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Origin of the 1.54 um luminescence of erbium-implanted porous silicon

Jung H. Shin, G. N. van den Hoven, and A. Polman
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

(Received 21 November 1994; accepted for publication 1 March)1995

Photoluminescence of erbium-implanted porous silicon is investigated. Room temperatymenl .54
Er* luminescence is observed after annealing. The luminescence spectrum, annealing
characteristics, temperature quenching, and the luminescence lifetime suggest thaf‘the Er
luminescence is mediated by photocarriers in the amorphous silicon matrix in porous silicon, and
not related to the presence of the crystal nanograinsl985 American Institute of Physics.

Er** is a rare earth ion that can undergo an optical tranmixture corresponds to a layer of 5<80 at./cnf, i.e.,
sition near 1.54um. As this wavelength coincides with the 250 nm for a film of 65% porosity. For comparison, materials
low-loss window in silica-based optical fibers, a tremendousther thanp-Si were also implanted with Er and annealed to
amount of research activity has been devoted to the study afbtain optimum Et" luminescence. These materials are as
Er-doped materials for potential use in optoelectronicfollows: ana-Si:O:H film containing 31 at. % O and 23 at. %
components. In particular, Er-doped silicon is under inten- H formed by low pressure chemical vapor depositifio-
sive investigation as a possible silicon-based light sourcegnce: 1x 10'° Er/cn?; anneal: 400 °C for 30 mjh® Czo-
circumventing the inefficiency of silicon in generating light chralski (CZ) grown Si (100 (fluence: 7 10** Erlcnt;
due to its indirect band gap, and offering compatibility with anneal: 600 °C for 15 mifn1100 °C for 15 §'* and ther-
the vast silicon-based integrated circuit technoldgge- mally grown SiQ (fluence: 1.% 10" Er/cn?; anneal:
cently, room temperature electroluminescence of Er-dope@00 °C for 30 min. **> Photoluminescence spectra were mea-
silicon-based devices has been reporfted. sured using an Ar laser as the excitation source, and employ-

Interest is now also being focused on Er-doped porou#'g a mechanical chopper and standard lock-in techniques.
silicon. Porous silicon §-Si) luminescences brightly in the The pump power was in the 5-50 mW range. A photomulti-
visible range, generally thought to be due to quantum conplier tube was used for measurements in the visible range,
finement of carriers in silicon crystal nanograins present inwhile a liquid nitrogen cooled Ge detector was used for the
p-Si® Erbium has been incorporated i Si either through  infrared range. All spectra were corrected for detector sensi-
ion implantatiod or through electrolysi&.In both cases, tivities. A closed-cycle helium cryostat was used for low
room temperature photoluminescence of Er was reportedemperature measurements, and an averaging, digitizing os-
Excitation of EF* in crystalline Si is known to occur through Cilloscope was used for photoluminescence lifetime mea-
carrier recombination and subsequent energy transfer tdurements.

Er’" ions? It was suggested that i Si, spatial confinement Figure 1 shows the room temperature photolumines-
of photocarriers in silicon nanograins would cause them téence spectra of-Si prior to implantation, after implanta-

recombine near the incorporated Er, thus resulting in ver§ion, and after subsequent annealing at 400 °C. The pump
efficient excitation of E¥.7:8 intensity was 5 mW for the visible luminescence, and 50 mW

However, direct evidence for this model is still lacking. for
Furthermore,p-Si is a disordered system, containing not
only crystal nanograins but also amorphous regions and high T T T 1
concentrations of oxygen and hydrog@r! Erbium incorpo-
rated into such an amorphous mixture of silicon, oxygen, and
hydrogen(hereafter referred to a& Si:O:H, but also known
as SIPO$ has been shown to luminesce efficiently at room
temperaturé®*3 In this paper, we will present results that
show that the observed Er luminescencepiS$i is indeed
due to EF" ions incorporated into such an amorphous ma-
trix, and not related to the presence of crystal nanograins.

A 5-10 um thick layer ofp-Si was produced by anodic
etching of a silicon wafer in a 2:3:5 HF/B®/2-propanol so-
lution for 10 min at a current density of 20 mA/éniThe Y- ———
resulting porosity is 65%. The Si to O ratio in theSi layer Wavelength (um)
was 1:1 as analyzed by Rutherford backscattering spectros-
copy, confirming the abundance of oxygen [prSi. The FIG. 1. Room temperature photoluminescence spectra of virgin, Er-
p-Si film was implanted with Er at 250 keV to a dose of implanted, and Er-implanted and annealed porous silicon. The excitation

5 ; ource was the 455 nm line of the Ar laser. The pump power was 5 mW for
1x10"/cnt at room temperature, and annealed in VacuurTfhe visible luminescence, and 50 mW for the infraKeell um) lumines-

_6 .
(based pressures 1_>< 10"° mbay for 2 h at various tém-  cence. Note that the infrared luminescence has been scaled by a factor of
peratures. The projected range of 250 keV Er in a 1:1 Si/Coo.
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FIG. 2. Integrated visible and Er luminescence as a function of annealingIG. 3. Arrhenius plot of the temperature dependence of integrated visible
temperature, measured at room temperature. and Er luminescence, for the sample annealed at 400 °C.

the infrared(= 1um) luminescence. Prior to implantation, duenching of the visible luminescencehe EF* lumines-

the visible luminescence from-Si is quite intense and vis- cence should also be quenched. However, as Figs. 1-3 show,
ible to the naked eye in ambient light, confirming the goodthere is no correlation between visible luminescence and
quality of the p-Si layer. Even after irradiation, the visible Er’" luminescence. Taken together, the data suggest that the
luminescence peak is still intense, and nearly identical irfilicon crystal grains do not play a major role in the lumi-
shape to the luminescence peak prior to irradiation. Since ioRescence of E¥ in p-Si.

irradiation is known to quench visible luminesceraye The excitation mechanism of Er jp-Si was further in-
attribute the observed visible luminescence after implantavestigated by measuring the 1.54n Er** luminescence in-
tion to the deeper part of theSi lying beyond the range of tensity as a function of pump wavelength, at a fixed pump
the implanted ions. No Er-related luminescence can be og2ower of 50 mW using an Ar laser. The absorption coeffi-
served in the as-implanted sample, and anneals are necess§i§nt of pure Si is~0.5 um for the pump wavelengths inves-
to obtain 1.54um luminescence from &f. tigated, a_nd decreases monotonically with i_ncr_easing wave-

Figure 2 shows the integrated room temperature visibidength. Figure 4 shows the measured excitation spectrum.
and EF* luminescence intensities as functions of annealingISC shown for comparison is the luminescence intensity of
temperature. Maximum Er luminescence is obtained follow-Er-implanted SiQ. The Er luminescence in SiGhows dis-
ing an anneal at 400 °C. Therefore, this sample was used f#if'Ct Peaks near the pump wavelengths of 515 and 488 nm,
all following experiments. After such an anneal, however, théeﬂfcung the structure of the optical absorption bands of
visible luminescence is reduced by nearly three orders ofr". In contrast, the Er luminescence irp-Si shows no
magnitude, and is in fact barely measurable. Such a decreaSHCh Structure, showing that excitation is photocarrier medi-
in visible luminescence intensity following annealing has@t€d, and not mediated through direct optical absorption.
been observed before, and was correlated with the loss of 10 further examine the local environment of Er in
hydrogen'’ Hydrogen serves to passivate the large surfac®-Sh photoluminescence spectra of Er-implanted crystalline
area ofp-Si. Loss of hydrogen probably results in creation of
defects that act as nonradiating recombination sites of carri- 200 et
ers, thereby quenching the luminescence. Indeed, the lumi- [
nescence lifetime of the visible luminescence was measured
(not shown, and confirmed to decrease with increasing an-
nealing temperature.

Figure 3 shows the temperature dependence of both vis-
ible and Er luminescence io-Si. Again, the behavior of the
visible luminescence, attributed to carrier recombination in
the crystalline Si nanograins, and that of the Er luminescence
are quite different. The visible luminescence is quenched by
a factor of~20 as the temperature is increased from 15 K to

O Er in porous silicon
e Er in Si0,

100

50

PL Intensity at 1.54 um (a.u.)

. . . . . T : .\o_.—o
room temperature, indicating activation of nonradiative re- N T T S P T
combination centers for carriers. The*Eduminescence, on 430 460 P‘ﬁ vtz?/elerfggh (i‘r’;’) 510 520
the other hand, decreases less than twofold. P 9

If transfer of the energy from carrier recombination in FG. 4. Photolumi o Erimblanted and od

H . : H . 4. otoluminescence excitation spectra Oof Er-impi anted and anneale

the crgspal nanograins to Erwere the excitation r.ne.Chamsm porous silicon (X 10'® Er/cn?+400°Q and SiQ (1.9x10'S Er/cn?
of EF” in p-Si, then as defect-related, nonradiative carrier,.gog °q. shown is the Er intensity at 1.54m, measured at room tem-

recombination centers become domindas indicated by perature at a constant pump power of 50 mW.
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200 ——————————————————— that the presence of Si crystal nanograing#%i is not es-
] sential for the observed Er luminescence, contrary to earlier
claims!® Rather, we find strong similarities between Er lu-

8o minescence ip-Si and ina-Si:O:H, suggesting that the ob-

3 - served Er luminescence mSi is due to Er atoms incorpo-
2 1 rated into such amorphous regionspsSi.
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