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Chapterr 3 

Excitationn cross section of erbium 
inn semiconductors under optical 
pumping g 

BasedBased on a detailed consideration of the excitation mechanisms of erbium in a crys-
tallinetalline and amorphous matrix we present an analysis of the physical meaning of 
thethe Auger excitation cross section of Er3+ ions in a semiconductor. It is demons-
tratedtrated that large values of the Auger excitation cross section under optical pumping 
inin semiconductor matrices are due to large values of the band-to-band absorption 
coefficientscoefficients exceeding by several orders of magnitude the absorption coefficient of 
erbiumerbium in the dielectric Si02 and Al203 matrices. The Auger excitation cross sec-
tiontion of Er3+ in semiconductor matrices is roughly given by the ratio of the matrix 
coefficientcoefficient to the concentration of Er3  ̂ ions. While the analysis of the excitation 
crosscross section is carried out for Er-doped crystalline and amorphous silicon, the 
resultsresults are expected to be applicable to the other rare-earth doped semiconductors. 
BasedBased on low-temperature experimental results for crystalline silicon we get the 
AugerAuger excitation coefficient of C^81 a 7xl0~10 ernes'1 and the effective excitation 
crosscross section o~ZrSt = (2-8)xl0~12 cm2. For amorphous silicon at 100 K we obtain 

3.11 Introduction 

Semiconductorr matrices doped with rare earth ions are of great interest for opto-
electronics.. Special attention is drawn at present to erbium since the wavelength 
off  the intra-shell radiative transition from the first excited 4/13/2 to the ground 

23 3 
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411 5/ 22 state of the 4/ shell of the Er3+ ion coincides with the minimum of optical 

absorptionn losses in silica glass optical fiber communication lines. The efficiency 

off  the erbium excitation (excitation rate) is determined by the excitation cross 

sectionn of erbium. This is an important characteristic needed for the fabrication 

off  lasers and amplifiers based on erbium-doped semiconductor matrices, to control 

thee pump power necessary to achieve population inversion. 

Thee efficiency of the erbium excitation under direct optical absorption in a 

dielectricc matrix, for example, such as Si02 and A1203, is determined by the 

excitationn cross section a of erbium, which enters the rate equation 

^=^= ffff*(N*(NErEr-N*-N*ErEr)-^,)-^, (3.1) 

wheree $ is the photon flux, NEr and N%T are the total concentrations of erbium 

ionss and excited erbium ions, respectively, and r is the lifetime of erbium in the 

excitedd state. This equation describes the processes of excitation and de-excitation 

off  erbium in a two-level scheme and a is the real cross section for photon absorption 

byy an erbium ion. The same equation can be used also for the three-level excitation 

schemee that involves the second excited 4 / n /2 state, because the excitation relaxes 

quicklyy to the 4 / i 3 / 2 state by a non-radiative route. In this case a is the real cross 

sectionn for photon absorption by an erbium ion for the transition from the 4/ i 5 / 2 

too the 4/n /2 state. 

Thee experimental value of the excitation cross section may be deduced from the 

powerr dependence of the rise-time of the erbium photoluminescence (PL) intensity 

afterr switch-on of a rectangular optical pumping pulse. Indeed, from Eq. (3.1) the 

rise-timee of the erbium luminescence intensity ron is determined as 

11 1 
—— = - + * *  (3-2) 
'on'on I 

Thee excitation cross section can also be obtained from the experimental power 

dependencee of the erbium luminescence intensity. From the stationary solution of 

Eq.. (3.1), the dependence of the erbium luminescence intensity on the photon flux 

shouldd depend on the excitation cross section a 

IIErEr oc NEr =  g r g NEr. (3.3) 

Forr erbium in Si02, the experimentally determined value of a is 8 x l 0 - 2 1 cm2 

[16].. In the same manner, the excitation cross section is determined in the case of 

opticall  excitation of erbium in a semiconductor matrix under optical band-to-band 
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pumping.. According to experimental data, the erbium excitation cross section in 
crystallinee silicon is higher by several orders of magnitude than that for direct 
absorptionn of photons in the dielectric SiC>2 and A1203 matrices [27, 28]. 

However,, in semiconductor matrices, excitation of erbium ions occurs mainly 
byy free charge carriers in an Auger process [29] or via impact excitation by hot 
electronss in the case of electroluminescence from reverse-biased p—n junctions [30]. 
InIn this case, the excitation cross section a of erbium entering in Eq. (3.1) and, 
thereforee in the formulae (3.2) and (3.3), should have another physical meaning. 
Inn contrast to dielectric matrices in which a is nearly independent of the matrix, 
inn semiconductors a should depend on the efficiency of the energy transfer from 
photonss to erbium ions via free carriers, i.e., it should depend on the characteristics 
off  the semiconductor matrix doped with RE. 

Wee present here an analysis of the physical meaning of the excitation cross 
sectionn of erbium in semiconductor matrices, based on a detailed consideration of 
thee excitation mechanisms under optical pumping in crystalline and amorphous 
silicon.. We demonstrate that large values of the excitation cross section in crys-
tallinee c-Si and in amorphous hydrogenated a-Si:H semiconductor matrices are 
duee to a large band-to-band absorption coefficient exceeding by several orders of 
magnitudee the absorption coefficient of erbium in the dielectric matrices Si02 and 
AI2O3.. The excitation cross section in semiconductor matrices is determined by 
thee ratio of the matrix absorption coefficient to the concentration of optical active 
erbium,, which should be multiplied by a factor that depends on the ratio of the 
intensityy of the channel transferring absorbed energy to the erbium ions to that of 
alll  the loss channels. The experimental results on the excitation cross section of 
Er3++ ions in crystalline and amorphous silicon are presented and discussed. 

3.22 Crystal l ine silicon 

3.2.11 Theoretical considerations 

Att low temperatures, the most probable excitation mechanism of Er3+ ions in 
crystallinee silicon under optical pumping is by exciton recombination. In the case 
off  band-to-band absorption, free excitons are formed in the matrix. Neutral (at 
loww temperatures) donors introduced by erbium and/or oxygen complexes easily 
capturee these excitons. The excitation of an erbium ion then occurs via an Auger 
recombinationn of excitons in which the recombination energy is transferred by 
Coulombb interactions to an electron in the 4/ shell of the erbium ion. Alterna-
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Figuree 3.1: Model of the excitation mechanism of the Er3+ in crystalline Si. See 

thethe text for a detail explanation. 

tively,, the Auger process could take place at collisions of free excitons with donors 

associatedd with erbium ions. The presence of a donor electron favors the energy 

conservationn in the Auger process [31]. This excitation mechanism is illustrated 

schematicallyy in Fig. 3.1. In order to describe the excitation process, we consider 

firstfirst the rate equations governing the concentration of free electrons and holes. 

Wee note that at low temperatures non-radiative recombination via deep centers 

iss suppressed, and the recombination via shallow donor and acceptor centers is 

negligible.. Though the capture cross section for electrons and holes at shallow 

Coulombb centers is sufficiently large, the inter-impurity recombination rate is low, 

andd shallow centers are instantly filled by charge carriers blocking this recombina-

tionn channel. For this reason, the binding of free carriers into free excitons (FE) 

dominatess at low temperatures and at fairly high pumping levels. Under these 

conditions,, the rate equations for electrons and holes wil l have the form 

dndn dp ,„  „, 
—-- = — = a$ - -ynp, (3.4) 
atat at 

wheree <£> is the incoming photon flux, and a is the absorption coefficient of silicon, 

nn and p are the concentrations of non-equilibrium electrons and holes, respectively, 
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andd 7 is the coefficient of the exciton binding process. The rate equation for free 

excitonss can be written as follows 

——=——=inpinp , (3.5) 
atat rex 

wheree rex is the exciton lifetime. 

Wee assume that the exciton lifetime is controlled mainly by non-radiative Auger 

processess associated with neutral Er-related donors or other impurities, 

—— = cimNim + CEVNET + cA(NEr - N*Er), (3.6) 

wheree NEr is the total concentration of optical active erbium, NEr is the concen-

trationn of excited erbium, Nim is the concentration of other impurities, Cim,cEr 

andd CA are the capture coefficients of free excitons by impurities, (including also 

opticallyy non-active erbium), erbium-related donor centers without erbium exci-

tationn and with erbium excitation (BE), respectively. In Eq. (3.6), we took into 

accountt a possible saturation of the excited erbium ions, which leads to blocking 

off  the Er excitation process. 

Thee rate equation which describes the excitation of erbium ions has the form 

^^ = cAnex{NEr - NEr) - ^ , (3.7) 
atat T 

wheree r is the erbium lifetime in the excited state due to both radiative and 

non-radiativee recombinations. 

Inn order to analyze the rate equations (3.4) - (3.7), we shall separate our phy-

sicall  system into two subsystems. One of them, fast, groups the processes whose 

relaxationn time does not exceed several microseconds such as: the capture of free 

excitonss by donors induced by erbium or other impurities. The other group (slow) 

aree processes characterized by a lifetime which is two orders of magnitude larger: 

thee lifetime of erbium ions in the excited state. Therefore, we can regard the 

"fast""  subsystem to be in a quasistationary state and thus arrive at 

nnexex = a$rex. (3.8) 

Inn this approximation, we can represent Eq. (3.7) as 

^^ = aeff<t>(N Er - NEr) - ^ , (3.9) 
atat T 

wheree we have introduced the effective cross section aefj of the erbium excitation: 

crcrefefff = acATex. (3.10) ) 
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Forr the analysis it is convenient to present the effective cross section as the 
productt of two factors: 

__ _o_ ( cANEr 

'7 e /// NEr VCimNim + cErNEr + cA(NEr - N*Er) 

Ass can be seen from formula (3.11), the excitation cross section of erbium is roughly 
determinedd by the first term and is inversely proportional to the concentration of 
opticallyy active erbium. The excitation cross section depends not only on the 
absolutee value of the capture cross section cA, but also on the ratio of the capture 
probabilityy of free excitons by erbium-related centers with excitation of an erbium 
ionn and the total probability of all the capture processes, as given by the second 
termm in Eq. (3.11). 

3.2.22 Experimental results 

Wee have measured the effective excitation cross section of erbium in crystalline 
silicon.. A single-crystalline (lll)-oriented, p-type (B-doped) Czochralski-grown 
siliconn wafer was implanted with Er ions at room temperature to a total dose of 
3xl0122 cm-2 with an energy of 300 keV. Oxygen was co-implanted at 40 keV to 
aa total dose of 3xl013 cm~2. The sample was annealed in N2 gas for 30 min 
att 900°C to re-crystallize the implanted layer. The concentration of erbium in 
thee implanted layer measured by secondary ion mass spectrometry (SIMS) was 
5xl0177 cm"3. Photoluminescence (PL) measurements were performed using the 
514.55 nm line of an Ar+ laser. The PL signal was passed through a Jobin-Yvon 
THRR 1500 grating monochromator, and detected with a liquid-nitrogen cooled Ge 
detectorr using standard lock-in techniques. The sample was placed on a cold finger 
off  a closed cycle helium cryostat. All measurements were done at 20 K. Figure 
3.22 shows the PL spectrum of the c-Si:Er sample in the 1-1.7 fim range. The 
luminescencee peaks designated by arrows in the region of 1.54 - 1.6 //m correspond 
too the radiative transitions from the first excited state 4/ i 3/2 to the ground state 
4-fis/22 of Er3+ ion. The observation of several sharp lines is due to the splitting 
off  the 4ii5/2 ground state. The depicted spectrum is typical for erbium implanted 
inn silicon. Phonon-assisted free exciton PL is observed at 1.13 [im. Figure 3.3 
showss the intensities of erbium (main peak at 1.54 jim) and exciton PL as a 
functionn of the photon flux (quasistationary conditions). As can be seen, the 
increasee of the exciton PL takes place upon saturation of the Er PL. Decay time 
measurementss of erbium and exciton PL were performed using the A = 532 nm 
secondd harmonic of a Nd:YAG laser of nanosecond pulse duration. In this case, 

(3.n ; ; 
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Figuree 3.2: Photoluminescence spectrum of Er-doped crystalline silicon under Ar+ 

laserlaser excitation. The arrows indicate PL lines usually assigned to an Ers+ -related 
opticallyoptically active center of cubic symmetry. 

wee used a digitizing oscilloscope in combination with an InP/InGaAs nitrogen-
cooledd multiplier tube, of the type Hamamatsu R5509-72. The system response 
timee was 0.1 (is. All measurements were done at 20 K. Figure 3.4 demonstrates 
thee dependencies of the decay time of the exciton, the intensities of the exciton 
andd the erbium luminescence on the power of the Nd:YAG laser, under pulsed 
excitationn conditions. As can be seen, the exciton lifetime is approximately 0.3 
^ss at low pumping and saturates at a level close to 1.1 [is for the high pumping 
regime,, following saturation of the erbium PL intensity. From the same figure 
wee also note that the intensity of the exciton PL increases faster with excitation 
powerr when the intensity of Er PL reaches saturation. We have found that the 
erbiumm lifetime of approximately 1.3 ms is practically independent of the pump 
powerr over the whole range investigated. 

3.2.33 Discussion 

Wee have observed a strong correlation between the exciton and the erbium PL 
intensityy as a function of the laser power. This correlation has been observed 
bothh for continuous and pulsed excitation. As one can see from Figs. 3.3 and 
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Figuree 3.3: Intensity of erbium, and exciton photoluminescence as a function of 

pumpingpumping photon flux (Ar+ laser excitation). Dotted line is a fitting curve to Eq. 

(3.15)(3.15) with or = 5.3x III 15 cm2s. solid line is a guide for eye. 

3.4.. the PL intensities of the excitons are very weak until the erbium PL intensity 

saturates.. This fact indicates that the main recombination channel of free excitons 

iss capture by erbium-related centers, assisted by the excitation of erbium. This 

conclusionn is also supported by the dependence of the exciton lifetime on the laser 

power.. The lifetime of the exciton is shown to increase as saturation of the erbium 

luminescencee sets in. As the concentration of optically active Er ions is much less 

thann the total concentration of Er and other impurities, Nim S> NET. we conclude 

that t 

c . 4 » ci r n . c£ r .. (3.12) 

Thee inequality (3.12) takes place in our opinion because the normal Auger 

recombinationn of bound excitons involving loosely bound carriers is suppressed by 

thee selection rules associated with the laws of conservation of angular momentum 

andd momentum in Si [32]. It is natural to suggest that CET ~ cirn. In this case, we 

cann neglect the second term in the right side of Eq. (3.6) and similarly simplify Eq. 

(3.11).. From the experimental data given in Fig. 3.4, we find the exciton lifetime in 

thee saturation regime (NET « NEr) re
s°( ss 1.1 /is. which leads to cimNim « 0.9x 106 

s"1.. For small pump powers we get T°f sa 0.3 /is. resulting in cimNim + CANET = 

 erbium 

OO exciton 
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Figuree 3.4: Intensity of erbium and exciton photoluminescence and exciton lifetime 

asas a function of power of the Nd:YAG laser pulse. 

3.3xl066 s"1. which gives cANEr « 2.4x l06 s_1. 

Byy using Eq. (3.11), we get for the effective cross section in the case of low 

excitationn pumping {NEr <C NET)' 

'eff 'eff 0.73 3 
N, N, 

(3.13) ) 

andd for the maximum excitation cross section of erbium in the saturation range 

'eff 'eff 2.67--
11 y Er 

(3.14) ) 

Thuss the effective cross section should rise with increasing pumping intensity by 

aa factor of approximately 4. 

However,, we shall consider the effective excitation cross section aeff as a cons-

tantt and try to estimate its value from the intensity dependence of the erbium PL 

onn the photon flux. Under quasistationary conditions, this is given by 

lEr lEr 
JJeff eff T$$ N, 

0-0-effeffT$>T$> + 1 Trad 

(3.15) ) 

wheree Trad is the radiative lifetime of erbium in the excited state. This relation 

cann be obtained as a stationary solution for NEr from Eq. (3.7). The fitting curve 

withh o~effT w 5.4xlCT14 cm2 s is presented in Fig. 3.3 (dotted line). Taking the 
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lifetimee of erbium as 1.3 ms. we obtain aefj « 4 x 10"12 cm2. This value should 

bee considered as an average one. Taking into account the approximations used, 

thee real cross section should be in the range erey/ PB (2 - 8) x 10"12 cm2. 

Noww we can calculate the concentration of optically active erbium from Eq. 

(3.13)) corresponding to the obtained value (7eff. Taking the value of the absorption 

coefficientt equal to l x lO 4 cm"1 at 515 nm [6]. we find NEr = (2 - 5) x 1015 cm"3. 

Ass expected, this value is lower than the concentration of implanted erbium 5x 1017 

cm- 3 .. Thus, only approximately 1 % of the total concentration of erbium is in 

ann optically active state. This result coincides with the well known fact that 

thee concentration of optically active erbium in crystalline silicon doped by ion 

implantationn does not exceed several percent [33]. 

Inn this section, we have introduced the simplest model that includes only one 

typee of optically active erbium center and a single excitation mechanism. How-

ever,, it should be noted that the total concentration of optically active erbium 

iss determined by the technique used to fabricate the sample. Because of different 

configurationss of the intermediate Er3+ ion environment, erbium may be in several 

differentt optically active states. In this case, the fraction of the total concentration 

off  optically active erbium ions which is excitable may depend on the excitation 

mechanism. . 

Wee conclude with the estimation of a value of the Auger excitation coefficient 

off  c4 = 7 x 10"10 cm3 s"1 from Eq. (3.10). 

3.33 Amorphous silicon 

Promisingg results were obtained in the case of optical excitation of erbium inserted 

intoo the matrix of amorphous hydrogenated silicon. A simple method of introduc-

tionn of a large concentration of erbium into an amorphous matrix and the fact that 

thee intensity of erbium emission at 1.54 //m is nearly independent of temperature 

fromm liquid-nitrogen to room temperature has attracted special attention of the 

researchers.. There is evidence that the radiative lifetime of an erbium ions in the 

excitedd state in this matrix is several times smaller than that in crystalline silicon 

[34]. . 

Introductionn of erbium into a matrix of amorphous hydrogenated silicon leads 

too generation of ruptured bonds (dangling bond defects) which can have one elec-

tronn (defect in a neutral D° state) or two electrons (negatively charged defect in 

aa D~ state). These states induce defect levels approximately in the midgap of the 

matrix.. They are separated by a correlation energy of 0.1 - 0.2 eV. The energy 
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Figuree 3.5: Model of the defect-related Auger mechanism of the Er'+ excitation in 

a-Si:H:Er. a-Si:H:Er. 

positionn of the 4/ term of the erbium ion is situated 8 - 10 eV below the edge of 

thee matrix valence band, therefore excitation of the 4/-electron shell of the erbium 

ionn can occur only via Coulomb interaction with the charge carriers of the matrix 

(ann Auger process). 

I tt is well known [35, 36] that doping of crystalline silicon with erbium and 

oxygenn leads to formation of erbium-oxygen complexes which have energy levels 

withh a bonding energy of Ü.1 - 0.25 eV. We assume here that similar doping of 

amorphouss silicon wil l be also accompanied by the appearance of donor states. 

Thiss assumption is confirmed by the «-type nature of the electric conduction of 

erbium-- and oxygen-doped amorphous silicon. Measurements of the temperature 

dependencee of the electrical conductivity performed on a number of our samples 

gavee the position of the Fermi level as 0.5 eV below the mobility edge of the 

conductionn band. Since the concentration of erbium and oxygen in typical samples 

iss about 102() cm~3, while the concentration of D~ defects does not exceed 101K -

10199 cm- 3 [37. 38], all the D defects in erbium-doped amorphous silicon exist at 

equilibriumm in a D~ state. 

AA scheme of the defect-related Auger mechanism of the Er! + excitation in a-

Si:H:Err is presented in Fig. 3.5. In the case of band-to-band excitation, geminate 

radiativee recombination of electron-hole pairs is efficient only in the samples with 

loww concentration of defects and at low temperatures (and under high excitation 
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density).. Therefore, we can expect that, in the samples containing a large con-

centrationn of D~ defects [38], recombination occurs mainly non-radiatively via D 

defects.. This assumption is corroborated by the absence in the spectra of erbium-

dopedd amorphous hydrogenated silicon of both band-to-band radiative transitions 

andd of defect luminescence. Since the concentrations of electrons, holes and D° 

centerss are negligible in equilibrium, while the concentration of D centers is prac-

ticallyy equal to the total concentration of D~ centers, N$ « ND, in the first stage 

off  the recombination process, holes are captured by D~ centers transforming them 

intoo D° defects. This process is described by the rate equation 

^^ = aO - cpNa
D. - cPN%-, (3.16) 

wheree $ is the photon flux, a the absorption coefficient of the pumping radiation, 

pp the concentration of free holes, c the capture coefficient of holes by D centers, 

JV£__ and N  ̂ are concentrations of D~ centers for optically active and optically 

non-activee erbium ions, respectively. 

Inn the second stage of the recombination process, the electrons undergo transi-

tionss from the tail states of the conduction band to D° centers, transforming them 

intoo D~ centers. The concentration of free electrons is described by the equation 

dn dn 
—— =  Q $ - canNa

D0 - cnnN 0̂, (3.17) 

wheree n is the concentration of free electrons, ca is the total capture coefficient of 

electronss at D° centers active in excitation of erbium ions. ca is the sum of contri-

butionss from two competing processes: the capture of an electron with excitation 

off  an erbium ion via the Auger process and multiphonon non-radiative capture: 

ccaa = CA + cimp [38, 39]. The coefficient cn is the capture coefficient of D° centers 

whichh do not participate in the excitation of erbium ions (non-active). 

I tt should be noted that in our case D° centers are formed only due to capture 

off  holes by D~ centers under optical pumping. Their concentration can be found 

fromm the equations 
dN% dN% 
-^-=cpN^-c-^-=cpN^-caanNnNaa

D0D0,, (3.18) 

dN%dN%0 0 

—2-=cpNl--c—2-=cpNl--cnnnN%nN%ii-- (3-19) 

Inn the stationary state, we have from Eqs. (3.18) and (3.19) 

NNn n 

CnKCnK00=c=caaNNaa
D0D0-^.-^. (3.20) 

lyly D-
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Figuree 3.6: Photoluminescence spectrum of Er-doped a-Si:H:Er. 

Thee rate equation system should be supplemented by the neutrality condition: 

nn = p + N°D. (3.21) 

Excitationn of erbium ions in the amorphous silicon matrix is produced by the 

Augerr process whose probability is proportional to the product of the concentration 

off  free electrons and the concentration of D° centers. Thus, the concentration of 

excitedd erbium ions is determined by the rate equation 

dtdt D \ NEr) r 

Whenn analyzing the equations system (3.16) - (3.20), we can again use the pos-

sibilityy to separate the physical system consisting of matrix and erbium ions into 

twoo subsystems: a fast one (the matrix) with the relaxation time of all the elec-

tronicc processes (recombination, capture of free charge by D centers) not exceeding 

tenss of microseconds, and a slow one (the erbium ions) in which the characteristic 

lifetimee (the lifetime of erbium ions in the excited state) is of the order of millise-

conds.. Therefore, when we consider the evolution of the system with the pumping 

mechanismm switched on, we can treat the subsystem of free carriers and defects 

ass being in a stationary state. In this case, using Eq. (3.20) we can get from Eq. 
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(3.17) ) 

nNnND°D° = / V M . (3.23) 
p . ( ll  + ^ ) 

Then.. Eq. (3.22) can be represented in the form 

T* T* 

§L§L — ST ..tfi(\T- _. AT* \ lyEr 

a a 

where e 

^^ = aeff$(NEr - N*Er) - *k, (3.24) 

aa cAN« 

""'""'  = NZclNl.-Nl-Y (3"25) 

I tt should be noted that the ratio <V£_/iV£_ does not depend on the pumping 

ratee in the conditions of our work since the concentration of D centers practically 

doess not change for small illumination density: the concentration of D° centers 

formed,, makes only a small fraction of the total concentration of D defects. 

Inn Eqs. (3.22), (3.24), and (3.25) the notation NEr refers actually not to the 

totall  concentration of erbium ions but only to that of optically active ions, which 

iss considerably lower. 

Fromm Eq. (3.23) it follows that, in the case of optical pumping of erbium in 
thee amorphous silicon matrix, the maximum possible cross section of the erbium 
excitationn is 

< r ;; = ^ - (3.26) 

Thiss result follows from the same reasoning as in the case of crystalline silicon: 
thee band-to-band absorption coefficient of the semiconductor matrix of amorphous 
siliconn for the pumping radiation is independent of the concentration of erbium 
ions. . 

Wee have measured the effective excitation cross section of erbium for the sample 

off  amorphous hydrogenated silicon doped with erbium (a-Si:H:Er). The a-Si:H:Er 

samplee was grown by magnetron sputtering of metallic erbium onto a silicon subs-

t ra tee in an atmosphere of silane, argon, and oxygen. The concentrations of erbium 

andd oxygen in the obtained film measured using SIMS were 3.5 xlO19 cm"3 and 

2xx 1020 cm- 3, respectively. It should be noted that the presence of oxygen increases 

thee intensity of the erbium photoluminescence. 

PLL spectra were measured using a light emitting diode (LED) with maximum 

radiationn at 640 nm as excitation source. The emitted light was passed through 

aa monochromator and detected by a cooled Ge detector using lock-in techniques. 
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Figuree 3.7: Dependence of the reciprocal rise time l/ron of the erbium luminescence 

intensityintensity in amorphous silicon as a function of the photon flux. 

Luminescencee rise time traces of erbium PL were recorded using a digitizing os-

cilloscopee in combination with the Ge detector. The system response time was 5 

[is.[is. All measurements were done at 100 K. Figure 3.6 shows a PL spectrum of 

a-Si:H:Err film in the 1 - 1.7 /im range. The luminescence peak at 1.54 fxva cor-

respondss to a radiative transition from the first excited state 4/i3/2 to the ground 

statee 4/i5/2 of Er3+. The weak maximum around 1.3 /xm (defect luminescence) 

iss due to the transition of electrons from the conduction band to D° defect level. 

Fromm the solution of Eq. (3.24) it follows that the reciprocal rise time ron of the 

erbiumm intensity after switch-on of a rectangular pulse is 

—— = - + c-eff<P. (3.27) 
TonTon T 

Figuree 3.7 shows the experimental data on the reciprocal rise time as a function 

off  photon flux (dots) and the calculated dependence fitted to the experimental 

dataa using formula (3.27). The obtained value of the excitation cross section cre// 

iss 1.4xl0"14 cm2, and the erbium lifetime r is 420 /us. The obtained values of aeff 

andd T may be checked from the dependence of the PL erbium intensity on photon 

fluxflux using Eq. (3.15). Figure 3.8 shows the dependence of the experimental data 

onn the pumping power and the calculated fitting curve of the erbium PL intensity 

(withh aPjf and r obtained above). 
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Figuree 3.8: Intensity of Er luminescence in Er-doped amorphous silicon as a func-
tiontion of pumping power. 

Noww we can calculate the concentration of optically active erbium from Eq. 

(3.13)) corresponding to the obtained value aeff. Taking the value of the absorption 

coefficientt equal to 1 x 104 cm"1 at 514.5 nm. we find NEr « ü.7 x 1018 cm- 3 . 

Thiss value is lower than the concentration 3.5 xlO19 cm"3 of implanted erbium. 

Thuss only about one percent of the total concentration of erbium embedded in the 

amorphouss matrix is optically active. 

3.44 Conclusions 

AA detailed consideration of the excitation mechanisms of erbium in crystalline and 

amorphouss silicon is carried out and the physical meaning of the excitation cross 

sectionn of erbium in semiconductor matrices under optical pumping is revealed. It 

iss demonstrated that the large values of the excitation cross section of erbium in 

semiconductorr matrices are due to the fact that the absorption coefficient of the 

matr ixx for pumping radiation exceeds the direct absorption of erbium by several 

orderss of magnitude. The Auger excitation cross section of erbium in semicon-

ductorr matrices is roughly determined by the ratio of the absorption coefficient 

off  pumping light and the concentration of optically active erbium, irrespective of 
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thee excitation mechanism. It should be noted that the concentration of optically 
activee erbium ions may depend on a particular excitation mechanism. On the 
otherr hand, if we have several optically active erbium centers with different con-
centrations,, we may have several different excitation cross sections with a single 
excitationn mechanism. 
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