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The energy transfer between the Mn?" ions and free electrons and electrons bound on shallow
donors in CdF,:Mn,Y crystals has been examined. This so-called Auger effect on localized impuri-
ties turned out to be a very efficient quenching mechanism of the deep luminescent centers in semi-
conductors. Experimental evidence for such an effect is presented. It is proved that the dipole-
dipole mechanism of the energy transfer is responsible for the luminescence quenching due to the
free electrons unlike the quenching due to the weakly bound electrons where the exchange mecha-
nism causes the decrease of the luminescence quantum efficiency. The theory presented here ex-
plains the experimental results very well. The Auger effect due to the free electrons is important at
higher temperatures and was proved to be about 500 times more efficient than the Auger effect due
to the shallow donors, which is important only at low temperatures. There are also arguments
presented explaining problems with the designing of the dc-mode injection-type laser diodes based
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upon the intraimpurity emission.

I. INTRODUCTION

The mechanism of the nonradiative recombination of
the excited states of impurities in insulating crystals and
semiconductors has long been a topic of fundamental in-
terest in solid-state physics.!™* It has been found that
multiphonon processes usually dominate nonradiative
recombination for localized defects.! ™3 The probability
of these processes is dependent on the type of coupling
with lattice vibrations. For weakly coupled defects the
nonradative deexcitation rate depends exponentially on
the energy AE to be dissipated. This dependence is
known as the “energy-gap law”> and its validity has been
verified for rare-earth impurities in a variety of hosts. In
strongly coupled systems the nonradiative recombination
is generally a thermally activated process, since it
proceeds via the energy barrier at the crossing of the two
levels.>~3 If the energy AE is high compared with the
highest energy of phonons in the host or the temperature
is sufficiently low, the probability of the multiphonon
nonradiative recombination becomes small and other
types of recombination become more competitive. One of
them is energy migration through the system of excited
ions and energy transfer to different types of defects,
where the excitation energy can be dissipated easier.*®
All these nonradiative processes have been most exten-
sively studied in insulating crystals.

. In semiconductors, the presence of carriers (free or
weakly bound on shallow donors or acceptors) opens a
new recombination channel—the Auger effect (AE)."’
In contrast to those already discussed, the energy accep-
tor in this case is either the free carrier or the carrier
bound to some defect center. In any case the energy ac-
cepting carrier is promoted during the AE high into the
respective band (the conduction band for the electrons
and valence band for the holes). The AE involving either
free or weakly bound carriers was proved to be responsi-
ble for the luminescence quenching for various types of
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bound excitons or donor-acceptor pairs® but it was com-
monly neglected as an efficient nonradiative deexcitation
mechanism of localized centers in semiconductors. In
1981 Gordon and Allen® in ZnS:Mn?™" and our group'®!!
in CdF,:Mn?" have independently found that the intra-
shell Mn2" luminescence is very efficiently quenched in
conducting crystals. The efficiency of this mechanism
has been confirmed in the intrashell luminescence
quenching of several rare-earth dopants in semiconduc-
tors'? as well as in case of Fe in ZnS and InP.!* The mag-
nitude of the intrashell luminescence quenching by the
AE is in most cases well reproduced by the theoretical es-
timations made by one of us.!* The reasons for the
surprisingly large efficiency of the AE will be discussed in
more detail in the next sections.

In contrast to the free-carrier AE, the AE due to ener-
gy transfer to weakly bound carriers has been found to be
much weaker. It can be observed only at low tempera-
tures at which the carriers freeze out on shallow donors.
Until now the only unambiguous case of this type of the
AE has been found in the luminescence of Mn*" in con-
ducting CdF,.

It is the main purpose of this paper to provide a com-
plete experimental and theoretical analysis of both types
of the AE at localized centers in semiconductors. The ex-
perimental observations shall be reported for the intraim-
purity Mn2*(3d°) emission in conducting CdF, crystals.

CdF, crystals, unlike other fluorities, can be converted
to the conductivity state by doping and appropriate an-
nealing with most trivalent impurities.”*~!” The anneal-
ing process causes a diffusion of the interstitial fluorines
acting as the deep acceptors compensating the extra
charge of the trivalent dopants.'® It is possible to control
the electron concentration by the doping level and an-
nealing conditions up to about 4X10'® cm™3 at room
temperature.!® CdF, crystals doped with rare-earth or
manganese ions can also be a source of efficient photo-
luminescence or electroluminescence but the photo-
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luminescent properties disappear rapidly with an increase
of the electron concentration.

The two paths of the energy transfer from the excited
Mn’" ions, one to the free electrons and the second to
the electrons bound at the shallow donors (Fig. 1) are re-
sponsible for the luminescence quenching. The existence
of both types of the AE manifests itself in the tempera-
ture dependence of the quantum efficiency of the
CdF,:Mn,Y crystals, highly converted to the conductivity
state (Fig. 2). At temperatures above 100 K, the charac-
terlstlc intrashell (4Tlg—> A,) manganese lumines-
cence!® is practxcally completely quenched For tempera-
tures below 100 K, i.e., in the temperature range in which
the carrier concentration decreases strongly, the lumines-
cence becomes visible. At the lowest temperatures (below
40 K), when practically all electrons are frozen out at the
shallow donors,'® the luminescence quantum efficiency
reaches its maximum. Its magnitude, as we shall show
later, depends on the concentration of the occupied shal-
low donors. This experiment provides that the AE due to
electrons bound at shallow donors is responsible for the
decreasing of the luminescence quantum yield in this
temperature region, whlle at higher temperature the
free-carrier AE dominates.!”

Independent evidence of the intrashell Mn?" lumines-
cence quenching by the AE is given by the observation of
the reverse-bias dependence of the Mn?" catho-
doluminescence generated under a thin gold gate eva-
porated on a semiconducting CdF,:Mn crystal'"2%2! (no
cathodoluminescence is observed in this crystal if excited
directly, i.e., not through the metal gate). The increase of
the reverse bias (still much below the onset of the electro-
luminescence in this structure) causes the increase of the
intensity of the cathodoluminescence (Fig. 3). This in-
crease is proportional to the volume of the electron-
depleted region beneath the metal gate forming a
Schottky barrier on the surface of the CdF, substrate.
Since the penetration depth of the injected electrons is
much larger than the depletion layer width, Mn excita-
tion can be assumed to be spatially uniform. The de-
pletion layer beneath the metal gate is equivalent to the
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FIG. 1. The two kinds of the localized-center Auger effect in
conducting crystals. Manganese is taken here as an example of
the localized impurity.
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FIG. 2. The temperature dependence of the luminescence
quantum efficiency of strongly conducting CdF,:Mn(2 mol %),
Y(0.05 mol %) crystals. The solid line is a fit to equation:
n=[1/n9+ A exp(—AE /kT)]"!. Here the exponential factor
reflects such a temperature dependence of the electron concen-
tration.

insulating crystal, i.e., the region where there is no AE
due to either free or weakly bound electrons. The in-
crease of the reverse bias causes the increase of the
electron-free volume and thus the increase of the AE free
region. This is the reason for a linearity of a total Mn2*
emission versus the depletion layer width. This experi-
ment explains why a very efficient electroluminescence
can be achieved in the metal-semiconductor (MS) or
metal-insulator-semiconductor (MIS) structures made on
semiconducting CdF, substrates doped with one of the
luminescence activators (Mn or rare-earths ions).?’ There
the luminescence is generated in the depletion layer,
where the electron concentration is very small and there-
fore this layer is equivalent to the insulating crystal.
Thus it is possible to observe very efficient electro-
luminescence from the MS or MIS structures on conduct-
ing CdF, crystals containing different luminescent impur-
ities,'"2! the crystals being very poor luminophors if ex-
cited by light.

The major part of this paper is devoted to the charac-
terization of the energy-transfer mechanism which is re-
sponsible for the existence of both types of the AE.
Unambiguous verification of the energy-transfer mecha
nism is not an easy.task. We show that the simple
dipole-dipole mechanism suffices to explain the strength
of the AE due to free electrons. In contrast to it, the
manganese luminescence quenching by electrons weakly
bound at shallow donors at low temperatures is governed
by the exchange interaction, which is well explained by
the theory presented here.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

The crystals used in our experiments (doped with Mn 1
mol % and doubly doped with 1% or 2% of Mn and
0.05% mol% of Y) were grown by a Bridgeman-



39 AUGER EFFECT IN THE Mn?* LUMINESCENCE OF . . .

DEPLETION
LAYER

7907

T | T T T

Cdf;:[Mn(2%)Y]-Au
Np =670 cm’

—_

3

o

!
=]
o
(sfun'quo)  JONIISINIWNTOAOHLYI

1 1 1 1
500 400 300 200 100
DEPLETION LAYER (A)

o

FIG. 3. Cathodoluminescence of a CdF,:Mn,Y-Au Schottky diode vs the width of the depletion layer.

Stockbarger method from powdered CdF, purified by
several zone melting runs and mixed with appropriate
amounts of MnF, and YF;. The cylindrical crystals
about 1 cm in diameter were cut and mechanically pol-
ished on a diamond paste. Conversion to the conductivi-
ty state of the crystal samples has been done by the an-
nealing in an H, atmosphere at temperatures between 130
and 500 °C for a few minutes up to 1.5 h depending on the
desired level of conversion. This type of annealing pro-
cess is believed to remove the interstitial compensating
fluorine ions from the crystal.’> This causes liberation at
the surface of the free electrons trapped further by the
shallow Y donors. After annealing the samples were re-
polished.

As a result of the annealing process, the neutral shal-
low donors are formed. Their activation energy depends
on their concentration and reaches the limit of 110 meV
for very weakly doped samples.'®?? The high-energy tail
of the shallow hydrogeniclike donor photoionization ab-
sorption,!” extending up to the visible region, causes a
blue color in more heavily converted samples.

The absorption spectra were measured in a Hitachi-
Perkin Elmer model 340 uv-visible spectrophotometer in

. the visible and near-infrared (ir) range, while the infrared
absorption spectra of the shallow donors were measured
using a Carl Zeiss Specord model 71 ir spectrophotome-
ter. The excitation spectra of the luminescence were tak-
en using a xenon lamp as a light source and a SPM-2 Carl
Zeiss monochromator. The spectra were corrected for
different penetration depths for the light in the regions of
very high absorption near the band gap of CdF,. The
luminescence was excited by the 457.0-nm line of a Carl
Zeiss ILA 120 argon-ion laser and the 337.1-nm line of a
pulsed nitrogen laser. Both types of excitation are intra-
shell.'’® The luminescence spectra were analyzed by a
GDM-1000 double-grating monochromator with a
Hamamatsu type 666 photomultiplier and an ITHACO
393 lock-in amplifier. The decay kinetics were stored in a
model 4202 EG&G PAR Signal Averager and processed
by a computer.

III. LUMINESCENCE OF Mn
IN INSULATING CdF, CRYSTALS

Mn?*(3d%) in CdF, is a very efficient activator of a
blue-green luminescence.'®”2° The luminescence spec-
trum of insulating CdF,:Mn(1 mol %) crystal is shown in
Fig. 4. The luminescence can be excited either via a
coactivator (e.g., oxygen or interstitial fluorine ions) or
through the intrashell excitation.!® There is one broad
band with no fine structure which corresponds to transi-
tions from the first excited state *T',(*G) to the 4,,(°S)
ground state of the Mn?" ion in a centrosymmetric envi-
ronment.!8

The excitation of Mn?>" luminescence and the absorp-
tion spectra of CdF,:Mn are presented in Fig. 5. The
spectra consist of several bands placed between 500 and
300 nm corresponding to the intrashell (d°) transitions
from the ground state to the subsequent excited states.
The assignment of the bands to the crystal-field states of
the Mn?" ion in an O,, environment is also shown in Fig.
5. The last broad band peaked about 260 nm is most
probably caused by the absorption of O?~ ions followed
by energy transfer to the Mn’" ions.'®?® The intrashell
Mn?" transitions are also observed in the absorption
measurements. The intrashell transitions are highly spin
and symmetry forbidden and therefore their oscillator
strengths are very low (in the range of 10™%), much less
than in other crystals doped with Mn (e.g., in ZnS). The
absorption spectrum correlates very well with the excita-
tion spectrum, excluding only the band around 260 nm,
observed in the excitation measurements. This band is
difficult to observe in the absorption measurements since
it is overlapped with the band-edge absorption.

The temperature dependence of the luminescence de-
cay kinetics of CdF,:Mn (1 mol %) is shown in Fig. 6.
The decay kinetics are exponential for all measured tem-
peratures between 4.2 and 400 K. The decay time of the
luminescence is equal to 156+3 ms at 7=10 K and di-
minishes slowly to about 60 ms at 7=320 K. Vibronic
processes are responsible for this decrease. An additional
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FIG. 4. The luminescence spectra of insulating CdF,:Mn(1 mol %) at different temperatures.

fast decrease of the decay time is observed above 320 K
and it is associated with nonradiative deexcitation pro-
cesses.

The radiative decay time of the luminescence 7, are re-
lated to the oscillator strength f, of the transition by the

expression (for electric-dipole transitions):*
1.5 Vabs 8
Tofo="5 —5 — (1)

b
ny Vem 8f

where n is the refractive index of the crystal, ¥,,; and ¥,
are the wave numbers for absorption and emission, and
g. and g, are the degeneracies of the excited (4T1g) and
the ground (°4 1g) states, respectively. Substituting into
this equation the results of the absorption measurements

for the 64 lg(65' )—*T,(*G) transition (oscillator strength
fo=[(2.5+0.4)X 10"§ at T=10 K] we obtain a value of
7, equal to 153125 ms which is in very good agreement
with that observed. The product of the luminescence de-
cay time and the oscillator strength is constant up to
about 320 K (Fig. 7), which means that the quantum
efficiency of these transitions is close to unity below 320
K.

Clustering effects of the Mn®™" ions can be observed for
higher manganese concentrations,!® e.g., the shift of the
luminescence spectrum towards lower energies, existence
of additional lines in the low-temperature absorption, and
excitation spectra, strong nonexponentiality of the
luminescence decay kinetics, and finally above 5% of Mn
concentration quenching occurs. No such effects of the

! 4 by b 4 T T
— 10+ T+ A E,( G)
g e CdE - Mn ( 84%) _
= Ay
2 osl T= 10K 5
5
> 06 ‘T,+E,(D) E
Z 1 {015 £
] X b
€ 04 30 §
Q
[S] c
g 02 {0102
@ &
€ excitation 2
E O - TP ] <
3 <4005
absorption
- : ; 00
450 400 350 300 250
wavelength (nm)

FIG. 5. The absorption and excitation of the Mn?>* luminescence spectra in CdF,:Mn(8.4 mol %) crystal at T=10 K.
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FIG. 6. The temperature dependence of CdF,:Mn?* lumines-
cence decay kinetics. Lifetime values are given units of ms.

manganese luminescence have been observed in the sam-
ples used for the study of the Auger effect since man-
ganese concentration in these samples did not exceed 2
mol %.

IV. Mn LUMINESCENCE QUENCHING
BY THE FREE-ELECTRON AUGER EFFECT

A. Experimental results

Highly conducting CdF,:Mn
luminesce at room temperature.

crystals do not
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o
ul
T

[ ]

o
N
T
N

(arb.units)

CdF, - Mn (1%)

G6(T) T(T)

002;
.

0.01 A . ) A
0 100 200 300 400

Temperature (K)

FIG. 7. The temperature dependence of the normalized
product of the Mn?* luminescence decay time and the oscillator
strength of the *T',(*G)— ° 4,,(°S) transitions for the CdF,:Mn
(1 mol %) crystal.
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Mn?*(*T},—%4,,) green luminescence can be seen in
these crystals only upon cooling (Fig. 2). This lumines-
cence can be seen at room temperature only in crystals at
which the room temperature free-electron concentration
does not exceed 107 cm™3. The probability of the in-
traimpurity luminescence quenching by the free-electron
AE should be linear in the free-carrier concentration:

PA:CAn . (2)

Such a relationship if experimentally observed, serves as
the best evidence of this mechanism. From the preceding
remarks it is clear that the necessary range of carrier con-
centration is below 107 cm™3. There are three ways to
achieve this goal. One is a suitably low doping. In CdF,
the thermal ionization energy of shallow donors depends
on their concentration'®?? and reaches a limit of about
100 meV for a vanishing doping level. This means a
donor doping level not exceeding 10'7 cm™3 (about 10
ppm). This level is unfortunately at the limit of the
present state of the art in growth technology of weakly
compensated CdF,. An alternative way of obtaining this
range of donor concentration is only a partial deconver-
sion of doubly doped CdF,:Mn,Y crystal by a proper an-
nealing (either very short annealing time in an H, stream
or Cd vapors at T, ~500°C or longer annealing at lower
temperatures). In any case the degree of compensation
remains close to unity, which generally results in a
nonunformity in the carrier concentration. The third
way to achieve the required carrier concentration is a
crystal cooling which causes freezeout of the free carriers
on the shallow donors. This procedure can be used on to-
tally converted samples and thus guarantees, in principle,
the highest carrier uniformity in the crystal.

The typical temperature dependence of the lumines-
cence quantum efficiency of the highly converted
CdF,:Mn(2 mol. %),Y crystal with the shallow donor
concentration of about Np(¥)=1.3X 10" cm ™3 is shown
in Fig. 2. The measurements were taken by comparison
of the luminescence intensity of this crystal with the
luminescence intensity of the identical slab of an insulat-
ing one. The comparison is equivalent to the measure-
ment of the luminescence quantum efficiency since at
temperatures below 300 K the luminescence quantum
yield of the insulating crystal is close to 100%. Because
the free-electron AE is proportional to the free-electron
concentration [Eq. (2)], the luminescence quantum
efficiency of the crystal is therefore equal to
i=—1—+CA'r,n ————1—+——’1—,

ne=(C, r,)" ', @3
Mo Mo HNo 0 4

where 7(T) is a total emission efficiency, 7, is the emis-
sion efficiency of the insulating crystal, and the n is the
critical carrier concentration at which the radiative and
the Auger quenching probabilities are equal.

Figure 8 shows the temperature dependence of the ad-
ditional nonradiative decay probability as derived from
the emission efficiency data shown in Fig. 2 The depen-
dence of the free-electron concentration on temperature,
calculated from the resistivity of the sample measured by
a four-probe method,? assuming a temperature-
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independent electron mobility u,=5 cm?/V's (Ref. 16) is
also shown in Fig. 8. It is evident from the data in Fig. 8
that the additional quenching correlates well with the
free-electron concentration at higher temperatures. At
lower temperatures the accuracy of the resistivity mea-
surement is rather poor because of the very high resistivi-
ty of the crystal. From the results of the Fig. 8 the criti-
cal concentration n, is equal to ny=2X 10> cm ™3

In order to verify this result we have performed
efficiency and kinetics measurements at room tempera-
ture on the weakly converted CdF,:Mn(1 mol %),Y sam-
ples with different carrier concentrations at room temper-
ature. The decay kinetics, excited by the nitrogen laset,
are strongly nonexponential. This indicates nonuniformi-
ty of the free-electron concentration in the sample. The
decay times used to estimate the AE strength were calcu-
lated from the exponential tails of the decay kinetics to
avoid the possibility that the shortening of the lifetimes
might be connected with an effect other than the increase
of the free-electron concentration. The dependence of
the Mn?™ lifetimes on the free-electron concentration at
room temperature is shown in Fig. 9. The critical con-
centration n, calculated from this results is equal to
ny=2.2X10" cm™3, which is in excellent agreement
with the previous result.

The probability P, of the AE due to free electrons cal-
culated from the Mn?" luminescence quantum yield is
also linear with respect to the free-electron concentration
and therefore correlates well with the luminescence kinet-
ics measurements. Nevertheless the critical concentra-
tion ng obtained from these measurements is smaller than
calculated from the previous experiments which is most
probably caused by the nonuniform distribution of the

uncompensated donors in these very weakly converted
samples.

B. Theory

The free-electron AE rate C, is calculated in the stan-
dard perturbation manner, i.e.,

—2m 80 1

3 2 —
P fBZd k MY K)S(E(k)—E,), @&

A

where E is the quenched emission energy, g, and g, are
the degeneracies of the ground and excited states of the
quenched center, BZ denotes the Brillouin zone, and the
integration is carried out over all the free-electron states
conserving energy. These are characterized by the crys-
tal wave vector k and dispersion energy law E (k).

The wave functions of the interacting system can be
written as Slater determinants composed of the quenched
center wave functions W(R) and the electron (or hole) in
the conduction (or valence) band:

@, =|¥,(Ruy(r)|, E;=E,=hv
. 5
@, =|¥(R)u,(r)e™ ™|, E,=E(k).

Here, uy(r) and u,(r) are the strongly oscillating
periodic parts of the Bloch wave functions at the bottom
of the conduction (top of the valence) band and at the en-
ergy E (k). The interaction between all these electrons is
simple Coulombic.

The k-dependent matrix element is the difference be-
tween the Coulomb and the exchange terms:

M (k)=|M,(k)—Mgx(k)|? . ©6)

Since the final states belong to the crystal band contin-
uum, the resonance condition is always fulfilled. To esti-
mate the lower limit of the C, it is enough to compute
the Coulomb term only. Due to the localized nature of
the emitting center the Coulomb interaction can be ex-
panded into the multipole series. The first term leads to a
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dipole-dipole interaction. To give the lower boundary of
the AE probability C 4, calculation of this term suffices.

It equals
(@

Here the crystal-field correction has been included.
The way this correction was incorporated follows the ar-
guments of Agranovich?® on the screening of the dipole-
dipole interaction in the case of localized centers. The
dielectric function at energy E, can reasonably be ap-
proximated by the high-frequency dielectric constant
€, =n?2 (n, is the refractive index at the energy E,). Sub-
stituting into Eq. (7) the system wave functions lead to
separation of the matrix element M¢ into the product of
the optical electric-dipole matrix element for a localized
center |[{(W¥,|R|¥,)|?> and a function dependent only on
the band electron k vector. The electric-dipole matrix
element is related to the electric-dipole radiative lifetime

7ED

Eeff
€9

d— e’
¢ e(Ey)

r3

rR ‘q>,> : (7)

2
#cd 1
<’E} 75

r

8o 31 | %
— ¥, IR|Y)|*==—
gel( o [RI%o) 4 n,

(8)

Eerr

Substituting this result into Eq. (7) and then into Eq.
(4) we recover the postulated form of C, [Eq. (2)], name-
ly, its proportionality to the quenched center radiative
probability (P, =1/7,):

C, = , ©)

where the critical carrier concentration n, depends only
on the parameters of the crystal and not on the details of
the localized-center wave function. It is equal to
2
o= _2?”’5 1 >
e |F.|

where F,=(u.(r)|luy(r)), k, corresponds to the
Brillouin-zone region contributing mainly to the density
of states NV, (E,) (usually the edge), and A, is the emis-
sion wavelength. From this equation the enhancement of
the AE by the high density of band states is evident. This
equation can be simplified further by employing the
parabolic approximation, i.e., assuming that E (k)
=#k%/2m* and assuming a value of unity for F, (the
exact values of F, are very close to this value). In this ap-
proximation

Ay PN UE,) , (10)

172

5/2nr5 }\'0—7/2 , (11)

n0=47T

mg
;;T 137(10

where a is the Bohr radius (a=0.53 A). Substituting
characteristic ~parameters for CdF,:Mn emission
(Ag=0.52 um, n,=1.57) and putting m* /m,, ratio equal
unity we obtain the theoretical value of n,=6X10'"
cm 3. The k=0 value of the m}* /m for CdF, is close to
0.4 without taking into account the polaron enhancement
of this value. Since the final state of the Auger particle is
very high in the conduction band, taking m* =~m seems
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to be the best solution. The good agreement between the
experimental value of n, and that calculated above
should be taken only as an indication of the possibility of
a large contribution of the dipole-dipole term in the ex-
pansion of the Coulomb interaction in the multipolar
series. Although the contribution of the next term is un-
likely to be so large, the exchange interaction may be, as
it will be shown later, of the same order of magnitude. In
the case of the AE due to shallow donors the latter con-
tribution governs the Auger quenching.

V. Mn LUMINESCENCE QUENCHING
BY THE AUGER EFFECT DUE TO ELECTRONS
BOUND ON SHALLOW DONORS

A. Experimental results

This kind of AE resembles the well-known case of reso-
nant energy transfer between localized centers, which was

. examined by many authors, beginning from Forster?’ and

Dexter.?? The key difference is that the final state of the
quencher is not its localized discrete state but the ionized
state with the electron excited high into the conduction
band. In order for such transfer to be possible the
luminescence spectrum of the sensitizer ions (in our case
the Mn?" ions) must overlap the absorption spectrum of
the activator ions (in our case the photoionization spec-
trum of the shallow donors). Because of the continuous
character of the photoionization spectrum of the shallow
Y donors (Fig. 10) this resonance condition is always
fulfilled. To eliminate the free-electron AE cooling of the
CdF,:Mn,Y crystals down to liquid-helium temperature
was employed. At this temperature all electrons are
frozen out on shallow donors. The AE due to electrons
bound on shallow donors requires much more elaborate
analysis in comparison with the free-electron AE due to
the spatial dependence of the energy-transfer probability
in this case. This leads to nonexponential kinetics of the
luminescence decays clearly seen in Fig. 11. These kinet-
ics were measured at 4.2 K after pulsed excitation by the
337.1-nm line from the nitrogen laser.

The exact dependence of the energy-transfer rate on
the distance R between the excited Mn2" ions and the oc-
cupied shallow donors depends on the detail mechanism
of the energy transfer. If one of the multipolar mecha-
nisms dominates, the distance dependence is?®

Ro
R

m

A ) (12)

1
T"
where R, is the critical distance at which the AE rate
equals the radiative probability and m=6 for electric
dipole-dipole transfer (higher values of m are expected
for the higher multipolar interactions®®). In the case
where the exchange mechanism dominates, the transfer
rate depends exponentially on the distance, as we shall
prove later.

In any case, assuming a statistical distribution of the
sensitizer and activator ions, lack of energy migration
through the system of excited ions and isotropic proper-
ties of the energy transfer the luminescence intensity 7,(¢)
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FIG. 10. The spectrum of the Mn?* photoluminescence and the shallow donor photoionization cross section of the CdF,:Mn,Y

crystals.

of the sensitizer ions at time ¢ after an excitation pulse
can be written as the following product?’:

I(=I.exp |- |exp ~Ec—f,~ TL , (13
r 0 r

where 7, is the radiative lifetime of sensitizer ions, C —
activator concentration, C0=3/(417-R3) and f; is a
universal function dependent only on the kind of interac-
tiozg. For an electric multipole interaction f; is equal
to

1 v -
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FIG. 11. The normalized photoluminescence decay kinetics
of the CdF,:Mn(1 mol %),Y(0.05 mol %) crystals at T=4.2 K vs
shallow donor concentration. The shallow donor concentra-
tions Np are given in 10'® cm™? units.

3/m
fr=T(1—3/m) [;t—‘ , (14)
where m=46,8,10 for the electric dipole-dipole (EDD),
electric dipole-quadrupole (EDQ), etc., type of interac-
tion, respectively, and I'(x) is the y function. For ex-
change (EX) interaction®

e’t
Tr

fex=v"% , (15)

where ¥y =(2R,)/ap, and ap is the Bohr radius of the
center characterized by a more diffused wave function (in
our case—the shallow donor), and
0 ( —x )m

glx)=6x 3

. 16)
= mi(m +1)* (

Figure 12 shows the f;(¢/7,) functions for several pos-
sible energy-transfer mechanisms versus (¢ /7,)!/? for the
same C/C, value. The f; for the dipole-dipole mecha-
nism is a straight line on this scale. Since the value of 7,
is known for Mn?* it is convenient to make a correlation
plot between the theoretical function f; for several mech-
anisms and a modified experimental kinetic in the form*

x
T, ’

Plotting the modified experimental kinetics f*(t/7,)
versus the theoretical f;(z/7,) for each quenching mech-
anism (an example of such a plot is presented in Fig. 13)
allows for the determination of the C/C, ratio (Table I).
From our experience the above-mentioned fits do not
strongly discriminate the transfer mechanism, even if the

t

(17)

exp

I,
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FIG. 12. The modified theoretical sensitizer luminescence de-
cay kinetics for various types of dominant energy-transfer in-
teraction mechanisms.
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FIG. 13. Correlation kinetics diagram for exchange interac-
tion with parameter y =14.
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TABLE 1. The concentration of shallow donors Cj, the criti-
cal radius R, the shallow donor Bohr radius, and the critical
concentration of the free electrons for different types of interac-
tion calculated from the results of the luminescence quenching
experiments of CdF,:Mn due to the Auger effect on electrons
bound on shallow donors.

C, (10" cm™3) Ry (A) L (A) ny (EX) (cm™3)

EDD m=6 4.6 37
EDQ m=8 3.1 42
EQQ m=10 2.6 45
EX y=10 2.7 45 90 2.0X10'
EX y=14 1.9 50 7.2 7.2X10'
EX y=20 1.4 55 5.5 4.8 10"

decay is measured over about three decades. Therefore
an independent discriminating test is necessary. Quan-
tum efficiency measurements provide such a test. The
concentration dependence of the quantum efficiency for
the various mechanisms is obtained by the integration of
Eq. (13):

;i 1 o I(2)
_—=— —dt . (18)
N T fo I,

It is interesting to note that the shapes of all the
1;,(C/C,) curves are quite similar which can be seen in
Fig. 14. The curves for the EDQ and EQQ interaction
mechanisms should be between the curves for EDD and
EX with ¥ =14, but are not shown for the sake of clarity.
Putting the measured quantum efficiency 7 for various
occupied donor concentrations C versus the C/C,
effective concentrations obtained from fitting the decay
kinetics measurements (from Table I) on a theoretical
plot of n(C/C,) provides the desired discrimination.
The best consistency as shown in Figs. 13 and 14 is ob-
tained in our case for the exchange interaction for which
the parameter ¥ is equal to ¥ =14. Figure 15 provides a
correlation between the values of C/C, obtained from
fitting the data with the exchange mechanism with y =14
and the occupied shallow donor concentration C. This
concentration was obtained from the temperature-
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FIG. 14. Quantum efficiency correlation diagram for various
energy-transfer interactions. The solid curves are predicted
dependences of 7(C/C,) for exchange (EX) with ¥y =14 and
dipole-dipole EDD energy-transfer mechanisms.



7914
L
Cd§iMn.Y)
T-4.2K
o ]
(]
S 2 .
N
(&)
Co=18x10%cm’
B J
o/
1
i
9 I
|
P . N " N R
1 2 3 4L 5 & 7 8
0
Np=n+ N (300K) (10°%cm’)

FIG. 15. The C/C, parameter obtained from the decay ki-
netics for exchange interaction with ¥ =14 vs the shallow donor
concentration Np,.

dependent analysis of the Hall-effect carrier concentra-
tion correlated with the measurement of the shallow
donor ionization absorption spectrum (Fig. 10) and em-
ploying the known photoionization cross-section callibra-
tion data!’ (see also the next section). The critical con-
centration C; obtained from this correlation equals
1.8 X10'"® cm™3. Since y =2R,/ap, the shallow donor
Bohr radius ap can be thus estimated. Its value of
ag=17.3 A is in excellent agreement with independent es-
timates of this quantity from other measurements (shal-
low donor spectroscopy!’ or the Mott transition??). This
agreement gives very strong support to the final con-
clusion on the dominant role of the exchange mechanism
in this case.

B. Theoretical evaluation

The analysis of the observed kinetics of the Mn
luminescence and the total quenching efficiency have led
us to the conclusion that the exchange-interaction mech-
anism plays a dominant role in the AE. A similar con-
clusion can be reached analyzing the theoretical probabil-
ity of the energy transfer. The EDD contribution to the
energy transfer yields the power dependence of the
transfer probability with a critical radius R,(EDD) equal
to22
}\‘4

320 G on(M)f (19)

641 n

R§(EDD)=

where o,,,(X,) is the shallow donor photoionization cross
section at the maximum of the Mn?* emission and f is
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the correction factor taking into account the spectral
overlap between the Mn?" emission spectrum normalized
to unity e (hv) and the shallow Y-donor photoionization
absorption spectrum a;,,(hv):

fowe (hv) a(hv)d(hv). (20)

(hv/hvy)*

In both equations v, and A refer to the maximum of the
Mn?* emission. In the case of CdF,:Mn,Y this correc-
tion factor equals 3.4. The value of o;,,(A,) in Eq. (20)
can be taken either from the experimental results (see
Fig. 10) or from the theoretical calculations of this quan-
tity. Either of these approaches leads to a value of
R((EDD) of about 26 A. This value is much smaller than
the value of 37 A derived from the fit to the emission ki-
netics assuming validity of the EDD mechanism (see
Table I). Although the discrepancy seems to be small, it
is in fact large enough to rule out EDD as the dominant
mechanism for the energy transfer. This is because of the
6th power of R, entering the AE probability [Eq. (12)].
A similar conclusion can be reached from just a simple
analysis of the efficiency drop depicted in Fig. 2. For
quenching larger then unity the efficiency of the Auger-
quenched luminescence is given by the equation®?

T =1 —Vrexp(g?)[1—erf(q)]

Mo
had (2m —1)! 1
— )m+l__—_ —, (21)
,,,2=1 (2 2)"' 2q
where
2 3/2 3
q= NDR0~3 7INpRy (21a)
and
erf(x)= ‘/ exp( y2)dy . (21b)

To account for the 6% value of the quantum efficiency
the concentration of the occupied shallow Y donors
should be about 10?! cm ™ which exceeds the true value
of N by about a factor of 100.

The higher-order multipolar contribution can also be
ruled out by a similar argument. For the EDQ contribu-
tion (m=28) the ratio of the energy-transfer probability
between EDQ and EDD is approximately given by
P(EDQ)/P(EDD)~(a /R)?, where a is the Bohr radius of
the shallow donor in our case. Substituting the theoreti-
cal value of R,(EDD)=26 A and the value of the Bohr
radius a =7 A (Ref. 17) yields the value of Ry(EDQ)~20
A which is again much smaller than the 42 A (see Table
I) necessary to account for the observed quenching.

The only mechanism which is left is the exchange
mechanism (EX). The first-principle theoretical estimate
of its strength is a formidable task since it requires not
only precise knowledge of the Mn wave function but also
knowledge of the Bloch modulating part u,(r) of the
wave functions of the Auger particle.’®> The problem
simplifies substantially by noting that the only difference
between the wave function of all centers participating in
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the free-electron AE and the AE due to the weakly bound
carriers is in the initial state of the energy accepting elec-
tron. In the former case it is just uy(r) [Eq. (5)], while in
the latter it must be multiplied by the effective-mass en-
velope function F(r). For the hydrogenlike donors it is a
simple 1s-wave function decaying exponentially as
exp(—r/ag) with ap being the effective Bohr radius of
the shallow donor. Therefore the exchange matrix ele-
ment for both cases differs only by the value of the en-
velope donor function F(R) at a distance R between the
shallow donor and Mn?*

| M (R)12=|F(R)|* M52 . (22)

The same relationship is obtained for the probabilities
of the AE:

Pex(R)=F*R)C 4(EX) . (23)

Taking into account the hydrogenic shape of F(R) and
expressing C(EX) in the same form as for the EDD
case, i.e., by putting C ,(EX)=[7¥ny(EX)] !, we obtain

1 1

—2R /ay
7, majny(EX)

Pex(R)= 24)

This is the exact form used in the fitting procedure above.

Since P(R,)=1/7, we finally obtain
2R ,(EX) _ 3
I Y=magny(EX) . (25)
B

Assuming that the measured value of n,=2.2X10"
cm 3 comes only from the EX mechanism and using the
known value of apz=7 A (very close to the value of
ag=173 A obtained from the fit of the quenching data
above), we obtain the value of ¥ =13, which is favorably
close to the value of y=14 coming from the self-
consistent fit of the kinetics and the efficiency data. This
result agrees very well with the model calculations of the
exchange contribution to the AE made by Majewski and
Langer*® who also concluded that even if the free-carrier
AE is dominated by the EDD contribution, the bound
carrier AE should be in most cases governed by the EX
mechanism.

It is worth pointing out that the energy-level structure
of Mn?* may also favor the exchange mechanism be-
cause of its excited states have smaller total spin than the
ground sextet ®4 1g- In the case of an electric-dipole
mechanism, a spin-flip transition is forbidden and the
contribution to the spectral transition comes from a
second-order admixture of the ground sextet state with
the excited quartet state via the spin-orbit interaction. In
the case of the exchange-type energy transfer the total
spin must be conserved, therefore the inherently low
probability of the 4T1g —%4 1g spin-flip transition [7, (300
K)=60 ms] is not an obstacle any more since the Auger
electron may simultaneously undergo a spin-flip. This
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peculiar energy-level structure of Mn?" provides about
1000-fold enhancement factor for the EX mechanism as
compared with the EDD contribution (a ratio of the spin
allowed to the spin-forbidden d-d transitions in a cen-
trosymmetric environment).

VI. SUMMARY

The experimental and theoretical results presented in
this paper show that the Auger quenching of the
localized-center luminescence may be the dominant non-
radiative mechanism for localized defects even in weakly
conducting semiconductors. The Auger effect due to free
carriers should generally be stronger than that due to
bound carriers. The difference between them should be
diminished with the increased delocalization of the weak-
ly bound carriers, i.e., in semiconductors characterized
by a large dielectric constant and small effective mass. In
our case the difference is large (about a factor of 500) due
to the anomalous value of the Bohr radius of the shallow
donor (ag =7 A).

The dominant mechanism for the AE cannot be gen-
erally predicted, since it depends on the particular energy
structure of the quenched emitter, the energy to be dissi-
pated, as well as the host band structure (possibility of a
resonance condition between the quenched emission and
the energetic position of the high density of states’). In
any case the rate of the free-carrier AE must be larger
than the dipole contribution, which can be estimated
from Eq. (11). For most semiconductors (A,<1 pum,
n,<4) n, must be smaller than 10'® cm™3. This clearly
indicates the importance of the AE in quenching the
emission of the localized centers in semiconductors.
Quite often it has been hoped that an injection-type laser
could be constructed by incorporating into the junction
region of the laser diode localized impurities (especially
rare-earth dopants establishing a very narrow-line emis-
sion), which could be the active center for the laser ac-
tion.>* A high probability for the AE described here
makes this hope quite hard to realize, especially in the dc
pumping regime.'*

The AE can be utilized in a study of the excitation
mechanism of high-field electroluminescence,'"!>3 as
well as cathodoluminescence dynamics.!''!® It is also
possible to use the AE data to estimate the cross section
of the reverse process, i.e., the impact excitation of local-
ized defects.?!
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