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Chapterr  3 

Photoluminescencee of 
erbium-dopedd silicon: 
excitationn power 
dependence e 

Abstract Abstract 

PhotoluminescencePhotoluminescence measurements have been performed on float-zoned and 
Czochralski-grownCzochralski-grown silicon samples which were doped with erbium by ion 
implantationimplantation with and without oxygen co-implantation. An erbium-doped 
samplesample grown by a molecular beam epitaxy method and an amorphous 
siliconsilicon sample were included in the experiments as well. The characteris-
tictic luminescence spectra in the wavelength range between 1.5 and 1.6 \xm 
werewere observed. Differences in the multiple line structure of the spectra 
indicatedindicated that the active luminescent centers have different symmetries 
andand atomic structures. The dependence of the luminescence intensity on 
thethe laser excitation power was measured. Experimental observations are 
analyzedanalyzed on the basis of a physical model which includes the formation 
ofof free excitons, the binding of excitons to erbium ions, the excitation of 
AA f-inner-shell electrons of erbium ions and their subsequent decay by light 
emission.emission. To obtain a quantitative agreement between model analysis and 
experimentalexperimental data the consideration of Auger processes by which erbium-
boundbound excitons and erbium ions in excited state can decay by dissipating 

25 5 



26 6 ChapterChapter 3 

energyenergy to conduction band electrons appears to be required. The lumi-
nescentnescent properties of the erbium-doped samples of the different types of 
crystallinecrystalline silicon are remarkably similar. A good quantitative agreement 
cancan be obtained for suitable values of the model parameters. 

3.11 Introductio n 

Inn recent years a great research activity has been devoted to rare-earth 
impuritiess in silicon and semiconductor compounds with the objective 
off  investigating basic physical properties and developing related electro-
opticall  applications [1]. Erbium-doped silicon is intensively investigated 
sincee the luminescence of erbium occurs in the wavelength region of min-
imumm loss and dispersion of glass fibers. 

Thee characteristic luminescence of erbium is due to electronic transi-
tionss within the 4/ shell between states of which energy differences are 
primarilyy determined by spin-orbit coupling. For an isolated erbium ion 
electricc dipole transitions between such states are not allowed. In a silicon 
crystall  the transitions become possible if due to the presence of a ligand 
fieldfield the local symmetry is lowered and states of opposite parity become 
mixed.. It has been found that erbium ions can be incorporated in silicon 
onn sites of different symmetries [2, 3, 4] and have a strong propensity to 
formm complexes with other impurities [5]. This gives rise to structurally 
differentt erbium-related centers which are characterized by individual lu-
minescencee spectra [6]. For the formation of complexes the presence of 
oxygenn appears to be especially important [7, 8, 9]. It has been reported 
thatt the photoluminescence intensity of Er- and Er,0-doped Czochralski 
siliconn (Cz-Si) is always higher than that observed in float-zoned sili-
conn (Fz-Si) [10, 11]. The particular role of oxygen as a co-dopant in the 
enhancementt of erbium-related photoluminescence is, however, not estab-
lishedd in sufficient detail. In an extended X-ray absorption fine structure 
(EXAFS)) study, Adler et al. [12] found that the first neighbor shell of 
thee erbium ion in Cz-Si comprises four to six oxygen atoms which are re-
sponsiblee for the optical activity of the complex. In Fz-Si an erbium ion 
iss surrounded by twelve silicon atoms yielding an optically inactive com-
plex.. Based on these findings they concluded that the higher intensity in 
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Cz-Sii  is due to the formation of erbium-oxygen complexes. Przybylinska 
etet al. [13, 14] identified more than 100 distinct lines in photoluminescence 
spectraa of erbium-implanted silicon and ascribed them to different types 
off  erbium centers: isolated erbium ions at cubic and non-cubic symmetry 
sites,, erbium-oxygen complexes and centers related to clusters of erbium 
withh residual radiation defects. All these results underline the relevance 
off  oxygen in the formation of optically active erbium centers and the 
enhancementt of the photoluminescence yield. 

Valuablee information on the excitation and de-excitation mechanisms 
cann be deduced from the dependence of the photoluminescence intensity 
onn the excitation power and the temperature. A comprehensive theo-
reticall  treatment of the energy transfer in the Er-in-Si system, also ac-
countingg for temperature effects, was developed by Bresier et al. [15]. 
Recently,, Palm et al. [16] proposed a set of rate equations to describe 
thee photoluminescence of erbium in silicon and pointed out the impor-
tancee of nonradiative energy transfer processes involving conduction band 
electrons. . 

Inn this chapter photoluminescence measurements on both float-zoned, 
oxygenn lean, and Czochralski-grown, oxygen rich, silicon samples doped 
withh erbium are presented. The same experiments were performed on a 
samplee grown by a molecular beam epitaxy method as well. Some con-
trastingg results obtained on an amorphous sample are also reported. By 
thee multiple component structure in the spectra the existence of erbium-
relatedd centers of different symmetry, cubic and non-cubic, is confirmed. 
Thee laser power dependence was measured and is described by an exci-
tationn mechanism involving free and bound exciton intermediate states. 
Resultss are analyzed on the basis of a physical model with the aim of 
verifyingg the quantitative agreement. 

3.22 Experiment 

Inn the experiments the following five kinds of materials were used. 
1.. Float-zoned, n-type phosphorus-doped, <100>-oriented silicon 

wafers,, labeled Fz-Si:Er. The room-temperature resistivity of this mate-
riall  was 0.7—0.9 Qcm. The samples were implanted with erbium ions at an 
energyy of 1.1 MeV to total doses in the range of lx lO 12 to 5x l015 cm- 2. 



28 8 ChapterChapter 3 

Implantationss were performed at 500°C. No additional heat treatment 
hass been applied [17]. 

2.. A p-type Czochralski-grown silicon sample with oxygen concen-
trationn of 2x l018 cm- 3 . The sample was implanted with erbium ions at 
ann energy of 320 keV, to an erbium peak concentration of 5x l017 cm- 3. 
Thee sample is designated as Cz-Si:Er. 

3.. Other p-type Cz-Si material with room-temperature resistivity of 
11 to 10 $7cm. Wafers were implanted with erbium ions, at an energy 
off  1.2 MeV, to a dose of 1013 cm- 2, and co-implanted with oxygen ions 
off  energy 0.17 MeV to a dose of 1014 cm- 2. Such samples are labeled 
ass Cz-Si:Er,0. To optimize the luminescence output the samples were 
subsequentlyy annealed for 0.5 hour at the temperature of 900°C in a 
chlorine-containingg atmosphere [18, 19]. 

4.. An erbium-doped crystalline silicon layer of about 2 fjxn thickness 
grownn by a molecular beam epitaxy (MBE) method. This sample is la-
beledd as MBE-Si:Er. The growth process was performed in a vacuum of 
2x l0~77 mbar at temperature 600°C. The sample was subsequently an-
nealedd in a vacuum chamber at 700°C for 30 minutes. It exhibited n-type 
conductivityy with erbium concentration of 5x l018 cm- 3, as characterized 
byy secondary ion mass spectroscopy (SIMS) [20]. 

5.. An amorphous silicon sample designated as a-Si:Er. This sam-
plee was prepared by magnetron-assisted silane decomposition technique, 
wherebyy mixtures of Ar, SiH4 and H2 are used as sputtering gas. The sil-
iconn targets were partially covered by small metallic platelets of erbium. 
AA film of 1 p,m was deposited on a fused silica substrate. The erbium 
concentrationn measured by Rutherford back scattering was lx lO 20 cm- 3 

[21]. . 
Thee photoluminescence was excited by the 514.5 nm line of an Ar+-

ionn laser (Spectra-Physics Stabilite 2016-05s). The laser power could be 
variedd from 0.1 to 1000 mW. This corresponded to an excitation power 
inn the spot of about 1 mm diameter measured in front of the sample 
inn the range from 1 fj,W to 10 mW. The emitted light was dispersed 
byy a high-resolution 1.5 m F/12 grating monochromator (Jobin-Yvon 
THRR 1500) and detected by a liquid-nitrogen cooled North-Coast EO-
8177 germanium detector. Variation of the photoluminescence yield as a 
functionn of excitation power was measured with the sample immersed in 
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Figuree 3.1: Photoluminescence spectra measured at 4-2 K for (a) sample 
ofof Cz-Si:Er, 0, (b) sample of MBE-Sv.Er, (c) sample of Fz-Si:Er and (d) 
samplesample of a-Si:Er. The arrows [c]  indicate the spectral components due 
toto emission of the cubic center, mainly present in the Czochralski-grown 
samples;samples; the arrows [oj relate to the erbium-oxygen complexes which are 
enhancedenhanced in MBE-silicon samples, the arrows [nc] label the structural 
componentscomponents belonging to a center of lower symmetry prevailing in the 
float-zonedfloat-zoned samples. In the amorphous silicon samples the erbium-related 
PLPL line is designated by the arrow [a-Er]. 
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liquidd helium, at 4.2 K. 

3.33 Experimental results 

Inn Fig. 3.1 the erbium-related photoluminescence (PL) spectra measured 
forr the Cz-Si:Er,0 (a), MBE-Si:Er (b), Fz-Si:Er (c) and a-Si:Er (d) sam-
pless at the temperature of 4.2 K are shown. The data were obtained 
withh laser power set to 100 mW, corresponding to power incident on the 
samplee of about 1 mW. For the float-zoned material the spectrum was 
takenn for a sample implanted to a dose of lx l0 1 3cm~2. This particular 
samplee was chosen for the more detailed studies as reported here following 
ann investigation of the PL intensity dependence on erbium-implantation 
dose,, as presented in Fig. 3.2. In these preceding measurements, it was 
observedd that the PL intensity increases with implantation dose from 
10122 to 1013 cm- 2 , corresponding to erbium peak concentrations of ap-
proximatelyy 4x l016 cm- 3 and 4x l017 cm- 3, respectively, as revealed by 
Rutherfordd back-scattering (RBS) and secondary ion mass spectroscopy 
[17,, 22]. For higher doses the PL intensity stabilized and then decreased. 

Previouss studies of the erbium-related photoluminescence revealed 
thatt the spectrum measured at liquid-helium temperature consists of a 
high-intensityy peak around the wavelength A = 1.54 /mi, possibly hav-
ingg some nearly coincident components, and several lines with smaller 
intensityy on the lower energy side of the main feature [2, 6, 7, 8, 9]. In 
oxygen-leann material usually a weaker photoluminescence spectrum than 
inn Czochralski material is observed. From high-resolution PL studies on 
aa wide range of erbium-implanted silicon samples Jantsch et al. [9] and 
Przybilinskaa et al. [14] reported that two high-intensity lines with the 
wavenumberss a = 6507.5 cm- 1 (A = 1536.7 nm) and a = 6508.5 cm- 1 

(AA  = 1536.5 nm) were observed in Cz-Si but not in Fz-Si, while other 
non-cubicc centers could be detected in both materials. They suggested to 
ascribee these emissions to erbium-oxygen complexes. In Fig. 3.1(a) the 
fourr PL lines at wavelengths A = 1538 nm ( wavenumber a = 6502 cm- 1) , 
15566 nm (6427 cm"1) , 1575 nm (6349 cm"1), 1598 nm (6257 cm"1), re-
spectively,, marked by arrows [c], which are commonly assigned to an 
erbium-relatedd center of cubic symmetry, are more prominently present 
inn implanted Cz-Si samples. For the MBE-Si:Er sample, Fig. 3.1(b), 
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Figuree 3.2: Integrated photoluminescence intensity versus implantation 
dosedose measured for the float-zoned silicon sample doped with erbium by ion 
implantation,implantation, Fz-Si:Er. Temperature T = 4-2 K. 

thee PL spectrum consists of six main lines at wavelengths A = 1536.5 
nmm {a = 6508.5 cm"1), 1545 nm (6472.5 cm"1), 1567 nm (6382 cm"1), 
1583.55 nm (6315 cm"1), 1605 nm (6230 cm"1) and 1620 nm (6173 cm"1). 
Thesee PL lines are assigned to erbium-oxygen complexes and are marked 
byy arrows [o]. In the case of Fz-Si:Er, the set of eight lines marked by ar-
rowss [nc] is most probably related to erbium luminescent centers of lower 
symmetry,, Fig. 3.1(c). These lines are located at wavelengths A = 1539.5 
nmm (6495.5 cm"1), 1548 nm ( 6460 cm"1), 1550 nm (6451 cm"1), 1559 
nmm ( 6415 cm"1), 1576.2 nm (6344.3 cm"1), 1586 nm (6305 cm"1), 1595.3 
nmm (6268.4 cm"1) and 1614.2 nm (6195 cm"1). At last, in Fig. 3.1(d) the 
prominentt photoluminescence emission for a-Si:Er at A = 1539 nm (a = 
64988 cm- 1) is close to the first PL line of the Fz-Si. This erbium-related 
emissionn in amorphous silicon material is designated by the [a-Er] arrow. 

Followingg the generally adopted interpretation, we can conclude that 
inn the materials used in the present experiments spectra originating from 
cubic,, non-cubic centers and a center related to oxygen-erbium complexes 
weree observed. For the Cz-Si:Er,0 sample the emission at 1538 nm of 
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thee cubic center dominates the spectrum. For the MBE-Si:Er sample 
emissionss from lower-symmetry oxygen-erbium complexes are enhanced 
inn the photoluminescence spectrum. In the spectra obtained for the Fz-Si 
andd the amorphous materials the non-cubic centers seem to prevail. 

Thee excitation power dependence of the photoluminescence intensity 
wass measured for all five kinds of samples. Results are presented in Figs 
3.3(a)) to 3.3(e) for a sample temperature of 4.2 K obtained by immersing 
sampless in liquid helium. Power dependencies are plotted in terms of 
normalizedd luminescence intensity I as a function of normalized excitation 
powerr P, as will be discussed in the next section. Results were fitted by 
thee formula 

I(P)I(P) = ^= , (3.1) 

wheree (5 is an adjustable parameter representing the physical elements of 
thee luminescence process. The solid curves in Fig. 3.3(a) for Fz-Si:Er, 
Fig.. 3.3(b) for Cz-Si:Er, Fig. 3.3(c) for Cz-Si:Er,0, Fig. 3.3(d) for MBE-
Si:Err and Fig. 3.3(e) for a-Si:Er correspond to the computer fits by above 
expressionn with j3 = 2.63, 2.73, 2.25, 3.3 and —0.25, respectively. In these 
fivee cases a normalized power P = 1 corresponds to laser set powers of 
36,, 14, 3, 155 and 420 mW, respectively. For the Cz-Si doped with both 
erbiumm and oxygen by implantation the saturation level is approached 
mostt closely for lower excitation power; the MBE silicon sample needs 
moree excitation power and the amorphous silicon sample is most difficult 
too saturate. In all cases the saturation level is substantially reduced for 
higherr temperatures, but no systematic quantitative observations were 
madee for this effect. 

3.44 Discussion 

3.4.11 Mechanism of the photoluminescence 

Too understand the dependence of the erbium-related photoluminescence 
onn excitation power, as well as on temperature, the overall process of 
energyy transfer in the erbium-doped silicon crystal must be considered 
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Figuree 3.3: Photoluminescence intensity, measured at 4-2 K, in normal-
izedized units I, as a function of excitation power, both in units mW of laser 
powerpower and in normalized units P for (a) Fz-Si:Er, (b) Cz-Si:Er, (c) Cz-
Si:Er,Si:Er, O, (d) MBE-Si:Er and (e) a-Si:Er. Experimental data points
andand theoretical curves according to formula 3.1 with fitting parameters (3 
==  2.63, 2.13, 2.25, 3.3 and -0.25, respectively. 
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inn detail. In the currently commonly accepted physical model this is the 
multi-stepp process schematically illustrated in Fig. 3.4. The participating 
speciess are free electrons and holes with concentration n, free excitons 
withh concentration nx, erbium-bound excitons with concentration nxb 
andd erbium ions in an excited state with concentration nEr. The forward 
processs of energy transfer leading to photoluminescence starts with the 
generationn of free electrons and holes, to equal concentrations, at the rate 
GG by the incident laser light. These free carriers can combine into free 
excitonss following a second-order process with the rate 7xn2. Trapping 
off  the free excitons at free erbium sites will be proportional to both the 
concentrationn of the free excitons and the concentration of available free 
erbiumm sites. This latter concentration is written as the total erbium 
concentrationn JIET multiplied by the fraction of free sites \{JIET— nxb)/riEr}-
Erbium-boundd excitons can transfer their energies in an impurity Auger 
processs to the 4/ electrons in the inner core of the erbium ion with a 
transferr time r* . At the same time a hot carrier accepting the excess 
energyy E A is formed. This process can only happen for erbium ions still 
inn their ground state, i.e., to the fraction [(n£r — nEr)/riEr]-  At high 
excitationn power the fractions given between the square brackets tend 
too zero and counteract further energy transfer. The exhaustion of the 
availablee erbium centers results in saturation of the luminescence output. 
Inn the last step, the luminescence follows from decay of excited erbium 
ionss nEr with the time constant T&. The photoluminescence as measured 
inn the experiments is proportional to the decay rate TL*ET(T^. This decay, 
fromm an erbium 4i"i3/2 excited to the 4/is/2 ground state, is an internal 
atomicc transition and is expected to have a temperature-independent time 
constant. . 

Reversee processes are indicated in Fig. 3.4 by the arrows pointing 
inn the left direction. They include the dissociation of free excitons into 
freee electrons and holes, fnx, the release of excitons from their erbium 
trappingg sites, cf^n^Nx, and a back-transfer process in which an erbium-
boundd exciton is recreated starting from an excited erbium ion, nErfi/r*. 
Inn those reverse processes the energy increases and they are therefore 
thermallyy activated by energies characteristic for the distinct processes, 
whichh are in the 10 to 100 meV range. Reverse processes are suppressed at 
thee lowest temperatures. They reduce the luminescence output, although 
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Figuree 3.4: Two-stream model for the photo-excitation of erbium lumi-
nescencenescence showing generation and loss of free electrons n, free excitons nx, 
erbium-bounderbium-bound excitons nx{ , and erbium ions in excited state n*Er. Notation 

VlVl  = (nEr ~ nxb)/nEr, V2 = (nEr n n Er Er )/n)/nErEr. . 

theyy do not remove energy from the luminescence path. The coefficients 
off  forward and reverse processes, as indicated in Fig. 3.4, are linked by 
considerationss of detailed balancing. 

Inn addition to the energy transfer in the chain leading to lumines-
cence,, the full analysis of the luminescence mechanism must also include 
processess which act in competition, and remove energy irreversibly from 
thee proper path. Processes in this category are indicated in Fig. 3.4 by 
thee arrows pointing downwards. They include the loss of free electrons 
andd holes via recombination centers other than the optically active er-
biumm centers, with the rate -yn , e.g., due to deep levels existing as the 



36 6 ChapterChapter 3 

resultt of implantation damage and deciding on the lifetime of the carri-
ers.. The direct recombination of free excitons or via alternative centers, 
withh the rate nxfrx, also leads to loss of excitation energy. In Fig. 3.4 
alsoo two Auger processes which wil l irreversibly remove energy from the 
luminescencee path are indicated. In the first one erbium-bound excitons 
dissipatee their energy in an Auger process with the involvement of a free 
electronn in a conduction band state. In the other process, erbium ions 
inn the excited state loose their energy by imparting it to a free electron. 
Bothh processes are thus assumed to be proportional to the free-electron 
concentrationn and proceed with rate constants CAX and CAET as indicated 
inn Fig. 3.4. 

Inn a recent paper a model as discussed above, but not including the 
twoo Auger processes, has been put on a mathematical basis by Bresler 
andd co-workers [15]. In a steady state the concentrations are described 
byy balance equations: Eq. 3.2 for free electrons, Eq. 3.3 for free excitons, 
Eq.. 3.4 for bound excitons and Eq. 3.5 for excited erbium ions. Following 
thee model of Bresler et al. these are 

GG + fnx=  7n2 + lxn\ (3.2) 

22 , r AT-
 nEr ^xb , £ . ^x / 0 0 \ 

7x r rr + cfxbnxbNx = cnxnEr 1- f^x H , (3.3) 
riErriEr  Tx 

cncnxxnnErEr
nErnEr Uxb + n*ETh\ = n x b ^ — ^ \ + cfxbnxbNx (3.4) 
nnErEr T* nEr T* 

and d 

nnxbxb ^ — = -^L+nErf1 — . (3.5) 
nnETET T* Td T* 

Generationn terms are given on the left hand sides of these equations; loss 
termss appear in each case on the right hand sides. Relations between the 
coefficientss of forward and reverse processes are, as mentioned, based on 
detailedd balancing of the separate steps. Such considerations lead to 
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and d 

ƒƒ = i . ^ - * ' * 7 " . (3-6) 

-E-E IkT Nxe-Exb/kT 

fxbfxb = € Xb Nxe~B*/Kr +  nEr
 ( 3 J ) 

flfl  = e-EA/kT ( 3 > 8) 

Characteristicc energies involved in these process steps appear in the equa-
tionss by Ex, the binding energy of electron and hole in an exciton, Exb, 
thee energy of binding of an exciton to a neutral erbium center and E A , 
thee energy dissipated in the creation of an excited erbium ion from the 
boundd exciton situation. Densities of states in conduction, valence and 
excitonn bands are found from the standard relations 

NcNc = 2 (H^I ) 3 /2i (3 g) 

NvNv = 2 ( 5 ^ ) 3 / », (3.10) 

nn,2irm,2irmxxkTkTssoo/0 /0 
NxNx = 2( h2 ) l ' ( 3 - U ) 

withh the relevant effective masses. An exact solution of the balance equa-
tions,, in the form of a quadratic equation for n*Er/n r̂, is presented by 
Bresierr et al. [15] 

3.4.22 Energy transfer  w i thou t Auger  processes 

Measurementss of the power dependence of the luminescence intensity as 
reportedd in this chapter were performed at liquid-helium temperature, 



38 8 ChapterChapter 3 

4.22 K. At this low temperature the balance equations are reduced to more 
simplee forms since the reverse processes, all requiring thermal activation, 
aree suppressed. Expressed in mathematical form this means f = fxb = 
fi=0. fi=0. 

Forr the balance equations valid at low temperature one obtains 

GG = yn2 +  lxn
2, (3.12) 

7xnn = cnxTiET 1 , (3.13) 

riErriEr  - nxb nEr ~ nEr 1 
cncnxxnnErEr = nxb — —- (3.14) 

UETUET TlEr T* 

and d 

nnEErr  ~ nEr 1 nEr 
nnxxbb — — = ~^L. (3.15) 

nnErEr T*  rd 

Thee concentration of excited erbium ions n*Er is found as the solution of 

a o ( ^ ) 22 - (bo + 62G ) ( ^ i ) + c2G = 0 (3.16) 
nnErEr nEr 

withh the coefficients 

a00 = 1 + cnErTx ( H ), (3.17) 
Td d 

bobo = l+cnErTx, (3.18) 

&22 = 7^CTd ( l + —) — (3.19) 
TdTd 7 x +7 
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and d 

322 = IxTx^d ;—  (3-20) 
7 * + 7 7 

Inn its general form, the equation 3.16 predicts saturation of nEr/riEr  for 
highh excitation power G at the level n*Er/riEr  = 32/&2- For low power 
aa linear relationship n*Er/nEr = {c2/bo)G is expected. When compar-
ingg predictions of the model equations with experimental data one must 
bee aware that neither generation power nor the luminescence output are 
easilyy known in absolute numbers to good accuracy. For instance, the 
dopingg of the sample may be spatially non-uniform and the volume in 
whichh excitation takes place is not well defined. The fraction of optically 
activee erbium centers may be much less than one, which is still a matter 
off  investigation. Such uncertain factors are likely to change from sample 
too sample. For such reasons it is of advantage to eliminate these fac-
torss by resorting to relative units. As regards the luminescence intensity 
thee most natural unit at hand for normalization is the saturation value 
C2/62.. A dimensionless normalized intensity is therefore introduced as 
ƒƒ = (n*Er/nEr)/{c2/b2)- For the excitation power a unit G\ is obtained as 
thee value at which the extrapolated linear increase at low power crosses 
thee saturation level. This will be for G\ = 6o/&2- Also the normalized 
powerr P = GjG\ is a dimensionless quantity. In terms of normalized 
unitss Eq. 3.16 acquires the simple form 

II 22 - Q(1 + P)I + aP = 0, (3.21) 

with h 

bobbob2 2 

aa = 
aoC2 aoC2 

I tt thus appears that the dependence of the intensity I on the generation 
powerr P is governed by one parameter a, through which all aspects of 
thee luminescence process are represented. However, from Eq. 3.21 it is 
easilyy concluded that for low power I = P, and for high power I = 
1,, irrespective the value of the parameter a. This implies that, when 

(3.22) ) 
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Figuree 3.5: Dependence of normalized luminescence output I on normal-
izedized laser input power P as predicted by the model equations without Auger 
processesprocesses for lowest and highest values of parameter a. Experimental data 
pointspoints (x) for five samples of type Fz-Si:Er, Cz-Si:Er, Cz-Si:Er,0, MBE-
Si:ErSi:Er and a-Si:Er are given for unit power P = 1. 

consideredd in normalized form, the parameters 00,^0, 2̂ and C2, or the 
moree basic physical coefficients 7,7x ,c, ƒ, fxt, fi,Tx,T* and rd, have no 
effectt on the power dependence in the low- and high-power regions. Only 
att intermediate power, i.e., P w 1, the results will depend on a. Only in 
thee transition region between linear increase and saturation the observed 
luminescencee does reveal insight into the luminescence process. The most 
typicall  value to study the luminescence mechanism is therefore at power 
PP = 1. At this excitation level the luminescence intensity is given by 

II  = a- vV - a. (3.23) 

Fromm the equality a = 6062/aoC2 and the parameters as given by Eqs 3.17-
3.200 one concludes that 1 < a < 00. For such values of a always solutions 
fromm Eq. 3.23 do exist. For a = 1 one obtains IP=i = 1 and for a = 00 

11 r 
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onee has Ip-\ = 0.5. The range of possible luminescence intensities at unit 
powerr P = 1 consistent with Eq. 3.21 is restricted between 0.5 and 1. For 
thesee limiting values the intensity versus power curves for an extended 
rangee are drawn in Fig. 3.5. 

Inn Fig. 3.5 also experimental data are included. They result from 
measurementss at liquid-helium temperature on the five samples with dif-
ferentt specifications as given in section 3.2. In all cases the luminescence 
intensityy was followed as a function of excitation power over the max-
imumm accessible range. Experimental data are plotted for normalized 
powerr P = 1 at observed values I = 0.216 for Fz-Si:Er, I = 0.212 for 
Cz-Si:Er,, I = 0.235 for Cz-Si:Er,0 and I = 0.18 for MBE-Si:Er. Obvi-
ously,, these are all outside the range of results that can described by the 
model.. For the a-Si:Er material, on the other hand, the observed I = 0.57, 
correspondingg to a = 2.32 represents a possible solution. Further inter-
pretationn of this result, using Eq. 3.22 and Eqs 3.17-3.20, leads to the 
requirementt that both conditions T*/TCL > 1-32 and l/aiErTx > 1-32 
mustt hold. As this is not likely to be the case, the validity of the model 
alsoo for the a-Si is doubtful. 

3.4.33 Energy transfer  wit h Auger  processes 

Onee has to conclude that the presented model is not able to provide the 
quantitativee description of the luminescence process. In order to improve 
thee model energy losses through Auger processes involving conduction 
bandd electrons may be considered, as has been suggested before by Palm, 
etet al. [16]. Erbium-bound excitons can dissipate their energy in an Auger 
processs with involvement of free electrons. Similarly, erbium ions in ex-
citedd state can decay in an Auger process, also with conduction band 
electrons.. The two processes are indicated in Fig. 3.4. In the balance 
equationss 3.14 and 3.15 they are implemented by including on the loss 
sidee the Auger rates CAxnnxb and CAErnnEr- The extended balance equa-
tionss for bound excitons and excited erbium ions become, respectively, 

 - "xb "Er ~ "Er x , / 0 nA\ 
cncnxxnnErEr = nxb — — + cAxnnxb (3.24) 

TlErTlEr KEr T* 
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and d 

TlTlErEr — n*Fr 1 TlfiV 

nnxbxb—— ^ — = - S i + cA E rnnJ;r 3.25 

Inn order to solve the new set of equations 3.12, 3.13, 3.24 and 3.25 it is 
helpfull  to introduce appropriate simplifications. Considering numerical 
valuess one may assume that the loss of free electrons and holes is domi-
natedd by their recombination via traps with rate 7n2. The loss via exciton 
formationn x̂n

2 is comparatively much less. Under such conditions the 
energyy transfer model can be broken up into two parts. In stream I the 
balancee of electrons is considered separately by Eq. 3.12. The loss of elec-
tronss through exciton formation is ignored in this main stream. At low 
temperaturee this leads to 

G={G={ lxlx +  1)n
2 (3.26) 

and d 

(3.27) ) 
7**  + 7 V } 

Thee electron concentration obtained via this solution is used to describe 
thee Auger processes. Typical numbers are G = 1022 cm_ 3s_ 1, 7X = 
10~122 cm3s_ 1, 7 = 10~10 c m V 1 and n = 1016 cm- 3, corresponding to 
ann electron lifetime of 1 /is. 

Inn energy stream II the balance of free excitons, bound excitons and 
excitedd erbium ions is separately considered. Solution of the equations 
leadss to a cubic equation in n*Er/nEr: 

nnEr\3Er\3 r>f nEr\2 , r^lUEr A(-^yA(-^y - B(-^Y + C(- )̂ - D = 0 (3.28) 
nnErEr nEr % 

with h 

7"* * 

A=(l+A=(l+  cnErrx)(l 4- cAErnrd) + cnErTx — {l  + cAErnrd)
2, (3.29) 

I'd I'd 
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and d 

BB = (1 4- CnErTx){l  + CAErnTd) + 

T* * 
CUErTxCUErTx (1 + CAErnTd)2 (I + C^TIT* ) + 

T~d T~d 
(11 + C7l£;rTx)(l + CAErm~d)(l + CAx^T*) + 

T* * 
jj xxnrnrxxcnTdcnTd 4- 73.717-3; cnr<i (l 4- CAErnTd)—, (3.30) 

CC = ( 1 4- c 7 i £r T x ) ( l 4- c j 4 ^ r n r d ) ( l 4- CATTIT* ) 4-
T* * 

2j2jxxnTnTxxCTlTdCTlTd + 7 x n r x c n r d ( l + CAErnTd)— (3.31) 
Td Td 

DD — 7xnTxcn,Td- (3.32) 

Neglectingg the term cJ4xnr*cn^rrx^-(l 4- CAErnTd)2 in coefficient B, on 
thee basis of a consideration of numerical values of c, n, UEV, CAEr, Tx,T*,Td-, 
thee Eq. 3.28 can be written as 

A)33 _ {A + Bl)C^f + (ft + 0)(5&) - D = 0, (3.33) 
TIETTIET nEr nEr 

with h 

5ii  = (14- cn£rTx)(l + cAErnTd)(l 4- cAxnT*) 4-

7a.nrxcnrd[ll  + (1 4- CAErnTd)—1. (3.34) 
Td Td 

Eq.. 3.33 can be factorized as 

[A[A(^-BA(^-BA + D]1(^Ï)-1}=0. (3.35) 
nErnEr nEr TlEr 

Usingg the expression 3.27 for the electron concentration, the dependence 
off  luminescence output n*Er/riEr  on power G follows from 
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wit h h 

TIET TIET 

(bo(bo + hVG + b2G 4- b3VG*)(-^) + c2G - 0, (3.36) 

a00 = l + cnErrx(l-\ ), (3.37) 
Td Td 

T*T*  1 
«ii  = cAErTd[l+cn ErTx(l + 2—)] — ^ = , (3.38) 

rrdd V 7i + 7 

T**  1 
a22 = cnErTx — (cAErTd)

2 , (3.39) 
TdTd lx + 1 

&00 = 1 + CTlErTxi (3.40) 

bibi = (1 + cnErTx)(cAETTd + c A x T * ) - ^ = = , (3-41) 
VV 7x ~r 7 

T**  1 
&22 = [(1 + CnfirTxJCyifirTdCArT* + 7xTxCTd( l H )] ; , (3.42) 

TdTd 7x + 7 

r*r*  1 
&33 = Tx^xCTdC/ifjrTd , (3-43) 

T<**  V(7x + 7 )3 

and d 

C22 = lxrxcrd . (3.44) 
7xx + 7 

A tt low power the model equations reflect the linear increase n*Er/nET = 
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(c2/&o)G,, Ju st as before. At high power, however, the consistent solution 
nn*E*ETT//

nnErEr = (c2/^3)/VG predicts decreasing luminescence intensity upon 
increasee of the excitation level G. Such a behavior is to be expected 
ass in the present case two independent saturation mechanisms are ac-
tive.. In the first one the concentration of erbium-bound excitons, nxb, is 
drivenn towards the concentration of available erbium ions but is limited to 
stayy below or become equal to this concentration. The second saturation 
mechanismm is the combined action of the two Auger processes. At high 
power,, and hence high concentration of free electrons, the Auger mecha-
nismm removing excited erbium ions nonradiatively becomes very effective. 
Thiss will result in a reduction of nEr, which becomes proportional to 1/n 
orr l/Vu. Such a decrease has not been observed in the present experi-
ments;; it has also not been reported in the literature. Inspection of the 
equationss shows that one should expect the decrease to set in at excita-
tionn values where CAETTÓ^T*/T^JT: > 1- Considering numerical values 
(CAET(CAET ~ 10- 12 cm3s_ 1, r*  w 4x l0~6 s) this corresponds to high values of 
( j ,, near and above 1026 cm- 3s_ 1, which are not reached in actual exper-
iments.. This can be attributed to the small value of (r*/rd) : as r*  is in 
thee range of microseconds and Td is of order milliseconds. Introducing the 
approximationn r*/V d ~ 0, Eq. 3.36 reduces in many respects to Eq. 3.16. 
Inn particular the term b^vG  ̂ in Eq. 3.36 is lost and the equation predicts 
saturationn at cijbi- Both for low and for high power an approximate 
solutionn of Eq. 3.36 will be 

nnErEr _ c2G 

riErriEr  b0 + hy/G 4- b2G' 
(3.45) ) 

Thiss result will also be valid for intermediate power if the Auger processes 
aree strong (cAErm~d > 1> c ^ n r*  > 1). Following solution 3.45 for this 
speciall  case one has saturation at C2/62, linear increase at low power with 
(c2/bo)G,(c2/bo)G, and G\ — ^0/^2- Expressing Eq. 3.45 in terms of normalized 
units,, as before, the result wil l read 

1=1= = , (3.46) 
11 + /VP + P 
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with h 

or r 

y/b^2 y/b^2 

^^ cAErTd + CAXT* 

(3(3 = , =. (3.48) 
VVCCAErTdCAxT*AErTdCAxT* + lxTxCTd/(l + CnErTx) 

Underr the assumed condition of strong Auger effect this reduces to 

y/CAErTdCAxT* y/CAErTdCAxT* 

or r 

VV  CAxT* V CAErTd 

Ass usual, the power dependence of the luminescence has its linear 
increasee at low power with I = P and saturates at high power at I = 1. 
Featuress of the luminescence process are only revealed at intermediate 
power,, e.g., at P = 1, where I = 1/(2+ /3). For a general case, parameter 
(3(3 wil l be positive following Eq. 3.48; for the case of strong Auger effect 
(3(3 > 2, as follows from Eq. 3.49 or Eq. 3.50. Fig. 3.6 illustrates the 
curvess as obtained from Eq. 3.46 for j3 = 0 and (3 = 2. Curves for 
aa = oo in Fig. 3.5 and /? = 0 in Fig. 3.6 are identical, both representing 
ƒƒ = P / (l + P ). Compared to the previous case, without Auger effect, 
thee transition region between linear behavior and saturationn is broader. 
Thiss is due to the appearance of the /?\/P term, which in this model is a 
fingerprintfingerprint of the Auger effect. 

Consideringg again the experiment, the measured data for the lumines-
cencee power dependence of the five different types of samples are plotted 
inn Figs 3.3. The solid curves are the best fits to the experimental data 
usingg Eq. 3.46 with parameter (3 = 2.63 for Fz-Si:Er, /? = 2.73 for Cz-
Si:Err and (3 = 2.25 for Cz-Si:Er,0 [23]. For the MBE-Si:Er sample the 
resultt gives a value of /? = 3.3. The data points for the four samples for 
PP = 1 and I = 1/(2 + (3) are also plotted in Fig. 3.6. The results for 
thee three crystalline silicon samples doped with erbium by implantation 
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Figuree 3.6: Dependence of normalized luminescence output I on normal-
izedized laser power input P for the model including strong Auger decay pro-
cessescesses for process parameter ft = 0 and 0=2. The transition region in 
whichwhich the term (3\/P dominates in the denominator of Eq. 3.^6 is indi-
catedcated for (3 = 2. Experimental data points (x) for the five samples of 
typetype Fz-Si:Er, Cz-Si:Er, Cz-Si:Er,0, MBE-Si:Er and a-Si:Er are given 
forfor unit power P = 1. 

aree quite similar with (3 = 2.5  0.25. With Eq. 3.50 the result is con-
vertedd to (cAErTd/cAxT*)  ~ 4  1. This compares favorably with data 
ass published in the literature, e.g., CAET = 10~12 cm3s_1, r<2 = 10- 3 s, 
CAXCAX = 10- 10 cm3s- 1 and r*  = 4 x l 0 - 6 s [16]. From the present analysis 
onee can only conclude that CAEr^d/cAxT* is very similar in these three 
kindss of erbium-doped crystalline silicon materials. This can be due to 
ann accidental combination of parameters, but one is tempted to believe 
thatt all process parameters, i.e., CAET^^CAX and T* , have similar values. 
Inn such a case the probable difference in structure of the luminescent cen-
terss in these three materials has littl e influence on the later steps in the 
photoluminescencee process as depicted in Fig. 3.4. For the sample pre-
paredd by the MBE method the slightly different value of (3 = 3.3 giving 
(CAETT'dl'CAXT*)(CAETT'dl'CAXT*)  ~ 9, might be due to a larger ratio Td/r* in this mate-
rial.. In particular, any special role of oxygen in the formation of suitable 
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luminescentt centers is not borne out by these results. The conclusion 
off  similar luminescence properties of the erbium-doped crystalline silicon 
samples,, as reported here, is entirely a result of the introduction of the 
normalizedd units. Considered in terms of direct experimental units for ex-
citationn and yield, as is common practice, the results would have looked 
ratherr different. A conclusion of different behavior of the luminescent 
centerss in these materials is then easily, but erroneously, made. 

Thee result for the a-Si sample is different. To fit the experimentally 
observedd power dependence with expression 3.46, parameter j3 has to be 
givenn the negative value (5 = -0.25, incompatible with Eq. 3.48. One 
cann conclude that the assumption of strong Auger effect leading to the 
solutionn 3.46 is not valid in the case of amorphous silicon. 

Returningg to absolute units, the laser excitation power correspond-
ingg to the unit of normalized power, P = 1, is different for the five 
samples.. The values, which can be taken from the co-ordinate axes in 
Figss 3.3(a,b,c,d,e), are 36 mW for Fz-Si:Er, 14 mW for Cz-Si:Er, 3 mW 
forr Cz-Si:Er,0, 155 mW for MBE-Si:Er and 422 mW for the a-Si samples. 
Inn terms of the model equations unit power G\ is given by 

GiGi = £ , (3.51) 

whichh can be approximated by 

G?i«« 1 -. (3.52) 
CAErTdCAxT* CAErTdCAxT* 

Inn view of this result, the different values for the unit of excitation 
powerr can easily be related to specific sample conditions, even for equal 
valuess of parameters CAEr^d^Ax a nd T* . The parameter 7 is influenced 
byy the presence of recombination centers in and near the excited volume, 
andd therefore related to implantation damage and annealing treatments. 
Impurities,, such as oxygen, either from the crystal growth or from implan-
tation,, will have their effects. Considering this factor, one may expect 
thatt in the a-Si the free-electron and -hole lifetime is shorter due to a 
higherr recombination rate 7. A lower steady state electron concentration 
wil ll  make the luminescence excitation less probable and more excitation 
energyy will be required to reach the saturation region. Lower electron 
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concentrationn wil l also reduce the reaction rate of the Auger processes, 
inn agreement with the earlier conclusion. As such parameters are not 
underr precise control, the results, which are not vastly different for the 
crystallinee samples, wil l not be subjected to further quantitative analysis. 

Forr an order-of-magnitude evaluation of Eq. 3.52 the conditions of 
thee experiment have to be considered in more detail. In the experimental 
set-upp a power set to 10 mW on the laser unit, the typical unit power for 
thee crystalline samples, resulted in about 100 /iW of light power incident 
onn the sample. Given the wavelength 514.5 nm of the Ar + laser light, 
withh associated photon energy of 2.4 eV, and assuming a 100% quantum 
efficiency,, this light energy will yield an electron-hole generation rate of 
aroundd 2.5xlO14 s- 1 . Assuming a penetration depth of 1 jLtm of the light 
inn the sample and a spot size of 1 mm2, the volume in which the excitation 
takess place is very roughly estimated at 10~6 cm3. The generation pa-
rameterr G\ for a 10 mW excitation will then be G\ = 2.5 xlO20 c m- 3s- 1 . 
Ann evaluation of the right hand side of Eq. 3.52 wil l give, with 7 = 10~10 

cm3s_11 and parameters c^Er-, Tdi cAx a nd T* as before, precisely this num-
ber.. Under these generation-recombination conditions the electron and 
holee concentrations wil l be n = 1.6xlO15 cm- 3 and their lifetime 6 /JS. 
Correspondingg values for the a-Si sample are G\ = 1022 cm_ 3s_ 1, 7 = 
4x l0~88 cm3s- 1, n — 1.6xl015 cm"3 and the shorter lifetime 0.15 /zs 
confirmingg expectations. 

3.55 Conclusions 

Thee dependence of the photoluminescence intensity of erbium-doped sili-
conn in the 1.54 fxm spectrum on excitation power has been experimentally 
measuredd and analyzed. For the analysis a physical model was used in 
whichh the incident light energy is transferred via the intermediate stages 
off  free electrons and holes, free excitons, and erbium-bound excitons to 
thee intra-4/-shell excited erbium ions. The experiments showed that the 
transitionn from linear behavior at low power towards saturation at high 
powerr proceeds quite gradually. In order to explain the power depen-
dence,, it was found to be necessary to include Auger processes, by which 
erbium-boundd excitons and excited erbium ions decay nonradiatively, into 
thee model. A remarkable similarity was found for erbium-doped crys-
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tallinee implanted samples of float-zoned and Czochralski origin. In these 
materialss the probable structural difference in the luminescent centers ap-
pearss to have no strong effect on the basic process of luminescence. This 
conclusionn was revealed by the consistent use of normalized units for both 
excitationn power and luminescence intensity. Typical medium electron-
holee excitation rates in the experiments are estimated at 1022 cm_ 3s- 1 . 
AA consistent analysis of experimental results for power dependence was 
carriedd out with parameter values yx = 10- 12 cm3s_1, 7 = 10~10 cm3s- 1, 
cc ~ 5 x l 0 - 1 0 cm3s_ 1, cAx = IO-10 cm3s_1, cAEr = 10~12 cm3s_ 1, rx = 
5x l0~66 s, r*  = 4xlCT6 s and rd = 10"3 s. 
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