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Er3¿ photoluminescence properties of erbium-doped Si ÕSiO2 superlattices
with subnanometer thin Si layers
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The effect of the Si layer thickness on the Er31 photoluminescence properties of the Er-doped
Si/SiO2 superlattice is investigated. We find that the Er31 luminescence intensity increases by over
an order of magnitude as the Si layer thickness is reduced from 3.6 nm down to a monolayer of Si.
Temperature dependence of the Er31 luminescence intensity and time-resolved measurement of
Er31 luminescence intensity identify the increase in the excitation rate as the likely cause for such
an increase, and underscore the importance of the Si/SiO2 interface in determining the Er31

luminescence properties. ©2001 American Institute of Physics.@DOI: 10.1063/1.1383802#
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Since the work by Ennenet al.,1 the Er doping of silicon
has received a great deal of attention as it promises the
sibility of developing Si-based optoelectronics. In particul
Si nanostructures such as Si nanoclusters2–4 and Si/SiO2

superlattices5 are being recognized as an attractive alter
tive to bulk Si for Er doping as they show much le
temperature- and carrier-induced quenching of Er31 lumines-
cence than bulk Si.6,7

An additional advantage of using the Si/SiO2 superlattice
for Er doping is that the location and environment of Er c
be controlled precisely. Recently, we have demonstrated
ing buffer layers of pure SiO2 that such a precise control ca
result in an increase of Er31 luminescence intensity by sev
eral orders of magnitude and a near complete suppressio
the temperature quenching of Er31 luminescence.5 In this
letter, we investigate the effects of varying the Si layer thic
ness on the Er31 photoluminescence~PL! properties of Er-
doped Si/SiO2 superlattices. We find that as the Si lay
thickness is reduced from 3.6 nm down to a monolayer, E31

PL intensity increases by over an order of magnitude. T
temperature dependence and the time-resolved mea
ments of the Er31 PL intensity suggest the increase in t
excitation rate as the likely cause for such an increase.
results underscore the importance of the Si/SiO2 interface in
determining the Er31 luminescence, and suggest that for hi
efficiency, the surface/volume ratio of Si regions should
increased.

Er-doped Si/SiO2 superlattices were deposited by UH
sputter deposition of Si using 500 eV Ar1 beam. Er-doped
SiO2 layers were deposited by co-sputtering Si and Er in
oxygen atmosphere. Only the SiO2 layers were doped with
Er. The growth rate of both Si- and the Er-doped SiO2 layers
was;0.014 nm/s. The SiO2 layer thickness was fixed at 9.
nm, but the nominal Si layer thickness was varied from
to 3.6 nm. The Er concentration in the SiO2 layers was 0.5
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at. %. The total number of periods was fixed at 20 for
samples, and a 5-nm-thick cap layer of Si was deposite
protect the film. After deposition, the films were rapid the
mal annealed in a flowing Ar environment. An anneal s
quence of 20 min at 600 °C, 5 min at 950 °C, and 5 min
600 °C was used to avoid cracking and spalling of the film
Deposited films were analyzed using transmission elec
microscopy~TEM! and medium energy ion scattering spe
troscopy~MEIS!. MEIS spectra were taken using 101 ke
H1 beam aligned to the@001# direction in the~001! plane,
and the scattering angle of 106.3°. The Er31 PL spectra were
measured using an Ar laser, a grating monochromator, a t
moelectrically cooled InGaAs detector, and the stand
lock-in technique. The nominal laser power was 200 m
The 477 nm line of Ar laser was used to ensure that E31

ions are excited only via carriers and not through direct
tical absorption. Low temperature PL spectra were measu
using a closed-cycle helium cryostat, and time-resolved
intensities were measured using a digitizing oscilloscope

Figure 1 shows the TEM images of the deposited a
annealed films with nominal Si layer thicknesses of 1.8 a
2.4 nm. Good planarity and agreement with expected la
thicknesses are observed. We note that the Si layers
amorphous despite the high temperature anneal. This i
agreement with results of other researchers,8 and is attributed
to the thinness of the Si layers.

To analyze the films with thinner Si layers, MEIS wa
used because no conclusive determination of the Si la
thickness could be made with TEM. The result for the fi
with the nominal Si layer thickness of 0.8 nm is shown
Fig. 2. The symbols are experimental data, and the line is
simulated fit to the data. In fitting the data, we have allow
for the possibility of nonelemental Si layers by performing
multidimensional fit with varying Si and O content. A
shown in the inset, we obtain the best result if we assum
© 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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pure Si layer that is 1.3 monolayer thick, which indicates t
we still have an ultrathin, continuous Si layer. Similar fit
the film with the nominal Si layer thickness of 0.6 nm ind
cated the presence of a continuous Si layer of 1 monola
thickness~not shown!.

All films displayed the typical Er31 luminescence nea
1.54 mm due to the4I 13/2→4I 15/2 intra-4f transition of Er31

~not shown!. The temperature dependence of the integra
Er31 PL intensities is shown in Fig. 3. We find that as the
layer thickness decreases, the Er31 luminescence intensity
increasesmonotonically by over an order of magnitude. A
its highest value, the Er31 PL intensity is quite intense, and i
similar to that of Er-doped Si/SiO2 superlattices with buffer
layers of pure SiO2.

5 The temperature dependence of t
Er31 PL intensity, on the other hand, is nearly the same
all films. In all cases, the Er31 PL intensity decreases b
;50% as the temperature is raised from 25 K to room te
perature.

In order to confirm that the effects observed in Fig. 3 a
not optical artifacts, we have calculated the near-normal
flectivity of the superlattice films using the transfer mat
method ~not shown!. The calculated reflectivities were a
within 50%–70% range. Furthermore, varying the pump
ser wavelength from 457 to 515 nm did not result in a
significant differences in the relative Er31 PL intensities,

FIG. 1. Bright-field cross-section TEM images of the superlattice films w
Si layer thicknesses of 1.8 and 2.4 nm. The thin, dark bands are Si la
and the thick, gray bands are the SiO2 layers. No crystalline grains or dif-
fraction patterns could be observed, indicating that the layers are a
phous.

FIG. 2. The MEIS spectra of the film with nominal Si layer thickness of 0
nm. The symbols are the experimental data, and the line is the result o
fit. The inset shows the result of the multidimensional fit. Dark regio
indicate a better fit to the data.
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confirming that the increase observed in Fig. 3 is real and
an optical artifact.

It should also be noted that without the Si layers, virt
ally no Er31 PL can be observed since the 477 nm excitat
light is not absorbed optically by Er31 ions. For comparison
a pure SiO2 film without Si layers doped with Er was depo
ited, and excited optically using the 488 nm line of the
laser under identical conditions. Its room temperature E31

PL intensity was about eight times less intense than tha
the superlattice film with thinnest Si layers, demonstrat
the advantage of using the superlattice structure.

Since the total number and the environment of Er
same in all samples, the increase in the Er31 PL intensity
observed in Fig. 3 indicates that the excitation rate of E31

increases, and/or that the nonradiative decay rate of exc
Er31 decreases as the Si layer thickness is reduced. It is
now well established that the dominant nonradiative de
mechanisms of Er31 in Si are Auger-type interactions with
carriers, and that they are responsible for the tempera
quenching of Er31 luminescence.6,7 However, as shown in
Fig. 3, the temperature quenching of Er31 luminescence is
nearly the same for all films, suggesting that the carr
mediated de-excitation rate does not depend strongly on
Si layer thickness. The Er31 excitation rate, on the othe
hand, increasesas the Si layer thickness decreases. This
shown in Fig. 4, which shows the time-resolved Er31 lumi-
nescence intensity. Only the films with a Si layer thickness

rs,

r-

he

FIG. 3. The temperature dependence of the integrated 1.54mm Er31 PL
intensities of the superlattice films.

FIG. 4. The rise and decay trace of the Er31 luminescence of the films with
Si layer thickness of 0.8 and 0.6 nm. The excitation rate, defined
1/t rise21/tdecay for the two films are 10 and 30 s21, respectively.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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0.8 and 0.6 nm are analyzed because only they gave en
signal to accurately determine the luminescence decay tra
If we model the excitation of Er as a simple two-level sy
tem, then the excitation rate,Wexc, is simply given by
1/t rise5Wexc11/tdecay. Determining t by integrating the
traces, we find that the excitation rate of Er31 increases from
10 to 30 s21 as the Si layer thickness is decreased from 0.8
0.6 nm.

The temperature quenching of Er31 luminescence has
been correlated with the bandgap of the host mater9

Therefore, the fact that all films show a similar temperat
dependence of the Er31 luminescence indicates that in th
case, the quantum confinement effects do not play a m
role in determining the Er31 luminescence. This is attribute
to the fact that the Si layers are amorphous. First, the ca
localization radius ina-Si is less than 1 nm,10 making quan-
tum confinement difficult. Second, since the band gap
bulk a-Si is already wide enough to substantially suppr
temperature quenching of Er31 luminescence by itself, the
effects of any further increase will be small.

The amorphous nature of Si layers can also help un
stand how the Er31 excitation rate can increase with thinn
Si layers even though we have less absorption of the pu
beam. Because of the high anneal temperature, very
hydrogen is expected to be left in the film. Such purea-Si,
however, can contain as many as 1020cm23 defects11 with
carrier capture cross sections that are much larger than
carrier-mediated excitation cross section of Er31 in Si.12 In-
deed, purea-Si doped with Er is known to show near com
plete suppression of Er31 luminescence.13 Therefore, only
carriers generated near the Si/SiO2 interfaces are likely to
contribute significantly to excitation of Er doped into th
SiO2 layers. The bulk region of the Si layers will not on
contribute minimally to excitation of Er31, but will in fact
compete strongly with Er31 ions for carriers generated by th
incident light. Reducing the volume of the bulk region fro
the a-Si layers will reduce such competing trap densiti
and thus increase the Er31 excitation rate, as is observe
Note that because some Si-rich region is necessary for ca
generation, there will be an optimum interface/volume ra
The fact that a single monolayer of Si is sufficient, howev
shows that the ratio is very large. It is also possible that
defects ina-Si layers act as nonradiative decay paths
excited Er31 ions. Conclusive evidence of this effect, how
ever, is difficult to obtain since films with thicker Si laye
have higher refractive indices, and thus higher radiative
cay rates of Er31.14

The above conclusion has several implications. Fi
many results suggest that the Er31 luminescence from Er-
doped Si nanostructures is dominated from Er31 ions located
inside the SiO2 matrix near the Si/SiO2 interface.4,5,14 Thus,
above results suggest that the large surface/volume ratios
occur naturally in nanostructures may be a part of the rea
behind the high Er31 luminescence efficiencies reporte
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from Er-doped Si nanostructures. Then in order to obtain
highest Er31 luminescence, the interface/volume ratio shou
be increased as much as possible—e.g., it would be bett
form a large number of very small nanoclusters or very t
Si layers than to form a small number of larger clusters
thicker Si layers. Second, a promising application of E
doped Si nanostructures is waveguide amplifiers for the 1
mm light. Not only is the Er31 excitation efficiency very
high, but the pump laser can be eliminated as well, since
incident light only has to generate carriers. However,
presence of free carriers can lead to the nonradiative deca
Er31 ions and free-carrier absorption of the 1.54mm light
that severely degrade the performance of such amplifie14

The results presented here show that by using ultrathin
layers to eliminate the bulk region, it may be possible
significantly reduce the presence of free carriers while s
retaining the efficiency of carrier-mediated excitation.

In conclusion, we have demonstrated fabrication of
doped Si/SiO2 superlattices with subnanometer control of t
Si layer thickness. The Er31 luminescence increased wit
decreasing Si layer thickness all the way down to a mo
layer of Si. Based on the temperature dependence and t
resolved measurement of Er31 luminescence, we identify the
reduction of the bulk-Si region as the main reason for su
an increase. Based on these results, we suggest that fo
vice applications, a large number of ultrathin Si layers
high density of very small Si nanoclusters are preferable
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