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Abstract. Photoluminescence measurements of erbium-doped float-zone silicon, 
Czochralski-grown silicon and silicon oxide are reported. A striking similarity 
between the spectra of the latter two (oxygen-containing) materials is established. 
The structure of the spectra can be understood as due to the appearance of 
phonon replicas together with crystal-field-induced splitting. At higher temoeratures 
an anti-Stokes line and so-called hot lines were obselved. The analysis is 
consistent with the model of erbium impurities which are surrounded by oxygen 
atoms on nearest-neighbour positions in an arrangement with cubic andfor lower 
symmetry. 

1. Introduction 

Rare-earth doping of semiconductors has been inten- 
sively investigated with a view to its application in op- 
toelectronic devices. The presence of an incompletely 
filled 4f shell offers the attractive possibility of induced 
intrashell excitations, largely independent of the sur- 
rounding environment. Sharp atomic-like spectra can 
consequently be generated, with their wavelengths he- 
ing practically controlled by the dopant itself rather than 
by the host crystal. Recently, considerable interest and 
research effort has been directed towards erbium-doped 
silicon. This is for two main reasons: first the character- 
istic 4f transitions of the erbium ion in the 1.5 pm range 
coincide with the optical window of glass fibres currently 
used for telecommunications, and secondly, such a sys- 
tem can be easily integrated with devices manufactured 
using the highly successful standard silicon technology. 

Studies of silicon, silica, GaAs and InP doped with 
erbium have been reported [l-51. The majority of the 
studies on the Si:Er system concentrate on the practical 
aspect of how to obtain the maximum intensity of 
photoluminescence or electroluminescence at as high a 
temperature as possible, preferably room temperature. 
in  order to achieve this god, non-equiiibrium doping 
procedures have been explored [2] and the influence of 
different 'co-activators' on the erbium luminescence has 
been investigated [6]. The more fundamental aspects 
behind the excitation and de-excitation mechanisms 
and the microscopic features of the defect created by 
an erbium ion embedded in the silicon lattice have, 
however, not been studied in sufficient detail. One 
may expect that only with a deeper understanding 
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of the physics of the light-emission process can the 
highly efficient erbium-based silicon optical devices be 
obtained. 

The current study aims to analyse the photolumines- 
cence (PL) spectrum of the erbium atom in various host 
crystals. The influence of the crystal field on the smc- 
ture of the spectrum, i.e. the number and intensity of the 
emission lines, is considered. To this end the PL spec- 
tra as obtained at liquid-helium temperature are analysed 
for erbium ions embedded in float-zone and Czochralski- 
grown silicon and silicon oxide. 

In silica glass, extended x-ray absorption fine 
structure (EXAFS) measurements have been performed 
by Marcus and Polman [3]. They found that the majority 
of the erbium impurities in silica have a local structure 
of six oxygen first neighbours at a distance of 2.28 A 
and a next-nearest-neighbour shell of silicon at 3.1 A. 
At room temperature the PL spectrum of erbium-doped 
silica showed a line at 1535 nm with a shoulder at 
1550 nm [3]. At lower temperatures only a very broad 
band at 1540-1600 nm has been reported [7]. 

The same technique, EXAFS, has been used to 
unravel the structure around the erbium in float-zoned 
(E) and Czochralski (Cz) silicon [8]. The float-zone 
samples have an oxygen concentration of two orders of 
magnitude lower than the Czochralski silicon samples. 
Bulk compounds of Er& and Er203 were used as a 
reference. A striking similarity was found between the 
E Si:Er sample and Er& and between the Cz Si:Er 
sampie and Er203. A first-neighbour sheil for Si:& 
of 12 silicon atoms and a first-neighbour shell for Cz 
Si:Er of six oxygen atoms at a distance of 2.25 A was 
concluded. 
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Table 1. Overview of the positions of the PL lines as in figure 1 and a comparison with line 
positions known from the literature. Wavelengths are given in nm. 

Reference [2] 
Reference [ l l ]  

n Si Cz Si 
This work (Cz Si) ~~~ 

Label FZ Si Cz Si SiO, Cubic Non-cubic Cubic Non-cubic 

A 1538 1536.9 1536.6 1537.5 1537.5 1537.3 1536.7 
€3 1543 1538.2 1539.5 

1545 1546 
1540.0 

1544.9 
C 1550 1550.7 1550.8 

D 1556 1555.3 1555.2 1556.0 1556.2 
E 1562 

F 1574.4 1574.6 1574.2 1575.0 1575.4 

1552 1553.3 1553.3 

1567.6 1568.2 1567 1570.0 1566.5 

L 
M 

1581.4 
1592 

1581.2 1563.6 

1597.8 1597.5 1597.5 1597.5 1598.6 
1602.7 1608 1605.4 

? 1619.9 

7 
1642.8 1641 1640.0 (1 633.5) 

1667 1667 

It appears, therefore, that E$+ is surrounded by 
oxygen in Czochralski silicon, silica and erbia, but there 
is still some uncertainty about the symmetry of the 
defect and even the number of oxygen ligands in the 
first-neighbour shell of the luminescent centres may be 
questioned. It is also not well established whether the 
erbium centres as observed in EXAFS and luminescence 
are the same. 

Investigating photoluminescence in an erbium-doped 
(presumably Czochralski-grown) silicon sample, Tang ef 
al [2 ]  report the observation of two different erbium 
sites: a thermally stable interstitial with cubic symmetry 
giving five lines in PL due to the fivefold splitting of the 
41~5,2 gound state and an unstable interstitial having non- 
cubic symmetry with a more complicated PL spectrum. 
In table 1 the transitions of the lowest energy level of 
the first excited state 4 1 ~ 3 / z  to the energy levels of the 
ground state 41~~,z or E?+, electron configuration 4f", 
are given, for silicon at a cubic and a non-cubic site 
[2]. This transition in the free atom is at 1541.8 nm 
(804.16 meV) 191. 

Michel et a1 [6] observed photoluminescence of 
float-zone and Czochralski-grown silicon, doped with 
erbium and co-doped with nitrogen and carbon. The 
Czochralski samples all showed the lines observed by 
Tang et a1 [2] and some small extra lines depending 
on the co-dopant. It was shown that only a maximum 
of 10% of the erbium is optically active, these being 
the erbium atoms surrounded by oxygen and consistent 
with a Td symmetry. The co-dopant (N,C) increased the 
PL at 4.2 K by a factor of 5 and at room temperature 
by a factor of 10. The energies in the PL spectrum do 
not change much upon CO-implantation; therefore the 
increase of luminescence is probably due to enhancement 
of the excitation or the blocking of a non-radiative 
de-excitation mechanism [6]. The float-zone samples 

showed a different spectrum with a broad band around 
1540 nm and some more lines with a low intensity. This 
was explained by a much smaller crystal field splitting, 
50 cm-I, instead of the 430 cm-' in Cz Si. 

Coffa et a1 [IO] studied the temperature dependence 
and quenching processes in Cz Si:Er and found two 
different classes of optically active Er sites. One site 
does not depend on the oxygen concentration, decays 
slowly and decreases rapidly when the temperature 
is increased. The other site is dominant at higher 
temperatures, decays fast and its photoluminescence is 
strongly increased by the presence of oxygen. 

2. Experimental method 

Two kinds of silicon, with low and high oxygen 
concentration, were used in this experiment: 

(i) Float-zone silicon with an implantation of 1.6 x 
IOi5 cm-2 Er and annealed at 450°C for 1 h and at 
<<no,- c-- L. 
JJU L 1u1 L 11, 

(ii) Czochralski silicon with a 1 MeV implantation of 
1 x loi3 Er and subsequent annealing in a chlorine- 
containing atmosphere. 

The silica used in this experiment was implanted with 
1.7 x 1015 Er and annealed at 900 "C for 30 min. 

Most of the experiments were performed with the 
samples immersed in liquid helium. The sample could be 
heated up to about 100 K in order to measure temperature 
dependences of the spectra. The luminescence was 
excited with a cw argon-ion laser operating at a 
wavelength of 488 or 514.5 nm; an interference filter 
was used to avoid spurious plasma lines. An on- 
off light chopper was placed between the light source 
and the sample. The emerging luminescence light was 
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collected from the laser-irradiated side. It was dispersed 
by a high-resolution 1.5 m F/12 monochromator (Jobin- 
Yvon THR-1500) with a 600 groovdmm grating blazed 
at 1500 nm. Optical filters were placed in front 
of the monochromator entrance slit in order to select 
the emission bands of interest. The luminescence 
was detected by a nitrogen-cooled germanium detector 

I (North Coast EO-817). The detector output was 
amplified using conventional lock-in (Keithley 840) 
techniques at the chopper frequency, with optional 
filtering to remove the spikes due to cosmic radiation. 
I ne lock-in output was digitized and fed into a computer 
for further data processing. 
_. 

3. Experimental results 

The photoluminescence spectra of Cz Si:Er, FZ Si:Er 
and SiOz:Er in the spectral range from 1530-1650 nm 
(810-751 meV) at liquid-helium temperature are given 
in figure 1. The positions of the lines and a comparison 
with some spectra of cubic and non-cubic erbium 
defects in silicon produced under different conditions of 
implantation dose and energy and subsequent annealing 
temperature as reported in the literature [2, 6,111 are 
given in table 1. Since a new interpretation will 
be discussed for the origin of the PL lines, they are 
provisionally labelled as lines A to hl. 

Energy ImeV) 
820 800 780 760 

I 1 1 I 

I 520 1560 1600 1640 
Wavelength (nm) 

Figure 1. Photoluminescence spectra, measured at 4.2 Kj 
of (a) R Si, (b) Cz Si and (c) SO,, doped with erbium. 
(Spectra were also recorded with on-line filtering, removing 
the spurious spikes. Alternatively, off-line digital filtering 
produced smoother spectra.) 

cco VV.2 

The weak PL spectrum of FZ SkEr shows a broad 
band of approximately 6 nm width around 1537 nm 
and several more lines which are hardly resolved; the 
lowest-energy line is observed at 1574.4 nm. The ten 
times stronger spectrum of Cz Si:Er shows as its most 
dominant feature two overlapping lines, at 1536.9 and 
at 1538.2 nm, and some smaller, sharp lines at higher 
waveien,ghs. At 1642.8 and 1667 nm two more weak 
lines are observed; part of the reason why these lines 
are weak is the decreased sensitivity of the germanium 
detector at wavelengths longer than 1600 nm. The 
PL spectrum of SiO2:Er also consists of several sharp 
lines and some more incompletely resolved lines located 
between 1537 and 1540 nm. The lowest-energy lines at 
1641 and 1667 nm are also observed. The similarities 
between the spectra of Cz Si:Er and Si02:Er are striking. 

Tie behaviour of the iuminescence iines, i.e. the 
dependence of their absolute and relative intensities 
and energies on excitation power, chopper frequency, 
temperature and magnetic field, was measured. Results 
of the introductory studies are summarized as follows. 
The reiative intensities of the fines do not change at dl 
with excitation power; the absolute intensity increases 
only from 0 to 50 mW and then remains constant up 
to 400 mW, which is the maximum available excitation 
power in the experiment. All the PL lines of erbium 
are strongiy dependent on the chopper frequency; the 
optimum being around 30 Hz; when changed to 830 Hz 
the intensity drops to 3% of that detected at 30 Hz. Since 
the responses of detector and amplifier are flat in this 
frequency range, the decrease reflects the long lifetime, 
of miilseconds, of the decaying state LiOj. Tie iines A, 
D and F are relatively more frequency dependent than 
the lines B and C. The lines A, D, F and H can still be 
seen at 77 K and disappear only around 120 K, where 
they start to overlap and form a broad structure with a 
shouider from i450 io i650 nm; the reiative intensities 
between A, D, F and H are rather stable. Line C and 
the other small lines are completely gone at 77 K. At 
higher temperatures a new PL line at 1517.8 nm and 
several high-energy shoulders at $3 5 meV are observed. 
,,,G UUrJ n, U d11U r d l G  I luu ly  LIIIIUGIILCU vy ,,Lag,,c"' 
fields up to 5 T, whereas the other lines broaden and 
disappear. The luminescence intensities of Cz Si:Er and 
SiOz:Er behave identically in all these experiments; no 
energy shift of any line is observed. 

-. 
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4. Discussion 

4.1. Ligand oxygen atoms 

The spectra of Cz Si:Er and Si0z:Er look very much 
the same. Although the relative intensities differ, the 
positions of the lines in the spectra agree, as can be seen 
in figure 1. This is very surprising since the amount 

magnitude. Whereas it is not possible to accommodate 
an erbium ion in Si02 without oxygen in its vicinity, 
the formation of an oxygen-surrounded erbium centre in 

of oxygeu in materiais differs by of 



Energy ImeV) 
820 810 800 790 780 

I I I I I 

r 

I I 1  I I I 1 . 1  I 

Wavelength (nm) 

Figure 2. Photoluminescence spectra, measured at 4.2 K, 
of (a) Er203 and (b) GaAs:Er (after 141). 

Cz Si requires migration of oxygen over long distances. 
Besides, Cz Si is crystalline and silica is a glass. Yet, 
in view of other evidence, the generally assumed role 
of oxygen in forming the luminescent centre should 
not too readily be abandoned. The spectra of the 
m. silicon, basically without oxygen, show a much 
smaller splitting. This can be understood from the 
absence of oxygen-related ligand fields. Independent 
support for oxygen-related models is derived from 
an erbium spectrum observed in GaAs [4j2 which is 
identical to that arising from Er203. The two spectra 
are compared in figure 2. The GaAs:Er spectrum 
disappears by mechanical polishing, removing a surface 
layer about 1 p m  thick. The luminescence is restored 
by heat treatment at 850°C. Apparently in this case 
the luminescence arises from a centre located near the 
surface and possibly formed by oxidation. Erbium shows 
a strong propensity to be surrounded by oxygen atoms. 

The main PL-active defect in Cz Si and Si02 samples 
is the erbium-related one with lines A, D, F, H and K 
as described by Tang et a1 [2] .  Also the main lines B,C, 
E and G, ascribed in the literature to a non-cubic defect 
12,111, can be seen in figure 1. In Si02:Er the defects 
seem to have the same intensity; both defects show a 
strong dependence on the presence of oxygen, which is 
supported by the EXAFS measurements [3,8]. EXAFS 
has revealed that erbium, both in silica and Cz Si, has 
oxygen ligands as nearest neighbours. Combination of 
these two observations leads to a model of an erbium 
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atom on a cubic site surrounded by six oxygen atoms 
as the most probable structure for the main luminescent 
defect in Czochralski silicon and in silica. 

These measurements are in  agreement with the 
observations of Coffa et al [lo]. They discuss the 
prersncc U1 l U l l l l l l C I c e l l l  cI~uIuII1 U11 L W U  s11es; ULIC urd1 

dominates at high temperatures, with short lifetimes 
and oxygen involvement which relates well to our 
‘A,D,F,H,K defect and the other one which matches 
our ‘B,C,E,G’ defect. They also observed that only 
a mzl l  percentage of Lie erbium ;:’as bnrinescext, 
consistent with our observation of long luminescence 
decay times and saturation of the signal with increasing 
laser intensity. 

The spectrum of Fz Si:Er consists of one broad band 
FX! z! !czst Eve other !ines of mmparxble intensity; t h ~  
symmetry of the luminescent erbium centre must thus he 
lower than cubic. The splitting between the outermost 
lines A and F is only 36 nm, indicating a relatively weak 
crystal field. This is consistent with the structure as 
found with Ex-AFS [8!: 

__..._._ ^r I..-: ---..- I -- .__.^ -: .--. --- .Le& 

4.2. Phonon replicas 

It appears that, to a good accuracy, the energy differences 
between the positions of several PL lines are equal. An 
equal separation is observed for Cz Si:Er between the A 
and D and the D and F lines; in the case of Si02 this 
holds even for the series of four lines A, D, F and a 
very small one appearing as a high-energy shoulder of 
H. The lines in these series react similarly to changes of 
temperature, chopper frequency, etc. In view of these 
spectral features a new explanation for the origin of 
these PL lines as phonon sidebands is suggested. The 
spectroscopic positions of these lines are well described 
by the assumption of a local phonon of energy 9.6 meV. 
On a similar basis, a local phonon of 35 meV for 
ytterbium in indium phosphide has been reported [5 ] .  

In the local-phonon model the following theoretical 
predictions have to be satisfied 

(i) At low temperactures, LT << ttQ, where 6 0  is the 
energy of the local phonon which dominates the PL band, 
the side band involving n phonons of any frequency has 
the relative intensity 

I, = S‘exp(-S)/n!. !I! 

Equation (1) gives the transition probabilities in terms 
of the dimensionless parameter S, known as the Huang- 
Rhys factor [12]. At the same time, the width of 
the replicas will increase witb the number of phonons 
created. 

(ii) At elevated temperatures a new line will appear 
in the PL spectrum at the high-energy side of the zero- 
phonon line with the same energy difference as the local 
phonon replicas: the anti-Stokes line. The intensity ratio 
of the anti-Stokes line and the first local phonon side 
band is 

I(w + ~ ) / Z ( O J  - n) = exp(-RO/ksT) ( 2 )  

669 
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Energy (meV1 
820 810 800 790 780 770 

I I I I I I 

n = -1 0 + I  + 2  + 3  
I I I I I 

I I I I I I I I I I I  
1500 1520 1540 1560 1580 1600 1620 

Wavelength (nm) 

Figure 3. pho$o!gp,ine:cenc- spectra of Cz 
measured at 4.2 K, near 50 K and near 100 K. with 
phonon replica structure indicated. 

where w is the zero-phonon luminescence frequency 
and S2 is the frequency of the phonon being emitted or 
absorbed [!3]. 

Figure 3 illustrates the spectra for Cz Si observed 
at 4.2, near 50, and near 100 K showing the phonon 
side bands of the Stokes and anti-Stokes type. Table 2 
gives a summary of the experimental and theoretical 
intensities of the phonon replicas at the lower energies 
for the different values of n. In silica:Er three phonon 
replicas can be observed which fit well with a Huang- 
Rhys factor 5' = 0.63, representing a weak coupling. For 
Cz Si:Er the analysis is more complicated because the 
two no-phonon lines are overlapping. Michel et a1 give 
a high-resolution spectrum (figure l(a) in [6]) that also 
shows three replicas and fits with S = 0.729. Not only 
good agreement with the theoretical intensity variation, 
but also a fair similarity between silica and Czochralski 
silicon is achieved. 

At eievated temperatures a iine which can be 
identified as the anti-Stokes replica is observed. Its 
measured intensity relative to the first phonon-emission 
mode is near 0.5 for both Cz Si and SOz.  For the 
temperature of the measurement, which is at an estimated 
inn tn i i n  II _..- A-,. I?\ +ha --+:- +- I... _--. 
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0.4. The agreement provides support to the proposed 
model of identifying major features of the PL spectrum 
as phonon side bands. 

-.A L,~y>*a,-.,c,u anaryBrs 

The phonon side band model accounts for the position 
of several lines; in table 3 the assignments are listed. 
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Table 2. Theoretical (th), experimental (exp) and 
calculated (calc) intensities 1" of the nth phonon replicas 
relative to the zero-phonon line n = 0: b / b ,  for erbium- 
related luminescence. S is the Huang-Rhys factor. 

Sample I l / b  Clb I d l o  Reference 

th S 5212 S3/6 [12] 

Cz Si exp 0.729 0.212 0.047 [6] 
calc 0.729 0.265 0.064 

Cz Si exp 0.265 0.09 This 
calc 0.265 0.04 work 

Si02 exp 0.63 0.27 0.045 This 
cab 0.63 0.20 0.042 work 

Table 3. Photoluminescence spectra of Cz Si:Er, 
measured at 4 K and 77 K, with assignments. 

Wavelength Energy 
Label (nm) (mev) Assignment 

1517.8 

A 1536.9 

i3 i588.2 

1546 
1547 

C 1550.7 
D 1555.3 

E 1568.2 
F 1574.6 
G 1581.4 
H 1597.8 
I 1602.7 
K ! 6 2 8  
M 1667 

- 
81 6.9 
811.2 
81 0.4 
806.7 

806.0 

802.0 
801.5 
799.5 
797.2 

790.6 
787.4 
784.0 
776.0 
773.6 
754.7 
743.8 

Anti-Stokes line 
Hot-line of A 
Hot-line of B 
No-phonon line cubic 

defect (1) 
No-phonon line non-cubic 

defect 
Line of cubic defect (2) 
Hot-line of D 
Line of non-cubic defect 
Phonon replica of A 

In r _ _ \ I \  ,=.a , I l l" ,  

Line of non-cubic defect 
Second phonon replica of A 
Line of non-cubic defect 
Line of cubic defect (3) 
Line of non-cubic defect 
Line of d,-fsc: (4) 
Line of cubic defect (5) 

Further structure of the spectra could be related to 
crystal-field splitting of the ground state having J = 
15/2. Following Lea et d [I41 the cubic crystal-field 
Hamiltonian is expressed as 

H = WxOq'60 + W(l  - lxl)0~/13860. (3) 

0 4  and 0 6  are the fourth- and sixth-order crystal-field 
operators, x determines the ratio of the fourth- and sixth- 
order coefficients and has a value in between -1 and 
+l.  x fixes the mutual distance and sequence of the five 
levels; the calculated levels scale with W. 

The best tit to the lines not yet accounted for in the 
phonon replica model for Cz Si:Er was obtained with 
x = -0.85 and W = 1.068 cm-' (0.132 meV). In this 
range of x the lowest level of the first excited state is 
of ra character; in this case it is expected that all five 
lines are present in the emission spectrum. Calculations 
based on the four strongest lines showed a deviation of 
4 cm-' (0.5 meV) between calculation and experiment. 
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The fifth, weakest, line was then expected at 1668 nm 
but found at 1672 nm, at a difference of 14 cm-' 
(1.7 meV). This magnitude of discrepancy is common 
for similar studies [I 1,151; it is normally ascribed to the 
neglect of the influence of the higher-lying J multiplets. 
ine  value of x means that the erbium atom has Td 
symmetry in the lattice with the perturbing atoms in 
fourfold coordination. 

With the values as found for x and W, the 
difference between the lowest two levels of the excited 

(4.7 meV). This provides a satisfactory explanation for 
the appearance, at higher temperatures, of the so-called 
hot lines with an energy about 5 meV higher. The hot- 
line assignments are included in table 3. 

It should be emphasized that the present crystal- 
field analysis is based on a different set of lines to that 
previously used in the literature [I11 and consequently 
leads to different results for the parameters. The 
selection of a proper set of lines in one spectrum 
does not seem to be unique with the present state 
of characterization of the lines. Future research, 
for example including Zeeman studies or optically 
detected magnetic resonance (ODMR), are required for an 
unambiguous interpretation of the spectra. Such studies 
'UT LUllrUrly 11, pug'Bs. 

m l ~  ~ 
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5. Conclusion 

7" "-..-,*.":-" :* ^^I^^_" .L̂ * :- L^*L ,-L 0: "-2 ":e 
UI CULILIUJIULI, I I  nppcais CLILL L U  ovui LL a1 aiiu aivz 
erbium is surrounded by, most probably, oxygen atoms 
as nearest neighbours. The same complex is formed 
irrespective of the abundance of oxygen in silicon 
oxide or the relatively low concentration near in 
Czochrdski silicon. seems that :o a great exieiii, 
regardless of the host material, erbium dopant forces its 
immediate environment into a well defined oxygen-rich 
cluster, possibly of high cubic symmetry. 

Samples used in this research were kindly supplied by 
A Polman of the FOM Institute Amolf, Amsterdam. 
Research in this project is supported by the Foundation 
for Fundamental Research on Matter (Stichting voor 
Fundamenteel Onderzoek der Materie (FOM)). 
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