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In this work we have developed a kinetics model of energy transfer from the host lattice to the local-
ized core excited states of rare-earth isoelectronic structured traps (REI traps). The presence of low-
lying empty core orbitals in rare-earth impurities introduces new excitation and recombination phenom-
ena. To adequately describe the energy transfer to a REI trap, the buildup and decay kinetics of rare-
earth luminescence, we consider six separate states of the REI impurity (unoccupied, electron occupied,
electron occupied excited, exciton occupied, excited electron occupied, and excited exciton occupied).
The energy-transfer processes occur through an Auger mechanism where the recombination energy of
the bound electron with a free hole is transferred nonradiatively to the core states, or energy can be
transferred from the bound exciton on a REI trap to the core states. If the initial and final states are not
resonant (in both mechanisms), the energy mismatch must be accommodated by emission or absorption
of phonons. Furthermore we discuss details of several quenching processes, which are incorporated into
the kinetics equations. We derive two sets of differential equations for semi-insulating and n-type semi-
conductors governing the kinetics of rare-earth luminescence. Equations have been solved by a numeri-
cal method to derive the time dependence of the rise and decay kinetics as a function of excitation inten-
sity. The numerically simulated luminescence rise and decay times show a good overall quantitative
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agreement with experimental data obtained for InP:Yb, over a wide range of generation rates.

I. INTRODUCTION

The investigation of the luminescence properties of
rare-earth-doped III-V and II-VI semiconductors is of
great interest both from the scientific and application
points of view. The scientific interest is related to the
uniqueness of optical and electrical properties of rare-
earth impurities in semiconductor hosts. It is well known
that rare-earth luminescence depends only slightly on the
nature of the host and on the temperature. The 4f orbit-
als of rare-earth ions incorporated in semiconductors are
so deeply buried within the electronic shell that the ener-
gy levels of the 41" configuration are only slightly per-
turbed compared to free ion energy levels. The electronic
structure of the rare-earth luminescence centers and their
electrical activities as well as their indirect photolumines-
cence and electroluminescence excitation mechanisms,
are still not well understood. Among the rare-earth-
doped III-V semiconductors, InP:Yb has been the most
extensively studied.!™°

Ytterbium in InP replaced indium on a substitutional
site,!®!! and acts as an isoelectronic trap. It was original-
ly proposed by Whitney et al.>® and confirmed by
others®”12® that the Yb ion creates an electron trap at
30 meV below the bottom of the conduction band. Re-
cently, admittance spectroscopy'?® was used to identify
the electrical activity of Yb in n- and p-type InP. It was
found that Yb in InP creates a hole trap at 50 meV above
the valence band, and an electron trap at 29 meV below
the conduction band. The 50-meV trap may be related to
other impurities unintentionally incorporated into the
crystal. This interesting result required confirmation us-
ing a sample grown by a more refined crystal growth
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technique to ensure the high purity of the crystal. Re-
cently it has been reported that Er in InP [Ref. 12(b)] and
Yb in GaAs [Refs. 12(c) and 12(d)] introduced electron
traps at 60 and 63 meV, respectively, below the conduc-
tion band. Colon et al.'*® investigated low-temperature
photoluminescence, selectively exited luminescence, and
deep-level transient spectroscopy on erbium-implanted
GaAs. Conclusions of these measurements is that Er im-
plantation introduces in GaAs two hole traps at 84 and
340 meV above the valence band. Several
authors>(@)3(0),6.8,9,13),13(b) haye proposed a model that
involves recombination of electron-hole pairs at the rare-
earth (RE) traps to explain the excitation of RE core
states.

In this paper we discuss only the structured isoelect-
ronic traps in III-V semiconductors introduced by triply
charged rare-earth ions replacing the element from
column III (or another more complex RE isoelectronic
traps). Furthermore, we develop the luminescence kinet-
ic models that describe the energy-transfer and recom-
bination processes. The presence of low-lying empty core
orbitals in rare-earth impurities introduces new excita-
tion and recombination phenomena, which will be dis-
cussed in detail. The RE luminescence rise time of the
rare-earth-doped semiconductors, excited indirectly
above the band gap, contain information about the
energy-transfer processes from the host to the 4/ elec-
tron system. It is shown that the study of the rise time at
different temperatures, excitation intensities, and excita-
tion pulse durations can provide important information
about the energy-transfer, radiative, and nonradiative
processes, respectively. The numerically simulated
luminescence rise and decay profiles show a good quanti-
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tative agreement with experiment over a wide range of
generation rates. Finally, the possible quenching mecha-
nisms and the temperature dependence of rare-earth
luminescence are discussed.

II. THEORETICAL FORMULATION

It is well known that isoelectronic impurities in semi-
conductors produce bound states in the forbidden gap,
binding an electron or a hole.!*!> An isoelectronic center
can form bound states because of a short range central-
cell potential. According to Thomas,!® the primary fac-
tors affecting the binding potential are the electronega-
tivity and the size differences between the impurity and
the host ion which it replaces. It is found experimentally
that only very large atoms or very small atoms produce
isoelectronic traps because they create large lattice dis-
tortion induced by the substitution. Thomas and co-
workers!® !> have pointed out that to create a large bind-
ing potential, the substituted atom must generate a no-
ticeable change in the local properties of the lattice. This
is likely to produce an unfavorable free energy of the
solution, and hence a rather low solubility can be ob-
served. For instance, the maximum concentration seen
for bismuth in GaP was less than 10'® cm™3.!7 Low solu-
bility is also observed for rare earths in III-V semiconduc-
tors.!®

Allen" proposed different binding mechanisms for
isoelectronic traps. According to Allen the isoelectronic
impurity potential does not come from a pseudopotential
difference of two isoelectronic atoms. Other possible
sources are the spin-orbit coupling, and the strain field in
the close vicinity of the impurity due to the size
difference between the impurity and the host atom which
it replaces. The main results of this theory are that the
perturbing potential at an isoelectronic impurity may be
attracted simultaneously to both the electron and the
holes, so bound exciton states can occur without bound
single-particle states. Baldereschi and Hopfield®® have
proposed a theory of isoelectronic traps assuming that
the short-range potential arises from core differences, in-
cluding spin-orbit interaction between the dopant atom
and the host atom it replaces. The relaxation of the host
crystal around the impurity as well as the screening mod-
el considered appear to be important for the binding en-
ergy. However, discrepancies between experimental
binding energies and those calculated from the differences
in the atomic pseudopotentials are observed. Excellent
reviews of existing theories and experimental data of
isoelectronics impurities were given by Baldereschi?! and
Dean?? and Czaja.?? In GaP two isoelectronic traps have
been extensively investigated, namely a nitrogen electron
trap, and a bismuth hole trap formed by substituting Bi
and N for phosphorus.?? In the direct-band-gap III-V
semiconductors, isoelectronic impurities have been inves-
tigated only in InP doped with bismuth.?#25 The neutral
Bi, in a P site, creates a hole trap, and the isoelectronic
complex (Bi,X)-(Bi,X) bound-excitonic molecules.?” In
II-VI semiconductors, ZnTe doped with oxygen-electron
traps, and CdS doped with tellurium hole traps, were in-
vestigated in detail.?*

It is notable that all isoelectronic impurities discussed
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above involve substitutions on the anion sites. The previ-
ous investigation?® of cationic isoelectronic substituent
(Mg, Ca, Sr, Ba) in ZnSe and ZnTe found no evidence of
the presence of isoelectronic traps. A strong photo-
luminescence (PL) was reported recently from Mg-doped
ZnSe [Refs. 27(a) and 27(b)] and ZnS (Ref. 28) which may
arise from a new isoelectronic center generated by mag-
nesium. We observed?’ sharp emission with a half-width
of 16—-60 meV (for Mg, Zn,_,Se, x =0.04), as required
for exciton transitions at low temperatures. Furthermore
the PL characteristics shift dramatically from deeper ex-
trinsic emission in ZnSe to be dominated by narrow
near-band-gap emission at all temperatures in the range
2-300 K in Mgy uZngo6Se. The temperature depen-
dence of the energy position of this peak follows the ex-
pected behavior for a free exciton transition in ZnSe.
This peak remains strong in the PL spectrum all the way
up to room temperature. This kind of behavior is not
usually observed for bound exciton transitions related to
neutral donor or acceptor centers. However, this
behavior is typical for excitons bound to isoelectronic
traps for which the dominant decay mode is radiative.
The presence of the third electronic particle in the first
two cases, but not in the third, was shown to introduce a
dominant Auger decay mode for the bound exciton. In
the Auger quenching, all the recombination energy is
transferred to this third electronic particle that is ex-
pelled deep into the conduction (electron) or valence
band (hole), respectively.

The striking feature of excitons bound to isoelectronic
traps is a long luminescence decay time, ranging from a
few hundred to a few thousand nanoseconds.?>** 3% The
lifetimes of a neutral donor or acceptor bound excitons in
direct-gap semiconductors are in the range of
nanoseconds. For example the decay time of excitons
bound to neutral donors or acceptors in InP are 0.5 and
1.5 ns, respectively.>*® The lifetime of an exciton bound
to a neutral donor in GaAs is 1.07 ns.>*® In contrast the
lifetime of an exciton bound to a Bi isoelectronic trap in
InP is about 200 ns.?’

Table I shows that the outer electron configurations of
RE3" ions are the same (5s525p®). If the rare-earth ions
replace the element from column III in III-V compounds
that are isovalent concerning outer electrons of RE3"
ions (see Table I), they create isoelectronic traps in III-V
semiconductors. This does not require association with
other near distant charge compensating lattice defects or
impurities, as is so common in II-VI semiconductors.
The above conclusion is supported by the fact that the
atomic covalent radii (ionic RE3") for all rare earths are
bigger than atomic radii of Ga and In that they are re-
placing. Pauling’s electronegativity of rare-earth ele-
ments is in the range of 1.1-1.25, and is smaller than Ga
(1.81) and In (1.78) for which it substitutes. We known
from different investigations that Yb substituted for In in
InP behaves according to the above experimental rule
and creates an isoelectronic trap. We have evidence that
the other RE ions in III-V semiconductors can occupy
different sites (not only substitutional). The rare-earth
isoelectronic trap must not necessarily be the “pure” sub-
stitutional center, if the rare-earth ions are very active
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TABLE I. Electron configuration of RE atoms, RE?" ions (and some elements), ionic, covalent radii, and electronegativity.

Ionic
Electron radius (A) Covalent
Electron configuration charge radius Electronegativity
Element configuration RE3" & others 27" 3t A) a: (Pauling’s)

Cerium 4£25525p°6s2 4f15525p°© 1.02 1.65 1.12°
Praseodymium 4£35525p%6s2 4£25525p° 1.00 1.65 1.13°
Neodymium 4f45525p°6s? 4£35525p6 0.99 1.64 1.14%
Promethium 4£55525p°6s° 4f*5525p°© 0.98 1.63 1.13°
Samarium 41%5525p°6s2 4£35525p°© 0.97 1.62 1.172
Europium 4£75525p %65 41%5525p°© 0.97 1.85 1.20?
Gadolinium 4£755%5p%5d 65> 4f75525p° 0.97 1.61 1.20°
Terbium 4£°5525p%6s? 4f35525p6 1.00 1.59 1.20°
Dysprosium 4£105525p %652 4£°5525p°© 0.99 1.59 1.22°
Holmium 4f'15525p %652 4f105525p6 0.97 1.58 1.232
Erbium 4f125525p 5652 4f115525p6 0.96 1.57 1.24°
Thulium 4£135525p 5652 4f125525p5 0.95 1.56 1.25%
Ytterbium 4145525 %652 4f135525p5 0.94 1.74 1.10°
Gallium 3d%45%4p 0.62 1.26 1.13° 1.812
Indium 4d'95525p 0.81 1.44 0.99° 1.78°
Zinc 3d 10452 0.74 1.23 0.91° 1.65%
Cadmium 4419552 0.97 1.48 0.83° 1.69°
Mercury 5d 19652 1.10 1.49 0.79° 2.00°

?Elemental electronegativity in tetrahedrally coordinated environments (Ref. 35).

"Reference 36.

chemically, they can create a more complex center in-
volving other impurity or native defects. The recent ex-
perimental data discussed in Sec. I shows that RE ions in-
troduce electron or hole traps in III-V semiconductors,
and we do not have evidence that RE ions act as donors
or acceptors. The important roles of oxygen on RE
luminescence have been discussed recently. Clearly we
need more experimental and theoretical investigations de-
voted to rare-earth impurities to gain knowledge about
the electrical activities of RE ions in semiconductors.

The rare-earth isovalent traps that we call isoelectronic
“structured” impurities!” possess unfilled 41" core shells.
The luminescence structure arises from intraconfigura-
tional f-f transitions in the core of the isoelectronic
“structured” impurities. The presence of low-lying emp-
ty core orbitals in rare-earth impurities introduces new
excitation and recombination phenomena (which will be
discussed in detail below). It distinguishes these impuri-
ties from the “simple” impurities (from the main group of
elements of the Periodic Table). The ‘“‘simple” impurity
typically introduces only effective-mass-like states in the
forbidden gap of the host crystals. According to Robbins
and Dean,!’ the formation of a bound state at the struc-
tured cationic isoelectronic impurities is fairly common,
which is in contrast to the situation normally found for
the anionic substituent in semiconductors discussed
above.

The isoelectronic trap can be attractive either for elec-
trons or for holes, and according to Allen’s theory it can
bind the exciton as a single entity. Since there is no
charge involved, the isoelectronic center forms the bound
states by a short-range central-cell potential. It is gen-
erally accepted that the formation of bound states is a
specific property of the impurity and lattice combinations

discussed above. After an isoelectronic trap has captured
an electron or a hole, the isoelectronic trap is negatively
or positively charged, and by Coulomb interaction it will
capture a carrier of the opposite charge, creating a bound
exciton.

It has been well established that the “simple” isoelect-
ronic traps can act as very efficient centers for radiative
recombination in semiconductors. The structured
isoelectronic cationic substitutional impurities (trivalent
RE3") in many phosphors lead to efficient characteristic
luminescence.!” The trivalent rare-earth ions also create
structured substitutional isoelectronic traps (REI trap) in
some III-V semiconductors.

The “simple” isoelectronic center in III-V materials
can exist in three possible states (to be identified later), in-
stead of two as in the case of the Shockley-Read-Hall
(SRH) recombination model.>? In the case of rare-earth
isoelectronic traps the kinetics model is even more com-
plicated because of energy-transfer processes between the
localized state in the forbidden gap of the host, and the
localized core states of structured isoelectronic impuri-
ties. There are three possible mechanisms of energy
transfer. The first is the energy-transfer process from ex-
citons bound to “structured” isoelectronic centers to the
core electrons. It takes place as a result of the electro-
static perturbation between the core electrons of the
“structured” impurity and the exciton effective-mass-like
particle.!” This model is a modification of the Shaffer-
Williams model of intrapair energy transfer to “struc-
tured” isoelectronic traps.’’” The second mechanism is
transfer of energy to the core electrons involving the
“structured” isoelectronic trap occupied by electron
(hole) and free hole (electron) in the valence (conduction)
band. The third mechanism is the transfer through an in-
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elastic scattering process in which the energy of a free ex-
citon near a “structured” trap is given to the localized
core excited states.!” If the initial and final states are not
resonant, the energy mismatch must be distributed in
some way, e.g., by phonon emission or absorption.!”>>®)
According to Robbins and Dean,!” if the atomic core ex-
citations are strongly coupled to the host phonons, the
energy-transfer probability is likely to be higher. Strong
phonon coupling may also be desirable in ensuring that
relaxation down the ladder of core excited states occurs
quickly, thus preventing back transfer. However, for
efficient radiative recombination, the phonon coupling
should not be strong, in order to prevent core deexcita-
tion by nonradiative multiphonon emission. In this re-
gard the rare-earth “structured” impurity seems to be
ideal.

II1. KINETIC MODELS

The SRH model that allows for only two possible states
fails to give the correct general description of recombina-
tion kinetics of isoelectronic traps.3> The above discus-
sion shows that isoelectronic impurities, both “simple” or
“structured,” can act as efficient centers for radiative
recombination. The ‘“simple” traps can exist in three
possible states: (1) empty, (2) electron (hole) occupied,
and (3) exciton occupied. In the case of RE3" “struc-
tured” isoelectronic centers, the model is more compli-
cated because the center can exist in six possible states.
Furthermore the energy-transfer processes between the
localized states in the forbidden gap and core states com-
plicate the model. In our model, we assume that the
isoelectronic trap is an electron trap such as Yb’" in
semi-insulating (SI) InP. When isoelectronic traps are
present in n- or p-type materials the model will be
different, especially at high temperature, and must be
modified separately for n- and p-type material. The
asymmetry between n- and p-type semiconductors results
from the fact that the isoelectronic center binds only an
electron (hole). Thus in an n-type material, a fraction of
the isoelectronic traps will be occupied by electrons even
before the sample is excited, while in p-type material all
the isoelectronic electron centers will be empty.3>* At
low temperature (~4 K) there will be no difference be-
tween the n, p, or SI samples because the electrons or
holes will be frozen. The donor and acceptor will act as
“shunt” recombination centers. Figures 1-5 show the
symbols’ definitions, and physical models used in the
kinetic analysis of the energy-transfer processes and
recombination involving “structured” isoelectronic im-
purities. The proposed model accounts for energy
transfer from the host to the core states through localized
states in the forbidden gap, and for the dependence of the
rise time on excitation intensities and temperature, in-
cluding nonradiative recombination centers. In cases of
n- or p-type semiconductors, we incorporate donor or ac-
ceptor centers to the model [see Figs. 1(d) and 1(e)].

By fitting the calculation to the experimental data, we
can estimate important parameters related to energy
transfer from the lattice to RE3" centers, the Auger pro-
cesses, temperature quenching mechanisms, and other
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FIG. 1. Schematic diagram of recombination, trapping
(thermalization), and exciton formation and dissociation pro-
cesses involving structured rare-earth isoelectronic electron
traps (represented by ellipse) with the atomiclike 4f" core
states. (a) Trapping (liberation) 7,(7,) of electron on REI
traps. (b) Formation of exciton (shadow ellipse) by hole capture
(7p); liberation of hole (7,); dissociation of exciton (1.4) on the
REI trap. (c) Shunt electron (hole) trapping time 7., (7,,). (d)
and (e) The trapping times for electron, 7,p, and hole, 7,4, by a
donor (ionized), and an acceptor (neutral), respectively, and
bound electron (hole) to free holes (electrons) recombination
rates are 7rpp = Brgp(ND)p [7rp4 =Brpa (NG )n].

important parameters that we discuss below. We take
the depth of the Yb3" REI trap (electron isoelectronic
trap) from the experiment to be 30 meV below the con-
duction band, because we wish to apply results of the cal-
culations to InP:Yb. This trap may exist in six distinct
states: (1) the neutral unoccupied trap (concentration
Ny), (2) the negatively charged (concentration N_), (3)
the exciton occupied (concentration Ny), (4) the neutral
excited (concentration Ng), (5) the excited negatively
charged (concentration N*), and (6) the excited exciton
occupied (concentration Ng). The total concentration of
isoelectronic traps NV is given by

FIG. 2. A schematic representation of energy-transfer pro-
cesses to core states of structured impurity and radiative and
nonradiative transitions. (a) Auger energy-transfer process
where the recombination energy of the bound electron with the
free hole is transferred to the REI impurity core states
(coefficient By). B,, is the nonradiative Auger process
coefficient involving bound electron and two free holes, Bpp; the
coefficient of radiative recombination of bound electron to free
hole, and 7, the recombination of bound electron with a hole
on a distant acceptor. (b) The energy-transfer process from a
bound exciton on a REI trap (shadow ellipse) to core states (Byr
transfer coefficient) and 7,, and 7,, are the bound exciton radia-
tive and nonradiative recombination times, respectively
(1 /=1/7¢, +1/7,).
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FIG. 3. Energy back transfer processes. (a) The auto deioni-
zation Auger quenching mechanism and its characteristic time
7pr (Auger transfer rate 7gr=ByrN*). (b) The energy back
transfer process from the excited REI trap to a bound exciton
with characteristic time 7gxr (Auger transfer rate 7Tgyr
= BBXTN; ).

N=Ny+N_+Ny+Nt+N*+N§ .

Many of the symbols are the same as those defined in
Refs. 31-33. Figure 1(a) shows how the neutral isoelec-
tronic trap is transformed into an N _ state: an electron
is captured within a time defined by 7, =(v,0regN) ™,
where vy, is the thermal velocity of the free electron, and
oRrg is the cross section for the capture of electrons by
unoccupied traps. The capture rate of electrons by the
isoelectronic trap is (n /7, )(Ny/N), where n is the free
electron density. The N _ center can be transformed to
the neutral rare-earth core excited center N§ through an
Auger process where the recombination energy of the
bound electron with free hole is transferred nonradiative-
ly to the core states with a rate

rr=ByN_p,

where By is the energy-transfer coefficient, and p is the
free hole density. If the initial and final states are not res-
onant, the energy mismatch must be distributed in some
way such as phonon emission or absorption [Figs. 2(a)
and 2(b)]. The N_ may also recombine radiatively or
nonradiatively (via the Auger process) with a hole in the
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FIG. 4. Auger nonradiative recombination involving the in-
teraction of the core excited REI trap (N§) with an electron
trapped on separate centers N_ (a) and N* (b), where By and
Bgr, are the Auger coefficients.
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FIG. 5. Auger quenching processes involving interaction of
the core excited REI trap with (a) and (b) free electrons or holes
and their coefficients Bg; and Byps. Interaction of the core ex-
ited REI trap with an electron (c) [hole (d)] on neutral donor
(acceptor) and their coefficients Bgys and Byre.

b d

valence band with transition rate rpg; =Bpg (N_ or
N*)p and r,,=B,(N_ or N* )p?, respectively [Fig.
2(a)], or recombine radiatively with a hole trapped on a
distant acceptor (in the case of p-type material). The last
three processes transform the N _ center into the N, neu-
tral trap. The N§ may capture an electron and be
transformed into an N* center. The N* may lose the
electron through processes described above, or by ion au-
todeionization Auger process (N* — N, +e-kinetic ener-
gy). This is the Awuger nonradiative luminescence
quenching mechanism of the excited rare-earth isoelect-
ronic trap, with characteristic time 7gp as shown in Fig.
3(a). The exciton bound to a REI trap with exited core
states (Ny), can back transfer energy from core excita-
tions to the exciton, and dissociate it with liberation of an
electron or hole. Once formed, the N_ and N* states
can also be converted into N, and N§ states, respectively,
by thermal ionization (time 7,,), or to Ny and Ny, respec-
tively, by capturing a hole from the valence band with
time defined by 7,, =(v4,0 g, N) ™' [see Fig. 1(b)].

The second important energy-transfer process from an
exciton bound to a REI trap to core states is shown in
Fig. 2(b). In this process energy is transferred from the
bound exciton (on isoelectronic trap Ny) to the core
states with the rate ry; =By Ny, where By, is the
transfer coefficient, and 7y is the characteristic time. If
the initial and final states are not resonant, the energy
mismatch must be accommodated by emission or absorp-
tion of phonons. At sufficiently high temperatures, the
electron from N_ and N* may be thermally emitted to
the conduction band at a rate (n, /7,,) (N_/Nor N* /N),
where n,=N_f,exp[ —Egrgr/kT], (1/B,) is the degenera-
cy of the structured isoelectronic trap level at energy
Eggr below the conduction band, and N, is the
conduction-band density of states.

The exciton bound to isoelectronic traps Ny and Ny
can thermally dissociate by either of two processes: (1) it
can dissociate into a free exciton (X) and neutral N, or
an neutral excited (Ng) REI trap, respectively; or (2) it
can dissociate with the liberation of a hole, with the time
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1/7,,=1/7,.)p,/N), where p,=N,B; 'exp[—E,/
kT], N, is the effective density of state in the valence
band, and 3, is the degeneracy of the hole component of
the exciton having binding energy E,.3%%

The REI traps Nj, N*, and Ny may also be deexcited
to Ny, N_, and Ny, respectively, by desirable radiative
transitions between the 41" core states, emitting photons
with a decay time 7.

The nonradiative decay channel of free carriers
through an additional type of trap N, the “shunt path”
with two states, is shown in Fig. 1(c). The concentrations
of traps in these two states are denoted N?, the neutral
unoccupied, and N , the negatively charged (bound elec-
tron), respectively (N,=NC+N,”). The probability per
unit time for an electron (hole) to be captured by an emp-
ty (electron occupied) shunt is 1/7,, and (1/7,), respec-
tively. For intrinsic excitation (band to band) the shunt
paths deplete the express electron-hole pairs. Under such
excitation the shunt paths can be either partially or com-
pletely saturated, depending on the concentration, the
time constants, and the generation rate of electron-hole
pairs. Figures 1(d) and 1(e) show the characteristic pa-
rameters for donors and acceptors incorporated into the
model, in cases of n- or p-type samples, respectively.

All the above discussed Auger processes [Figs. 4(a) and
4(b) and Figs. 5(a)-5(d)] are similar to the two center
problems analyzed in some papers.3?35%41743,51,45,46 Ejo_
ure 4(a) shows an example of nonradiative recombination
involving the interaction of a core excited isoelectronic
trap (N§) with an electron trapped on a separate center
(N _), or an electron trapped on a core excited REI trap
(N*). The recombination rates for these processes are
proportional to N§, and the concentrations of N_ or N*
traps such that

j— * — * *
rgr1 =BgriNoN_ , rgro=BpnNgNZ ,

where Byr, and Bygr,, are the Auger coefficients.

According to the theory developed by Langer,*>»*® the
two additional paths of energy transfer from the excited
REI trap are the first to free electrons (holes) with Auger
coefficients Bygr; (Bgry), and second to electrons bound at
the shallow donors (acceptors) [Figs. 5(a)-5(d)], and are
also attributed to the luminescence quenching. The two
processes shown in Figs. 5(c), and 5(d) involve interaction
of a core-excited REI trap with an electron (hole) on a
neutral donor (acceptor), and are characterized by Auger
coefficients Bgrs and Bgrg, respectively. The first process
is important during the exciting pulse, and the second
processes are expected to be important at low tempera-
tures where all electrons (holes) are frozen out onto neu-
tral donors (acceptors).

We can now complete the formal description of the
models by deriving the differential equations for the
REI-trap energy-transfer processes and recombination
kinetics. The differential equations govern the variations
with the time of the concentrations of various com-
ponents under band-to-band excitation. By consulting
Figs. 1-5 (there are six possible states in REI traps, and
two in shunt paths and generated free carriers), they may
be readily written down:
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dN; Ny n | NS
= 11— - , (8)
dt Tps N, Tus | Mg
No=N—N_—Ny—N&—N* —N3, (9a)
N,=N°+N, , (9b)
0
p=n+N_+N*+ |1—— |N, . (10)
N,

Equations (1)-(5) govern the negatively charged-rare
earth isoelectronic trap populations (1), the neutral exci-
ton occupied rare-earth isoelectronic trap populations (2),
the neutral core excited rare-earth isoelectronic trap pop-
ulations (3), the negatively charged core exited rare-earth
isoelectronic trap populations (4), and the exciton occu-
pied core excited rare-earth isoelectronic trap popula-
tions (5), respectively. Equations (6) and (7) represent the
changes in the total free electron (n) and hole (p) popula-
tions, respectively. Equation (8) governs the density of
shunt path traps. Equations (9a) and (9b) state the con-
stancy of the total concentrations of REI traps and shunt
paths, respectively, and Eq. (10) is the neutrality condi-
tion equation. G =gf(t —T) is the generation rate of
free electrons and holes by above band-gap laser excita-
tion. The electron-hole pair generation rate is controlled
by a unit step function f(t—7T), (T is the pulsewidth)
which takes on the value of zero or unity according to
whether its argument is less than or equal to zero or
greater than zero. The volume generation rate is approx-
imated by g (z)=al exp[ —az ], where a is the absorption
coefficient, and I is photon flux in # photons/(cm?/sec).

For n-type material the equations are even more com-
plicated (see the Appendix); similar equations hold for p-
type material. Such systems of coupled, first-order stiff
nonlinear differential equations require specialized nu-
merical integration routines designed specifically for stiff
systems. The kinetic equations were solved numerically
as a function of excitation intensities, using as fitting pa-
rameters the time constants and rate coefficients defined
in Table II. To describe the buildup and decay kinetics of
rare-earth luminescence in a semiconductor host, we as-
sumed only band-band pulse excitation. The above set of
ten equations (1)-(10) was reduced to eight dimensionless
differential equations which is more convenient for nu-
merical solutions. To solve this system we assumed, for
simplicity, that the above band-gap excitations take place
at low enough temperatures (in our experiment 8.6 K) so
that thermal activation of the trapped carriers is negligi-
ble. That is, terms explicitly dependent on temperature
were ignored, and only trapping, transferring, and recom-
bination transitions were considered. The radiative
recombination of excitons bound to “simple” isoelectron-
ic impurities has a long lifetime ranging from a few hun-
dred to a few thousand nanoseconds.?*?¥ 732 That time is
much longer than the energy-transfer time 7y, from an
exciton bound to a REI trap to core states. The measure-
ments on n-type InP:Yb show that this transfer time is
much less than 10 ns.” The above facts explain why we
do not observe the luminescence of excitons bound to
REI traps. The numerical solution of Egs. (1)-(10) was
obtained using the parameters shown in Table II. Gor-
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TABLE II. Parameters describing rise and decay kinetics of
InP:Yb.

Symbol Unit Parameter value References
T s 2X1077 24,28-32
T3 s 11.6X107¢ 9,44
TBT s 5x1077 31,32,41-43
TBXT s 5%1077 31,32,41-43
Ths s 5x1078 33(b),33(c)
Tps s 3x1078 33(b),33(c)
TyT s 1.25X107° 7
Ter s 5x107 1 33(b),33(c)
Tpx s 5%x107 1 33(b),33(c)
By cm’/s 4X10710

By,  cm’/s 1x10™ 1 31,32,41-43
Bgr,  cm’/s 1.2x10713 31,32,41-43
By, cm’/s 1.2x107 18 31,32,41-43
Bgr; cm’/s 4x10713 45-48
Bgry cm®/s 4x10713 45-48
N, cm™? 8 X 10

N cm™? 5% 10"

G # photons/(cm’s) 2X 10%°-1.5X 10%

don and Allen**® and Ayling and Allen*®® and Langer,
Van Hong*#48@:48®) made quantitative measurements of
the luminescence efficiency and lifetime in ZnS:Mn,
ZnSe:Mn, CdF,:Mn, and CdF,:Gd, where they obtained
a value for the Auger quenching coefficients by free elec-
trons and an electron bound on shallow donors.*® A
surprising result is that the value of Auger coefficients for
centers in CdF, (=5X 107! cm®s™!) is about four order
of magnitude smaller than the value for ZnS and ZnSe
(5X1071° cm3s™!). Klein, Ferneaux, and Henry*® es-
timated the Auger coefficient for the InP:Fe system to be
~6.7X1071° cm3s™!. Excellent reviews of theory and
experimental data of Auger processes and values of
coefficients are given by Landsberg and Adams.*>** The
values of the parameters chosen for the calculations are
estimated from experimental data obtained from similar
“simple” isoelectronic traps (see references in Table II).
We believe that all constants are realistic, and charac-
teristic for InP:Yb. The volume generation range G of
e-h pairs wa chosen in the same range as in the experi-
ment.** The kinetics of luminescence of InP:Yb as the
functions of excitation intensity was simulated by repeat-
ing the numerical calculations for several different values
of the generation rate. We simulated the kinetics of the
photoluminescence measurement by choosing square gen-
erating pulses with 60-us duration, adequate to establish
a quasiequilibrium luminescence intensity during excita-
tion. The luminescence intensities are proportional to
N§, N*,and N§. The last two terms can be ignored be-
cause they introduce very small contributions to the total
luminescence intensity, mainly during the excitation
pulse. The numerically simulated luminescence rise and
decay are shown in Fig. 6 as a function of generation
rates (G), and sets of the parameters from Table II. The
profiles shown the buildup of luminescence, allowing the
process to reach a steady-state value for a given excita-
tion intensity, and the decay after switching off the exci-
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tation pulse. All profiles shown on Fig. 6 are normalized
to unity at maximum. The rise times given in the figure
decrease with the increasing generation rates. At the low
generation rate of 2X10%° photon/(cm3s) the buildup
curve (which can be well approximated by a single ex-
ponential curve) has a rise time of 11.98 us, while at the
generation rate of 1.5X 10? photons/(cm?s) the rise time
is 1.7 us. The decay profiles for the above two generation
rates shown in Fig 6 are 11.7 u and 6.9 us, respectively.
The remaining four decay times fall in that window. The
rise and decay times for simulated kinetics are well ap-
proximated by single exponential processes, while the ex-
perimental data are described better by double exponen-
tial functions. Figure 7 shows the computed rise and de-
cay times as a function of excitation intensities (genera-
tion rate). The experimental data are imposed on the
computed curve. The circle shown in Fig. 7 represents
experimental rise times obtained from fitting to a single
exponential function (with the coefficient of determina-
tion #2~0.98). The squares stand for the rise times of the
dominant component of the experimental data fitted to a
double exponential function. In Fig. 7 the upper solid
line is the computed decay time and the dots represent
the experimental decay times of the dominant component
of the double exponential fitting. The second small ex-
ponential component has the decay times in the range
0.9-1.8 us. The double exponential rise and decay times
observed in the experiment are probably related to other
energy-transfer processes (not incorporated to our model)
from Yb to other accidental impurities where the energy
is dissipated nonradiatively. Iron is a common contam-
inant in metal-organic chemical-vapor deposition
(MOCVD) grown Yb-doped InP crystals. The energy-
transfer process from Yb3" to Fe ions is attributed to
thermal quenching of the luminescence intensity and de-
cay time with an increase in temperature.** The detailed
analysis of the parameters and their influence on the rise

1.0
Generation Rate
0.8 (10 Photons/cm’sec)
3 15
— 7.5
>\0.8
= Rise Time Decay Time
a (psec) (usec)
0 0.4
"E a 1.46 6.89
— b 2.70 8.85
= c 447 10.17
A, 0.2 d 6.84 11.03
e 8.82 11.40
f 11.98 11.65
0.0 T

0 20 40 60 80 100 120

Time (usec)

FIG. 6. Numerical solutions of Egs. (1)-(10). The rare-earth
luminescence intensity vs time for different generation rates and
the set of parameters shown in Table II. The set of curves a—f
represents computed profiles (normalized to unity at maximum),
showing the buildup of luminescence, the steady-state value,
and the decay after switching off (at 60 us) the excitation pulse.
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FIG. 7. The numerically computed rise time (solid line) of
rare-earth luminescence (InP:Yb) as a function of generation
rates. The circles represent the experimental values of the rise-
time constants of ytterbium luminescence in InP at 8.4 K (fitted
to single exponential function, with the coefficient of determina-
tion #2~0.986). The squares stand for the rise-time constants of
the dominant component of the experimental data fitted to the
double exponential function. The dots stand for the decay-time
constants of the dominant component of the experimental data
fitted to double exponential function.

time, and the efficiency of the steady-state luminescence
and decay time will be published elsewhere. The numeri-
cally simulated luminescence rise and decay measure-
ments show a good overall quantitative agreement with
the experiment over a wide range of generation rates
(Figs. 6 and 7). Finally, the proposed model can be
refined by taking into account the surface recombination
and carrier diffusion processes, which may play impor-
tant roles in the reduction of the overall photolumines-
cence emission.>

IV. POSSIBLE QUENCHING MECHANISMS
AND TEMPERATURE DEPENDENCE

Discussed below are several possible nonradiative pro-
cesses that quantitatively explain the kinetics (rise and
decay of luminescence of the REI trap) and temperature
dependence of the observed quenching. The Auger
quenching processes defined in Sec. III are shown in Figs.
3-5. Processes [Figs. 4(a) and 4(b) and 5(a) and 5(b)] non-
radiative recombination involving the interaction of a
core excited REI trap, with an electron trapped on a
separate REI trap. The next two-center recombination
involves the interaction of the excited REI trap with an
electron (hole) on a separate neutral donor (acceptor), re-
spectively. The rate equations describe the nonradiative
recombination involving the interaction of a core exited
REI trap, with a free electron or hole, respectively. The
last process is a very efficient nonradiative deexcitation
mechanism of localized centers (Mn2%) in ZnS, ZnSe, and
CdF,**" and Gd’* and Tb’" in CdF,.* The free-
carrier Auger quenching processes are important at
higher temperatures, and were shown to be much more
efficient than the Auger process due to the shallow
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donors. The last one is important only at low tempera-
tures.*’” The most probable nonradiative mechanism
quenching the rare-earth luminescence in III-V semicon-
ductors is the Auger energy back transfer mechanism
shown schematically in Figs. 3(a) and 3(b). The rare-
earth-excited isoelectronic trap occupied by electron N*
or exciton N} can transfer energy to the trapped electron
or exciton rather than to the radiative field; the electron
is consequently ejected deep into the conduction band. It
is emphasized that at low temperatures the only electrons
in the conduction band come from either the exciting
source or from Auger ionization of the REI traps or neu-
tral donors (in the case of n-type samples). The nonradia-
tive recombination involving the interaction of the core-
exited REI trap with a free electron (or hole) is important
in seminsulating InP crystals only during the excitation
pulse. In the dark the electron concentration at a tem-
perature of 300 K is in the range 1X 10® cm 3. However,
the experimental decay time of Yb luminescence is ~ 12
s in SI-, n-, and p-type InP:Yb.>*®

The other mechanisms of the nonradiative recombina-
tion of the excited states of localized centers in semicon-
ductors are first, the multiphonon relaxation processes,’
and second, a migration of energy and cross relaxation
processes.’®>” The probability of the multiphonon relaxa-
tion processes is dependent upon the type of coupling
with the lattice vibrations and the phonon frequency dis-
tribution. The ion-host lattice interaction for RE*T 45"
electrons is characteristic of weak coupling, and the mul-
tiphonon emission rates exhibit an approximately ex-
ponential dependence on the energy gap to the next
lowest level. For a single frequency p phonon process the
nonradiative rate for narrow-line emission is described by
Kiel’s formula®®

Wi(T)=WE0)[1+n ],

where W/[,(0) is the rate at low temperature, p is the
number of phonons involved, » is the occupancy of the
phonon modes:

n=[expfio/kT)—1]7",

and the average phonon energy #iw=AE /p. The single
frequency model seems to be an oversimplification, and
taking a weighted average over the phonon’s spectrum,
or consideration of the continuous nature of the phonon
spectrum would be more appropriate.*

The results of many studies demonstrate that for given
host crystals, the most critical parameter affecting the
rate of multiphonon emission is the energy gap to the
nearest- lower level. If the energy gap to the next lower
state is sufficiently large the nonradiative multiphonon
rate is negligible compared to the radiative rate, and this
is the situation for most rare-earth ions in III-V semicon-
ductors. For example, in InP: Yb*" the *F, , —%F, , en-
ergy gap is 9895 cm ™!, in GaAs: Er’" the *Iy;,, —*I 5,
energy gap is 6051 cm™!, and in GaAs:Nd*' the
4Fy,,—*I,,, energy gap is 10636 cm™~'. The highest en-
ergy phonons in InP and GaAs are 345.2 and 292.7 cm ™!
LO phonons, respectively. Nonradiative decay for the
three cases above would require the generation of 27, 21,
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and 36 LO phonons, respectively. Studies in different
host materials,>>®"3%®) show that nonradiative decay in-
volving the generation of more than five phonons is weak-
er than the radiative process.

When the concentrations of the rare-earth luminescent
ions are higher, or centers create pairs, allowance must be
made of the possibility of interaction between centers.
This interaction may be too weak to modify the energy
levels, but yet be adequately strong to enable transfer of
energy from one to another.*¥®»%7

The migration of energy in InP doped with Y
occurs through resonant interaction. The energy level di-
agram of Yb3" in a crystal field of the tetrahedral sym-
metry (T;) in InP indicates that the only possible interac-
tion between the Yb>*' ions at low temperature is reso-
nant interaction between the lower Stark sublevel of the
ground state’F,,, and the lower Stark to the accidental
impurity with an absorption spectrum overlapping with
that of the Yb®' ion, emission is the most probable
quenching mechanism. In Nd**-doped GaAs the energy
of a single excited ion may be transferred to the same lev-
el of an identical ion (resonant energy migration), and
finally to the quenching center. 234 60:6L.44 " The second
possible degradation of excitation energy is the cross re-
laxation process. The presence of appropriate intermedi-
ate levels in the Nd** ion (*I,,, and *I ;,,) between the
ground *I,,, and excited *I;,, states makes effective the
cross relaxation process and increases the probability of
nonradiative quenching processes.’®%%% All the above-
discussed transfer processes are temperature dependent
and can be useful in explaining the quenching of lumines-
cence of rare earths in semiconductors. A full account of
our results on the temperature dependence of rise, decay,
and quenching mechanisms will be published at a latter
data.

b3+

V. SUMMARY

In this work we have developed a kinetics model of en-
ergy transfer from the host lattice to the localized core
excited states of rare-earth isoelectronic structured traps.
According to Robbins and Dean!” the formation of
bound states at the structured cationic isoelectronic im-
purities is fairly common, which is in contrast to the situ-
ation normally found for anionic substituents in semicon-
ductors. The outer electron configurations of RE" ions
are the same (5525p®). Among rare-earth ions are those
that, upon replacing the element from column III in III-
V compounds that are isovalent concerning outer elec-
trons of RE3" ions, create isoelectronic traps in III-V
semiconductors. We have evidence that the other RE
ions in III-V semiconductors can occupy different sites
(not only substitutional). The rare-earth isoelectronic
trap must not necessarily be the “pure” substitutional
center; if the rare-earth ions are very active chemically,
they can create a more complex center involving other
impurity or native defects. This conclusion is supported
by the fact that the atomic covalent radii (ionic RE*™") for
all rare earths are bigger than atomic radii of Ga in In
that they replace. Pauling’s electronegativity of rare-
earth elements are in the range of 1.1-1.25, and are
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smaller than Ga (1.81) and In (1.78) for which they sub-
stitute. The rare-earth isovalent traps that we can call
isoelectronic  “structured” impurities'” possess the
unfilled 41" core shell. The structured luminescence
arises from intraconfiguration f-f transitions in the core
of the isoelectronic “structured” impurities.

The presence of low-lying empty core orbitals in rare-
earth impurities introduces new excitation and recom-
bination phenomena. To adequately describe the energy
transfer to the REI trap, and the buildup and decay
kinetics of rare-earth luminescence, we have considered
six separate states of the REI impurity (unoccupied, elec-
tron occupied, electron occupied excited, neutral exciton
occupied, exited electron occupied, and excited exciton
occupied). The energy-transfer processes occur through
an Auger mechanism, where the recombination energy of
the bound electron with the free hole is transferred non-
radiatively to the core states. The second energy-transfer
process is the transfer of energy from the bound exciton
on the REI trap to the core states. If the initial and final
states are not resonant (in both mechanisms), the energy
mismatch must be accommodated by emission or absorp-
tion of phonons.!738®:% Fyrthermore, we discussed the
details of several quenching processes which are incor-
porated into the kinetics equations. We derive two sets of
differential equations for SI-, and n- (p-) type semiconduc-
tors governing the kinetics of rare-earth luminescence.
The nonradiative pathways present alternative recom-
bination possibilities for the electrons and holes and are
incorporated in both models. Equations governing the
transfer of energy processes and recombination kinetics
have been determined and solved by a numerical method
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to derive the time dependence of the rise and decay kinet-
ics as a function of excitation intensity. The parameters
used are realistic, but only approximately known (see
Table II). The numerically simulated luminescence rise
and decay times show a good overall quantitative agree-
ment with experiment over a wide range of generation
rate values (see Figs. 6 and 7). Finally, the proposed
model can be refined by taking into account the quench-
ing processes discussed above, and the surface recom-
bination and carrier diffusion processes, which plays an
important role in reduction of the overall photolumines-
cence emission.>
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APPENDIX

Consulting Figs. 1-5, the equations describing the
transfer and recombination kinetics in n-type semicon-
ductor may be written as follows:

dN_ _ n [N N* 1 | Ny | N, E, 1 | N_ BN
dt g [N |, [N BT kT N )PP T T
s _N_ — *
- —Bpp(N_)p—BgrNo(N_)—Br(N_)p , (A1)
Tpx N
dN N§ N_ N N, E
X _“'x P [ZT= —Ny .L+L+ 1 — 1 _x v xp | — h , (A2)
dt T3 T | N Ty Txr  Txd o | N | B kT
dNg _ Ny 1 | N® ) a [N N&
=X BN _pt— Neexp |——= |- | = |- ==
FrEE A e I A G 4 B ol R v B
—Byrs(NS)NE)—Bpp (N_ )N )—Byr3(n)(N§)—Bgp(p)NF) (A3)
dN® _ n |Ng 1 [Nt | N, E, 1,1
= +— — 2 | =N* |[—+—— | =B (N*)
dt T | N T | N ) By ©xp kT Ty TaT FBI P
N* 1 | N®
P t * *
- -L — L~ By (NN, (A4)
T N T N lﬂzN c€Xp kT Br2(NV o ) )
dNy N* N | N E
X _ p ]——N}‘ _1_+_L+ 1 n 1 |1 X vexp[— h , (A5)
dt 7 [ N T2 T3 Texr  Txd T | N | By kT
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N_+N* E Ny N* No+Ng§ N?
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* % 0 Ng ¢ ED Ng n * *
+BB’I‘1(N4 )(NO )+BBT5(N0 )ND+ N—D op BDexp ——k—‘f - 1—7\7‘; ';D‘*'FBBTZ(NO INE s (A6)
dp pn | Nx pn | Nx p |N- p N™ p N,—N; 0
—==G — |+ - | | = —Bpg(N_+N* )p——+— |—— [ —Bpp(Np)p ,
dt o [N | [N 1 | N | 7 | N FBl P |, #BD I XD P
(A7)
N _p | N N (A8)
dt 7, N, T | By |
dNp N3 | n N3 | BoN, Ep
=|1—— |— ——— | —Bpgs(NJ)N§ —B 2P, A9
dr Ny |7 Ny | 7p ex T B15(Np)NG —Bpgp(Npp (A9)
No=N—N_—N,—N§j—N* —N},
N,=N?+N,. ,
Ny=NS+N7 (A10)
0
p+Nf=n+N_+N*+ [1—— |N, .
s
Finally, the equation indicating the neutrality condition is
Ny Np
p=n+N_+N*+ l—N N, — l—N— Np (A11)
s D

Equations (A1)-(AS5) govern the negatively charged REI-trap population (A1), the neutral exciton occupied REI-trap
population (A2), the neutral core excited REI-trap population (A3), the negatively charged core excited REI-trap popu-
lation (A4), and the exciton occupied core excited (AS5) rare-earth isoelectronic trap populations, respectively. Equa-
tions (A6) and (A7) represent the changes in the total free-electron and hole populations, respectively. Equation (A8),
governs the density of neutral shunt path traps. Equation (A9) governs the density of neutral donors. Equations (A 10)
state the constancy of the total concentrations of REI traps, shunt paths, and donors, respectively, and Eq. (A11) is the
neutrality condition equation. The symbols used in this set of equations are the same as for SI semiconductors.
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