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Luminescence-intensity kinetics due to nonradiative capture by multiphonon emission
in highly excited CdS and CdSe crystals
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The temporal kinetics of radiative recombination of a nonthermalized electron-hole plasma photoexcited by
a powerful pulse of picosecond duration is considered with respect to the nonradiative capture of hot nonequi-
librium carriers by deep centers via multiphonon emisgiBPE). For centers thermally activated through
surmounting the localization barrier by the carrier-lattice system, a decrease of the luminescence rise time and
an occurrence of the fast-relaxation stage are shown to be characteristic of the band-to-band emission evolution
at elevated lattice temperatures. An effect of MPE capture on the luminescence kinetics is experimentally
demonstrated in CdS crystals with different concentrations of excess cadmium, and in a high-purity CdSe
crystal. The analysis of the kinetics revealed deep traps, probably of native origin, with localization barriers of
110 meV for CdS and 215 meV for Cd9&0163-182806)00747-3

[. INTRODUCTION excited states of certain centers can result in capturing the
carriers by a cascade phonon emissibidditionally, for
The luminescence kinetics in highly excited direct-gaplocalized carriers, tunneling to nonradiative centers in real
semiconductors was extensively studied over the past fewpacé® may take place. Meanwhile, a delocalized carrier
decades. In group 11-VI compounds, routes of radiative recoupled with the lattice can be directly captured by a deep
combination due to formation of excitons, biexcitons, and!€vel by surmounting a certain localization barigrcaused
electron-hole plasméEHP), stimulated emission, and collec- by deformation of the lattice in the vicinity of the defér*®
tive interactions** have been traced in the picosecond timeAt 10w temperature, the barrier being too high, the carrier
domain. At high excitation, the carrier and exciton system i£an be localized at the deep level via thermostimulated tun-

usually brought out of thermal equilibrium with the lattice, neling of the carrier-lattice system through the barrier in con-

; ; 0,23,24 ; i
the relaxation of the relevant effective temperatures occurf—Iguraltlon spacé The tnneling probability depends

ring on the nearly same time scdte10-100 p§ (Refs. 12— We‘”?"".y on temperature, thus yielding a nearly constant non-

14) as the recombinatiotf. This makes an analysis of the radlgtlve I[fet|me. At high temperatures, the energy of the
bination kineti : licated iallv in the initi Icarner-lattlce system can be sufficient to produce a lattice

recombination kin€tics complicated, especially in the ni 'a_displacement equal to that around the defect. Under such

stages of the temporal evolution: Unfortuna'\tely_, 'the EXPErl¢onditions, a crossover of the free-electron-hole pair configu-
mental data are usually described by simplified kinetic

5-8 , o ration potential curve with that of the deep level can be
models™ neglecting the dependence of recombination congached, resulting in a capturing of the carrier with a subse-

stants on effective temperature. The neglect is valid only fohuent relaxation of the highly excited carrier-center system
some special cases, e.g., at late stages of relaxation when tby multiphonon emissiotMPE).2°~?2242%|n a semiclassic
thermalization process is terminated. A nearly constant nonapproach(Ws%w, wherew is the characteristic frequency
radiative recombination lifetime is also a good low- of the phonon participating in the captiyre& ground-state
temperature approximatigisee below. Meanwhile, at room  carrier-lattice system is localized at a capture center by MPE
temperature, important for potential applications, consideringvith the Arrhenius probabilit§
the luminescence kinetics in terms of simplified free-carrier
recombination modef€ becomes scarcely applicable be- woe T~ Y2exp( —W/kgT), (1)
cause of the increased role of the effective-temperature-
dependent nonradiative process. A more detailed investigavhereT is the equilibrium temperature. The validity of Eq.
tion of luminescence kinetics with this process can providgl) is restricted to a temperature region that, for different
additional information about nonradiative recombinationestimations, ranges frdMT> % w/2Kg t0** T>#% w/6kg . For
routes, that are of crucial importance for the operation ofinstance, in CdS, assuming the enefgyis close to that of
electronic, optoelectronic, and optic devices. An example ofhe LO phonor(38 meV), an exponential temperature depen-
such importance is the effect of thermally activated nonradidence of the capture probability is thus expectedTfsr70—
ative recombination on the operation of an externally220 K. The latter condition is difficult to reach conveniently
pumped semiconductor laser. in experiments(e.g., deep-level transient spectroscoms

An intrinsic nonradiative recombination route is the Au- lattice temperatures above 400 K are typical for starting an-
ger process® However, in wide-band-gap semiconductors nealing processes in group I1-VI crystals. This means that the
such as most group II-VI crystals, the Auger process is inefvalue ofW is unlikely to be determined from the temperature
ficient, and nonradiative recombination is due to the presencéependence of the capture cross section under equilibrium
of deep levels acting in several ways. At low temperatureconditions®® For this reason poor data on the height
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of the localization barrier, which is an important parameter (n n
for a lot of applications, are available. - G- ) Y(Te(1)IN?= CA(To(t))n3—--+,
Recently, we introduced a method of determining the bar- ¢ 6)

rier energy for nonequilibrium-carrier capture by MPE.

The method is based on the photoexcitation of quasithermajyhere - andC, are the effective-temperature-dependent car-
ized electron-h(_)le plasma with the carrier effective temperayier Jifetime and the Auger coefficierithe Auger recombi-
ture elevated high above the room temperatér@000 K),  nation and higher recombination terms can be neglected in
and employs the sensitivity of the luminescence-intensity kiwide-band-gap semiconductar§(t) is the carrier volume

netics on the picosecond time domain to the barrier height. Iphotogeneration rate that, for laser-pulse excitation, is usu-
the present work, extended data on the luminescence kinetig§ly of a Gaussian form

influenced by the MPE capture in group II-VI crystadS
and CdSegare reported. G(t)=1,(Blm)Y2%exd — B(t/7,)?]/hvd, 7)

Il. MODEL whered is the thickness of the excited regio=4 In(2),
. o ) _ _ andl,_, 7, andhy_ are the power density, the full width at
The intensity klneths of the Iumlnescen_ce due to radiative, 5 magnitude, and the photon energy of the exciting pulse.
recombination in EHP is generally determined by the tempost should be noted that at high excitation power the exciting
ral evolution of the carrier density and the effective tem-  |ignt penetrates the sample deeper than in the case of usual
peratureT.. The tran3|ent Iummescence intensity 'ntegratedabsorption(~0.1,um).l“'e’OThis is due to filling the electron
over the spectrum is proportional to the spontaneous bandyates responsible for incident photon absorption which are
to-band recombination rate not able to deplete within the electron-electron and electron-
phonon relaxation timé~10 fs). For incident photon flux

2w power densities of the order 100 MW/énthe penetration
— 2
ILUM“RSP_T % k%h |erkh| fe(ke) Th(kn) depth is ~1 um, while in group-1I-VI crystals the drift
¢ _ length of nonequilibrium carriers is less tharuin at room
X 6(Ee(Ke) T En(kp) +Eg—hv), (2)  temperaturé® This makes it possible to neglect the diffusion

process in Eq(6).
where|erkh|2 is the square of the transition matrix element;  The carrier lifetimer is generally contributed by all pos-

fo(ko) and f,(k,) are the distribution functions of electrons sible routes of recombination ca_lused by imperfections of the
and holesE(ke), Ey(ky), E4, andhv are the energies of the crystal. It should .be noted that, in our h!gh—temperaturg case,
electron, hole, renormalized band gap, and emitted photoﬁhe relative contribution of the thermostimulated tunneling in
respectively. Assuming the distribution functions to beconfiguration space and the efficiency of the cascade phonon
Maxwell-Boltzmann ¢=n/T 22, the band-to-band recombi- €mission are vanishing, while the model of real-space tun-
nation rate can be expressed in terms of the bimolecular rd€ling is hardly applicable for plasma as a system of delo-

combination coefficienty calized carriers. In addition the carrier density is considered
to be high enough to saturate recombination routes involving
band-to-level optical transitions. Thus, at high excitation and

| Lum* Rep= ¥ (Te())N*(1). 3) ’ g

elevated temperatures, the carrier lifetime is to be predomi-

In the limit of strict validity of thek-selection rule(direct ~ nantly determr:nedhby nonradl_au:j/e capture \ga MPE. Below ¢
transitions:ke.~kj,), the matrix element is almost constant, V& assum;z that t ﬁ capture 'Sd ge tr? one 0n1_||_rk1)a_nt tylpe 0
and the effective-temperature dependence of the bimolecul&ENter. and generally is assisted by the nonequilibrium long-

recombination coefficient as obtained from E2), is wavelength bulk LO-phonon modes occurring at high
excitation*'*214 Meanwhile, the relaxation of the center

with a captured carrier may produce a nonequilibrium occu-
pation of the local vibration modé$,which may affect the
capture rate. However, in pure-component crystals, that are
under consideration here, the capture is predominantly due to
native defects such as vacancies which are known to modify
the phonon density of states locally rather than to cause local
vibration modes? Thus, the MPE process is expected to
. ) . produce some nonequilibrium LO phonons in addition to
pairs ofke andk. psmg a 5|mpllest2form of ;heilreleyant those excited by free-carrier cooling and second-generation
square of the matrix eIeméﬁt|erkh| [Hi, |V, this nonequilibrium phonon fusiotf:3%3* Eventually, the long-
yields the effective-temperature independent bimolecular cowavelength bulk LO-phonon modes being brought out of
efficient thermal equilibrium with the crystal lattice because of relax-
ation of both free and localized carriers, the average occupa-
¥(T¢)=7v'=const. (50  tion numbersN are close to those determined by the carrier
effective temperatuté® T, as N=[exp(io/kgT,)—1] *.
In nondegenerated plasma, the electron-hole pair density foAveraging of the capture probabilitit) over the nonequilib-
lows a rate equation comprising recombination terms in forntium Maxwell-Boltzmann distribution must be performed in
of a power series a way similar to that in Ref. 24. Finally, in the high-

YT)=To ¥ or YT)=wTUTITY®2 (4

wherey(T) is the coefficient at the equilibrium temperature.
In dense plasma, thie-selection rule may be weakened be-
cause of many-body interactiéf?® In the limit of the full

breakdown of thek-selection rule, summation of the right-
hand side of Eq(2) must be performed over all possible
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temperature limit of the semiclassic approach, the effective-

temperature dependence of the carrier lifetime is 800
7(To) = T %exp WikgT,). €) < 600
At high excitation, the temporal behavior of the effective 400 -
temperatureTl.(t) is determined by complex and mutually
related energy-transfer processes in a system of hot plasma, o~ Tt
localized carriers, and a few generations of nonequilibrium =
phonons. Below, for simplicity, we shall employ experimen- 2 o5
tally determined dependence&s(t). E
The rate equation for the carrier density now can be re- =
written with a glance at Eqs4), (5), (7), and(8), *g‘
dn 1 (B2 t)2 2
S oglo] e -8 — = o
dt hpyd\= TL 1
n T \% [w T g
— - || = 2 [
) (Tcm) ex’{kBT (1 Tc(t)” 7ron 3 o5
©) 8
>
where7(T) is the lifetime at the equilibrium temperature. In 5
the limit of validity of the k-selection rule, the bimolecular §
recombination coefficienty(T.) is described by Eq(4), £
0.1

while, if the k-selection rule is broken, E@5) is to be used.

It is worth noting that the recombination of an electron- .
hole pair via capture by MPE occurs in two steps each char- Delay time (ps)
acterized by certain lifetimes of electron and hole capture, . o . .
7o(T.) and 7,(T.), respectively. Generally, the localization FIG. 1. Calculated_lumlnescencg kinetics in a highly excited
barriers for an electronV{,) and a hole ;) being differ- CdS crystal.(a) Experimental effective-temperature dependence

0 100 200 300

ent, the pair lifetime is used in calculgtions(b) Normaliz_ed kinetics in the case of validity
of the k-selection rule(c) Same in the case of a breakdown of the
(T =71o(To)+ m(To) !f-selectlon” rule._ Solid lines, no .barnek/\.(_=0); dzishec{’ Ilnes_, a
moderate” barrier(W= 100 meV\j; dotted lines, a “high” barrier
T, 312 - We T W, (W=200 meV}; dash-dotted lines, the laser pulse.
== exp—|+ ex .
T Te( ) kBTC Th( ) kBTC

distinguished in the case of the validity of ttkeselection
(10 rule (effective-temperature-dependent bimolecular recombi-

However, for W,#W,, the effective-temperature depen- Nation. For zero barriefW=0, curve 3, the lifetime is
dence of the sum lifetime is predominantly determined byalmost constant, and the kinetics exhibits a phase of rise and
the higher barrier of two. Here the lifetimeT,) is consid- & Phase of exponential decay with a time consta(T)/2.
ered to be independent of carrier density, i.e., we assumi € fise is simultaneous with the stage of the heating relax-
that, both types of carriers being present in the crystal, th&ion, and is caused mainly by an increase of the radiative
relaxation of a center by MPE is fast enough to prevent thé&combination rate with decreasing effecntg(e temperature
recombination from saturation. [see Eq(4)]. For a moderate barriéiN~kgT; ", curve 3,

In group 11-VI crystals, typical room-temperature values the rise time decreases as the increase of the radiative bimo-
of rand y are 107 s and 10%° cm¥s, respectively. This lecular recombination rate with decreasing the effective tem-
makes the last term on the right-hand side of E).negli-  Perature is compens_ateq for by a steeper dgpendence of the
gible for carrier densities below bem? andT,=T. In this nonradiative recombination rate on the effective temperature.
case, Eq(9) becomes almost linear with respectrtpand at ~ For high barrietW>kgT¢™, curve 3, this dependence pro-
a fixed value of7(T) the temporal evolution of the carrier duces a phase of rapid decrease of the luminescence intensity
density in relative units and, hence, the luminescence kine@t the initial stage of the relaxation. Theselection rule
ics, depends mostly on the localization barrier height and oleing broker{Fig. 1(c)], the bimolecular recombination rate
the kinetics of the effective temperature. does not depend on the effective temperature, and the lumi-

Typical temporal profiles of the radiative recombination Nescence rise time is less pronounced for zero barrier, as this
in nonthermalized plasma calculated using E&.and (9) is determined only by an increase of_the_ carrier densny
for a few values ofW in a CdS crystal withr(T)=1000 ps (curve 4. Therefore, the luminescence kinetics is less sensi-
are demonstrated in Fig. 1. The calculation was performedve to the barrier height fow=kgT¢** on the relative scale
for the experimental situation of Ref. 14: the kinetics of theof intensity (see curve 5 forW~kgT{'®). Again, at W
effective temperaturg¢Fig. 1(@)] with a peak valueTg™  >kgT{"™ (curve 6, a fast-relaxation phase occurs as in the
=870 K was used fol, =100 MW/cn?, hy,=3.50 eV, and case of thek-selection rule, and the luminescence kinetics
7. =28 ps. Three types of the luminescence kinetics can bbecomes sensitive to the barrier height. Generally, the local-
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ization barrier can manifest itself in the kinetics of the radia- ——
tive recombination of nonthermalized electron-hole plasma
in two ways: by a reduction of the luminescence rise time for
a “moderate” barrier heighttype-| kineticg and, addition-
ally, by the occurrence of a stage of fast decay for a “high”
barrier (type-II kinetics.

A prolonged rise time of the luminescence intensity due
to effective-temperature-dependent bimolecular recombina-
tion was observed in CdSe at low temperattfrén our re-
cent short communicatioff,we demonstrated the possibility
of determining a “moderate” barrier height in CdS crystals
from the luminescence rise time, assuming Kiselection
rule is valid. Below, typical experimental kinetics of types |
and Il due to hot-carrier capture by MPE in group IlI-VI
crystals(CdS and CdSeare presented and analyzed in the
limits of the validity and breakdown of thie-selection rule.

104

103

102

Luminescence intensity (arb.units)

ST L PRI RPN R R IR
2.535 2.540 2.545 2.550 2.555

IIl. EXPERIMENT AND RESULTS Photon energy (eV)

In transient experiments, the samples were excited using a
passively mode-locked YAG:Nd (yttrium aluminum gar-
ned laser(the full width at half maximum pulse duration is
7. =28 ps, and the repetition rate is 2.7 )HZhe second
harmonic of the laser irradiatioth», =2.33 eV} was used
for excitation of CdSe crystals, and the third ghe =3.50
eV) for CdS. The pump power densities were 200 and 10
MW/cm?, respectively. The temporal resolutidr=30 p9

FIG. 2. Low-temperature luminescence spectra of two CdS crys-
tals for cw excitation.

The high-energy region of the spectra was used to determine
the carrier effective temperature by fitting the experimental
hape with the theoretical ones. The fitting was performed
or two models of radiative recombination: with and without
k-selection rule taken into accoufitThe suitability of each

was provided by a C%SODt'0a| Kerr shutter. Th_e lumines- model was tested by bringing the obtainEdvalues close to
cence spectra were dispersed by a 0.4-m grating monochrqaie equilibrium valueT at large delay time. Figure (4

mator and recorded photoelectrically by digital accumulationShOWS the obtained(t) dependences for sample (for
of the signal at each point, with discrimination of the IaserSample 1 the depecndences are almost the sarfiee

pulses of unsuitable energyhe stability of the excitation k-selection rule being taken into accoudiamonds in Fi
intensity within 10% was preservedThe measurements 9 U 9

were carried out at room temperatufie= 298 K).

Type-I luminescence kinetics was found to be character- 106 — , . , . . : .
istic of CdS crystals with increasing enrichment by cad- :
mium. CdS crystals grown from a high-purity vapor 1 CdS
phasé®3®with different growth conditions were investigated. 10t L o
Here typical results for two samples are presented. Sample 1 3
was grown keeping the ratio of the partial pressures of cad-
mium and sulfur vapor components on the crystallization
front F=p(Cd)/p(S,) at the value of 0.64 that ensured the
composition is almost stoichiometric. Sample B=2.0)
was expected to have a higher concentration of native defects
related with excess cadmium. Figure 2 presents low-
temperature luminescence spectra of the samples excited by
means of a cw He-Cd laser. The spectrum of samgolid
line in Fig. 2 contains bound-exciton peaks related to shal-
low acceptors(l;, at 2.536 eV and donors(l,, and |,
around 2.547 eYtypical of undoped CdS crystaié3® A
free-exciton polaritonic doubléA; and A, ) can be also re-
solved in the short-wavelength region. Sample 2, grown with
increased partial pressure of cadmi(otted line in Fig. 2,
is seen to exhibit ah, line near 2.545 eV characteristic of Photon energy (eV)
CdS crystals with sulfur vacancisVg and a long-

wavelength shifted g line at 2.535 eV. FIG. 3. Transient luminescence spectra of a CdS crystahple

Figure 3 presents some time-resolved luminescence spegy. The spectra are arbitrarily shifted along the vertical axis, and the
tra of a highly excited sample 2 at room temperature for ajelay time after the exciting pulse is indicated at each spectrum.
few values of delay after the peak of the excitation pulsesSolid line, an example of approximation of the high-energy wing by
The spectra are seen to contain one emission band which carcalculated line shape with theselection rule taken into account
be attributed to radiative recombination of dense E¥fP*!  (T.=301 K); dashed line, same neglecting the r(ie =250 K).

103 F )
102 o*

101 F

Luminescence intensity (arb. units)

23 24 25 26 27
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1 I . L . b FIG. 5. Low-temperature luminescence spectrum of a CdSe
0 200 400 crystal for cw excitation.

Delay time (ps)

and experimental values ef(T)=27 ,y (760 and 370 ps

FIG. 4. (8) Temporal evolution of the carrier effective tempera- fOf Samples 1 and 2, respectivelyUsing the equilibrium
ture in CdS crystals. Diamonds show values obtained from line/alue of the bimolecular recombination coefficiént
shapes regarding tHe-selection rule; triangles, the same with the ¥(T)=1.4X 10 1% cm/s, the calculated kinetics was insen-
rule disregarded; solid line, the approximation used in calculationsSitive to the thickness of the excited regidnin the range
(b) Transient behavior of the integral luminescence intensity forabove 5um, and the fit was achieved by varying only the
two CdS crystals. Points, experiment; solid lines, calculation forone parameteW. Solid lines in Fig. 4b) show the result
W=110 meV. The dashed lines, reproducing the calculation forof the best fit achieved foV=110 meV(d=5 um). Dashed
W=0, are shifted along the vertical axis to normalize the pealines depict the solution foW=0. One can see that the
intensities. experimental data cannot be reasonably described without an

introduction of nonradiative recombination thermally acti-
4(a)], the effective temperature is seen to reach a value ofated through a nonzero barridf. The zero barrier yields a
~770 K at zero delay, and to relax exactly to the equilibriumprolonged rise time for both samples.
value soon after terminating the excitation pulse. It should be A characteristic type-Il luminescence kinetics was ob-
noted that the spectral position of the luminescence banderved in a CdSe crystal grown from the high-purity vapor
indicates a negligible increase in the lattice temperature, thphase. Figure 5 shows a luminescence spectrum in the exci-
obtained effective temperatuf®, referring only to plasma tonic region recorded at=6 K under low cw excitation by
and the phonon modes involved in the primary stages of théle-Cd laser irradiation. In the short-wavelength part, the
energy relaxation? Disregard of thek-selection rule[tri- spectrum exhibits pronounced intrinsic peaks of the free
angles in Fig. 4)] yields aT,(t) dependence that drops at 1.826 eV (Ref. 40 and surface mechanits at 1.824 eV
below the equilibrium temperature at large delay time. ThugRef. 41 excitons. At lower energies bound-exciton peaks
luminescence kinetics should be analyzed only with thel;, at 1.817 eV,l;z at 1.819 eV, and, at 1.822 eV,
k-selection rule taken into consideration, i.e., with anrelated with shallow donors and accept@sobably Cd and
effective-temperature-dependent radiative bimolecular reSe interstitial9,***? dominate. The spectrum is typical of a
combination rate as given by E@}). high-purity CdSe crystal predominantly comprising “na-

Points in Fig. 4b) depict the variation of the lumines- tive” defects®®
cence intensity integrated over the spectrum with time in two Time-resolved luminescence spectra due to radiative re-
samples. In comparison with sample 1, sample 2 is seen tcombination of EHRRefs. 2, 3, and J)0are depicted in Fig.
exhibit not only a lower emission efficiency and a smaller6. Contrary to the case of CdS, the high-energy region of the
decay timer yy for the late-stage luminescence kinetics spectra fits the line shape better with tkeselection rule
(185 ps vs 380 psbut also a shorter rise time. To estimate neglected?’ as follows from the values of the effective tem-
the localization barrier height, both experimental lumines-perature obtained for large delay times. Figufe) Bhows
cence kinetics were fitted with those calculated using Eqsthe obtained temporal evolution of the carrier effective tem-
(3) and (9). It should be noted that the electron-hole pairperature with a peak value 6£780 K at zero delay and
density estimated from the bandwidth does not exceedelaxation to the equilibrium valu€& within ~100 ps. In the
5x 10" cm™3, which makes the model of a nondegeneratedcase when th&-selection rule is taken into account, no re-
plasma applicable. Calculations employ an approximation ofaxation to the equilibrium value of the temperature is
the experimental dependen@g(t) [solid line in Fig. 4a)]  achieved. Thus a further analysis of the luminescence kinet-
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FIG. 6. Transient luminescence spectra of a CdSe crystal. The 0 200 400 600 800

spectra are arbitrarily shifted along the vertical axis, and the delay Delay time (ps)
time after the exciting pulse is indicated at each spectrum. Solid
line, an approximation with neglect of ttkeselection rulgT,=317

. X ) FIG. 7. (8 Temporal evolution of the carrier effective tempera-
K); dashed line, same with the rule taken into accqlipt= 391 K).

ture in a CdSe crystal. Diamonds show values obtained from line
shapes with thek-selection rule disregarded; triangles, the same
ics should be performed with tHeselection rule neglected. regarding the rule; solid line, the approximation used in calcula-
The contrast in validity of th&-selection rule between CdSe tions. (b) Transient behavior of the integral luminescence intensity.
and CdS crystals is probably caused by the large differencBoints, experiment; solid line, calculation fg¥=215 meV. The
in hole mass, the lighter holes in CdSe contributing more talashed line, reproducing the calculation Wi=0, is shifted along
many-body processes than those heavier in CdS. the vertical axis to normalize the peak intensity.

Points in Fig. Tb) depict the temporal variation of the
luminescence intensity integrated over the specti@ne pe giscussed. In our crystals, produced from high-purity
low-energy wing of the spectra, that could not be measuregdomponents, the most probable centers of MPE capture are
because of the limited operation spectrum of the Kerr shutyeep “native” traps. The excitonic spectt&igs. 2 and 5
ter, was approximated assuming a symmetric line shape Gfnply the domination of shallow levels due to interstitials
the plasma band The plasma being hot, the luminescence(e g. cdand Sein CdSe.*° Hence the crystals should con-
kinetics is seen to exhibit a short rise time with a subsequenin 4 |ot of their Frenkel codefects in the form of vacancies.
fast-relaxation phase. The thermal relaxation being termiy, cqse, the vacancieéey and Vg, are known to produce
nated, the kinetics takes the form of a slow exponential degeep |eveld34* moreover, cadmium vacancies were identi-
cay with a time constant of, yy =600 ps(r=27yu=1200  fied as centers of fast recombinatidits centers. Probably,
ps. The observed evolution of the plasma recombinatiory similar situation is typical of CdS crystals, where excess
emission intensity can be attributed to the case of a "high”cagmium, as in the case of sample 2, is expected to produce
barrier, as it resembles curve 6 in Figcll To obtain an  gyifyr vacancied® Using a typical value for a cross section
exact value ofw, fitting with the kinetics calculated in ac- 4 54 point defe®" o~10"1% cn?, one can estimate the den-
cordance with Eqg3) and(9) was performed with effective- ity of centers of MPE capture &= (ov17) 1, wherev is
temperature-independent bimolecular recombination coeffifye thermal velocity of the carrier. At room temperatire

ci,ent [_Elgl (53)]- Taking the values ofd>10 um and <1000 p3, the estimated density is around 1810 cm?;
y' <10 ™" cm’/s, the MPE capture dominates in the recom-nat is; typical of “native” point defects in group I1-VI

bination, and the fit can be achieved by varying only the ON&rystals®®
parametekV. The solid line in Fig. ) depicts the result of  “The optained values of the barrier height can be used to

th,e calcgll%tion for W=215 meV (d=10 wm and reconstruct the configuration diagrams of the centers of cap-
y'=1x10 *° cm’s). The dashed line shows the calculatedyre via MPE. Assuming these centers are vacancies produc-

kinetics forW=0, that is seen to be very distant from the ing no local vibration mode, a Huang-Rhys mo#falyith the

experimental one. uniform vibration frequency for the lattice coupled with both
free and localized carriers, should be emplo§fedn ex-
IV. DISCUSSION AND CONCLUSIONS ample of reconstruction for the center of nonradiative recom-

bination in our CdS crystals was demonstrated in Ref. 27
The origin of the centers of the nonradiative recombina-using the data on the energy of photoactivaffofigure 8
tion in CdS(W=110 me\} and CdSgW=215 meVj isto  depicts a reconstructed configuration diagram of the deep
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luminescence intensity kinetics was shown to be strongly
dependent on the height of the localization barrier. A typical
manifestation of a “moderate” barrier as a reduction of the
luminescence rise time was experimentally demonstrated for
CdS and CdS:Cd crystals, while the effect of a “high” bar-
rier, additionally producing the fast-relaxation stage, was ob-
served in a CdSe crystal. Configuration diagrams of the cen-
ters of nonradiative recombination can be reconstructed
using the values of the barrier height obtained by fitting the
experimental luminescence intensity kinetics with the calcu-
lated ones. The dominating centers of capture by MPE in the
investigated group 1I-VI crystals were supposed to originate
from “native” point defects, probably vacancies.
Our results imply that, at elevated temperatures, in group
[I-VI crystals with intrinsic densities of native defects, the
A% E linear recombination channel prevails over the bimolecular
recombination under conditions of high excitation by a laser
pulse of picosecond duration. During the excitation pulse
action, the increase of the MPE capture probability over-
Q comes that of the radiative bimolecular recombination be-
cause of the high effective temperature. Consequently, the
lifetime drops to tens of picoseconds, resulting in a nonradi-
FIG. 8. Configuration diagram of a possible center of nonradi-ative disappearance of the greater part of the initially excited
ative recombination in CdSe. carriers. Further, after the laser pulse is terminated, the re-
mainder of the carrier density is too small to make bimolecu-
lar recombination important. However, bimolecular recombi-
nation still provides the principal mechanism of the radiative
emission, though affecting the carrier density only weakly.

level in CdSe located d&=0.75 eV below the bottom of
the conduction bantf As the experimental data do not pro-

vide information about which type of carrigelectron or Providi hat th by MPE .
hole) the measured barrier is to be attributed to, the configu- . roviding t _at t e capture by at natlye centers ex-
ites LO vibrations in the long-wavelength region, a mecha-

ration curve of the center was selected from a few possibl&.

ones in a way that ensured that the barrier for the second>M Of_ _pla_lsma heating emerges du_e to ab_sorp'uon Of. the
carrier is much lower than that of the measured 62&5 nonequilibrium phonons by free carriers. This mechanism

meV). Thus Fig. 8 reproduces the case of the high barrier foF’hOUId ponsiderably increase. the excess effective tempera-
the hole(W,~W=215 me\}, and a lower one for the elec- ture during the laser-pulse action, and slow down the cooling
tron (W,=70 meV<W,). This implies a total recombination after the pulse has been terminated.
rate to be determined by MPE capture of holes rather than by
that of electrons. . ACKNOWLEDGMENTS
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