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Chapterr 6 

Microscopicc Structure of a Single 
Typee of Optically Active Center 
inn Si/Si:Er Nanostructures 

WeWe present the results of high-resolution photoluminescence and magneto-optical 

spectroscopyspectroscopy of selectively doped Si/Si:Er nanolayer structures grown by sublima-

tiontion molecular beam epitaxy method. We show that the annealing of such samples 

resultsresults a preferential formation a single type of optically active Er-related cen-

ter.ter. Detailed information on the microscopic structure of this center has been 

revealedrevealed from the investigation of the Zeeman effect. Its symmetry is found to be 

orthorhombic-Iorthorhombic-I (C2v) and several g-tensors of the ground and excited states are 

determined.determined. The consequences of current findings for the microscopic model of the 

Er-relatedEr-related center preferentially generated in Si/Si:Er nanolayers are discussed. 

6.11 Introduction 

Thee optical properties of rare-earth (RE) atoms in semiconductors are the subject 

off  a considerable amount of research due to the potential applications in optoelec-

tronicss [68-70.72.87]. The large interest in this field is motivated by the fact that 

thesee ions exhibit sharp, atomic-like, intra-4ƒ optical transitions with temperature-

independentt wavelengths. Optical excitation of RE ions incorporated into glasses 

andd ceramic materials is commonly used for lasers and optical amplifiers. In con-

trastt to insulators, the major advantage of placing a RE ion in a semiconductor 

matrixx is the possibility to excite its intra-4/ transition electrically through a 

carrier-mediatedd process. In particular, erbium-doped silicon has attracted much 

attention.. This is for two main reasons. Firstly, the transition of the erbium ion 
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fromm the first excited state to the ground state is in the 1.5 /mi range which coin-

cidess with the optica] window of glass fibers currently used for telecommunications. 

Secondly,, this system can he easily integrated with devices manufactured using the 

highlyy successful standard silicon technology. Also. Si:Er light emitting structures 

aree attractive in association with potential applications for optical interconnects 

inn future photonic chip technology. As a result of a continuing research effort 

Si:Er-hasedd light emitting diodes have now been successfully developed - for an 

up-to-datee review, see. e.g.. [71.88]. 

Unlikee the well - investigated Yb in InP. Er3"" ion in a semiconductor ma-

tri xx tends to form a variety of centers, resulting in multiplicity of photolumi-

nescencee (PL) spectra and. consequently, inhomogeneous broadening of emission 

lines.. GaAsiEr prepared by ion implantation or by molecular beam epitaxy (MBE) 

exhibitss a broad emission band around A — 1.5 //in indicating simultaneous gene-

rationn of several Er-related centers rather than formation of a single center with a 

well-definedd structure [89]. A preferential production of one of the centers, how-

over,, was obtained for GaAs:Er by adjusting the MBE growth parameters. Zeeman 

effectt [90] and PL excitation [91] studies revealed low-symmetry of this Er-related 

center.. Selective development of a different Er-related center in GaAs was reported 

uponn co-doping with oxygen in the ambient during the MOCVD growth. Also in 

thiss ease, the spectral linewidth was sufficiently narrow to allow for structural in-

vestigations,, and an E r02 cluster was proposed as a microscopic model for the 

relevantt optical center [92]. This model was further corroborated by observation 

andd analysis of the Zeeman effect [93.94]. 

Inn contrast to GaAs:Er. very littl e is known on the microscopic structure of 

Er3* -- related optically active centers in silicon. This is very unfortunate, when 

bearingg in mind the prominent position of Si:Er with respect to applications. Some 

informationn on microscopic structure of centers responsible for Er-related 1.5 mn 

emissionn in Si was revealed by a high-resolution PL study which identified more 

thann 100 emission lines [76]. These were assigned to several, simultaneously present 

Er-relatedd centers. In contrast to GaAs:Er. and also to GaN:Er. individual cen-

terss in Si:Er cannot be separated by excitation spectroscopy. The microscopic 

structuree was investigated also using extended X-ray-absorption fine structure 

(EXAFS).. and the presence of oxygen in the immediate surrounding of the op-

ticallyy active Er atom was concluded [73]. Formation of an Er-related cubic center 

wass found in channeling experiments [74]. which identified an isolated Er ion at a 

tetrahedrall  interstitial site as the main center generated in crystalline silicon by 

Err implantation. This finding was in agreement with theoretical calculations pre-

dictingg tetrahedral interstitial location of an isolated Er in Si [75]. unfortunately, 

neitherr channeling experiments nor total energy calculations have shown whether 
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thee identified high-symmetry Er centers arc1 responsible for the emission observed 

inn PL measurements. Also electron paramagnetic resonance (EPR). the experi-

mentall  technique commonly applied to identify the microstructure of defects, has 

nott been, so far. particularly successful in the case of the optically active Er-related 

centerss in crystalline silicon [77]. 

Structurall  information on optically active5 centers could be provided by magneto-

opticall  studies. Unfortunately, in spite of numerous attempts, no successful ob-

servationn of Zeeman effect in PL has been reported for Si:Er. Due to the afore-

mentionedd inhomogeneous character of the linewidth, application of magnetic field 

resultss in broadening and subsequent vanishing of emission lines. Realization of 

preferentiall  formation of a single type of optically active Er-related centers is de-

cisivee for the future of Si:Er as photonic material. This goal is not achieved in 

"standard""  Si:Er materials prepared by ion implantation, where a large variety 

off  Er-related optically active centers are simultaneously generated [76]. Recently, 

wee have confirmed [95] that the preferential production of a single type of opti-

callyy active1 Er-related centers can be realized in Er-doped Si nanolayers grown by 

sublimationn MBE (SMBE) [79.80]. Using this technique, a sandwich structure of 

interchangedd Si/Si:Er nanolayers can be grown. In this case, a high concentration 

off  a specific center (labeled Er-1) was found. One can expect that in SMBE-grown 

multilayerr structures of alternating Si and Si:Er layers [79,80], conditions neces-

saryy for realization of efficient PL. i.e. high Ei" i+ ions concentration and efficient 

excitonn generation, can be met simultaneously. Upon illumination with a laser 

beam,, excitons generated in undoped Si spacer regions diffuse into doped layers 

andd provide excitation of Er3+ ions. Moreover, we have established that spectral 

characteristicss of emission related to the Er-1 center indicate a possibility ~ 10'* 

higherr value of absorption cross section, when compared to the implanted Si:Er 

materialss used so far. Therefore1 the Er-1 center emerges as a plausible candidate 

forr realization of optical gain in Si:Er. 

Inn this Chapter we present an investigation of the Zeeman effect of the Er-1 

centerr - the first Er-related optical center which can be preferentially produced in 

silicon.. Highlights of the preliminary analysis of results of this study have been 

givenn in the preceding Chapter [95], 

6.22 Sample preparation and experiment 

Thee SMBE method is a modification of MBE. in which fluxes of Si and dopants are 

producedd by sublimation of appropriate current-heated sources [96]. SMBE allows 

too grow both uniformly and selectively doped Si:Er structures with a minimum 

numberr of defects and a high concentration of dopants. We investigate here a 
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Tablee 6.1: Sample labels, sample parameters and annealing treatments for the 

investigatedd samples 

Sample e 

label l 

#51 1 

#52 2 

# 53 3 

#54 4 

#56 6 

#37 7 

J900 0 

^Si :Kr r 

(nm) ) 

2.3 3 

2.3 3 

50 0 

6.2 2 

5.0 0 

1800 0 

200 0 

rfsi rfsi 
(nm) ) 

1.7 7 

6.5 5 

50 0 

31.3 3 

100 0 

--
--

A' ' 

400 0 

196 6 

16 6 

44 4 

19 9 

1 1 
--

EdSi:Er r 

(/mi) ) 

0.92 2 

0.45 5 

0.80 0 

0.27 7 

0.095 5 

1.8 8 
--

^Si:Er r 

(normalized) ) 

6.6 6 

11.4 4 

6.8 8 

30.5 5 

49.3 3 

2.9 9 

1 1 

novell  type of selectively doped Si/Si:Er/Si/Si:Er/- - -/Si multilayer structures of 

thinn (S) Si:Er layers alternating with Si spacers. The extraordinary properties of 

thiss material and. in particular, the strong enhancement of PL wil l be discussed. 

Thee Si:Er layers used in this study were grown by SMBE on Si(100) p-type 

substratess (p ?s 10 — 20 £2cm) under pressure of 2 x 10~7 mbar. The growth 

temperaturess (Tgr) were 430 — 700 °C. The PL intensity in a uniformly doped 

SMBEE layer (a single layer) is most intense at a growth temperature of about 560 

°C.. To grow Er-doped silicon layers, polycrystalline Si plates intentionally doped 

withh Er were used as a source for both Er and Si fluxes. The growth rate was 

variedd from 0.3 to 5 /mi /h and uniformly doped Si:Er layers with a thickness from 

0.22 to 6 /mi were obtained. For the selectively doped Si/Si:Er/Si/Si:Er/-  -/Si 

multilayerr structures, a thickness of Er-doped Si layers, dsi:Er, was 2.0 — 50 nm, 

thee thickness of Si space layers. dv,\. was 1.7 — 100 nm and the number of periods 

wass Ar = 16 — 400. Following the SMBE growth procedure, an additional annealing 

off  the structures was carried out in a nitrogen or hydrogen flow at 800 °C for 30 

minutess [79.80]. The concentration of Er in Si:Er layers was determined to be 

3.55 x 1018 cm- 3 . Table 6.1 shows the list of samples used in this research. For 

comparison,, an implanted sample (labeled J900) has been added. This sample has 

beenn prepared by Er (energy 320 keV, dose 3 x 1012 cm"2) and O (energy 40 keV, 

dosee 3 x 1013 cm- 2) implantations followed by 900 °C/30 min. anneal in nitrogen. 

Inn the experiments, samples were excited using a cw argon-ion laser operating 

att 514.5 nm or 488 nm. Al l spectra were obtained with either a 1.0 m or 1.5 

mm F /8 monochromator (Jobin-Yvon THR-1000/THR-1500 equipped with a 900 

grooves/mmm grating blazed at 1.5 /xm) and detected by a high sensitivity germa-
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Figuree 6.1: PL spectra of a Si:Er sample prepared by implantation (a), the uni-

formlyformly doped SMBE layer grown at 560 "C (b). the selectively doped SMBE as 

growngrown at 520 °C (c), and following a short annealing at 800 °C for 30 mm. (d). 

AllAll  the spectra have been recorded at 4-2 K under Ar+-ion laser excitation. In 

thethe inset, the multilayer structure of the SMBE grown sample is schematically 

illustrated. illustrated. 

niumm detector (Edinburgh Instruments). Optical measurements were performed 

usingg a variable temperature continuous flow cryostat accessing the 1.5 — 300 K 

rangee (Oxford Instruments Optistat CF). For the Zeeman experiments, the sample 

wass placed in a split-coil superconducting magnet with optical access (Spectromag 

8).. The magnetic field was varied from 0 up to 6 T. 

6.33 Photoluminescence 
Figuree 6.1 compares the 6500 cm- 1 Er-related emission band from a "standard" 

J9000 sample prepared by ion implantation (trace a) with that observed in the 

SMBEE grown samples (traces b, c, d). 

Wee used a uniformly doped SMBE sample (#37) with the highest total inten-

sityy of the integrated PL signal, a selectively doped SMBE sample (#51). and the 

samplee #51 following a short annealing. The measurements were taken at 4.2 K 

underr identical conditions for all the samples. We point out that the preparation 

conditionss of the ion-implanted sample were optimized in such a way as to obtain 
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maximall  PL signal [97]. Nevertheless, the Si:Er layers grown by the SMBE method 

showw stronger emission. 

Thee PL spectrum of the uniformly doped SMBE layer is shown in Fig. 6.1. 

tracee b. As can be seen, the PL intensity obtained in the SMBE grown sample 

(#37)) exceeds considerably that of the ion implanted one. A broad spectral band 

iss seen around the energy of 6506 cm- 1 with the width about 25 cm- 1. It was 

suggestedd to originate from Er complexes of the1 so-called Si02-precipitate type 

centerr [97]. Along with the precipitate center, also the PL spectrum of the Er-1 

centerr (marked by arrows in Fig. 6.1) can be distinguished. This spectrum has 

beenn reported before [79.80] and assigned to a low-symmetry Er-rclated center. 

Thee sample #51 consists of 400 Si:Er layers of 2.7 mn thickness interlaced by 

1.77 nm Si spacers. The structure is schematically depicted in the inset to Fig. 6.1. 

The11 PL spectrum of the as grown sample1 # 51 is presented in Fig. 6.1. trace c. It 

hass high intensity and shows multiple sharp features superimposed on a relatively 

broadd band. 

Detailedd investigations revealed that at low temperature, the integrated inten-

sityy of the Er-related PL in optimized multilayer structures can be an order of 

magnitudee higher than from a single Si:Er layer of an equal Er-doped volume. 

Thee intensity increase was found to depend strongly on the thickness and number 

off  the undoped Si spacer layers. Table 6.1 lists the structure parameters for se-

verall  of the investigated samples together with the integrated PL intensity {Isr.Er) 

normalizedd for the same volume of Er doped layers and scaled with respect to the 

implantedd sample. This is obtained by dividing the PL intensity over the total 

thicknesss Er/Si:Er and the intensity of J900. It can be seen that /Si:Kr increases 

withh increasing thickness of the spacer layer up to 50 nm. at which point it ex-

ceedss the ISUV.T intensity of the uniformly doped Si:Er layer by more than an order 

off  magnitude1. The enhancement of the luminescence1 intensity in the1 multilayer 

structuress as compared to uniformly doped layers may be related to more efficient 

Err excitation. As known, the1 maximum values for quantum efficiency and PL in-

tensityy in Si:Er structure are readied at low temperatures when excitation of Er3+ 

occurss through of an intermediate state with participation of an exciton. One may 

speculatee that in a multilayer structure, excitons efficiently generated in Si spaces 

havee long lifetime and can subsequently diffuse towards Er doped regions. In that 

wayy they provide an excitation additional to that by excitons induced in the Si:Er 

layer. . 

Annealingg considerably alters PL characteristics of the multilayer structure -

seee trace d in Fig. 6.1. While the total intensity of emission changes only slightly, 

thee spectrum undergoes an important transformation: the broad band disappears 

andd a small number of sharp and intense lines of the Er-1 PL spectrum remain. 
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Figuree 6.2: PL spectra of the annealed #51 sample as measured at 4-2 and 110 

K.K. For line positions, symbols, and halfwidths, see Table 6.2. The inset shows' a 

high-resolutionhigh-resolution scan of the most intense. L\ line, of the Er-1 spectrum. 

Thiss is illustrated in Fig. 6.2. for measurements taken at 4.2 and 110 K. The 

insett shows a high-resolution scan of the main feature of the Er-1 spectrum. As 

cann be seen, the real width of this PL line is measured to be extremely small 

AEAE < 0.08 cm- 1 (10 fieV). To our best knowledge, this is among the smallest 

valuess ever measured for any emission band in a semiconductor matrix. At low 

temperature,, below 25 K, the Er-1 spectrum consists of a set of narrow intense 

liness at energies of 6502.85, 6443.72, 6433.59, 6393.17 cm"1. For further reference 

wee label these line 1 (L\). line 2 (L\), line 3 (Lf), and line 4 (L\), respectively. 

Att higher temperatures other lines, labeled hot line 1 (Lf), hot line 2 [Lfy, hot 

linee 3 (Lf), and a second hot line 1 (Lf), appear at 6554.82, 6496.03, 6485.65, 

andd 6620.97 cm- 1, respectively. The intensities of these lines rapidly increase with 

increasingg temperature while, at the same time, the intensities of the lines L\, L\, 

L\,L\, L\ decrease. These details of the spectra are presented in Table 6.2. We note 

thatt the hot lines are displaced by about 52 cm- 1. 

Temperaturee dependence of luminescence has been investigated in more detail 

inn order to determine the electronic level scheme of the optically active center 

responsiblee for the Er-1 spectrum. The temperature was varied between 4.2 K 

andd 160 K. The intensity ratios of the lines L\, L\, L\ to that of L\. L\, L\, 

obtainedd from the measurements, are plotted as a function of temperature in Fig. 
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Figuree 6.3: Arrhenius plots of the temperature variation of the intensity ratios of 

thethe hot line 1 (L\) relative to the line 1 (L\) (triangles): the hot line of line 2 (L\) 

relativerelative to the line 2 (L\) (diamonds); the hot line of line 3 (L\) relative to the line 

33 (L\) (squares). The activation energies are found to be AE ~ 50 cm- 1, equal 

toto the spectroscopic splitting. The intensity ratio of the second hot line L\ relative 

toto line 1 (L\) (circles) is shown as trace d; it has an activation energy of 72  8 

cm~cm~ll.. equal to the L\ to L\ energy separation. 

6.33 (trace c. b. and a. respectively). From the Arrhenius plot, we conclude the 

samee activation energy of 49  3 cm"' for all of them. This value is in good 

agreementt with separation of lines L'j. L\. L\ to the lines L\. L\. L\. (51.97. 52.31. 

52.066 cm- 1 , respectively). Also, the intensity ratio of the lines L\ to that of L\ 

hass an activation energy of 8 cm- 1 (trace d), very similar to the spectroscopic 

splittingg of L\ and L\, (66.51 cm- 1). 

Basedd on the PL investigation we can interpret the observed structure of the 

spectrumm at low temperature as transitions from the lowest excited state to the 

crystall  field split ground state. At elevated temperatures satellites of these lines 

cann be detected, as shown in Fig. 6.2. They are shifted by 52 and 118 cm- 1 (6.4 

andd 14.6 meV) towards higher energies for each transition, and can be associated 

withh transitions originating at the second and the third crystal field split levels 

off  the excited state. Such an energy level diagram responsible for PL of the Er-1 

centerr is shown in the inset to Fig. 6.3. 
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Tablee 6.2: Labeling and spectroscopic parameters of the Er-related photolmnines-

eencee lines. 

Transition n 

Linee 1 

Linee 2 

Linee 3 

Linee 4 

Linee 5 

Hott line 1 

Hott line 2 

Hott line 3 

Secondd hot line 1 

Label l 

L\ L\ 

L\ L\ 
L\ L\ 

L\ L\ 

L\ L\ 

Li Li 
Lj Lj 
LI LI 
LÏ LÏ 

hu hu 

(cm- 1) ) 

6502.85 5 

6443.72 2 

6433.59 9 

6393.17 7 

6269.96 6 

6554.82 2 

6496.03 3 

6485.65 5 

6620.97 7 

Displacement t 

(cm- 1) ) 

-- 59.13 from L\ 

-- 69.26 from L\ 

-- 109.68 from L\ 

-- 232.89 from L\ 

51.977 from L\ 

52.311 from L\ 

52.066 from L\ 

66.511 from Lj 

6.44 Zeeman splitting of the PL lines 

6.4.11 Introduction: theoretical considerations 

Thee electronic configuration of ErJ+ is 4 / u with a ground state 4/ ]5/2 and a first 

excitedd state 4/K3/2- I n a crystal field with Tfj symmetry the ground state (4/i5/2) 

wil ll  split into two doublets, T6 and L7. and three T^ quadruplets, whereas the first 

excitedd state (4/1:i/2) splits into 2T,; + T7 + 2T8. This splitting is described by the 

crystall  field Hamiltonian [98]: 

TiTi = B,(04
ü + 50\) + £e( 0° - 210;j). (6.1) 

wheree O"1 are Steven's equivalent operators and the Bt are adjustable parame-

terss related to the strength of the crystal field components. Alternatively, the 

Hamiltoniann can be expressed in the notation introduced by Lea. Leask, and Wolf 

(LLW)) [81.99]: 

nn = W) w+x®+ w%!x[) (°s -2l()^  t6-2) 

Thee parameters IV and x are related to £?4 and B{i as BiF(-l) = W'x. B{iF(6) — 

IV( 11 — j:r|). IV is an (energy scale factor. The dimensionless parameter x can 

takee values from 0 to . which covers the range of the B.\jBe ratios between 0 

andd . Negative values of x correspond to tetrahedral coordination, whereas 

positivee values of x occur for octahedral coordination. The factors F(4) and F(6) 

aree introduced to keep the eigenvalues in the same numerical range for all ratios 
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Cubicc field splitting 

Figuree 6.4: The energy-level splitting of a J = 15/2 (a) and a J — 13/2 (b) 

manifoldmanifold by a cubic crystal field of Td symmetry Ref. [81]. Possible locations of 

thethe ground and the first excited states of the Er-1 center are indicated. 

off  the 4th- to 6th- degree terms. For .ƒ = 15/2. F(4) = 60. F(6) = 13860 and 

forr J = 13/2, they are 60 and 7560, respectively [81]. In Fig. 4 we reproduce 

thee LLW calculations of the eigenvalues for ./ = 15/2 and J = 13/2. The state 

labelingg is that for Td symmetry [85]. Note that all matrix elements, and hence all 

eigenvalues,, are proportional to W: in Fig. 6.4 they are presented with the energy 

scalee parameter set to W = 1 cm"1, and are functions of x only. 

Thee eigenfunctions expressed in the basic states \Mj) are either of the form: 

l^i ,, =F> }  + a2 ) + a3 | = F | )+ a*\*\))  (6.3a) 

forr J = 15/2. and 

hfe,, =F> = T (&i ) + b2 | T | ) + h |=F§)) (6.3b) 



6.4.6.4. Zeeman splitting of the PL lines 65 5 

forr J = 1 3 / 2. or 

\v\v33.. T) = T (ci f > + c2 ) + c.3 |=F§> + c4 |=p£ » (6.4) 

forr both J — 15/2 and 13/2. In an external magnetic field the degeneracy of 

thee crystal-field split levels is lifted. The splitting of the doublet states can be 

describedd by an effective spin S — 1/2 and labeling of the state |q=). If the 

Zeemann interaction is much smaller than the crystal field splitting, the Zeeman 

interactionn has the form: 

7ii  = 3 / /B B-ST (6.5) 

wheree \iB being the Bohr magneton, and g the effective g-value. 

Thee coefficients in Eqs. 6.3a and 6.3b can be uniquely determined for the T7 

doubletss and those in Eq. 6.4 for the T6 doublet. The effective ^-factors of these 

statess can be easily calculated (g = 2gjY* O'JMJ, where g,7 is the Lande factor). 

Thee Lande g-factor of the free Er3+ ions is gj = | for the pure ground state 4/1 5/2. 

andd gj = | | for the pure first excited state 4In/2- In Td symmetry the (isotropic) 

effectivee g-factors are thus 6.80 and 6.00 for the T6 and T7 symmetry doublets, 

respectively,, of a pure 4/ i 5 / 2 manifold, while for the P7 doublet of the 4/ i3 / 2 mul-

tiplett g = 5.54. For all the other states the coefficients in the wavef unctions, and 

hencee the effective g-factors. depend on crystal field parameters. 

Thee quadruplets T8 can be described by an effective spin of S — 3/2. where 

thee Mg — =F̂  states have the form given by Eqs. 6.3a and 6.3b and the M§ — = F| 

statess have the form given by Eq. 6.4. The Zeeman interaction for a T8 quadruplet 

iss more complicated than that for the ordinary J = 3/2 quadruplet, as there 

aree nonvanishing matrix elements between the M§ = T§ wavef unctions. The 

Hamiltoniann describing the Zeeman interaction within a T8 quadruplet can be 

expressedd by [100]: 

HH = gjfJLH ( aB - S + b (BJl + ByS* + BzS
:ty . (6.6) 

Thee parameters a and b can be expressed also as: a — —P/12 + 9Q/4. b — P/3 — Q. 

wheree P and Q are the expectation values of (aB-S + b(BxS  ̂ + BySy + BzS^)) 

forr | + |) and | + ^) states, respectively. In an ordinary J = 3/2 quadruplet P = 3Q 

and,, in consequence, 6 = 0. 

Inn a free ion electric dipole (ED) transitions between the levels of the 4fn 

configurationn are parity forbidden and only magnetic dipole transitions (MD) are 

expected.. However, the crystal field of the host material may break the inversion 

symmetryy and admix states of opposite parity via odd terms in the crystal field 

potential,, which makes ED transitions partly allowed. The selection rules govern-

ingg optical transitions between Zeeman split levels of Er3+ are the following: MD 
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Tablee 6.3: The selection rules of the ED and MD transitions 

re e 
r(i i 
r7 7 
r7 7 
r« « 
r* * 
r„ „ 
r* * 

1+) ) 
l-> > 
1+) ) 
I-} } 
+̂ > > 
+h) +h) 
-k) -k) 
-D -D 

r61+) ) 
MD D 
MD D 
ED D 
0 0 

MD+ED D 
MD+ED D 

0 0 
MD+ED D 

r 6| -> > 
MD D 
MD D 

0 0 
ED D 

MD+ED D 
0 0 

MD+ED D 
MD+ED D 

r r l + > > 
ED D 
0 0 

MD D 
MD D 

MD+ED D 
MD+ED D 
MD+ED D 

0 0 

r 7| -> > 
0 0 

ED D 
MD D 
MD D 
0 0 

MD+ED D 
MD+ED D 
MD+ED D 

transitionss can occur between states of A J = 0. . AMj — 0. . whereas ED 

transitionss can occur between states with A J < 6. AMj = 0. . The T(l sym-

metryy imposes further restrictions on the selection rules: transitions between two 

doubletss of the same symmetry are only MD allowed, whereas those between TQ 

andd T7 doublets are only ED allowed. Moreover, in the latter case only ) <-> ) 

transitionss can occur. Transitions to and from a T8 quadruplet are both ED and 

MDD allowed [101]. The allowed transitions in pure Td symmetry are summarized 

inn Table 6.3. According to these selection rules, for Er3_t" in a site of Td symme-

tryy we should expect, assuming that the initial state is a doublet, the following 

numberr of Zeeman components: 2 for emission terminating on a doublet of the 

otherr symmetry. 4 for a doublet of the same symmetry and 6 components for the 

emissionn terminating on either of the 3 quadruplets. We wil l refer to Table 6.3 

frequentlyy in the following sections, as it wil l turn out that the optical transitions 

off  the Er center under investigation closely follow the selection rules for the cubic 

symmetry. . 

Inn a crystal field of lower than cubic symmetry the '1/ir)/2 'And 'lIv.\/2 wil l split 

intoo 8 and 7 Kramers' doublets, respectively. In particular, in an orthorhombic-/ 

(C-2(C-2VV)) crystal field all the doublets would be of the same T5 symmetry and optical 

transitionss between them would be MD and ED allowed. The crystal field splitting 

iss described by the following Hamiltonian: 

HH = B}0° + B\G\ + flJOS + B\Öi + B\0\ + B°60°G + B j O | + Bpt + Bfol (6.7) 

Heree two of the quantization axes are oriented along nonequivalent (Oil) direc-

tionss perpendicular to each other, taken as x' and y'. while the z' axis is the (100) 

orientedd intersection of the planes, perpendicular to x' and y'. The Zeeman inter-

actionn Hamiltonian for well separated doublets (where second order effects can be 
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Figuree 6.5: Zeeman effect for the main PL line L\ at at 4-2 K for magnetic field 

ofof 5.25 T oriented along the main crystal directions (a) B || (100). (b) B || (111). 

andand (c) B || (Oil) . Inset to the figure: angular dependence of the Zeeraan effect for 

thethe line L\ at B = 5.25 T for the (Oil) crystallographic plane. 

ignored)) takes the form: 

nn = MBB • g • S, (6.8) ) 

wheree g is now a tensor with the main axes oriented along x', y', and z'. 

Iff the distortion of cubic symmetry is small, i.e.. the splitting of the quadrup

letss is much smaller than the distance to the next "cubic" level, the influence of 

Hamiltoniann (7) on a T8 quadruplet can be expressed by the so-called quadrupole 

term,, S • D • S, which in the defect axes takes the form [98]: 

ISIS 5 + 1 ))+E lS2
x-S> HH = D [Si 

Thee total Hamiltonian. which needs to be considered is: 

HH = IIB9J ( " B ' S + b (BXSI + ByS
3
y + Bz§ty + S • D • S. 

(6.9) ) 

(6.10) ) 

6.4.22 Splitting of line L\ 

Thee Zeeman splitting of the main PL line L\ measured at 4.2 K in magnetic 

fieldfield of 5.25 T is shown in Fig. 6.5. For the field oriented along the principal 

directions,, three Zeeman components for B | | (100), four components for B j | (111) 
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andd seven components for B || (Oil) can ho seen. The angular dependence of the 

linee positions, measured at 5.25 T in the {011}  crystal plane from [001] direction to 

[Oil] ,, is depicted in the inset of Fig. 6.5. The clearly ohserved strong dependence 

off  the Zeeman splitting on the orientation of the magnetic fiedel indicates that the 

centen-- has lower than cubic symmetry. The center has only four nonequivalont 

orientationss for an arbitrary direction of B in this plane1, with two orientations for 

BB along (100) and (111) directions, and three for (001) direction. This is a clear 

andd unambiguous signature of orthorhoinbie-/ (O^-) symmetry. As explained in 

detaill  in Rof. [95]. the1 angular as well as the magnetic held elependencies can be 

onlyy described with r;'.1*  = G.(r
U - 0  0.1. .gj," - G'i/' = 3.3 . and yll) = 

G'=""  = 0  0.1. where g(1) and G(1) refer to fy-tensor values for the J = 15/2 

andd J = 13/2 manifolds, respectively, and the superscript denotes the position 

off  the level in the manifold. For sake of consistency we point out that in our 

preliminaryy analysis in Chapter 5 [95] a different tensor axc*s set was adopted, 

withh the z axis chosen as the*  one with the only iionvaiiishing g-value. The solid 

liness in the inset to Fig. 6.5 show the peak positions calculated with use1 of Eq. 

6.88 for ) <-• ) transitions, which were the only ones observed. Hence, the 

individuall //-tensors of the upper and lower doublets g (1) anel G ( l ) could not be 

determined.. The1 values were1 estimated from the temperature dependence of the 

intensityy ratio of the high and the low energy Zeeman components at high field, 

underr assumption of full thermalization. to be G ( ] ) = . 15.1 0 . 

whichh implied g (1) = [0  0.1.18.4  0.8.0  0.1] [95]. 

Thee jy-tensor values G ( 1 ) for the excited state can he determined with a better 

accuracyy from the analysis of the Zeeman splitting of the line L\. presented in 

thee nc'xt subsection, of which transitions with the difference1 as well as the sum 

off the effective ey-f actors of the ground and excited states were observed. YVe 

will,, therefore, defer the discussion of the determined (/-tensor values until later. 

YVee would only like to point out at this stage that despite the1 anisotropy of the cy-

tensorr determined here, the optical transitions remarkably resemble those expected 

betweenn doublets of different type in Td symmetry (Table 6.3). 

6.4.33 Splitting of line L\ 

Thee Zeeman splitting of line L\. as measured at 4.2 K for two orientations of 

thee magnetic field B | | (100) and B|| (011), is shown in Figs. 6.6(a) anel 6.6(b). 

respectively.. For B oriented along the cube axis. B|j (100) . four dominant Zeeman 

componentss are observed. In addition, weaker Zeeman components originating 

fromm a relatively broad shoulder line partly superimposed on L\ are seen. For B 

alongg (Oil) up to 12 Zeeman components are seen at 5 T. The overall splitting is 
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Figuree 6.6: Zeeman effect of the line L\, with the magnetic field along the main 

crystalcrystal directions (a) B || (100),. and (b) B || (Oil) , at T = 4.2 K. 

aboutt an order of magnitude larger than that for L\ [95]. The effective ^-factors for 

thee outer Zeeman components are about 20 for both magnetic field orientations. 

Wee conclude that, unlike in the case of L\, here we observe transitions not only 

withh the difference, (G — g), but also with the sum, (G + g), of the effective g-

factorss of the excited and ground states. 

Byy simulating the line positions with Hamiltonian 6.8 we can determine both 

thee <7-tensor values for the ground state, g<4' = [8.3  0.5,7.6  0.5,1.6  0.3], 

andd the excited state, G(1) = [0  0.1,14.8  0.5, 0  0.1]. As can be seen from 

thee solid lines in Fig. 6.6, the simulation gives in this case good agreement with 

thee experimental data for all (G — g) and (G + g) transitions and all nonequivalent 

orientationss in C2t) symmetry. Due to the fact that Gz = 0, i.e., there is no Zeeman 

splittingg in the excited state at B| | (100) for the defect configuration with B parallel 

too z, the (G — g) and (G + g) transitions coincide reducing the number of Zeeman 

componentss from four to two. For other defect configuration the energies are very 

closee to those of the (G — g) transitions, with the energy difference falling within 
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thee linewidth (indicated by error bars in Fig. 6.6). In contrast, the lines with the 

summ {G + g) of the effective (/-values can be seen. Hence, for B || (100) only four 

separatedd PL lines arc observed. 

Similarly,, since Gx = 0. for B|| (Oil) ten out of twelve possible components 

aree expected, with one being too weak to be detected. At high fields additional 

splittingg for two configurations appears which indicates some misorientation of the 

rotationn plane. The calculated line positions agree very well with the experimental 

oness within the whole magnetic field range studied only for the lower energy Zee-

mann components. The peak energies for the higher energy Zeeman components 

dependd nonlinearly on B at higher fields, due to interaction with the second, close 

lyingg excited state. 

Thee determined Gy tensor value for the excited state agrees within the exper-

imentall  error with the value estimated in Ref. [95] from Zeeman splitting of L\. 

butt it is more accurate. We can now use this value to give the accurate tensor 

valuess for the ground state involved in L\ g(1) = [0  0.1.18.1  0.5.0  0.1] 

6.4.44 Splitt ing of line L\ (the hot line) 

Thee splitting of the hot line, labelled L'\ in Table 6.2. in magnetic fields up to 5.25 

TT at 55 K is shown in Fig. 6.7. Five components are observed for B || (011) and 

fourr components are seen for B||{100). The pattern of the Zeeman splitting is 

veryy similar to that of line L\ stemming from transitions between two doublets of 

groundd and excited state. For line L\ three components were seen with the field 

orientedd along (100) due to the fact that the g, tensor values vanished for both the 

groundd and the excited state, whereas the excited state involved in L\ has nonzero 

g,, value. The absolute magnitude of the splitting is also comparable. Moreover, 

justt like in the case of line L] , only transitions with a difference of the effective 

(j-(j- factorsfactors can be observed. 

Thee splitting of line L'\ can be very well described with the following (/-tensor 

forr the second excited state: |G( 2 )| = [0  0.1.11.2 dz 0.5. 2.0  0.2] (the (/-tensor 

off  the ground state being the same as for L\). The simulation of line positions by 

Eq.. 6.8 with these parameters is shown by solid lines in Fig. 6.7. The deviation 

fromm linear dependence observed for lower energy Zeeman components is due to 

thee fact that at high magnetic fields the magnitudes of the Zeeman and the crystal 

fieldd interactions become comparable, resulting in mixing between sublevels in the 

JJ = 15/2 manifolds. The higher energy Zeeman components corresponding to 

transitionss from the lower lying level of the excited state doublet to the lower 

lyingg level of the ground state doublet are less affected. 
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Figuree 6.7: Zeeman effect of the line L\ (hot line of line L\) with the magnetic 

fieldfield along the main crystal directions (a) B || (100). and (b) B || (Oil) , at T = 55 

K. K. 

6.4.55 Splitting of other spectral components 

Thee Zeeman effect was also investigated for the L\ and L\ PL lines. The experi-

mentall  peak positions versus magnetic field are shown in Fig. 6.8 for the B || (100) 

andd B|j (011) field directions. The Zeeman splitting pattern suggests that we deal 

inn this case with transitions from the excited doublet state to a T8 quadruplet split 

byy a lower symmetry crystal field. We can speculate that if the low symmetry dis-

tortionn is small, the selection rules valid for Td symmetry may approximately hold 

att high magnetic fields, when the states could regain their initial "cubic" charac-

ter.. In other words, any extra Zeeman component in the PL to those determined 

byy Table 6.3 wil l have lower intensity. Based on that, we can predict the number 

off  "strong" Zeeman components observed in the PL for a center with small C2v 

distortion.. For B || (100) we should see two nonequivalent defect configurations, 

onee with B||z and one with B in the plane perpendicular to z. We should, hence. 
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Figuree 6.8: Zeeman effect of the line L\ and line L\, with the magnetic field along 

thethe mam crystal directions (a) B|| (100). and (b) Bjj (011). at T = 4.2 K. 

seee six components for the latter but only four components for the former, as there 

iss no splitting of the excited state in this configuration [Gz — 0). Similarly, for 

B j || (011), with three nonequivalent defect configurations, we should see 6+6+4=16 

components.. As illustrated by Fig. 6.8. this is exactly what we observed in the 

experiment. . 

Thee solid lines in the Fig. 6.8 are guide for eye only. In order to determine the 

parameterss reliably, additional experiments are necessary, either at low magnetic 

fieldsfields - when the Zeeman interaction is much weaker than the crystal field splitting 

andd doublets can be treated separately, or in the opposite regime - when the 

Zeemann splitting is much larger than the crystal field splitting. 

Wee have also measured a magnetic field induced splitting of line L\ for B || (001). 

Thee splitting pattern is very similar to that observed for L\. i.e.. the dominant 

transitionss are those with a sum and difference of the effective ^-factors for the 

twoo coinciding configurations. Due to the low PL intensity, it was not possible 

too measure the splitting for B||(011); hence the g-tensor values could not be 
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Tablee 6.4: g-tensor values used for the calculated splitting. 

linee label 

L\ L\ 
Li Li 
L\ L\ 

initiall  state 
0 0 
0 0 
0 0 

14.88 0 
11.22 2 
14.88 0 

GGar ar 

5.00  0.5 
4.44 5 
5.00 5 

finalfinal state 
00 18.1 0 
00 18.1 0 
8.33 7.6 1.6 

tr>av tr>av 

6.11 5 
6.11 5 
5.88 5 

determined.. Al l determined g-tensor values are listed in Table 6.4. 

6.55 Discussion 

6.5.11 Symmetry considerations 

Onn the basis of the experimental data reported here, the following picture can be 

proposed.. The PL spectrum observed in SMBE grown samples is characterized 

byy a small number of very narrow lines. Although sharp emission bands should 

bee expected for Er in view of the very long radiative lifetime of its excited 4ƒ 13/2 

statee (~ rns). linewidths of several meV are routinely observed for Er-related op-

ticall  centers in crystalline silicon. Therefore it appeared that in the present case 

emissionn bands are characterized by the truly homogeneous linewidth. This has 

indeedd been confirmed by, and formed a necessary prerogative for. the (first ever 

forr Er in Si) successful observation of the Zeeman effect, as reported in the current 

study.. From analysis of the Zeeman effect we conclude that all the major lines of 

thee observed PL spectrum originate from the same center, the Er-1. Such a con-

clusionn is also consistent with the thermally-induced changes of the PL spectrum, 

withh all the major features - lines L\ to L\ - developing hot lines with identical 

energyy spacings. indicating the common excited state for their origin. In this way 

thee current study unambiguously shows that a preferential formation of one spe-

cificc type of Er-related optically active center is realized in annealed SMBE-grown 

multinanolayerr structures. 

Fromm the analysis of the angular dependence of the magnetic field induced 

splittingg of PL lines, the C2,. symmetry of the Er-1 center has been established, 

andd individual _(~y-t elisors for several crystal field split levels within ground and 

excitedd state1 multiplets have been determined. These are summarized in Table 

6.4. . 

Althoughh the lower-than-cubic symmetry of the Er-1 center is concluded from 

experiment,, the distortion from cubic symmetry appears to be small. This is 

evidentt from the fact that optical transitions follow the selection rules for Tfi sym-
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metryy rather than those for transitions between Y  ̂ states of C'2r symmetry, where 

alll  the transitions would have equal probability. We could speculate that the ob-

servedd orthorhombie-/ symmetry could arise from a distortion of an tetrahedrally 

coordinatedd Er3+ ion. 

Iff  only a small distortion of cubic symmetry is present, the average _<yav factor 

cann be related to the isotropic cubic gr factor by [84]: 

9av9av = 9<- = {{fix  + 9y + <iz)- (6.11) 

Inn the case of line L\ the average c/av value for the lowest level of the ground state is 

6.11 . slightly smaller than 6.8 the value characteristic for pure FY,, and similar 

too values found for Er in different host materials [77.84.85.102 104]. Therefore 

thee Er-1 center ground state is likely to be of the T6 character. The gAV values of 

thee initial and final states determined from all the investigated transitions are also 

shownn in the Table 6.4. 

Forr the lowest level of the first excited state, the </av-value is determined as 

4.99  0.5. It is similar to the (isotropic) g-factor of the r 7 states of a pure 4/13/2 

manifoldd of 5.54. As can be seen from Table 6.3. this indicates that for line L\ 

wee deal mostly with electric-dipole type transitions, without spin flips. This is to 

bee expected for Er. since the strong spin-orbit coupling, characteristic for rare-

earthh ions, leads to the admixture of different excited configurations. The g-values 

determinedd here are smaller than these found in more ionic hosts. This can be 

duee to covalent effects, as the results of the Lande factor becomes smaller because 

off  stronger quenching of the orbital momentum. The Zeeman splittings of lines 

L\L\ and L\ behave like a transition from a doublet to a distorted T8 quadruplet. 

Thee splitting of line L\ indicates a doublet to doublet transition. However in 

thatt case we can see PL lines corresponding to the sum and the difference of the 

(/-tensorss of the ground and the excited states. Also the hot line L\ appears to 

arisee due to a transition from a doublet, but of a different symmetry. This could 

bee a T6 doublet. However, in such case, in addition to transitions corresponding 

too difference of effective (/-tensors, also PL lines described by the sum of these 

parameterss should be present. This is not observed in the experiment. Another 

possibilityy would be that the hot line originates from a doublet split off from the 

quadruplett due to the lower symmetry component, a situation similar to that in 

thee ground state, as concluded from analysis of lines L\ and L\. 
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6.5.22 Consequences for the microscopic model of the Er-1 
center r 

Althoughh the microscopic symmetry of the Er-1 center is determined to be ortho-

rhombicc —I (C2v). we have seen that lines L\ and L\ can be interpreted as arising 

fromm a split quadruplet. This could indicate that orthorhombic-7 distortion of the 

Idd crystal field is small. It is also consistent with the fact that transition proba-

bilitiess follow rules of cubic symmetry. Assuming this situation to be true, we can 

tryy to place the Er-1 center on the LLW diagram given in Fig. 6.4. Inspection 

off  this figure shows that the ground state is either IV for —1 < x < —0.46. or 

r 6 .. for —0.46 < x < 0.58 with W positive. On the other hand, the lowest level 

off  the excited state is a doublet of either r^1', for -0 .57 < x < 0.65. or T7 sym-

metry,, for 0.65 < x < 1. Now, taking into account splitting of PL lines at low 

temperaturee and assuming that lines L\, L\ arise from a split quadruplet, the best 

fitfit  to the experimental data was obtained for three x values: —0.55. —0.07. and 

0.41.. resulting in W values of 2.046 cm- 1 . 0.476 cm"1, and 0.739 cm- 1, respec-

tively.. As can be seen from Fig. 6.4b, the corresponding sequence of the ground 

statee levels would be r7 , T8, rf i , 2r8; r6, r8 , F7, 2r8; and T6, r8, r8, F7. T8, 

respectively.. Taking into account the symmetry information obtained from the 

magneticc field induced splitting of PL lines L\. L\. L\. L\ and L'f. the situation 

withh x = 0.41 and H7 = 0.739 cm- 1 for J = 15/2 emerges as the most plausible 

one.. The x value is positive as expected for a tetrahedral interstitial position. It 

iss very close to that for the cubic center observed in implanted Si [76,77]. The 

j-valuee of the J = 15/2 state obtained in this study differs, however, from that of 

thee tetrahedral interstitial Er center observed in implanted Si. x = 0.35 [76.77]. 

Thee discrepancy may be due to the fact that we deal with low-temperature grown 

silicon,, which might have slightly different properties from the Czochralski grown 

materiall  typically used for implantation. On the other hand, it should be stressed 

thatt our analysis bases on the assumption that the C2l.-symmetry crystal field can 

bee treated as a small distortion of cubic symmetry, which need not be the case. 

Inn fact, the strong anisotropy of the g-tensors indicates rather that the cubic and 

orthorhombicc crystal field potentials may be comparable. 

Forr a cubic symmetry center, x and W values of the J — 13/2 state can be 

determinedd from these of the J = 15/2. In the present case, we should also take 

intoo account the Zeeman splitting of the hot line. While this is consistent with a 

doublet-to-doublett transition, no transitions due to sum of the relevant effective 

^-tensorr values are observed. This indicates the upper state to be arising from a 

splittingg of the quadruplet (in analogy the ground state splitting responsible for 

liness L\ and L\) rather than a T7 doublet. The possible position of J = 13/2 
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Figuree 6.9: The possible microscopic structure of the Er-1 center: (a) tetrahedral 

interstitialinterstitial Er3+ ion with the Civ symmetry obtained by a small distortion along 

thethe (100) direction: (b) tetrahedral interstitial Er2  ̂ ion - oxygen cluster. The Civ 

symmetrysymmetry lowering can be obtained by lattice distortion or by details of oxygen 

incorporation. incorporation. 

multiplett of the Er-1 center on the LLW diagram is also indicated in the Fig. 6.4. 

Finally,, we would like to comment on the possible microscopic model of the 

Er-11 center. This issue is of fundamental importance, as the Er-1 center takes 

aa prominent position of the only Er-related optically active center which can be 

preferentiallyy generated in crystalline Si. Since the observed splitting is consistent 

wit hh that which can be expected for an isolated Er3+ ion. we can assume that 

onlyy one Er ion is involved in the structure of Er-1. Also preferential formation 

off  a single configuration is easier to envisage for a center containing one rather 

thann multiple Er ions. The estimated x value of the ground state is positive as 

expectedd for a tetrahedral interstitial. This site was predicted from total energy 

calculationss as the most stable configuration of Er3+ ion in the crystalline silicon 

hostt [86], Also, channeling studies identified a Tj interstitial site as the preferred 

locationn of Er + ions implanted into Si [74], Taking into account all the available 

information,, we propose to identify the Er-1 center with an Er3+ ion occupying a 

slightlyy distorted Tj interstitial site - see Fig. 6.9a. 

Fromm analysis of the Zeeman effect we were able to determine the orthorhombic-

II  symmetry of the Er-1 center. The origin of the Civ symmetry distortion is not 

clear,, yet. This relatively high symmetry type is easily realized for defects in 

crystallinee silicon by liftin g equivalence of two mutually perpendicular {011}  mirror 
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Figuree 6.10: Profile of oxygen and erbium concentrations measured by SIMS for 

SampleSample #51. 

planes.. Among other possibilities, it can be achieved by a minor distortion of a 

7~dd site along a (100) direction, or by a symmetric (with respect to the (100) axis) 

incorporationn of impurities in one of the planes (- see. e.g.. microscopic models of 

negativelyy charged vacancy center [105]. substitutional transition metal atoms [83]. 

thermall  donor [106]). 

Unfortunately,, in contrast to EPR or electron-nuclear double resonance (EN-

DOR)) measurements, no insights on chemical identity or lattice location of ligancl 

atomss can be derived from the present study. We therefore have to rely on the 

informationn gathered so far on optical activity of Er in Si. The most prominent 

conclusionn here is that oxygen (as well as other electronegative elements) enhance 

emissionn of Si:Er. the effect being optimal for oxygen-to-erbium doping ratio of 

approximatelyy 10:1. Also EXAFS investigations [73] revealed the presence of six 

oxygenn atoms in the direct surrounding of optically active Er in Czochralski-grown 

Si.. These findings are consistent with results obtained in this study: while no oxy-

genn was intentionally introduced during the SMBE growth process of the multi-

layerr structures used for Zeeman measurements, secondary ion mass spectroscopy 

(SIMS)) analysis shows a clear increase of O concentration ([0]= 1.5 - f i x 1019 

cm"3)) in the structure when compared to the substrate. — see Fig. 6.10 [107]. 

Therefore,, based on published reports and on the structural information available 

forr the samples used in this project, we propose that the Er-1 center comprises 
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att least 8 oxygen atoms in the direct surrounding of a single Er atom at a high 

symmetryy site. A possible atomic model of such a center is depicted in Fig. 6.9b. 

Inn this cast1 oxygen atoms have been placed at the usual puckered bonded positions 

releasingg strain on the 4 Si nearest neighbors of the Er. While formation of such 

aa large oxygen complex of specific symmetry might appear not likely at the first 

glance,, we point out that the orthorhombie-/ (C2V) symmetry is characteristic for 

siliconn thermal donors formed by oxygen aggregation [108]. Note that the sample 

growthh temperature allows thermal donor formation and Er could enhance oxygen 

aggregation.. On the other hand, the Er-1 center is formed during annealing at 800 

"C.. at which temperature the thermal donors are found to convert into electrically 

nonactivee aggregates [109]. Unfortunately, owing to the particular //-tensor of the 

groundd state, no EPR or EXDOR measurements are possible for the Er-1 center, 

andd no insight into the chemical identity or lattice location of ligand atoms can be 

derivedd by these technique. Therefore the issue of oxygen incorporation in the mi-

crostructuree of the Er-1 center cannot be concluded at this stage, and wil l require 

furtherr investigations. 

6.66 Summary and conclusions 

Wee present results of a magneto-optical study of multinanolayer Si/Si:Er struc-

turess grown by SMBE technique. We show that the presence of Si spacer regions 

considerablyy increases emission intensity when compared to single layers. The 

PLL from annealed multinanolayer structures is dominated by emission from the 

particularr center, the Er-1 center, which is then preferentially formed. The PL 

spectrumm of this center is characterized by ultra narrow homogeneous lines. Based 

onn analysis of the magnetic field induced, angular dependent splitting of the PL 

lines,, we identify the orthorhombie-/ symmetry of the Er-1 center and give ex-

tensorss for several lower-lying levels of the 4h~,/2 ground and the lowest excited 

^h:i:i^h:i:i  stat ( > multiplets. In particular, we identify the original r( i and r 7 charac-

terss for the lowest crystal-field split levels of the ground and the excited states, 

respectively.. Based on this analysis, we propose that the microscopic structure of 

thee Er-1 center comprises a single Er3^ ion at a distorted interstitial Tj site with 

multiplee oxygen atoms in its direct vicinity. 


