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Excitation cross section of erbium in semiconductor matrices under optical pumping
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Based on a detailed consideration of excitation mechanisms of erbium in crystalline and amorphous matrix
we present an analysis of the physical meaning of the Auger excitation cross section of Er31 ions in semicon-
ductor. It is demonstrated that large values of Auger excitation cross sections under optical pumping in
semiconductor matrices are due to large values of band-to-band absorption coefficient exceeding by several
orders of magnitude the absorption coefficient of erbium in dielectric SiO2 and Al2O3 matrix. The Auger
excitation cross section of Er31 in semiconductor matrices is roughly given by the ratio of the matrix absorp-
tion coefficient to concentration of Er31 ions. While the analysis of the excitation cross section is carried out
for Er-doped crystalline and amorphous silicon, the results are expected to be applicable to the other rare-earth
doped semiconductors. Based on low-temperature experimental results for crystalline silicon we get the Auger
excitation coefficient ofcA

cryst'7310210 cm3s21 and the effective excitation cross sectionseff
cryst5(228)

310212 cm2. For amorphous silicon at 100 K we obtainseff
amorph'1.4310214 cm2.

DOI: 10.1103/PhysRevB.64.075302 PACS number~s!: 78.66.Db, 78.55.2m, 61.72.Tt
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I. INTRODUCTION

Semiconductor matrices doped with rare earth ions ar
great interest for optoelectronics. A special attention is dra
at present to erbium since the wavelength of intrashell ra
tive transition from the first excited4I 13/2 to the ground
4I 15/2 state of the 4f shell of the Er31 ion coincides with the
minimum of optical absorption losses in silica glass opti
fiber communication lines. The efficiency of erbium excit
tion ~excitation rate! is determined by the excitation cros
section of erbium. It is an important characteristic needed
fabrication of laser and amplifier based on erbium-dop
semiconductor matrices, controlling the pump power nec
sary to achieve population inversion.

The efficiency of erbium excitation under direct optic
absorption in the dielectric matrix, for example, such as S2
and Al2O3, is determined by the excitation cross section
erbiums, which enters the rate equation

dNEr*

dt
5sF~NEr2NEr* !2

NEr*

t
, ~1!

whereF is the photon flux,NEr andNEr* are total concentra
tions of erbium ions and of excited erbium ions, respective
and t is the lifetime of erbium in the excited state. Th
equation describes the processes of excitation and deex
tion of erbium in a two-level scheme ands is a real cross
section of photon absorption by an erbium ion. The sa
equation can be used also for three-level excitation sch
that involves the second excited4I 11/2 state, because the ex
citation relaxes fast to the4I 3/2 state by nonradiative way. In
this cases is a real cross section of photon absorption by
erbium ion for transition from4I 15/2 to 4I 11/2.

Experimental value of the excitation cross section may
deduced from the power dependence of the rise time of
bium photoluminescence~PL! intensity after switch-on of a
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rectangular pulse of optical pumping. Indeed, from Eq.~1!
the rise time of the erbium luminescence intensityton is
determined as

1

ton
5

1

t
1sF. ~2!

The excitation cross section can be also obtained from
experimental power dependence of erbium luminescence
tensity. From the stationary solution of Eq.~1! the depen-
dence of erbium luminescence intensity on photon fl
should depend on the excitation cross sections

I Er}NEr* 5
stF

stF11
NEr . ~3!

For erbium in SiO2 the experimentally determined value o
s is 8310221 cm2.1

In the same manner the excitation cross section is de
mined in the case of optical excitation of erbium in semico
ductor matrix under band-to-band optical pumping. Acco
ing to experimental data the erbium excitation cross sec
in crystalline silicon is by several orders of magnitude high
than that for direct absorption of photons in the dielect
SiO2 and Al2O3 matrices.2,3

However, in semiconductor matrices excitation of erbiu
ions occurs mainly by free charge carriers in an Aug
process4 or via impact excitation by hot electrons in the ca
of electroluminescence from reversely biasedp-n junctions.5

In this case the excitation cross section of erbiums entering
in Eq. ~1! and, therefore the formulas~2! and ~3!, should
have another physical meaning. In contrast to dielectric m
trices in whichs is nearly independent of matrix, in sem
conductorss should depend on the efficiency of the ener
©2001 The American Physical Society02-1
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transfer from photons to erbium ions via free carriers, i
should depend on characteristics of the semiconductor m
doped with RE.

We present here an analysis of the physical meaning
the excitation cross section of erbium ions in semiconduc
matrices, based on detailed consideration of excita
mechanisms under optical pumping in crystalline and am
phous silicon. We demonstrate that large values of excita
cross sections in crystallinec-Si and amorphous hydroge
nateda-Si:H semiconductor matrices are due to a large ba
to-band absorption coefficient exceeding by several order
magnitude the absorption coefficient of erbium in the diel
tric SiO2 and Al2O3 matrices. The excitation cross section
semiconductor matrices is determined by the ratio of the
trix absorption coefficient to concentration of optical acti
erbium, which should be multiplied by a factor that depen
on the ratio of the intensity of the channel transferring a
sorbed energy to the erbium ions to that of all the loss ch
nels. The experimental results on excitation cross sectio
Er31 ions in crystalline and amorphous silicon are presen
and discussed.

II. CRYSTALLINE SILICON

A. Theoretical considerations

At low temperatures, the most probable excitation mec
nism of Er31 ions in crystalline silicon under optical pump
ing is by exciton recombination. In the case of band-to-ba
absorption in the matrix free excitons are formed. Neutral~at
low temperatures! donors introduced by erbium and/o
erbium-oxygen complexes easily capture them. Excitation
an erbium ion occurs via an Auger recombination of excito
in which the recombination energy is transferred by Co
lomb interaction to an electron of 4f shell of the erbium ion.
Alternatively the Auger process could take place at collisio
of free excitons with donors associated with erbium io
The presence of a donor electron favors the energy con
vation in the Auger process.6 This excitation mechanism i
schematically illustrated in Fig. 1.

In order to describe the excitation process, we cons
first the rate equations governing concentrations of free e
trons and holes. We note that at low temperatures nonra
tive recombination via deep centers is suppressed, and
recombination via shallow donor and acceptor centers is n

FIG. 1. Model of exciton mechanism of Er31 excitation in crys-
talline Si.
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ligible. Though the capture cross section of electrons a
holes by shallow Coulomb centers is sufficiently large, t
interimpurity recombination rate is low, and shallow cente
are instantly filled by charge carriers blocking this recom
nation channel. For this reason binding of free carriers i
free excitons dominates at low temperatures and at fa
high pumping levels. Under these conditions rate equati
for electrons and holes will have the form

dn

dt
5

dp

dt
5aF2gnp, ~4!

whereF is the flux of pumping photons, anda is absorption
coefficient of silicon,n andp are the concentrations of non
equilibrium electrons and holes, respectively, andg is the
coefficient of the exciton binding process. The rate equat
for free excitons can be written as follows:

dnex

dt
5gnp2

nex

tex
, ~5!

wheretex is the exciton lifetime.
We assume that the exciton lifetime is controlled main

by nonradiative Auger processes associated with neutral
related donors or other impurities,

1

tex
>cimNim1cErNEr1cA~NEr2NEr* !, ~6!

whereNEr is a total concentration of optical active erbium
NEr* is the concentration of excited erbium,Nim is the con-
centration of other impurities,cim , cEr , andcA are the cap-
ture coefficients of free excitons by impurities~including
also optically nonactive erbium!, erbium-related donor cen
ters without erbium excitation and with erbium excitatio
respectively. In Eq.~6! we took into account possible satu
ration of excited erbium, which leads to blocking of Er e
citation process.

The rate equation, which describes excitation of erbi
ions, has the form

dNEr*

dt
5cAnex~NEr2NEr* !2

NEr*

t
, ~7!

wheret is the erbium lifetime in the excited state due to bo
radiative and nonradiative recombinations.

In order to analyze the rate equations~4!–~7!, we shall
separate our physical system into two subsystems. On
them ~fast! has the relaxation times of all the processes
volved not exceeding several microseconds: capture of
excitons by donors induced by erbium or some other im
rities. The other one~slow! is characterized by a lifetime by
two orders of magnitude larger: the lifetime of erbium ions
the excited state. Therefore we can regard the ‘‘fast’’ su
system to be in a quasistationary state and get

nex5aFtex. ~8!

In this approximation, we can represent Eq.~7! as
2-2
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EXCITATION CROSS SECTION OF ERBIUM IN . . . PHYSICAL REVIEW B64 075302
dNEr*

dt
5seffF~NEr2NEr* !2

NEr*

t
, ~9!

where we have introduced the effective cross section of
bium excitationseff :

seff5acAtex. ~10!

It is convenient for the analysis to present the effect
cross section as a product of two factors:

seff5
a

NEr

cANEr

cimNim1cErNEr1cA~NEr2NEr* !
. ~11!

As can be seen from the formula~11!, the excitation cross
section of erbium is roughly determined by the first term a
is inversely proportional to the concentration of optically a
tive erbium. The excitation cross section depends not only
the absolute value of the capture coefficientcA , but on the
ratio of capture probability of free excitons by erbium

FIG. 2. Photoluminescence spectrum of Er-doped crystal
silicon under Ar laser excitation. Arrows indicate PL lines usua
assigned to Er31-related optically active center of cubic symmetr

FIG. 3. Intensity of erbium and exciton photoluminescence a
function of pumping photon flux~Ar laser excitation!. Dotted line is
a fitting curve to Eq.~15! with sefft55.4310215 cm2 s, solid line
is a guide for eye.
07530
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related centers with excitation of erbium ion and total pro
ability of all the capture processes, as given by the sec
term in Eq.~11!.

B. Experimental results

We have measured the effective excitation cross sectio
erbium in the crystalline silicon. A single-crysta
^111&-oriented,p-type ~B-doped! Czochralski-grown silicon
wafer was implanted with Er ions at room temperature to
total dose of 331012 cm22 with an energy of 300 keV. Oxy-
gen was coimplanted at 40 keV to a total dose of
31013 cm22. The sample was annealed inN2 for 30 min at
900 °C to recrystallize the implanted layer. The concent
tion of erbium in the implanted layer measured by SIM
method was 531017 cm23. Photoluminescence measur
ments were performed using the 514.5 nm line of an Ar la
The PL signal was passed through a Jobin-Yvon THR 15
grating monochromator, and detected with liquid nitrog
cooled Ge detector using standard lock-in techniques.
sample was placed on a cold finger of a closed cycle hel
cryostat. All measurements were done at 20 K. Figure
shows a PL spectrum of thec-Si:Er sample in the 1–1.7mm
range. The luminescence peaks designated by arrows in
region of 1.54–1.6mm correspond to the radiative trans
tions from the first excited state4I 13/2 to the ground state
4I 15/2 of Er31 ion. The observation of the several sharp lin
is due to splitting of the4I 15/2 ground state. The depicte
spectrum is typical for erbium implanted in silicon. Phono
assisted free exciton PL is observed at 1.13mm. Figure 3
shows intensities of erbium~main peak at 1.54mm) and
exciton PL as a function of the photon flux~quasistationary
conditions!. As can be seen, the intensity of the exciton PL
very weak until the intensity of the erbium PL saturates.

Decay time measurements of erbium and exciton PL w
performed using thel5532 nm second harmonic of
Nd:YAG laser of nanosecond pulse duration. In this case
used a digitizing oscilloscope in combination with an In
InGaAs nitrogen-cooled photomultiplier tube Hamama
R5509-72. The system response time was 0.1ms. All mea-
surements were done at 20 K. Figure 4 demonstrates de
dences of decay time of exciton and intensities of exci

e

a

FIG. 4. Intensity of erbium and exciton photoluminescence a
exciton lifetime as a function of power of pulsed Nd:YAG laser.
2-3
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and erbium luminescence on power of the Nd:YAG las
under pulsed excitation conditions. As can be seen, the e
ton lifetime is approximately 0.3ms at low pumping and
saturates at a level close to 1.1ms for the high pumping
regime, following saturation of Er PL intensity. From th
same figure we note also that the intensity of the exciton
increases faster with excitation power when the intensity
Er PL reaches saturation. We have found that the erb
lifetime of approximately 1.3 ms is practically independe
of the pump power over the whole investigated range.

C. Discussion

We have observed a strong correlation between exc
and erbium PL intensity as a function of laser power. T
correlation has been observed both for continuous and pu
excitation. As one can see from Figs. 3 and 4, the PL int
sities of exciton are very weak before the PL intensity
erbium saturates. This fact indicates that the main recom
nation channel of free excitons is the capture by erbiu
related centers, assisted by excitation of erbium. This con
sion is also supported by the dependence of exciton lifet
on laser power. The lifetime of exciton is shown to increa
as saturation of erbium luminescence sets in. As the con
tration of optically active Er ions is much less than to
concentration of Er and other impurities,Nim@NEr , we con-
clude that

cA@cim ,cEr . ~12!

The inequality~12! takes place in our opinion because t
normal bound exciton Auger recombination involvin
loosely bound carriers is suppressed by the selection r
associated with the laws of conservation of the angular m
mentum and of the momentum in Si.7 It is natural to sugges
thatcEr'cim . In this case we can neglect the second term
the right side of Eq.~6! and similarly simplify Eq.~11!. From
the experimental data as given in Fig. 4 we find the exci
lifetime in saturation regime (NEr'NEr* ) tex

sat'1.1 ms, which
leads to cimNim'0.93106 s21. For low excitation tex

low

'0.3 ms resulting incimNim1cANEr53.33106 s21, which
givescANEr'2.43106 s21.

By using Eq.~11!, we get for the effective cross section
the case of low excitation pumping (NEr* !NEr):

seff
min'0.73

a

NEr
, ~13!

and for the maximum excitation cross section of erbium
the saturation range

seff
max'2.67

a

NEr
. ~14!

Thus the effective cross section should rise with the incre
of the pumping intensity by a factor of approximately 4.

However, we shall consider the effective excitation cro
sectionseff as a constant and try to estimate its value fro
the intensity dependence of the erbium PL on photon flux
quasistationary conditions this is given by
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I Er5
sefftF

sefftF11

NEr

t rad
, ~15!

wheret rad is the radiative lifetime of erbium in the excite
state. This relation can be obtained as a stationary solu
for NEr* from Eq. ~7!. The fitting curve with sefft'5.4
310215 cm2 s is presented in Fig. 3~dotted line!. Taking the
lifetime of erbium 1.3 ms we have obtainedseff'4
310212 cm2. This value should be considered as an aver
one. The real cross section should be in the rangeseff
'(228)310212 cm2.

Now we can calculate the concentration of optically a
tive erbium from Eq.~13! corresponding to the obtaine
value seff . Taking the value of absorption coefficient equ
to 13104 cm21 at 515 nm,8 we find NEr5(225)
31015 cm23. As expected, this value is lower than the co
centration of implanted erbium 531017 cm23. Thus only
approximately 1% from total concentration of erbium is
the optically active state. This result coincides with the w
known fact that concentration of optically active erbium
crystalline silicon doped by ion implantation does not exce
several percents.

In this section we have introduced the simplest model t
includes only one type of optically active erbium center a
a single excitation mechanism. However, it should be no
that total concentration of optically active erbium is dete
mined by the preparation technology of the sample. Beca
of different configurations of the immediate Er31 ion envi-
ronment, erbium may be in several different optically acti
states. In this case the fraction of the total concentration
optically active erbium ions, which is excitable, may depe
on the excitation mechanism.

We conclude by the estimation of the value of the Aug
excitation coefficientcA57310210 cm3 s21 from Eq. ~10!.
This excitation coefficient is the object for theoretic
calculation.

III. AMORPHOUS SILICON

Promising results were obtained in the case of optical
citation of erbium inserted into the matrix of amorphous h
drogenated silicon. Simple method of introduction of lar
concentration of erbium into amorphous matrix and the f
that the intensity of erbium emission at 1.54mm is nearly
independent of temperature from liquid helium to room te
perature attracted special attention of the researchers. T
is evidence that the radiative lifetime of erbium ion in th
excited state in this matrix is several times smaller than t
in the crystalline silicon.9

Introduction of erbium into the matrix of amorphous h
drogenated silicon leads to generation of ruptured bo
~dangling bond defects! which can have one electron~defect
in a neutralD0 state! or two electrons~negatively charged
defect in aD2 state!. These states induce defect levels a
proximately in the midgap of the matrix. They are separa
by correlation energy of 0.1–0.2 eV. The energy position
the 4f term of the erbium ion is situated by 8–10 eV belo
the edge of the matrix valence band, therefore excitation
the 4f shell of the erbium ion can occur only via Coulom
2-4
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EXCITATION CROSS SECTION OF ERBIUM IN . . . PHYSICAL REVIEW B64 075302
interaction with the charge carriers of the matrix~an Auger
process!.

It is well known10,11that doping of crystalline silicon with
erbium and oxygen leads to formation of erbium-oxyg
complexes which have energy levels with a bonding ene
of 0.1–0.25 eV. We assume here that similar doping of am
phous silicon will be also accompanied by an appearanc
donor states. This assumption is confirmed byn-type of elec-
tric conduction of erbium- and oxygen-doped amorpho
silicon. The measurements of temperature dependenc
electrical conductivity performed for a number of o
samples gave the position of the Fermi level by 0.5 eV be
the mobility edge of the conduction band. Since concen
tion of erbium and oxygen in typical samples is@Er#
'1020 cm23, while concentration ofD2 defects does no
exceed 1018–1019 cm23,12,13 all the D defects in erbium-
doped amorphous silicon exist in equilibrium in aD2 state.

Scheme of defect-related Auger mechanism of Er31 exci-
tation in a-Si:H:Er is presented in Fig. 5. In the case
band-to-band excitation geminate radiative recombination
electron-hole pairs is efficient only in the samples with lo
concentration of defects and at low temperatures~and under
high excitation density!. Therefore we can expect that in th
samples containing large concentration ofD2 defects13 re-
combination occurs mainly nonradiatively viaD defects.
This assumption is corroborated by the absence in the sp
of erbium-doped amorphous hydrogenated silicon both ba
to-band radiative transitions and defect luminescence. S
concentrations of electrons, holes andD0 centers are negli-
gible in equilibrium, while the concentration ofD centers is
practically equal to the total concentration ofD2 defects,
ND

2'ND , in the first stage of the recombination proce
holes are captured byD2 centers transforming them intoD0

defects. This process is described by the rate equation

dp

dt
5aF2cpND2

a
2cpND2

n , ~16!

whereF is the photon flux,a the absorption coefficient o
the pumping radiation,p is the concentration of free holes,c
the capture coefficient of holes byD2 centers,ND2

a andND2
n

are concentrations ofD2 centers for optically active and
optically nonactive erbium ions, respectively.

In the second stage of the recombination process the e
trons undergo transitions from the tail states of the cond

FIG. 5. Model of defect-related Auger mechanism of Er31 ex-
citation in a-Si:H:Er.
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The concentration of free electrons is controlled by t
equation

dn

dt
5aF2canND0

a
2cnnND0

n , ~17!

wheren is the concentration of free electrons,ca total cap-
ture coefficient of electrons byD0 centers active in excita
tion of erbium ions and it is a sum of contributions from tw
competing processes: capture of an electron with excita
of an erbium ion via an Auger process and multiphonon n
radiative capture:ca5cA1cimp .13,14 Coefficient cn is the
capture coefficient ofD0 centers which do not participate i
excitation of erbium ions~nonactive!.

It should be noted that in our caseD0 centers are formed
only due to capture of holes byD2 centers under optica
pumping. Their concentration can be found from t
equations

dND0
a

dt
5cpND2

a
2canND0

a , ~18!

dND0
n

dt
5cpND2

n
2cnnND0

n . ~19!

In the stationary state we have from Eqs.~18! and ~19!

cnND0
n

5caND0
a

ND2
n

ND2
a . ~20!

The rate equations system should be supplemented by
neutrality condition:

n5p1ND
0 . ~21!

Excitation of erbium ions in the amorphous silicon matr
is produced by the Auger process whose probability is p
portional to the product of concentration of free electro
and concentration ofD0 centers. Thus, the concentration
excited erbium ions is determined by the rate equation

dNEr*

dt
5cAnND0

a S 12
NEr*

NEr
D 2

NEr*

t
. ~22!

When analyzing the system~16!–~20!, we can use again
the possibility to separate the physical system consisting
matrix and erbium ions into two subsystems: a fast one~the
matrix! with relaxation time of all the electronic process
~recombination, capture of free charge carriers byD centers!
not exceeding tens of microseconds, and a slow one~erbium
ions! in which the characteristic lifetime~the lifetime of er-
bium ions in the excited state! equals one millisecond by th
order of magnitude. Therefore, when we consider the evo
tion of the system under the pumping mechanism switc
on, we can treat the subsystem of free carriers and defec
being in a stationary state. In this case using Eq.~20! we can
get from Eq.~17!
2-5
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nND0
a

5
aF

caS 11
ND2

n

ND2
a D . ~23!

Then Eq.~22! can be represented in the form

dNEr*

dt
5seffF~NEr2NEr* !2

NEr*

t
, ~24!

where

seff5
a

NEr

cAND2
a

ca~ND2
a

1ND2
n

!
. ~25!

It should be noted that the ratioND2
n /ND2

a does not de-
pend on the pumping rate in the conditions of our work sin
the concentration ofD centers practically does not chang
for small illumination density: the concentration of arisin
D0 centers makes only a small fraction of total concentrat
of D defects.

FIG. 6. Photoluminescence spectrum of Er-dopeda-Si:H.

FIG. 7. Dependence of the reciprocal rise time 1/ton of erbium
luminescence intensity in amorphous silicon on the pumping pho
flux.
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In Eqs.~22!, ~24!, and~25! the notationNEr refers actually
not to the total concentration of erbium ions but only to th
of optically active ions, which is considerably lower.

From Eq.~23! it follows that in the case of optical pump
ing of erbium in the amorphous silicon matrix the maximu
possible cross section of erbium excitation is

seff
max5

a

NEr
. ~26!

This result follows from the same reason as in the cas
crystalline matrix: the band-to-band absorption coefficient
the semiconductor matrix of amorphous silicon for t
pumping radiation is independent of the concentration
erbium ions.

We have measured the effective excitation cross sectio
erbium for the sample of amorphous hydrogenated silic
doped by erbium (a-Si:H:Er!. The samplea-Si:H:Er was
grown by magnetron sputtering of metal erbium onto t
silicon substrate in the atmosphere of silane, argon, and o
gen. The concentrations of erbium and oxygen in the
tained film measured by SIMS method were 3
31019 cm23 and 231020 cm23, respectively. It should be
noted that the presence of oxygen increases the intensit
erbium PL.

Photoluminescence spectra were measured using a
emitting diode~LED! with maximum radiation at 0.64mm
as excitation source. The emitted light was passed throu
monochromator and detected by cooled Ge detector u
lock-in techniques. Photoluminescence raise traces of erb
PL were recorded using a digitizing oscilloscope in com
nation with the Ge detector. The system response time w
ms. All measurements were done at 100 K. Figure 6 show
PL spectrum ofa-Si:H:Er film in the 1–1.7mm range. A
luminescence peak at the wavelength of 1.54mm corre-
sponds to the radiative transition from the first excited st
4I 13/2 to the ground state4I 15/2 of Er31. A weak maximum
around 1.3mm ~defect luminescence! is due to the transition
of electrons from conduction band toD0 defect level.
n

FIG. 8. Intensity of Er luminescence in Er-doped amorpho
silicon as a function of pumping power.
2-6
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From the solution of the rate Eq.~24! it follows that a
reciprocal rising timeton of erbium intensity after switch-on
of a rectangular pulse is

1

ton
5

1

t
1seffF. ~27!

Figure 7 shows the experimental data on the recipro
rise time as a function of photon flux~dots! and the calcu-
lated dependence fitted to the experimental data using
formula ~27!. The obtained value of the excitation cross se
tion seff is 1.4310214 cm2, and the erbium lifetimet is 420
ms. The obtained valuesseff andt may be checked from the
dependence of the PL erbium intensity on photon flux us
Eq. ~15!. Figure 8 shows the dependence of experimen
data on pumping power and calculated fitting curve of
erbium intensity~with seff andt obtained above!.

Now we can calculate the concentration of optically a
tive erbium from Eq.~13! corresponding to the obtaine
value seff . Taking the value of absorption coefficient o
amorphous silicon equal to 13104 cm21 at 514.5 nm, we
find NEr'0.731018 cm23. This value is lower than the
concentration of implanted erbium 3.531019 cm23. Thus
only about one percent of the total concentration of erbi
embedded in amorphous matrix is optically active.
ys

ss

,

07530
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IV. CONCLUSIONS

A detailed consideration of excitation mechanisms of
bium in crystalline and amorphous silicon is carried out a
physical meaning of excitation cross section of erbium
semiconductor matrices under optical pumping is reveale
is demonstrated that large values of excitation cross sec
of erbium in semiconductor matrices are due to the fact t
the absorption coefficient of the matrix for pumping rad
tion exceeds the direct absorption of erbium by several
ders of magnitude. The Auger excitation cross section
erbium in semiconductor matrices is roughly determined
a ratio of the absorption coefficient of pumping light to th
concentration of optically active erbium, irrespective of t
excitation mechanism. It should be noted that concentra
of optically active erbium ions may depend on a particu
excitation mechanism. On the other hand, if we have sev
optically active erbium centers with different concentratio
we may have several different effective excitation cross s
tions with a single excitation mechanism.
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