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Temperature dependence of energy transfer mechanisms in Eu-doped GaN
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The temperature dependent behavior of continuous-wave and time-resolved photoluminescence of
Eu-doped GaN in the visible region is measured for botPig— 'F, and®D,— ’F transitions.

The radiative decay of these transitions, following pulsed laser excitation of the GaN host, is
monitored by a grating spectrometer and photomultiplier tube detector system. In addition to these
two radiative energy transfer pathways within3Eu the data reveal two nonradiative energy
transfer paths between £uand the host GaN. Decay constants for the relaxation processes are
extracted from the data using a numerically solved rate equation model. Although the dominant
radiative relaxation processes decayed with a temperature insensitive decay constant.sf 466
prominent role for nonradiative transfer betweer? Eand impurities within the GaN host was
deduced above 180 K. @004 American Institute of Physic§DOI: 10.1063/1.1738529

I. INTRODUCTION the luminescence lines are much sharpg=E/AE

~200). However, the RE ions are not completely immune to

Recently, rare-eartiRE) doped llI-V semiconductors o . .
have been intensively studied for their potential use in inte:[he host. Transitions betweerl fevels of isolated RE" ions

grated optoelectronic devices like visiblblue, green, red are electric dipole forbidden transitions, so the host either

and infrared luminescent devick&Overcoming thermal and relaxes the electric dipole selection rules through an addi-
concentration-induced quenching and increasing the effedional crystal field perturbatiofforced electric dipole transi-
tive number of optically active RE ions in the host for en- tion) or allows non-negligible higher order transitions such
hanced efficiency will be necessary to make these deviceds magnetic dipole or electric quadrupole transitiths?
useful. Er-doped Si and GaAs initially received much atten-Quasiparticle formations, like excitonic polarons near a
tion for their 1.54um IR emission, but wide band gap semi- RE3" ion site, also affect transition probabilities between 4
conductor hosts like GaN and ZnO have been shown to exstates by relaxing forbidden selection rutés? The typical
hibit very efficient visible green emissid®37 nm, 558 nli  oscillator strength of allowed intraf4transitions is of order
as We“?'4 This has stimulated the search for other RE dOp-of 1076, and |uminescence decay times can be as SlOW as
ants like Ed* (red: 622 nmand Tn?" (blue: 477 nm, ina  tens of milliseconds.
variety of host materials to expand the spectrum in visible
region?

Rare-earth atoms in 1l1I-V semiconductors typically oc-
cupy cation substitutional sites witb;, symmetry, forming

A combined and unified picture of the origin of lumines-
cence and thermal quenching for various RE-doped semicon-
ductors is emerging. Emission from thé #ansitions is en-
trivalent RE* ions as long as they are not located near thehanced when the non.radiative .trans.ition propabilities
surface®=® The detected visible or infrared emissions from Fiecrease and the .po-pulatlon of RE ions in the excited states
rare-earth ions arise from transitions between inffacdn-  ncreases. Nonradiative energy transfer leakage pathways out
figuration levels that are partially filled. Electrons in these©f the RE™ ions, either by direct excitations or by delivering
levels are strongly localized near the nucleus (0.4 A) and  energy through the host material, clearly must be understood.
shielded by the & and 5° orbitals. Therefore, they weakly The study of combined spectral and temporal features of
participate in chemical bonding, and emission from intfa-4 luminescence at different temperatures, excitation intensities,
shell transitions is nearly unaffected by the host type. As and energies can reveal the salient energy transfer mecha-
further manifestation of host insensitivity, RE emission in-nisms in RE-doped semiconductors. Here, we present
tensity varies much less with temperature than those of quaremperature-dependent continuous-wave and time-resolved
tum well- or even quantum dot-based photon emitters, anghotoluminescence data for the visible emission in Eu-doped
GaN. Simple rate equation models are developed to interpret
dElectronic mail: everitt@phy.duke.edu and fit the data and to extract the decay constants.
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FIG. 1. CWPL spectra at 86 K and 303 K are shown. Two dominant emisFIG. 2. TRPL signals fofD,— 'F, and®Do— F transitions at three tem-
sion lines from E&" ions at 1.99 e\(622.4 nm for the3D,— ’F, transition peratures are shown. The logarithmic scale shows the deviations from the

and at 1.86 e\(665 nn) for the 5D,— "F transition are clearly seen. The Single exponential behavior in the first 3.
spectral windows encompassed by the subsequent TRPL data are indicated
by the shaded regions.
do not shiftasignificantly with temperature. The two most
dominant Ed* emission lines are associated with @,
Il. EXPERIMENT —'F, transition (1.992 eV} and the®Dy— 'F transition
The Eu-doped GaN sample was growm situ on a  (1.864 e\.1*~*¥The®D,— ’F, transition in the E&" ion is
Si(111) substrate by solid state molecular beam epitaxyan electric dipole type transition, bdD,— ’F3 transition
(MBE). The spectra of RE-doped materials grown by thisarises from non-negligible total angular momentum
technique usually exhibit sharper and more homogeneousixing.l> The measured ratio of the spectrally integrated
lines than that by other techniques like ion-implantation orCWPL intensities approximates the ratio of the spontaneous
gas source MBE® The detailed sample preparation proce-emission probabilities of théD,—’F, transition to the
dure is available elsewhe?élhe estimated Eu concentration °D,— ’F5 transition. The measured value of 10.0 is very
~10Pcm 3 (~1 at. % produces optimal red luminescence. close to the reported valu®.95 in Eu-doped YAIQ.*?
Cross relaxation between Euions, which may suppress the Eu®" ions typically occupy substitutional sites with per-
luminescence efficiency, is expected to be negligible at thiect C5, symmetry. With such placement, th®,—F,
low concentration. transition is predicted to consist of three peaks due to crystal
The continuous-wave photoluminescef@WVPL) exci-  field splitting® This triplet is observed in the low tempera-
tation source was a HeCd laser operating at 3.81%328.0  ture, high resolution CWPL data. Furthermore, thg,
nm) and ~2.5 Wi/cn?. The pulsed excitation for the time- —’F transition(2.13 eV or 582 nm which may only be
resolved photoluminescend@RPL) was a frequency qua- activated by E&" at interstitial sites with lower symmetry
drupled signal of the superfluorescence from a wavelengththan C;,, was not detectetf. In the case of th€D,—"F,
tunable optical parametric amplifier, pumped by atransition at 1.864 e¥%®which is forbidden even when
Ti:sapphire oscillator-seeded regenerative amplifier with a both  crystal field splitting and J-J mixing are
kHz repetition rate. The temporal width of the 4.13 800  considered®~*?a doublet is observed.
nm) excitation pulse was less than 200 fs, and the excitation  Negligible temperature dependent shi#s0.1 nn) were
intensity was 1.18uJ/cnf. The sample was mounted in a detected from both theéD,— F, and®D,— 'F5 transitions,
cryostat so the temperature could be varied between 86—3Q8ut in both transitions only the lowest energy peak persists to
K with 10 K steps andt1.5 K accuracy. Photoluminescence 303 K. Moreover, the spectrally integrated 86 K emissions
was collected by a lens and focused by a spherical mirrowere quenched at 303 K by 5.0 and 3.6 times, respectively,
onto the input slit of a 0.75 m single grating monochrometerindicating an important role for nonradiative recombination.
whose spectral resolution was adjusted to be 0.8 nm. The
diffracted luminescence was detected by a thermo- _, _
electrically-cooled, 1000-V-biased Hamamatsu R928 photoB- TiMe-resolved photoluminescence
multiplier tube which has a response time faster than 30 ns.  The temporal evolution of luminescence decay was mea-
Standard lock-in techniques were used to detect the CWPsured for the’Dy— 'F, and°D,— 'F5 transitions for more
signals. The detected TRPL signals were sampled and avethan 23 temperatures between 86 K and 30@k. 2). The
aged by a digitizing oscilloscope with 1 GHz bandwidth.  spectral window for TRPL is set to 4.9 meV and 4.5 meV,
respectively, to cover the entire low energy-split peak of each
IIl. RESULTS transition(shaded regions in Fig.)1The detected initial rise
time is approximately 1Qus for all temperatures. The decay
time is approximately 20Qs; however, the signal increas-
The 86 K and 303 K CWPL spectra of Eu-doped GaNingly deviates from single exponential decay with increasing
are shown in Fig. 1. The sharp emission lines from th&'Eu temperature.

A. Continuous wave photoluminescence
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280 o — @ likely associated with transitions involving both temperature-
260} :2 § . % . 1 insensitive radiative decay and temperature sensitive nonra-
240 ¢ }ésig ; P 1 diative decay mechanisms. This observation is consistent
75220 ¢ with prior measurements of decay lifetimes in other RE-
=+ A doped semiconductor systeffs® The faster decay time,
£ " 1, reflects the action of additional nonradiative relaxation
601" 7 % % ] é ; % T mechanisms that depopulate th, state. The normalized
a0l ﬁﬂ-%’ ' ; ] amplitude of the “fast” component is a nearly constant 25%
at temperatures below 180 K6 me\), then it increases to
W+t 6 78 19', 10 11 12 13 approximately 40% of the signal by 300 K. This suggests a
1000/T (K™) temperature-dependent, nonradiative decay with a 16 meV
05 activation energy for the underlying mechanism.
' (b) In an attempt to characterize these decay features, the
B 04} iﬁtﬂ . microscopic  analysis introduced by Inokuti and
2 3 5 Hirayama?2®-22
Eoal  Fak T 7 ]
< .@5@@ @ %
'§02- -'.l.... i. % g‘ i t t 3/s 3
3 I(t)=1(0)ex T__A T_ r 1—g , (2
5 01} = AJAFA,) | 0 0
o AJA+A ) ) , ,
0.0 o BB 8 was used to fit the data, whel&x) is the gamma function.

23458 (8K1)9 101112 13 This analysis assumes the dominant nonradiative relaxation

FIG. 3. (a) Biexponential fit results for the fagsquaresand slow(circles pathway a“se_s from cross rela_‘xatlo_n betweefi'Hons. The .
decay times versus temperature of fi2,—’F, (solid) and 5Dy— 'F4 second term in the exponential arises from the assumption
(open transitions.(b) Biexponential fit results for the normalized amplitude that RE™ ions act as donors, wherecontains the phenom-
versus temperature of ti®— 'F, (solid) and®Do—F3 (open transition.  englogical donor—acceptor cross-relaxation rate that is in-
Eoztg.'g)fj'cate a clear change in temperature dependence at tBOR/180 o oy nroportional to theth power of the average distance
between two ions. I6is 6, 8, and 10, then the type of the
cross-relaxation is dipole—dipole, dipole—quadrupole, and
uadrupole—quadrupole, respectiv&ly.
Although acceptable fits to the data were obtained using
(2), the derived value for the parametgis an unphysical
+AsieXF< _ L) (1) s<3. This_sup_ports_ the ear_lier_assertio_n that thé Eion
Tsi concentration in this material is not high enough for any
significant multipole—multipole interactions between®Eu
The temperature dependencies of the fitted decay times ( ions. Other nonradiative_ relaxation mechani_sms are at wqu,
and 7, for the faster and slower component, respectively and another model that includes these dominant mechanisms
and the normalized amplitudes /(A +A,,)) of the®D,  Must be developed.
—'F, and®°Dy— "F5 transitions are shown in Figs(8 and
3(b), respectively. To within experimental uncertainty, the
component decay times for both transitions are the same at@ Time-integrated photoluminescence
given temperature. Both decay times increasingly accelerate
with increasing temperature. The slower decay timg, is

Indeed, the decaying signal can be well fit by the phe-q
nomenological biexponential formula

t
|(t):Af| eXF{ - T_

fi

where i=2,3 for °Dy—'F, and °Dy— 'F3, respectively.

Another insight into the underlying dynamics is obtained
by comparing the temperature-dependent correlation be-
tweentg; and the time-integrated photoluminesceftHL)
intensities of both transition@~ig. 4). The intensity of the

' l 280 photon emission is proportional to the transition probability,
le gl % 1260 3 so the fact that the low temperature TIPL intensities agd
= L1 zéﬁé‘ﬁ i I E © 1240 g have the same temperature dependence suggests that radia-
=N w1y %Dé T ! 1 %_220 i tive recombination is the dominant low temperature relax-
2 L 3 ”J:D' § ation process. Above 180 K, both the TIPL intensity and
E L% an TIPL 7, {200 @ drop, indicating that much of the decrease in emission inten-
Fl s DS, | | a {180 3 sity may be attributed to the accelerating decay constgnt
ﬁ D-'F, | o N 160 n However, the TIPL intensity drops more steeply with tem-
- ] perature tharrg;, suggesting the onset of another competi-

23 45 1%0071_ ('2,)9 10 11 12 tive relaxation pathway with a corresponding activation en-

F1G. 4. A combined olot of th g dent time.i don ergy of 16 meV. This is the second indication of this

- 4. A combined plot of the temperature-dependent time-integrated phop 5 giative process first observed in the increasing promi-
toluminescencdTIPL) and 7g; from the biexponential fits of both transi- . .

tions. TIPL values begin to deviate from the values above 180 K, sug- nence of the faster biexponential TRPL decay feature above

gesting the onset of a nonradiative energy transfer process. 180 K.
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IV. SIMULATION Model 1 Model 2

In order to characterize these relaxation processes, a
more complex phenomenological energy transfer model was
developed, and the ability of the physically-motivated model
to reproduce the TRPL data was used to identify the most
important processes. The decay constants from various radia-
tive and nonradiative energy transfer processes were ob-
tained by the fitting the model to the entire TRPL trace,
including the initial rising edge, for both transitions at a
given temperature.

In constructing this model, a number of assumptions
were made. First, the energy transfer pathway that excites the
5D, state of the E%i" ions starts with excitation of the GaN
host material because the absorption cross section ¥f Eu
ions at 4.13 eV is negligible compared to that of band-to-
band transition of the GaN ho%t.Therefore, the action of

T, -
Impurity/Trap
Tl 7, ) Tt

Py /
;

the laser can be simulated as a sudden rise in the exciton ey

density of the host. Second, because the temporal resolution 5  Model6 N Mogels
of the detection system was approximately 30 ns, faster pro- S | vodel 1 -\ Modgeralmo o NG
cesses could be ignored and a quasiequilibrium existed z |
among many states. For example, because the radiative and & [ Model 23« \ R \Model 2,

nonradiative recombination of band—band and free excitons Mool 5
in the host is so fast<1 ng,?* the recombination process in 5 TR "'0 T
the host concludes quickly and was not modeled. This im- Time (us) Time (us)
plies that the host GaN conduction band is largely depopu- o _ H ,

ated during the time Scale of the TRPL measurements, a i, % (A Sehemalc dagran of e vatous vt esator, e con
though long-lived “bound excitons at” impurities, traps, and py the best-fit results from each rate equation model. High temperature data
“Eu” dopants in the host may remain. Likewise, it is not was the most complex and therefore most useful in ascertaining the appro-
necessary to describe the details of the individual intramanieriateness of the various models.

fold relaxation processes within theD; and 'F,

H 25
manifolds: 5The energy transfser pathways fromﬁrthe host  Because both transitions share the common excited state
through the’D, manifold to the°D,, state of the EU" can  5p  the radiative decay rate for each transition could not be
simply be represented by a single effective rate constan{gcertained experimentally. Instead, a single decay rate from

(7we)- Third, thermal re-excitation of an{F; state 'to any  the 5D, state to the F; manifold TdecayWas obtained by the
°D; state can be ignored because the energy difference {g-

large and the process is too slow at the temperatures used in

. . . : 7 1 1 1 1
this experiment. Finally, relaxation away frofff, and 'F4 = ~ + )
into other, lower energy manifolds occurs much more  Tdecay 1 7(sp,7r) T(sp;-7r) 7(s5p,-.7F)
quickly than they are filled, so decay into these states effe
tively removes carriers from the monitored energy transf

7 5
pathways. It was not assumed ti®,—'F, and °Do dominated by these two transitions and other radiative decay

— F'3.tran5|t|ons. Were- identical in their dynamlcg. Both pathways may be ignored in the models. Global fits for the
transitions were fitted simultaneously, and the resulting rateaecay constants were obtained using a nonlinear least
represented the most self-consistent solution for both transg—quares technique in which the merit function is mini-

tions. _ _ . . _ mized by adjusting the decay constants through the
From this, a series of |_ncreasmgly complex rate equation eyenberg—Marquardt scherfeThe TRPL data were fit by

models was constructed in order to analyze the §&ig.  each model at each temperature, and the best fits for the

5(@)]. Various energy transfer processes that transfer thigoom temperature data are given in Figo)s

electronic excitation between the GaN host, thé Edop- The simplest model involves pump excitation of the

ants, and the salient impurities and traps were consideregaN host, energy transfer to tAB, state of the E¥i" ions,

The output of the models is the predicted population differ-and decay involving the two radiative transitions studied

ence of theD— 'F, and°D,— 'F5 transitions, plotted as a [Model 1 of Fig. Ga)]. The early time rising feature of the

function of time and compared to the TRPL data for theTRPL data is characterized by the host-tG*E(°D,) en-

corresponding temperature. Both tAB,—’F, and °D,  ergy transfer process with decay ratg- . Likewise, a single

—F3 TRPL data were modeled and fit simultaneously, andradiative and nonradiative population decay rateeday)

the obtained rates self-consistently characterize the processiesm the®D,, state to thé'F; states, includingF, and’F,

that depopulate or repopulat®,,. provides the simplest simulation of the slowly decaying

Model 5.

Cfransition probabilities fron?D, to ’F, states other than
€7E, and 7F4 are tiny, so the radiative decay frofD, is
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TRPL data. Using this rudimentary Model 1, TRPL data atRE dopant proceeds through an intermediate excitonic trap
each temperature were fit and best valuesrfgr and 74ecy ~ Created by the dopant. The question that Model 5 addresses
were obtained. However, as indicated in Figh)5the fit is  is whether that trap also acts as the impurity/trap reservoir
poor and the model is inadequate because the decay is ifer the °D, state. The answer is no: Model 5 provided no
creasingly biexponential with increasing temperature. Theetter fit to the data than Models 2 andRg. 5b)], and for
data clearly demand a more complex model. a similar reason. In order for Model 5 to transfer excitation

A candidate mechanism for the faster biexponential profrom the GaN host to théD, state quickly enough, the de-
cess f,,7s3) depopulating excited Bl ions is relaxation cay constantrz had to be very fast. Consequently, the
back to the host from theD, state of EQ" () (Model 2. impurity/trap state empties quickly and cannot be the long-
This additional energy transfer process was also unable tived trap state evident in the data. For this reason, Model 5
simulate the data, especially in the higher temperature rewas deemed a poor representation of the energy transfer
gion. In fact, Model 2 provided fits to the data that were pathways.
nearly identical in quality to Model 1. The reason for thisis ~ However, the impurity/trap state could have an effec-
that the best-fit values farz, in Model 2 were significantly tively slower decay if the return process, is also fast and
slower thantgec,,. Consequently, the predicted decay ap-a separate radiative and/or nonradiative decay channel is re-
proximated single exponential decay characterizeday,,  SPonsible for depleting the trap/impurity. A variant of Model
just as in Model 1. Thus, the back transfer process charad that also included a separate decay pathway from the
terized byrg, can be omitted from the final model, but this impurity/trap statdFig. 5@)] was considered. This Model 6
does not imply that the process is unimportant. Instead, cairovided fits that reproduced the data almost as well as
riers returning to the host by the pathway they reachediodel 4 [Fig. 5b)] but, for reasons that will be discussed
5Dy (7gn) are quickly returned t6D,, becauseryg is so  below, is highly unlikely to reflect the true energy transfer
fast, and therefore have no impact on the decajyf. pathways.

The results indicate that biexponential decay requires a  Therefore, Model 4 seems to be the best and simplest
reservoir with which’D,, can slowly exchange excitation in representation of the data and the underlying energy transfer
the presence of competing nonradiative decay pathwaygnechanisms. The rate equations used in Model 4 are

Model 3 adds an energy transfer pathway to such a reservoir, dNj,e 1

likely an impurity or trap in the host, characterized by the  — g —97 ENhostv

decay constantg, (Model 3. Surprisingly, this additional

energy transfer process was no better able to simulate the O”\'trap= iN n iN @)
data than Models 1 and 2. The best-fit values fgr in dt T

Model 3 were significantly slower thane,, just as was dNg, 1 1 1 1

seen forrgy in Model 2. This does not imply that transfer to TR ——Nhostt = Nirap— = Ngy— — Ngy,

the impurity/trap is unimportant. Rather, because there is no THE TIE Tdecay TEI

return mechanism from the impurity/trap¥D,, 7¢, cannot ~ whereg is the exciton generation ratd,,,is the number of
be faster tharrgecay Or it would become the dominaion-  excitons in the hostiNy,, is the number of excitons in the
radiative relaxation process, depopulatifB, too quickly. impurity/trap state, anlg, is the population of EXi" ions in
Two other return energy transfer processes must be corthe excitec’D,, state. Because pulsed excitation was usged,
sidered: transfer from the impurity/trap to the host, and awas set to zero, and the effect of the pump was accommo-
direct return from the impurity/trap to tiD, state. Either, dated through the initial conditions:Nys(t=0)=1,
or both, of these processes may be operative, and from lya(t=0)=Ng(t=0)=0.
modeling perspective these two processes produce a nearly A microscopic physical motivation for this model and
identical result. However, because the characteristic reconthe underlying rates and interpretation of the various energy
bination time in the GaN host is a very rapidl ns, the transfer processes will be provided next.
former process is unlikely to be effective in returning exci-
tation from the reservoir téD,. Therefore, Model 4 reflects V. DISCUSSION
the latter process, represented by the transfer #gtéFig. .
5(a)]. This model successfully fitted the data at each tem—A' Energy transfer from the host: 7
perature, including room temperature as shown in Fig).5 The long-range Coulomb attraction of photoexcited ex-
Inclusion of the former process yielded a fit of identical qual-citons to neutral/ionic donors is understood as the first step
ity and, because of the speedqfe, only slightly different  of energy transfer from the host to RE-dopafit&vidence
decay constants. Clearly, then, the model indicates that nomf this is seen in the broad cw emission spectrum below the
radiative energy transfer exchange between tht' Elopant  GaN band gap, especially at low temperatures. An energy
and an impurity/trap reservoir is responsible for the fastetransfer process has been proposed, based on resonant Auger
decay process while maintaining a sizatilk, excitation for  scattering, from the host to Bt ions in the °D; state
the observed slow radiative decay. through the bound exciton recombination at a donorlike de-
For completeness, a fifth model was attempted thafect state below the conduction band minim&in®° There
routed energy transfer between the host and thé*Eu are, in fact, two Auger mechanisms that may be operating. In
through the impurity/trap statgFig. 5@)]. It is widely be-  one case, recombination of free excitons energetically excites
lieved that capture of photoexcited carriers from a host to &u* ions through resonant Auger scattering. In the other,
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the free excitons are captured by Eu-related impurities/ o.aaf T (a)-
defects to form bound excitons that recombine to excite 4 T The
core levels though resonant or nonresonant Auger scattering. _044]
Any energy defect in the Auger-mediated transfer is made up a
t_hrough phonon emission or a_bsorptlon into a numbgr. of GEJ 0401 mﬁﬁiﬁin P Ee
tightly spaced states in the 4nanifold, a process made criti- =
cally important when it is realized that the GaN band gap 0.36
changes by more than 70 meV over the temperature range of
this experiment. 032 o

Both mechanisms involve energy transfer between the 2345678 910111213
host and a number of Bt levels. Fourier transform infrared 1000/T (K™)
spectroscopy data suggest °Eu doping provides e
concentration-dependent absorbing donor impurity levels, as 190F ' (b)]
much as 365 meV below the GaN conduction band, into 180} “decay 1
which excitons are bourith®2 Nearly resonant with these ~17or Hirtt 14 {' l
impurity levels are a multitude of Eti 4f levels, the lowest 3 1e0; H‘THI ! !
of which is °D3, that form an almost continuous band and D 1501 #H*
provide efficient energy transfer pathways for this Auger pro- = 140
cess to operate. These processes, whose expected tempera- 130} #%
ture dependencdis not revealed within the measured tem- 120 ]
perature range, are not resolved in this experiment. The 10} * N
excited 4 electrons in théD, states relax sequentially until 234 518007”.8 9,10 11 1213

= (KY)
they reach’D,. However, no emission was observed from
these intermediate states, so the detailed, level-specific en- asole 7 — ]
ergy transfer pathways could not be mapped in this work. lE { ()
Nevertheless, the collective effect of these energy transfer 300re 7 ]
pathways was slow enough that the rate of net energy trans- @ 20| {.
fer from the host to théD, state of EG* could be measured ;? 200}
and characterized. It is the cumulative effect of these pro- £ 150f { )
cesses that is modeled and represented by the decay rate F ool # ‘f{'?*
N

THE - . 50| & $

Figure Ga) shows thatrg is remarkably temperature ‘mﬁfﬂ’ii'i‘i"i‘"‘""i"'i"
insensitive at~0.4 us, and much slower than the10 ns 0% 45 6 7 8 9 10111213
recombination rate of neutral-donor bound excitons in the 1000/T (K)

GaN3* These apparently contradictory observations must beIG. 6. The decay constants extracted from the data using Model 4, as a
reconciled by positing that the Auger process occurs quicklyfunction of temperature(a) The ener%y ‘transfer decay constants from the
within the recombination lifetime of the excitons trapped atSaN host to thé’D, state of the EU' ions (rye). (b) The total decay

T . L . constants of théD, statergeca,. The low temperature radiative decay con-
EU" sites. The subsequent relaxation within ﬁﬁDJ mant- stant of 166us for the®D,, state is indicated by the dashed line. Above 180

folds, however, will be much slowér,and it is possible that (left of the vertical ling, the effects of an additional nonradiative process
a weak or nearly forbidden transition a_bor\mo is the bottle-  can be clearly seeffic) The forward energy transfer decay constant from the
neck responsible for the temperature-insensitive rate. Ther&Y " ions in theD, state to impurity/trap reservoirrg;) and the back

. transfer decay constantf).
fore, the energy transfer process characterized lyyrepre-
sents the net effect of phonon-assisted Auger scattering of
free or bound excitons to excite internal states within tfie 4

S o ;
levels of Ed". The rapidity of the process arises from the e relaxation decay constant for spontaneous emission from
energetic overlap between the bound states and thevéls, 5D, is o= T~ 250us. However, notice that even at low

with a high probability of back transfé?,while the tempera- temperatures these decay constants are not temperature-
ture independence arises from a subsequent relaxation bomﬁ]‘dependent By contrast, the values fgg.,, obtained from
- ) cay

neck prior to reachingD. Model 4 below 180 K are a temperature independent 166
[Fig. 6(b)]. Thus, 74ecay represents the cumulative radiative
emission rate from th&D state, and the difference between
Tdecay@Nd therg;'s is now seen to be the increasingly impor-
The biexponential fits of théD,—F, and the®D, tant role played by slow, temperature-dependent energy
—"F4 transitions revealed a characteristic decay consiant transfer fronD,, to the impurity/trap stater,). Following
between 200 and 26fs [Fig. 3(@)]. Because the frequency Eg. (3), radiative decay below 180 K almost exclusively in-
deviation from ionic vapor values is small and the linewidthsvolves °D,— ’F, and°D,— F5. Although the TRPL data
are comparably narrow, these transitions are almost purelglo not reveal the specific rates of these two transitions, the
atomic and radiative in nature. This observation is borne outactor of 10 ratio of the CWPL intensities and the almost
below 180 K, from which it could be assumed that the radia-<complete absence of emission from any other transition in-

B. Decay from the °Dj state: 7yecay
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volving °D, suggests that the two decay constants may béhan 7. (Indeed, this is the reason that Model 5 failed.
estimated as 77p2=(11/10)rgecay= 184us and 7sg3 Nevertheless, both processes share many common character-
=(11/1)7gecay=1.84 ms. istics. Both probably represent a composite of several relax-
Of course,rgecayrepresents the total depopulation rate ofation pathways. As originally suggested by Taguehal. to
Dy, both radiative and nonradiative. Above 180 K, Model 4 explain thermal quenching of the luminescence from Yb-
indicates a decrease 0ficqy With temperaturgFig. 6(b)], doped InP, the back transfer process probably involves
suggesting the onset of another relaxation pathway to deaonresonant Auger scattering assisted by multiphonon
populate®D,. The nature of this additional process is notemission/absorptio?t. Likewise, the return from the
known. However, several clues can be obtained from the datianpurity/trap reservoir toDg () may proceed through a
that constrain the possible mechanism. First, no new photaaumber of pathways, perhaps including the multistep process
luminescence feature was observed to emerge above 180 d¢haracterized by . However, becauseg is much longer
at any energies between 1.8 and 3.4 eV, so it can be assum#tn the recombination time in the GaN host, it is clear that
that this process is nonradiative. Subtracting out the radiativéhe impurity/trap state is well isolated from the host and the
contribution to this total rate, the decay constant of this adEW" dopants. Further proof of this isolation is the fact that
ditional relaxation pathway is revealed as well as its tem-AE does not change with temperature even though the GaN
perature dependence. Second, this process is seen workingiand gap changes by more than 70 meV over the measured
both transitions measured with identical decay constants, semperature range. Thus, the primary relaxation mechanism
the process must operate by depopulating the 8Egeor the  transfers excitation directly back to the Hudopants. Be-
manifold of states above it. Third, the fact that the rate of thiscause bothr,z and 7=z are insensitive to temperature,
process increases exponentially with temperature above 188mperature-independent rate-limiting transitions in the re-
K suggests that this nonradiative process is a thermally actiaxation pathways are common in both processes.
vated process with an activation energy of 16 meV. By 300 K The remaining question is whether there is a separate
it already has a decay constdB844 us) fully half the rate of decay mechanism within the trap/impurity state that is re-
the cumulative spontaneous emission decay congtet  sponsible for the accelerateg.,, observed above 180 K
us). Finally, because this same activation energy was obfFig. 6b)]. Model 6 was one attempt to consider this by
served operating in the fast biexponential decay feature, including an additional decay constanfy from the trap/
must be assumed that the two processes are related, perhampurity state to the ground state. A variant of Model 4 with
by a common energy level 16 meV above fii&, state of a4 process was also attempted. Although both models were
Euw*. Since this faster feature is characterized in the ratable to reproduce the data, the resulting fits were unstable
equations model by the energy transfer between th&" Eu and the decay constants were unacceptably sensitive to the
and impurity/trap states, it is now necessary to investigatealues of the other fitted parameters, even when some of

that process further. them were fixed in the fit. This does not disprove the exis-
tence of a separate impurity/trap decay mechanism; however,

C. Energy transfer with the impurity  /trap state: it does indicate that it is not primarily responsible for the

7gand 7 acceleratedrgecoy0bserved above 180 K. Instead, the accel-

eratedrgecaymost likely arises from an additional nonradia-

For energy transfer to the impurity/trap stateg,§ and _ _
tive decay process depopulatifB,.

for back transfer from these states®®, (7,g), the two de-
cay constants were first fit as independently adjustable pa-
rameters. The result is plotted in Figich The back transfer
process from the impurity/trap reservoir was fairly indepen-
dent of temperaturer{g =36 us) while the forward transfer What exactly the impurity/trap reservoir is or why the
to the reservoir accelerated rapidly with increasing temperatransfer to°Dg is so slow is unresolved. Nevertheless, sev-
ture (rg;=250-70us). It was found, not surprisingly, that eral observations from the data constrain the answer. If one
the two processes were correlated by a detailed balance rassumes a homogeneously and uniformly doped host, the

D. Implications of the models

lationship, namely, impurity/trap reservoir must either be an internal state of the
1 1 AE EU" or related to a vacancy or inadvertent dopant in the
—= —ex;{ - ﬁ) . (5) host connected téD, through an Auger or multiphonon pro-
Tel  TIE

cess. Of course, no sample is isotropically doped, and other
The value of the energy differendeE obtained from a fit of  possibilities arise. The most straightforward of these assumes
the ¢, versus temperatuf@lashed lines in Fig.(6)] is 14.7  a Poissonian distribution of Bii dopant placement in which
+0.8 meV. Note that this is the fourth independent indicationsome dopants are quite isolated and exhibit atomic like re-
from the data that an impurity/trap state has an activatiohaxation, while other dopants aggregate. This may be exac-
energy of approximately 16 meV abovB,,. erbated by the fact that not all dopants will be foundZa}
There is ample precedent for the important role playedsubstitutional sites. As shown by Inokuti and Hirayatha
by impurity/trap states in the energy relaxation of rare earthmultipolar interactions among dopants increase dramatically
doped semiconductofé.It must be emphasized here that the in effectiveness as the interdopant spacing decreases. Collec-
impurity/trap reservoir plays a very different role than thetive and cooperative interactions among the clustered dop-
donor state formed by the Eti dopant. This is most clearly ants may be partially responsible for the nonradiative relax-
recognized by noting that,g is almost 100 times slower ation pathways whose effectiveness increases with increasing

Downloaded 15 Jun 2004 to 129.137.167.45. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



7724 J. Appl. Phys., Vol. 95, No. 12, 15 June 2004 Lee et al.
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