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Er3* photoluminescence properties of erbium-doped Si  /SiO, superlattices
with subnanometer thin Si layers
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The effect of the Si layer thickness on the*Emphotoluminescence properties of the Er-doped
Si/SiO, superlattice is investigated. We find that thé Eluminescence 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*Etuminescence intensity and time-resolved measurement of
Er** luminescence intensity identify the increase in the excitation rate as the likely cause for such
an increase, and underscore the importance of the Si/Biterface in determining the Ef
luminescence properties. ®001 American Institute of Physic§DOI: 10.1063/1.1383802

Since the work by Enneet al,* the Er doping of silicon  at.%. The total number of periods was fixed at 20 for all
has received a great deal of attention as it promises the posamples, and a 5-nm-thick cap layer of Si was deposited to
sibility of developing Si-based optoelectronics. In particular,protect the film. After deposition, the films were rapid ther-
Si nanostructures such as Si nanoclud@érand Si/SiQ  mal annealed in a flowing Ar environment. An anneal se-
superlattice3 are being recognized as an attractive alternaquence of 20 min at 600°C, 5 min at 950°C, and 5 min at
tive to bulk Si for Er doping as they show much less600°C was used to avoid cracking and spalling of the films.
temperature- and carrier-induced quenching df Eumines-  Deposited films were analyzed using transmission electron
cence than bulk St/ microscopy(TEM) and medium energy ion scattering spec-

An additional advantage of using the Si/Si€uperlattice  troscopy(MEIS). MEIS spectra were taken using 101 keV
for Er doping is that the location and environment of Er canH* beam aligned to thg001] direction in the(001) plane,
be controlled precisely. Recently, we have demonstrated usind the scattering angle of 106.3°. Thé EPL spectra were
ing buffer layers of pure Si©that such a precise control can measured using an Ar laser, a grating monochromator, a ther-
result in an increase of Ef luminescence intensity by sev- moelectrically cooled InGaAs detector, and the standard
eral orders of magnitude and a near complete suppression tfck-in technique. The nominal laser power was 200 mW.
the temperature quenching of 3rluminescencé.In this  The 477 nm line of Ar laser was used to ensure th&t Er
letter, we investigate the effects of varying the Si layer thick-ions are excited only via carriers and not through direct op-
ness on the Bf photoluminescencéPL) properties of Er- tical absorption. Low temperature PL spectra were measured
doped Si/Si@ superlattices. We find that as the Si layerusing a closed-cycle helium cryostat, and time-resolved PL
thickness is reduced from 3.6 nm down to a monolayet’ Er intensities were measured using a digitizing oscilloscope.
PL intensity increases by over an order of magnitude. The Figure 1 shows the TEM images of the deposited and
temperature dependence and the time-resolved measumnealed films with nominal Si layer thicknesses of 1.8 and
ments of the Bf" PL intensity suggest the increase in the 2.4 nm. Good planarity and agreement with expected layer
excitation rate as the likely cause for such an increase. Thhicknesses are observed. We note that the Si layers are
results underscore the importance of the SifSitierface in  amorphous despite the high temperature anneal. This is in
determining the E¥" luminescence, and suggest that for highagreement with results of other researciasd is attributed
efficiency, the surface/volume ratio of Si regions should beo the thinness of the Si layers.
increased. To analyze the films with thinner Si layers, MEIS was

Er-doped Si/Si@ superlattices were deposited by UHV used because no conclusive determination of the Si layer
sputter deposition of Si using 500 eV Abeam. Er-doped thickness could be made with TEM. The result for the film
SiO, layers were deposited by co-sputtering Si and Er in arwith the nominal Si layer thickness of 0.8 nm is shown in
oxygen atmosphere. Only the SiGayers were doped with Fig. 2. The symbols are experimental data, and the line is the
Er. The growth rate of both Si- and the Er-doped Si&yers  simulated fit to the data. In fitting the data, we have allowed
was~0.014 nm/s. The Si©layer thickness was fixed at 9.6 for the possibility of nonelemental Si layers by performing a
nm, but the nominal Si layer thickness was varied from 0.6multidimensional fit with varying Si and O content. As
to 3.6 nm. The Er concentration in the Si@yers was 0.5 shown in the inset, we obtain the best result if we assume a
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FIG. 1. Bright-field cross-section TEM images of the superlattice films with - 1 L I S E N R
Si layer thicknesses of 1.8 and 2.4 nm. The thin, dark bands are Si layers, 0 5 10 15 20 25 30 35 40
and the thick, gray bands are the Sil@yers. No crystalline grains or dif- 1000/T
fraction patterns could be observed, indicating that the layers are amor-
phous. FIG. 3. The temperature dependence of the integrated ArB4Er* PL

intensities of the superlattice films.

pure Silayer that is 1.3 monolayer thick, which indicates that,,firming that the increase observed in Fig. 3 is real and not
we still have an ultrathin, continuous Si layer. Similar fit to an optical artifact.

the film with the nominal Si layer thickness of 0.6 nm indi- It should also be noted that without the Si layers, virtu-

C"’?ted the presence of a continuous Si layer of 1 monolayeé”y no EF* PL can be observed since the 477 nm excitation
thlckness(not ?hOW“- ical B ) light is not absorbed optically by Ef ions. For comparison,

Al fims displayed the ypical B luminescence near 5 pure Siq fim without Si layers doped with Er was depos-
1.54 um due 10 the'l 137" 157 iNtra-4f transition Of E ited, and excited optically using the 488 nm line of the Ar
(noi shown. The temperature dependence of the integratehqer nder identical conditions. Its room temperatur¥” Er
Er? PL'lntensmes is shown 'ne';'g' 3. We find thaF as th_e SipL intensity was about eight times less intense than that of
layer thickness decreases, the"Efuminescence Intensity o g perattice film with thinnest Si layers, demonstrating
increasesmonotonically by over an order of magnitude. At the advantage of using the superlattice structure.
its highest value, the Bf PL intensity is quite intense, and is Since the total number and the environment of Er are
similar to that of Er-doped Si/SiOsuperlattices with buffer same in all samples, the increase in th&"EPL intensity

. 5 )

layers of pure Si@” The temperature dependence of theobserved in Fig. 3 indicates that the excitation rate of Er

Er*" PL intensity, on the other hand, is nearly the same fof,coases andjor that the nonradiative decay rate of excited
all films. In all cases, the Bf PL intensity decreases by g+ gocreases as the Si layer thickness is reduced. It is by
~50% as the temperature is raised from 25 K to room tems,q,; ye| established that the dominant nonradiative decay
perature. ! - mechanisms of Bf in Si are Auger-type interactions with

In order to confirm that the effects observed in Fig. 3 are5riers and that they are responsible for the temperature

not optical artifacts, we have calculated the near-normal re(quenching of B¥ luminescenc&’ However, as shown in

flectivity of the superlattice films using the transfer matrix Fig. 3, the temperature quenching offEduminescence is
method (not shown. The calculated reflectivities were all nearly the same for all films, suggesting that the carrier-

within 50%-70% range. Furthermore, v_arying the pump lajnediated de-excitation rate does not depend strongly on the
ser wavelength from 457 to 515 nm did not result in any

N ; ; . i . Si layer thickness. The Ef excitation rate, on the other
significant differences in the relative Er PL intensities, hand,increasesas the Si layer thickness decreases. This is

shown in Fig. 4, which shows the time-resolvedElumi-
80 . . . ; . . ; g : nescence intensity. Only the films with a Si layer thickness of
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FIG. 2. The MEIS spectra of the film with nominal Si layer thickness of 0.8
nm. The symbols are the experimental data, and the line is the result of thelG. 4. The rise and decay trace of thé Eluminescence of the films with
fit. The inset shows the result of the multidimensional fit. Dark regionsSi layer thickness of 0.8 and 0.6 nm. The excitation rate, defined as

indicate a better fit to the data. Utise= UTgecayfOr the two films are 10 and 30 & respectively.
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0.8 and 0.6 nm are analyzed because only they gave enouffom Er-doped Si nanostructures. Then in order to obtain the
signal to accurately determine the luminescence decay tracdsighest Ef* luminescence, the interface/volume ratio should
If we model the excitation of Er as a simple two-level sys-be increased as much as possible—e.g., it would be better to
tem, then the excitation raté.,., is simply given by form a large number of very small nanoclusters or very thin
UTiise= Wexct 1/Tgecay Determining 7 by integrating the  Si layers than to form a small number of larger clusters or
traces, we find that the excitation rate of Eincreases from thicker Si layers. Second, a promising application of Er-
10 to 30 s as the Si layer thickness is decreased from 0.8 taloped Si nanostructures is waveguide amplifiers for the 1.54
0.6 nm. um light. Not only is the Ef" excitation efficiency very
The temperature quenching of Erluminescence has high, but the pump laser can be eliminated as well, since the
been correlated with the bandgap of the host mat@rial.incident light only has to generate carriers. However, the
Therefore, the fact that all films show a similar temperaturepresence of free carriers can lead to the nonradiative decay of
dependence of the Er luminescence indicates that in this Er** ions and free-carrier absorption of the 1.5 light
case, the quantum confinement effects do not play a majdhat severely degrade the performance of such ampliffers.
role in determining the Ef luminescence. This is attributed The results presented here show that by using ultrathin Si
to the fact that the Si layers are amorphous. First, the carridayers to eliminate the bulk region, it may be possible to
localization radius ira-Si is less than 1 nnif making quan-  significantly reduce the presence of free carriers while still
tum confinement difficult. Second, since the band gap ofetaining the efficiency of carrier-mediated excitation.
bulk a-Si is already wide enough to substantially suppress In conclusion, we have demonstrated fabrication of Er-
temperature quenching of £r luminescence by itself, the doped Si/SiQ superlattices with subnanometer control of the
effects of any further increase will be small. Si layer thickness. The Ef luminescence increased with
The amorphous nature of Si layers can also help undedecreasing Si layer thickness all the way down to a mono-
stand how the B excitation rate can increase with thinner layer of Si. Based on the temperature dependence and time-
Si layers even though we have less absorption of the pumpesolved measurement of Erluminescence, we identify the
beam. Because of the high anneal temperature, very littleeduction of the bulk-Si region as the main reason for such
hydrogen is expected to be left in the film. Such par&i, an increase. Based on these results, we suggest that for de-
however, can contain as many as’%@n ® defectd! with  vice applications, a large number of ultrathin Si layers or
carrier capture cross sections that are much larger than thégh density of very small Si nanoclusters are preferable.
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