the reference AIN

CI’3+
e
= Delay
z [us]
& e 0
&
= e 50
]
@ for 100
v 250
b 500
-~ 750
_._MMM_.MEQO

AIN:Tb™,9 K
s g CL: 9 keV, 1 mA/cm’

T T T T T T T T T
300 400 500 600 700
Wavelength [nm]

sample. For Th doped AN sampl(alélg. 6, the emission is FIG. 7. CL time resolved spectra of AIN:Tbrecorded &8 K with pulsed

dominated by terbium line emission in the blue and greenyectron beam energy 9 keV and current 1 mAdchfter delay time of 2.5

spectral region, and the existence of the host wideband backss the AIN host emission dominates the spectrum.

Downloaded 03 Jul 2002 to 132.235.18.48. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



4388 J. Appl. Phys., Vol. 89, No. 8, 15 April 2001 Jadwisienczak et al.

and the local microstructure around the RE ions. The space
group symmetry of wurtzite AIN crystal i@é\,— P6;mc and
the Al cation occupies the site of point group symmetry .
Recently, using the emission channeling technique, the lat-
tice site occupation of light alkalis Li, Na, and In and Sr in
AIN were determined as relaxed substitutional Al sitef.is
* Emission generally accepted that rare earth impurities in 1ll-V semi-
at ~480 nm conductors create isoelectronic trdf€On the basis of the
100 above experimental finding and the crystal field calculation
for PP" in GaN® and discussion presented by
0246 810121416 14 . :
[keV] Lozykowski;” the Al sites are the most probable locations
m AIN:Tb at 424 nm for rare earth ions in AIN. The RE ions in hexagonal AIN
® AIN:Eu at 623 nm occupy relaxed cation sites 6f, symmetry. The outer elec-
' L S S S S tron configurations of RE ions are the same €35p®). If
0 2 ‘ 6 § 10 d2- 1416 Bt i lace the element from column 1l
Incident Electron Energy [keV] the3+R +|qns rept . .
(AI®*, G&™") in lll-nitride semiconductors that are isovalent
FIG. 8. Variation of CL intensity of selected Th (°D;— "F5) (M) at 424 Conceming outer glectrons_ of QE.iO.nS’ we believe t.hat they
nm and E&" (°Dy—'F,) (@) at 623 nm emission lines as a function of Cr€ate isoelectronic traps in lll-nitrid¢REI trap. This con-
incident electron excitation energy. Inset shows the intensity of the hos€lusion is supported by the fact that the atomic covalent radii
emission monitored at 480 nm vs incident electron excitation energy. All(jonic RE3+) for all rare earths are greater than the atomic
emission pgak '|ntensmes were normal.lzed to the strongest Th peak at 4%’%dii of Al and Ga that they are replacing. Pauling's elec-
nm. The solid lines are added as an aid to the eyes. . -
tronegativityXge of RE elementg1.1-1.25 is smaller than
Xca aGa(1.81), and All.61) for which it substitutes. As-
The CL spectra show transitions which originate’y, and ~ suming that REI traps are created in AIN we may consider
5D, levels and terminate in théF manifolds superimposed the several possible mechanisms of energy transfer. The first
on a weak broadband peaking at approximately 480 nm. This the energy transfer process from excitons bound to struc-
Tb*" emission line intensity gradually decreases with in-tured isoelectronic centers to core electrons. The second
creased delay time and is clearly seen even for 2.5 ms delaygechanism is the transfer of energy to the core electrons
after an excitation electron beam pulse. For the 2.5 ms delajyvolving the structured isoelectronic trépr other interme-
the host emission at-480 nm and G line at 694 nm diate statg occupied by electrongholes and free holes
dominate the spectruffirig. 7). Furthermore, for the AIN:Th  (electrong in the valencgconduction band. A third mecha-
samples we did not observed broadband emission480 nism is transfer through an inelastic scattering process in
nm as clearly as we did for the reference and Eu doped AlNvhich the energy of a free exciton near a REI trap is given to
samples under the same excitation conditions. The positiothe localized core excited states. If the initial and final states
of this band coincides with the band at 480 nm observed foare not resonant, the energy mismatch must be distributed in
AIN:Eu and AIN reference samples which are shown in Fig.some way, e.g., by phonon emission or absorptionCip
1(a) and Fig. 5. The CL TRS of AIN doped with E(not  crystal symmetry the states with=0, 1, 2, 3, 4, 5, 6, will
shown measured under the same excitation conditions doesplit into 1(0), 1(1), 1(2), 3(2), 3(3), 3(4), 5(4), single (dou-
not exhibit any difference in AIN host emission, but the linesbly) degenerated crystal fieldSJ levels, respectively. The
due to Ed" transitions decay faster and almost vanish forrare earth ions located at a specific crystal site are associated
2.0 ms delays after an excitation electron beam pulse. Variawith characteristic optical transitions subject to the selection
tion of the emission intensities for transitionsD, rules that are governed by the crystal symmetry of the site.
—F,(EW®") and®D;— "F5(Tb®") as well as the host band Extracting symmetry information of RE centers from the
emission as a function of incident electron energy is showrsharp lines 4" luminescence spectrum is difficult. This is
in Fig. 8. We observed that the emission intensity of Th ionsbecause, besides the purely electronic lines, CL spectra con-
increases faster than the emission intensity of Eu ions in th&in vibronic and satellite lines, lines due to other site sym-
excitation energy range from 2 to 16 keV, whereas the hostnetry, and in real crystals, lines due to the splitting of doubly
band emission at 480 nm gains intensity faster for AINdegenerated in pur€;, symmetry crystal field levels.
doped with Eu than for AIN sample doped with Tibset of To get a better insight into the nature of energy migra-
Fig. 8. The host emission band emerges at approximatelyion processes we studied the CL and CL kinetics of inves-
~4 keV for EF" and TB* which correspond toRyc  tigated RE ion emission lines as a function of temperature.
~75nm. In cathodoluminescence the RE ions can be excitedlhe CL intensity of AIN:Eu strongest lines, attributed to
via direct impact with hot electrons, as well as by energymagnetic-dipole °D,— F,(602nm) and electric-dipole
transfer processes from the generated electron-hole pairs D ,— 'F,(623 nm) transitions as a function of temperature
by impact excitation(or ionization involving other impuri-  are shown in Fig. @). We can see that thermal quenching of
ties (or complex defecfswith subsequent energy transfers to both investigated transitions is very weak up to 330 K. For
RE 4f shell electrons. An important issue of the RE ionsAIN doped with TE" electric-dipole transitions originating
excitation process is the RE ion-host lattice couplingfrom the®D; or °D, level exhibit well-separated groups of
strength, which is determined by RE ion lattice site locationlines due to Stark splitting leve[$ig. 3(b)] and their inten-

1

CL Inten. [a.u.]

CL Intensity [a.u.

—
<
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FIG. 9. Temperature dependence of CL intensity of selected Ea) (®)

and T (b) (M) transition lines. Samples were excited by electron beam
with energy 5 keV and current 1 mA/érand measured under identical
excitation conditions. Solid lines are added as an aid to the eyes.

FIG. 10. The experimental CL decays of the strongest luminescent lines of
Eu’t (@) and TB™" (b) recorded at 7 and 300 K together with the fittings to
expression including IH equation and extra exponential tesofid lines.

» ) ) from the excited donob* to the neighboring donor ion in
sities as a function of temperature are shown in Fig).9Ve  g,,nd statdD) such that the second ion ends in the identi-
found that transitions starting from these levels are very sensy| excited stat®* . We called that process a donor—donor
sitive to ambient temperature and behave in the same Manngh _p) transfer'’” This migration of the excitation over the
whe5n the tempesrature is changed. The energy gap betweeynors changes the trapping efficiency since all excited do-
the °D5 and the”D, states is about 5405 ch The AIN g including those which are initially far away from any
growth by different techniques shows oxygen and hydrogeRa, can now transfer energy to donors which have traps as
contamination. The nonradiative relaxation from s poq neighbors. In order to determine the nature of the ion—
state can be increased by the presence_lof OH groups due g, interaction in this system we analyzed the decays of sev-
their large vibrational frequenc§8750 cm *) which signifi- o131 emission lines of these ions as a function of temperature
cantly reduces the number of phonons necessary to COVel the basis of the Inokuti—Hirayantt) model” The CL
the energy gap. Also, cross relaxation oDz, Fg) decay kinetics of the Eii°D,—’F, at 623 nm and
—|°Dy4,"Fq1) may contribute to these processes. Similar ob—y3+ 5D, 7F at 424 nm andD,—Fg at 496 nm emis-
servations have been reported for amorphous Tb doped Alljsns have been measured at different temperatures and the

. 6 . .
film.> As mentioned above, the most probable location of REgyperimental decay time data together with the fitting to ex-
ions in an AIN host is an Al site, and we can assume thahession including IH equation and exponential term are

there will be vibrational frequencies associated with local-ghown as semilog plots normalized to unitytat0 in Fig.

ized motion of the impurity in addition to the band spectrumy_The early part of the decay curves in Fig. 10 are nonex-
of the host lattice vibration. Since REs are heavier than they,nengial while the late-time luminescence decay is approxi-
Al atom, alocal vibration mode involving Eu or Tb will have a¢ely exponential with radiative times, listed in Table II.

a lower energy than the lattice modes, providing the forcerp;g suggests that some of the Ewand TB* ions are in
constants do not change greatly for this substitution. Thery isolated sites. The deviation from exponential data for
most tightly boung centers are expected to have the strongegie very-late part of the decay curves may be due to multi-
local-mode effect” This may result in efficient energy trans- gjo phenomena or other processes like resonant and nonreso-

fer via multiphonon processes from the AIN host to the RE,an energy transfer or upconversion not included here. The
ion, which we believe is observed for the Tb doped AIN

sample.

Furthermore, we studied CL kinetics for selected®Eu  TABLE II. Decay times of an exponential component in CL decay for
and TE" ion transitions at different temperatures. The inves-selected transitions of Bt and T5* ions measured at 7 and 300 K.
tigation of CL quenching _of the singly dope_d (Ia-Q‘EAIN e o
with temperature can provide information on interaction be-
tween like ions, ions with native defects, and ions with un- °Dg—F, *D3—7Fs °D,4—F¢

intentionally incorporated impurities. At low doping concen- 623 nm 424 nm 492 nm
. . . . : us
trations of europium and terbium in AIN, the REions form 7K 428.0 2375 4311

a disordered system with a wide range of inter-ion separa- 3qq 4085 9326 420.0
tions. For a resonant process an excitation can be transferred

Downloaded 03 Jul 2002 to 132.235.18.48. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



4390 J. Appl. Phys., Vol. 89, No. 8, 15 April 2001 Jadwisienczak et al.

RE isoelectronic trap cannot necessarily be a pure substitu?A. Polman, J. Appl. Phys82, 1 (1997.
tional center. Because the RE ions are very active chemi’R. G. Wilson, R. N. Schwartz, C. R. Abernathy, S. J. Pearton, N. New-

: : man, M. Rubin, T. Fu, and J. M. Zavada, Appl. Phys. L&%.992(1994).
cally, they can create a more complex center involving other4A. Young, S. Goss, L. Brillson, J. D. Mackenzie, and C. R. Abernathy, J.

impurity or/and native defects. Electron. Mater29, 311 (2000.
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