Origin of the 1.54 mm luminescence of erbium-implanted porous silicon
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Photoluminescence of erbium-implanted porous silicon is investigated. Room temperature 1.54 mm
Er31 luminescence is observed after annealing. The luminescence spectrum, annealing
characteristics, temperature quenching, and the luminescence lifetime suggest that the Er31
luminescence is mediated by photocarriers in the amorphous silicon matrix in porous silicon, and
not related to the presence of the crystal nanograins. © 1995 American Institute of Physics.

Er31 is a rare earth ion that can undergo an optical transition near 1.54 mm. As this wavelength coincides with the
low-loss window in silica-based optical fibers, a tremendous
amount of research activity has been devoted to the study of
Er-doped materials for potential use in optoelectronic
components.1 In particular, Er-doped silicon is under intensive investigation as a possible silicon-based light source,
circumventing the inefficiency of silicon in generating light
due to its indirect band gap, and offering compatibility with
the vast silicon-based integrated circuit technology.2 Recently, room temperature electroluminescence of Er-doped
silicon-based devices has been reported.3–5
Interest is now also being focused on Er-doped porous
silicon. Porous silicon ( p-Si! luminescences brightly in the
visible range, generally thought to be due to quantum confinement of carriers in silicon crystal nanograins present in
p-Si.6 Erbium has been incorporated in p-Si either through
ion implantation7 or through electrolysis.8 In both cases,
room temperature photoluminescence of Er was reported.
Excitation of Er31 in crystalline Si is known to occur through
carrier recombination and subsequent energy transfer to
Er31 ions.9 It was suggested that in p-Si, spatial confinement
of photocarriers in silicon nanograins would cause them to
recombine near the incorporated Er, thus resulting in very
efficient excitation of Er31.7,8
However, direct evidence for this model is still lacking.
Furthermore, p-Si is a disordered system, containing not
only crystal nanograins but also amorphous regions and high
concentrations of oxygen and hydrogen.10,11 Erbium incorporated into such an amorphous mixture of silicon, oxygen, and
hydrogen ~hereafter referred to as a-Si:O:H, but also known
as SIPOS! has been shown to luminesce efficiently at room
temperature.12,13 In this paper, we will present results that
show that the observed Er luminescence in p-Si is indeed
due to Er31 ions incorporated into such an amorphous matrix, and not related to the presence of crystal nanograins.
A 5–10 mm thick layer of p-Si was produced by anodic
etching of a silicon wafer in a 2:3:5 HF/H2O/2-propanol solution for 10 min at a current density of 20 mA/cm2. The
resulting porosity is 65%. The Si to O ratio in the p-Si layer
was 1:1 as analyzed by Rutherford backscattering spectroscopy, confirming the abundance of oxygen in p-Si. The
p-Si film was implanted with Er at 250 keV to a dose of
131015/cm2 at room temperature, and annealed in vacuum
~based pressure <131026 mbar! for 2 h at various temperatures. The projected range of 250 keV Er in a 1:1 Si/O
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mixture corresponds to a layer of 5.531017 at./cm2, i.e.,
250 nm for a film of 65% porosity. For comparison, materials
other than p-Si were also implanted with Er and annealed to
obtain optimum Er31 luminescence. These materials are as
follows: an a-Si:O:H film containing 31 at. % O and 23 at. %
H formed by low pressure chemical vapor deposition ~fluence: 131015 Er/cm2; anneal: 400 °C for 30 min!13 Czochralski ~CZ! grown Si ~100! ~fluence: 731014 Er/cm2;
anneal: 600 °C for 15 min11100 °C for 15 s!,14 and thermally grown SiO2 ~fluence: 1.931015 Er/cm2; anneal:
900 °C for 30 min!. 15 Photoluminescence spectra were measured using an Ar laser as the excitation source, and employing a mechanical chopper and standard lock-in techniques.
The pump power was in the 5–50 mW range. A photomultiplier tube was used for measurements in the visible range,
while a liquid nitrogen cooled Ge detector was used for the
infrared range. All spectra were corrected for detector sensitivities. A closed-cycle helium cryostat was used for low
temperature measurements, and an averaging, digitizing oscilloscope was used for photoluminescence lifetime measurements.
Figure 1 shows the room temperature photoluminescence spectra of p-Si prior to implantation, after implantation, and after subsequent annealing at 400 °C. The pump
intensity was 5 mW for the visible luminescence, and 50 mW
for

FIG. 1. Room temperature photoluminescence spectra of virgin, Erimplanted, and Er-implanted and annealed porous silicon. The excitation
source was the 455 nm line of the Ar laser. The pump power was 5 mW for
the visible luminescence, and 50 mW for the infrared ~>1 mm! luminescence. Note that the infrared luminescence has been scaled by a factor of
200.
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FIG. 2. Integrated visible and Er luminescence as a function of annealing
temperature, measured at room temperature.

FIG. 3. Arrhenius plot of the temperature dependence of integrated visible
and Er luminescence, for the sample annealed at 400 °C.

the infrared ~> 1mm! luminescence. Prior to implantation,
the visible luminescence from p-Si is quite intense and visible to the naked eye in ambient light, confirming the good
quality of the p-Si layer. Even after irradiation, the visible
luminescence peak is still intense, and nearly identical in
shape to the luminescence peak prior to irradiation. Since ion
irradiation is known to quench visible luminescence,16 we
attribute the observed visible luminescence after implantation to the deeper part of the p-Si lying beyond the range of
the implanted ions. No Er-related luminescence can be observed in the as-implanted sample, and anneals are necessary
to obtain 1.54 mm luminescence from Er31.
Figure 2 shows the integrated room temperature visible
and Er31 luminescence intensities as functions of annealing
temperature. Maximum Er luminescence is obtained following an anneal at 400 °C. Therefore, this sample was used in
all following experiments. After such an anneal, however, the
visible luminescence is reduced by nearly three orders of
magnitude, and is in fact barely measurable. Such a decrease
in visible luminescence intensity following annealing has
been observed before, and was correlated with the loss of
hydrogen.17 Hydrogen serves to passivate the large surface
area of p-Si. Loss of hydrogen probably results in creation of
defects that act as nonradiating recombination sites of carriers, thereby quenching the luminescence. Indeed, the luminescence lifetime of the visible luminescence was measured
~not shown!, and confirmed to decrease with increasing annealing temperature.
Figure 3 shows the temperature dependence of both visible and Er luminescence in p-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
room temperature, indicating activation of nonradiative recombination centers for carriers. The Er31 luminescence, on
the other hand, decreases less than twofold.
If transfer of the energy from carrier recombination in
the crystal nanograins to Er31 were the excitation mechanism
of Er31 in p-Si, then as defect-related, nonradiative carrier
recombination centers become dominant ~as indicated by

quenching of the visible luminescence!, the Er31 luminescence should also be quenched. However, as Figs. 1–3 show,
there is no correlation between visible luminescence and
Er31 luminescence. Taken together, the data suggest that the
silicon crystal grains do not play a major role in the luminescence of Er31 in p-Si.
The excitation mechanism of Er in p-Si was further investigated by measuring the 1.54 mm Er31 luminescence intensity as a function of pump wavelength, at a fixed pump
power of 50 mW using an Ar laser. The absorption coefficient of pure Si is ;0.5 mm for the pump wavelengths investigated, and decreases monotonically with increasing wavelength. Figure 4 shows the measured excitation spectrum.
Also shown for comparison is the luminescence intensity of
Er-implanted SiO2. The Er luminescence in SiO2 shows distinct peaks near the pump wavelengths of 515 and 488 nm,
reflecting the structure of the optical absorption bands of
Er31. In contrast, the Er31 luminescence in p-Si shows no
such structure, showing that excitation is photocarrier mediated, and not mediated through direct optical absorption.
To further examine the local environment of Er in
p-Si, photoluminescence spectra of Er-implanted crystalline

2380

Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995

FIG. 4. Photoluminescence excitation spectra of Er-implanted and annealed
porous silicon (1310 15 Er/cm2 1400 °C! and SiO2 (1.9310 15 Er/cm2
1900 °C!. Shown is the Er intensity at 1.54 mm, measured at room temperature at a constant pump power of 50 mW.
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FIG. 5. Photoluminescence spectra of Er-implanted and annealed
porous silicon (131015 Er/cm21400 °C!, a-Si:O:H (131015 Er/cm2
1400 °C!, CZ-Si (731014 Er/cm21600 °C11100 °C!, and SiO2 (1.9
31015 Er/cm2 1900 °C!. Curves are offset for clarity. The signal from
a-Si:O:H is divided by a factor of 10.

silicon, SiO2, a-Si:O:H, and p-Si were measured at 15 K, all
under identical measurement conditions. Figure 5 shows the
results. The spectrum of Er in p-Si, with its two broad peaks
without any sharp features, is very much unlike that of Er in
crystalline silicon or in SiO2. However, it is nearly identical
to that of Er in a-Si:O:H, suggesting that Er31 ions in p-Si
are in an environment similar to a-Si:O:H. Indeed, the dependence of Er luminescence intensity in p-Si on the annealing temperature ~Fig. 2! and the temperature quenching of
luminescence ~Fig. 3! are nearly identical to that of Er in
a-Si:O:H.13 The luminescent decay of Er in p-Si was also
measured ~not shown!, and found to be very similar to that
of Er in a-Si:O:H, further supporting the argument that Er in
p-Si is incorporated into an environment similar to
a-Si:O:H. Changes in the oxygen and hydrogen content of
the material will therefore influence the photoluminescence
of Er much more strongly than changes in porosity or crystal
nanograin size, which on their own have no effect on the
Er-luminenscence.
In conclusion, we have measured the photoluminescence
of Er-implanted p-Si. Although we can corroborate previous
findings of 1.54 mm Er31 luminescence, we find evidence
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that the presence of Si crystal nanograins in p-Si is not essential for the observed Er luminescence, contrary to earlier
claims.7,8 Rather, we find strong similarities between Er luminescence in p-Si and in a-Si:O:H, suggesting that the observed Er luminescence in p-Si is due to Er atoms incorporated into such amorphous regions in p-Si.
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