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We report direct excitation of optically active Er centers in porous Si. Excitation spectroscopy
performed close to the intracenter4I15/2→4I11/2and4I15/2→4I9/2 transitions of Er31 (4 f 11) ions allows
us to identify two kinds of Er centers in porous Si:~i! Er diffused into porous nanograins with lower
than cubic symmetry and~ii ! Er centers incorporated in an amorphous silicalike matrix. The latter
show much weaker thermal quenching of the Er31 emission which decreases only by a factor of
eight when the temperature is increased from 4.2 K up to 360 K. ©1997 American Institute of
Physics.@S0003-6951~97!03646-2#

Because of its compatibility to silicon technology, po-
rous Si ~po-Si! was suggested as a promising host material
for luminescent devices based on the intracenter radiative
transitions of rare earth elements. Here, erbium~Er! is of
particular interest because of its emission at 1.54mm, a stan-
dard wavelength for optical telecommunication. Based on
the empirical rule of Favennecet al.,1 the incorporation of Er
ions in po-Si was speculated to reduce the thermal quenching
of the Er photoluminescence~PL! considerably as compared
to bulk Si2 and thus to obtain strong emission also at room
temperature.3,4 Due to the spatial confinement of the
electron-hole pairs in the nanograins in the vicinity of the
Er31 ions, a high efficient excitation of erbium was expected.

Different methods have been used to incorporate Er into
po-Si: electrochemical deposition, diffusion from spin-on
films, and ion implantation.3–9 Strong Er-PL was obtained at
300 K, but the location and microscopic structure of the rel-
evant Er centers were not identified. In most cases, inhomo-
geneously broadened PL spectra were observed with a full
width at half maximum~FWHM! of about 7–11 nm at 18 K.
The lines are centered, depending on preparation conditions
and annealing atmosphere, at 1.535–1.538mm.3,4,6,7,9From
the correlation observed between the excitation spectra of the
visible and the Er-related PL in po-Si these centers were
attributed to Er incorporated in porous nanograins by Wu
et al.10 On the other hand, Shinet al.6 suggest that the high
temperature Er31 luminescence in po-Si is caused by ions
placed in an amorphous~a-! Si:O:H environment. In fact,
most PL spectra presented for po-Si:Er are similar to those
observed in hydrogenateda-Si,11 heavily oxygen doped
a-Si12,13 and SiO2.

14 To clarify this question we perform
investigations of direct excitation PL spectroscopy~PLE!
which enable us to identify both types of Er centers in po-Si.

Po–Si layers were produced by anodic etching of p-Si
wafers~10 V•cm! in HF/C2H5OH/H2O with a resulting po-
rosity of 70% and 2mm depth. The layers were electrolyti-
cally doped in an ErCl3-ethanol solution. The Er concentra-
tion of 4.4•1018 cm23 is estimated assuming that their
number is 10% of the total charge introduced in the electro-
lytical process.3 A strong Er-related PL is observed in

samples subjected to isochronal rapid thermal annealing
~RTA! at 1000 °C for 10 s in N2/O2 ~4:1! atmosphere. The
other system investigated was Er doped silica glass as used
for the production of Er-doped fibers consisting of
SiO21Al2O31CEr

31, where the Er concentration CEr
31 was

about (1 – 2)•103 ppm.
The PL was excited with the 514.5 nm Ar-ion laser line

and a power density below 1 W•cm22. The signal was reg-
istered by a grating spectrometer and a liquid nitrogen cooled
Ge detector. The spectral resolution was varied from 10 to 40
Å. The excitation spectroscopy measurements were carried
out with a Ti:sapphire laser. A constant excitation power
density of 0.7 W•cm22 was maintained at all wavelengths.

Figure 1 shows the infrared PL spectra measured in Er
doped po–Si at different temperatures. The spectrum ob-
served at low temperature~4.2 K! consists of two intense
sharply peaked lines at wavelengths of 1.548 and 1.539mm
and a weaker one at 1.545mm. The FWHM of the strongest
peak at 1.548mm was 1.2 nm at 4.2 K. The peak at 1.539

a!Permanent address: Nizhni Novgorod University, Russia.

FIG. 1. PL spectra of po–Si: Er measured under excitation at 514.5 nm with
increasing temperature. The spectra at 100 K and 360 K are magnified by
factors of 2 and 4, respectively. Inset: temperature dependence of the main
luminescence lines: 1—line at 1.548mm and 2—at 1.539mm.
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mm is at least three times broader. Both emission lines at
1.548mm and 1.539mm are characterized by relatively long
lifetimes of 2.8 ms and 4 ms, respectively, typical for Er
intrashell transitions. The PL intensity at these wavelengths
depends linearly on the excitation power density up to the
values of about 0.8 W•cm22 at which it started to saturate.
We estimate a thickness of about 1mm for the optically
active layer. After removing a layer of that thickness no sig-
nal was observed in the 1.5mm band.

Apparently the PL lines at 1.548mm and 1.539mm
originate from two different Er centers in po–Si. As shown
in the inset of Fig. 1, the two PL centers reveal quite differ-
ent temperature behavior. The line at 1.548mm drops very
fast and vanishes already at about 60 K. In contrast, the PL
peak at 1.539mm decreases only by a factor of 8 between 4.2
and 360 K. The PL shape and line width at elevated tempera-
tures, when the sharp 1.548mm line has faded away, are very
similar to those observed in Er-doped glass.

The temperature behavior of the PL in po-Si does not
change under direct excitation of the Er centers, and there-
fore we attribute the low temperature quenching of the 1.548
mm line to nonradiative recombination at surface defects. It
should be noted that the PL depends strongly on preparation
conditions. For some samples, which were additionally pas-
sivated with hydrogen during the annealing process, the on-
set of PL quenching is shifted upwards to 150 K.

The visible PL band of the host po–Si layer in our
samples covers the wavelength region of 650–900 nm with
the intensity maximum near 750 nm. This spectrum de-
creases with increasing temperature, mainly in the short
wavelength part, by less than by 40% between 10 and 300 K.

Figure 2 shows PLE spectra of Er in po-Si at wave-
lengths close to the4I15/2→4I9/2 and the4I15/2→4I11/2 transi-
tions, respectively, of the Er31 ions, which are below the
effective bandgap of our samples. In bulk Si, in contrast, we
did not observe any resonant PLE spectra: obviously the PL

of Er ions is excited there predominantly by the energy trans-
fer from photocarriers in the host and this process is almost
independent of the excitation wavelength.

Sharp resonant atomiclike features are observed in the
excitation spectra detected at the emission wavelength of
1.548mm. Therefore, we attribute this center to Er ions dif-
fused into the nanograins of po–Si. Five peaks separated by
112.7, 76.2, 65.1, and 28.2 cm21 for the 4I9/2 level and six
peaks with distances of 21.8, 28.2, 18.9, 99.7, and 17.2 cm21

for the 4I11/2 level imply lower than cubic symmetry of the
crystal field. The same center causes also emission at 1.545
mm: the PLE spectra measured at this wavelength display
identical crystal field splittings of the4I9/2 and4I11/2 Er mul-
tiplets @see Figs. 2~a! and 2~b!#.

In order to resolve the splitting of the ground4I15/2 mul-
tiplet of this center we performed PL measurements under
direct excitation at one of the wavelengths corresponding to
the maxima of the PLE spectra, in particular at 804.4 nm. As
seen in Fig. 3~a!, the multiplet structure of the Er center in
crystalline environment consists of lines at 1.545, 1.548,
1.555, and 1.565mm. The exact line positions and the cor-
relation of the intensities for this center are comparable to
those seen in crystalline Si and III–V compound
semiconductors.15–17 The observed PLE spectra exclude the
cubic symmetry of this center suggested earlier.15,16

Excitation spectra of the second Er center in po-Si emit-
ting at 1.539mm are also presented in Fig. 2. As in the
previous case the spectra reflect the direct excitation mecha-
nism of Er ions, showing, however, broadening and lower
intensity. We compare these spectra with those measured in
silica @Figs. 2~c! and 2~d!#. All spectra have practically iden-
tical structure, with the exception of the dashed peak at 980
nm. We attribute this peak to absorption by Yb contamina-
tions in the silica glass followed by resonant transfer to Er.

Some PLE transitions can be resolved for the4I9/2 Er
manifold of the center in po-Si situated very close to those in

FIG. 2. PLE spectra of Er31 centers in po–Si@traces~a!–~c!# and silica glass@trace~d!#. The upper curves were detected at the emission wavelengths of~a!
1.548mm, ~b! 1.545mm and~c! 1.539mm. For clearness, curves~b! and ~c! are magnified by factors of 4 and 10, respectively.
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silica glass@Fig. 2~d!# at the wavelengths of 792.7, 801.4,
and 807.5 nm@dashed arrows in Fig. 2~c!#. We assign this
luminescence center in po-Si thus to an Er center incorpo-
rated in a glasslike SiO2 environment, formed on the enor-
mous surface of po-Si during the annealing in oxygen-
containing atmosphere. An additional feature at 1.542mm
was observed in the PL spectra of this center measured at an
excitation wavelength of 792.7 nm@Fig. 3~b!#.

In conclusion, we report the results of direct excitation
spectroscopy in po-Si. The optically active Er centers in
po-Si reveal distinct excitation behavior depending on the
environment. We identify two kinds of Er centers in po-Si:
~i! centers, located in porous nanograins with lower than cu-
bic crystal field symmetry and~ii ! centers incorporated in an
amorphous, silicalike matrix. The structure of the4I9/2,

4I11/2

and4I15/2 multiplets for these centers is clearly resolved.
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