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The influence of hydrogen passivation on luminescence-center-mediated excitation of Er’* in Er-doped
Si-rich SiO, films with significantly different microstructures is studied. Photoluminescence measurements are
presented for samples containing no detectable silicon nanocrystals (annealed at 600 °C) and for samples
containing silicon nanocrystals (annealed at 1100 °C) as a function of hydrogen passivation temperature.
Passivation is found to have little effect on the Er>* photoluminescence intensity at 1535 nm in the samples that
do not contain nanocrystals. In contrast, a pronounced increase in the Er** photoluminescence intensity is
observed in the samples containing Si nanocrystals, which is accompanied by a similar increase in the nano-
crystal photoluminescence intensity and a gradual increase in the Si nanocrystal emission lifetime. This ob-
servation is attributed to two interrelated effects, namely, (a) an increase in the density of fully passivated
optically active nanocrystals due to the passivation-induced removal of silicon dangling bonds and (b) a
concurrent reduction in nonradiative Er3* relaxation from levels above the *I 132 level due to a direct interac-
tion of excited Er** ions with silicon dangling bonds. In addition, the observed counterintuitive gradual
increase in the nanocrystal photoluminescence decay time upon passivation is successfully explained taking
into account a passivation-induced change in the concentration of optically active nanocrystals with different
sizes and the inhomogeneous nature of the nanocrystal-related emission band. It is shown that the combination
of luminescence-center-mediated Er’* excitation and silicon-dangling-bond-induced Er’* de-excitation can

explain at least 14 experimental observations reported by independent authors.
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I. INTRODUCTION

The recent observation of luminescence-center-mediated
Er** excitation in Si-rich SiO, ' could provide new opportu-
nities in silicon photonics. Erbium-doped silica has long
been considered as one of the possible candidates to provide
a silicon compatible light source, which is currently one of
the most challenging optical components to be realized.>”’ In
its ionized state (Er’*), erbium has a weakly allowed optical
transition at 1.5 um, corresponding to the transition from
the first excited state (*I;3,) to the ground state (*I;s,,). The
first excited state typically has a lifetime in the millisecond
range,® which provides the possibility of using it as a meta-
stable level of a laser system. Er-based lasers have been de-
veloped using optical pumping into the *I;,/, and 4 132 lev-
els. These systems require laser-based pumping due to the
narrow Er’* absorption lines with low (~1072°~1072! c¢m?)
absorption cross sections.” The Er** excitation process may
be facilitated by the incorporation of sensitizers with a large
absorption cross section and a high energy transfer
efficiency.!® An approach that has received a lot of attention
involves the use of silicon nanocrystals incorporated into the
Er-doped SiO, matrix.!'~!8 Such composite systems can pro-
vide effective Er’* excitation cross sections in excess of
1071 cm? but also introduce significant confined-carrier op-
tical absorption due to the existence of long-lived exciton
states in the Si nanocrystals.”'%-2! Recent research conducted
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on the nanocrystal-erbium interaction has suggested the pres-
ence of two different excitation mechanisms of Er’* sensiti-
zation in silicon-nanocrystal-doped SiO, films: one involving
a fast energy transfer (transfer time of <100 ns) and one
involving a relatively slow energy transfer (transfer time of
~1-70 us).?? The presence of two types of excitation time
scales has been attributed either to a nanocrystal-Er**
distance-dependent transfer rate>3 or alternatively to the fast
excitation of Er** by hot electrons generated in Si nanocrys-
tals followed by a relatively slow Er** excitation via thermal-
ized excitons in Si nanocrystals.?* Recently, we showed! that
Si nanocrystals (NCs) in fact only provide a small part of the
Er3* sensitization, while most of the Er3* excitation occurs
through excess-silicon-related luminescence centers in the
oxide. The luminescence centers (LCs) appear to exhibit a
high (~90%) transfer efficiency to Er** ions and to dramati-
cally increase the effective Er** absorption cross section.!
These observations suggest the possibility of engineering
greatly enhanced Er** excitation cross sections but without
the introduction of nanocrystal-induced confined-carrier ab-
sorption.

While our previous study' showed that only an insignifi-
cant fraction of the Er’* ions is sensitized by nanocrystals,
other authors observed a clear correlation between the nano-
crystal and erbium emission intensities in passivation
studies,? which suggests that a physical link does exist be-
tween the NCs and Er** optical properties. In order to inves-
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tigate the role of Si nanocrystals in LC-mediated Er** exci-
tation, here we study the effect of hydrogen passivation on
the LC-Er** interaction. Hydrogen passivation has been
shown to significantly improve the optical properties of the
nanocrystal emission in Si-rich SiO, films.?>-3° The improve-
ment is mostly due to the passivation of silicon dangling
bonds (commonly referred to as P, centers) that act as effi-
cient exciton traps with capture times of <0.1 ns.3!3? Sili-
con dangling bonds are created at the interface between the
amorphous silica host and a silicon nanocrystal due to the
lattice mismatch between the two materials.’3-3¢ Annealing a
Si-nanocrystal-doped silica film in a hydrogen-rich environ-
ment results in the saturation of the dangling bonds with
atomic hydrogen. This decreases the concentration of the P,
centers?>>*37 and consequently increases the density of opti-
cally active nanocrystals in the silica host.”’* In addition,
passivation has been observed to increase the decay time of
the nanocrystal-related band.?” The latter observation is a
counterintuitive result since it is generally believed that the
presence of a single dangling bond renders a nanocrystal
optically “dark” due to the fast exciton capture time by dan-
gling bonds.3!3?

The current paper addresses the effect of hydrogen passi-
vation on the photoluminescence of Si nanocrystals, lumi-
nescence centers, and erbium. The studies are conducted on
two structurally different Er-doped Si-rich SiO, films: films
without any detectable silicon nanocrystals and films con-
taining Si nanocrystals. Through an investigation of the
passivation-temperature-dependent  optical properties of
these samples, a model is developed that resolves both the
unexplained correlation between the nanocrystal and erbium
emission intensities and the unexpected gradual increase in
the nanocrystal photoluminescence decay time upon passiva-
tion. The proposed model at once accounts for at least 14
experimental observations presented in independent studies
by different scientific groups.

II. EXPERIMENTAL TECHNIQUES

A silicon- and erbium-doped SiO, layer was deposited
onto a P-doped (100) Czochralski grown silicon wafer (re-
sistivity of 3—7 ) cm) by magnetron cosputtering from Si,
Si0,, and SiO,:Er,0O;5 targets in a multigun sputtering sys-
tem (AJA International, Inc., ATC-2200V). The composition
and thickness of the as-deposited film was verified by Ruth-
erford backscattering spectrometry (RBS) (General IONIX
1.7 MU Tandetron) in conjunction with the RUMP software
package?® used to fit the RBS spectra. The 110 nm thick film
was found to contain 12 at. % of excess Si and 0.63 at. % of
Er. A low concentration of Ar (~0.4 at. %) was also present
as a result of the sputtering process. The samples were an-
nealed for 100 s in flowing N, [flow rate of 3 SLPM (stan-
dard liters per minute at STP)] at ambient pressure using a
rapid thermal processor (Modular Process Technology Corp.,
RTP-600S). For this study, two different annealing tempera-
tures were used: one set of samples labeled LTA (“low-
temperature anneal”) was annealed at 600 °C, while another
set of samples labeled HTA (“high-temperature anneal”) was
annealed at 1100 °C. As demonstrated in Ref. 1, annealing
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at temperatures above 1000 °C results in the formation of
silicon nanocrystals, while annealing at a temperature of
600 °C does not produce silicon aggregates detectable by
transmission electron microscopy. The samples were subse-
quently passivated for 30 min in flowing forming gas
[N,:H,=95%:5%, flow rate of 65 SCCM (standard cubic
centimeters per minute at STP)] in a tube furnace (Lindberg,
58114) at temperatures in the range of 300-600 °C and
300-800 °C for the LTA and HTA samples, respectively.
The samples were allowed to cool down to room temperature
in the cold zone of the furnace under a continued forming
gas flow for 10 min. Unpassivated reference samples were
included in all measurements, and the results have been
added to the corresponding graphs at a passivation tempera-
ture of 20 °C. Photoluminescence measurements were taken
at room temperature using the 351 nm emission line of a
Kr-ion laser (Spectra-Physics, BeamLok 2060) as the excita-
tion source. The pump power used was 1.32 mW and the
spot size on the sample was ~0.5 mm? in all the measure-
ments. A single monochromator (Acton, SpectraPro 2300i)
was used to disperse the collected signal, and a long pass
filter (cutoff wavelength of 400 nm) was placed in front of
the entrance slits to remove any collected laser signal. A
thermoelectrically cooled charge-coupled device camera
(Andor, DU401-BR-DD) was used to record the spectra in
the visible region. A liquid-nitrogen-cooled Ge detector (Ap-
plied Detector Corp., 403S) in combination with standard
lock-in techniques was used for spectral measurements in the
near-infrared region. The obtained spectra were corrected for
the system response. The time dependence of the photolumi-
nescence intensity was measured by modulating the pump
beam using an acousto-optic modulator (NEOS Technolo-
gies, 38210-6AS). Photoluminescence traces at 800, 900,
and 1535 nm were obtained, respectively, using an avalanche
photodiode (PerkinElmer SPCM-AQR), a visible-near-
infrared photomultiplier tube (Hamamatsu R4330-02), and a
near-infrared photomultiplier tube (Hamamatsu 5509-73), in
combination with a multichannel scaler (Stanford Research
Systems, SR430). The spectral resolution in all photolumi-
nescence measurements was ~15 nm. The time resolution
in all measurements presented in this study was better than
80 ns.

II1. RESULTS AND DISCUSSION
A. Experimental results

Figure 1 shows the measured photoluminescence (PL)
spectra in the visible-near-infrared region of the LTA
samples passivated at temperatures in the range of 300
—600 °C. The spectrum of the unpassivated sample is in-
cluded as a reference. Note that all PL spectra in this study
are displayed on a logarithmic scale set to the same dynamic
range (4 orders of magnitude) to facilitate comparison of the
relative intensity changes upon passivation. The PL spectra
in Fig. 1 show two distinct bands that are present at all pas-
sivation temperatures: a broad emission band peaking at
around 550 nm and a relatively sharp emission band peaking
at 981 nm. The broad emission band is characterized by a
resolution-limited decay time 7 (7<<80 ns at A=550 nm)
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FIG. 1. (Color online) Photoluminescence spectra in the visible—
near-infrared region of the LTA samples passivated in the tempera-
ture range 300-600 °C. The PL spectrum of an unpassivated
sample is included as a reference. Inset: PL intensity of the lumi-
nescence center emission of the LTA samples at 750 nm as a func-
tion of passivation temperature.

and is ascribed to the emission from the luminescence cen-
ters in the Si-rich SiO, related to oxygen deficiencies.!3*-#?
Similar broad visible emission bands have been observed in
Si-implanted thermally grown SiO, films,?%3%3%-4! a5 well as
deposited Si-rich SiO, films*? (present study), supporting the
notion that stoichiometry rather than implantation damage is
responsible for the formation of the luminescent centers. The
photoluminescence peak at 981 nm is related to the optical
transition of Er** ions from the second excited state (“I,;,)
to the ground state (*I 15/2)- The spectral shape of the LC
emission shows very little change as a function of passiva-
tion temperature. The emission at a wavelength of 750 nm
was chosen to represent the LC intensity and is shown in the
inset of Fig. 1. Passivation at temperatures up to 600 °C is
seen to result in a gradual increase in the LC emission inten-
sity by up to a factor of ~1.4 as compared to the unpassi-
vated sample. It is worth mentioning that this increase in the
LC-related emission upon passivation is different from ob-
servations on Si-implanted SiO, films,*® wherein a decrease
in a similar broad emission feature was observed upon pas-
sivation using deuterium implantation and subsequent an-
nealing. This difference is not well understood, but it may be
related to the different sample preparation and passivation
methods used.

Figure 2 shows the photoluminescence spectra of the LTA
samples in the near-infrared region. The observed emission
band peaking at 1535 nm corresponds to the transition of
Er’* ions from their first excited state (*5,) to the ground
state (*;s,,). The inset of Fig. 2 displays the PL intensity at
1535 nm as a function of passivation temperature. Similar to
the moderate intensity increase in the LC-related emission
(see inset of Fig. 1), an increase of up to a factor ~1.6 in the
Er-related emission intensity at 1535 nm is observed with
increasing passivation temperature.

Figure 3 shows the PL spectra in the visible—near-infrared
region of the HTA samples passivated at temperatures in the
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FIG. 2. (Color online) Photoluminescence spectra in the near-
infrared region of LTA samples passivated in the temperature range
of 300—-600 °C. The PL spectrum of an unpassivated sample is
included as a reference. Inset: PL intensity of the Er’*-related emis-
sion of the LTA samples at 1535 nm as a function of passivation
temperature.

range of 300—800 °C. The PL spectrum of the unpassivated
sample is included for comparison. Again, a broad emission
band is observed, in this case peaking at around 750-800
nm. This band is characterized by a relatively long decay
time (7=13-36 us at A=900 nm) and is attributed to radia-
tive exciton recombination in silicon NCs.**-46 The inset of
Fig. 3 shows the behavior of the NC-related signal at 900 nm
for different passivation temperatures. This wavelength was
chosen in the present analysis to minimize the influence of
nanocrystal-to-nanocrystal energy transfer on the photolumi-
nescence properties. The probability of energy transfer is
known to be lower for nanocrystals emitting at long
wavelengths.*”*8 The nanocrystal-related emission intensity
exhibits a significant increase upon passivation (up to a fac-
tor of ~40 at a wavelength of 900 nm). Contrary to the case
of LTA samples, no Er’*-related emission is observed at 981
nm. It should be noted that passivation leads to a significant
change in the spectral shape of the NC emission: a higher
passivation temperature leads to a relatively large increase in
the long-wavelength PL intensity as compared to the increase
observed at shorter wavelengths. Figure 4 shows the emis-
sion spectra of the HTA samples in the near-infrared region.
Similar to the case of LTA, a clear Er** emission spectrum is
observed peaking at 1535 nm. The dependence of the Er**
PL intensity at 1535 nm on passivation temperature is shown
in the inset of Fig. 4. A significant increase in the Er-related
emission intensity of up to a factor ~9 is observed upon
passivation.

Figure 5(a) shows the measured PL lifetime of the Er’*
emission at 1535 nm (74.g) as a function of passivation
temperature of the LTA samples (closed circles) and the HTA
samples (open circles). Error bars are included for data sets
with a relative error in excess of 5%. Note that all panels in
Fig. 5 display the same dynamic range (3 orders of magni-
tude) to facilitate comparison of the relative changes in each
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FIG. 3. (Color online) Photoluminescence spectra in the visible—
near-infrared region of the HTA samples passivated in the tempera-
ture range of 300—800 °C. The PL spectrum of an unpassivated
sample is included as a reference. Inset: PL intensity of nanocrystal-
related emission of the HTA samples at 900 nm as a function of
passivation temperature.

of the measured parameters. All Er’** decay traces were
found to exhibit a degree of multiexponentiality and could be
accurately described by the Kohlrausch—Williams—Watts
function 1(1) <exp[—(t/ 74..)P] with a dispersion factor 8 in
the range of 0.75-0.82. The Er’* lifetimes are seen to remain
relatively constant as a function of passivation temperature
in both sample types and are on the order of ~50 us and
~450 ws in the LTA and HTA samples, respectively. The
longer Er’* lifetime after high-temperature annealing is com-
monly attributed to the thermally activated removal of non-
radiative recombination centers in the oxide matrix directly
affecting the Er’* decay rate.*>->°

The nanocrystal PL decay times in the HTA samples
(Te'nc) measured at 800 nm and at 900 nm are included in
Fig. 5(a) (open squares and open triangles, respectively).
Similar to the Er** PL decay traces, the nanocrystal PL decay
traces also exhibit a multiexponential behavior with a disper-
sion factor in the range of 0.60-0.76. A gradual increase in
the nanocrystal lifetime with increasing passivation tempera-
ture is observed at both detection wavelengths. The lifetimes
of the luminescence-center-related band measured at 550 nm
are not included in Fig. 5 since they were found to be shorter
than the time resolution of 80 ns.

Figure 5(b) shows the effective absorption cross section
O for Er** excitation in the LTA (closed circles) and HTA
samples (open circles) as found based on the measured exci-
tation rate R, using the well known relation

1 1
Rexe= abs(f’:___’ (1)

Trise  Tdec
where ¢ is the known incident pump photon flux and 7
and 7,4, are the experimentally determined rise and decay

times, respectively. The measured Er** and nanocrystal rise
times (not shown) exhibit a similar dependence on passiva-
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FIG. 4. (Color online) Photoluminescence spectra in the near-
infrared region of the HTA samples passivated in the temperature
range of 300—800 °C. The PL spectrum of an unpassivated sample
is included as a reference. Inset: PL intensity of Er**-related emis-
sion of the HTA samples at 1535 nm as a function of passivation
temperature.

tion temperature as the corresponding decay times. The ef-
fective Er’* excitation cross sections are found to be similar
in magnitude for both sample types and are relatively inde-
pendent of the passivation temperature, varying by a factor
of ~2 across the entire temperature range. The effective Er’*
absorption cross sections are found to be (0.7-1.6)
X107 ¢cm?> in the LTA samples and (2.3-4.2)
X 107 c¢m? in the HTA samples. Note that the values re-
ported here for the HTA sample are a factor of ~6 lower
than the values reported in Ref. 1 due to a more accurate
determination of the laser spot size in the present study. Ad-
ditionally, in Ref. 1 the Er** excitation cross section in the
LTA samples was found to be approximately equal to that in
the HTA sample, whereas in the present study the effective
Er** absorption cross section observed in the LTA samples is
found to be a factor of ~2-3 lower as compared to that in
the HTA samples. The reason of this discrepancy is not
known, but it may be caused by a small degree of sample
aging, particularly for samples annealed at low temperatures.

The effective nanocrystal absorption cross section in the
HTA samples was also determined as a function of passiva-
tion temperature using Eq. (1), based on the 1/e rise times
and decay times measured at a wavelength of 900 nm. The
corresponding cross-section values are included in Fig. 5(b)
(open triangles) and are found to be relatively independent of
passivation temperature. The measured NC cross section of
one=1X10""% cm? under 351 nm excitation is in good
agreement with known literature values.>!

The relatively small variation in the measured lifetimes in
Fig. 5(a) and the absorption cross sections in Fig. 5(b) sug-
gests that most of the observed changes in the Er** and nano-
crystal PL intensity are related to the number of contributing
emitters. In order to verify this, the concentration of optically
active Si nanocrystals as well as the concentration of sensi-
tized optically active Er’* ions were determined as a function
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FIG. 5. Measured and deduced photoluminescence parameters
of the LTA (solid symbols) and HTA samples (open symbols) as a
function of passivation temperature: (a) Er** PL decay times at
1535 nm of the LTA and HTA samples (7{“2;1}:[ and 7{1{;%, respec-
tively) and silicon nanocrystal PL decay times at 800 and 900 nm in
the HTA samples (TS[:;{?\IC); (b) the effective absorption cross sec-
tions of the Er’* PL at 1535 nm in the LTA and HTA samples
(OJEst/}sr and U?stfEr respectively), and of the silicon nanocrystal PL at
900 nm in the HTA samples (o"g,TSf?\,C); (c) luminescence center PL
intensity at 750 nm in the LTA samples (II];{ALC), the relative density
of sensitized optically active Er** ions in the LTA and HTA samples
(N5 and N2, respectively), and the relative density of optically
active silicon nanocrystals contributing to the emission at 900 nm
(NEEA). The arbitrary units of the relative density of sensitized op-
tically active Er’* ions and optically active silicon nanocrystals are
not related.

of passivation temperature. In the case of finite signal satu-
ration and for a fixed film thickness and excitation and col-
lection geometry, the PL intensity /p; depends on the density
of active emitters, N, according to

o Rechdec N. (2)

1
Lo 14 R

exc Tdec

This equation relies on the common assumption that the Er**
ions and the Si nanocrystals can be modeled as a quasi-three-
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level system. The concentration of emitters is thus propor-
tional to

1
N x (1 + —>IPL' (3)
exc Tdec

The term R, 74 is an indication of the excited state popu-
lation of the emitter, with a value of 1 corresponding to the
onset of population inversion. The magnitude of this term
depends on the origin of the photoluminescence and on the
measurement conditions, and in these studies is ~0.02—0.03
in the Er** PL measurements on the LTA samples,
~0.06-0.19 in the NC PL measurements on the HTA
samples, and ~0.54—0.93 in the Er** PL measurements on
the HTA samples. Figure 5(c) shows the behavior of the
density of sensitized optically active Er** ions obtained from
Eq. (3) as a function of passivation temperature for the LTA
(closed circles) and HTA samples (open circles), as well as
the concentration of optically active nanocrystals (solid line)
based on the measured PL intensities, cross sections, and
lifetimes. For comparison, the luminescence center emission
intensity observed in the LTA samples at 750 nm has been
included (dashed line) in Fig. 5(c). For the LTA samples, a
relatively constant density of sensitized optically active Er**
ions is observed as the passivation temperature is increased
up to 600 °C. Notably, relatively little change is observed in
the LC PL intensity (measured at \.,,=750 nm) in this same
passivation temperature range. In contrast, for the HTA
samples an increase in the density of sensitized optically ac-
tive Er** ions and of optically active Si nanocrystals contrib-
uting to the emission at \,,,;=900 nm by factors of ~6.5 and
~14.6, respectively, is observed in the same temperature
range. Note that the exact change in the density of optically
active Si nanocrystals most likely depends on the nanocrystal
size and therefore on the emission wavelength. However,
from the spectra shown in Fig. 3, it is clear that a significant
increase in nanocrystal emission occurs for all wavelengths
shown.

The observations made above appear to challenge several
existing theories. First, in our previous work! we demon-
strated that LCs are responsible for the majority of Er** ex-
citation events for all annealing temperatures up to 1200 °C,
whereas the present data show a clear correlation between
the Si nanocrystal PL intensity and the Er** PL intensity.
Second, the observation of a gradual improvement of the NC
lifetime upon passivation appears to contradict the existing
theory that hydrogen passivates surface traps at the Si-SiO,
interface, activating previously entirely “dark” nano-
crystals.?’” This kind of “dark”/“bright” classification would
predict a nanocrystal lifetime that is independent of the pas-
sivation temperature, rather than the experimentally observed
gradual increase in the NC decay time with increasing pas-
sivation temperature. Both these apparent contradictions can
be resolved, as discussed below.

B. Discussion

1. Effect of passivation on Exr3* excitation

Based on the experimental results presented here, as well
as those present in the literature, a model is needed that can
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simultaneously account for all of the following observations:

(i) The similarity between the LC excitation spectrum and
the Er** excitation spectrum.!

(ii) The correlation between the Er’* excitation density
and the LC emission intensity as a function of annealing
temperature up to 1000 °C.!

(iii) The similarity between the measured effective ab-
sorption cross sections for Er** excitation in samples with
and without Si nanocrystals! (present study).

(iv) The relative insensitivity of the effective Er** absorp-
tion cross section to the Er concentration.'®

(v) The presence of fast and slow Er’** excitation
mechanisms.?>2*

(vi) The decrease in the NC lifetime upon Er**
incorporation. '3

(vii) The correlation between the density of sensitized op-
tically active Er’* ions and the LC emission intensity as a
function of passivation temperature in samples without Si
nanocrystals (present study).

(viii) The correlation between the density of sensitized
optically active Er** ions and the density of optically active
Si nanocrystals as a function of passivation temperature in
samples containing Si nanocrystals (present study).

(ix) The larger sensitivity of the Er** PL to passivation in
samples containing nanocrystals as compared to samples
wherein no nanocrystals are present (present study).

(x) The increase in the Er-related emission intensity at
lower passivation temperatures as compared with the NC-
related emission intensity? (present study).

(xi) The significant reduction in the NC PL
intensity!!216.21:52 and the LC PL intensity' as a result of Er
incorporation.

(xii) The absence of resonance features in the NC emis-
sion spectrum in Er-doped samples at wavelengths corre-
sponding to optical transitions of Er?*,1:1252.33

(xiii) The similarity between the magnitudes of the mea-
sured Si nanocrystal absorption cross section and of the ef-
fective Er** absorption cross section in samples containing Si
nanocrystals’1%1747 (present study).

(xiv) The similarity between the LC excitation spectrum
and the NC excitation spectrum.!

In our previous work,' based on observations (i)—(iii) we
concluded that the Er’* excitation in these silicon-doped
Si0, samples occurs predominantly through a luminescence-
center-mediated process, while a small fraction of the exci-
tation events occurs via Si nanocrystals. This interpretation
also accounts for observations (iv)—(vi) and is further sup-
ported by our observation in the present study showing that
passivation affects the LC PL intensity and the density of
sensitized optically active Er** ions in the same way [obser-
vation (vii)]. Despite this correspondence, a number of ob-
servations are present that appear to contradict the model
proposed in the previous study. First of all, the correlation
between the density of sensitized optically active Er** ions
and the density of optically active Si nanocrystals as a func-
tion of passivation temperature [observation (viii)] suggests
that the presence of nanocrystals can significantly affect the
Er’* photoluminescence. The influence of nanocrystals on
the Er** PL is further confirmed by the fact that the Er’* PL
intensity and the density of sensitized optically active Er’*
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ions are found to be sensitive to passivation only when nano-
crystals are present [observation (ix)]. This leaves us with a
paradox: while annealing studies' strongly suggest that nano-
crystals are not required for Er** excitation, our passivation
studies show that their presence can strongly influence the
optical properties of the Er** ions.

To resolve this paradox, the excitation model presented in
our previous studies' needs to be extended without introduc-
ing any conflicts with earlier observations. We first consider
the effect of passivation on the nanocrystal PL intensity.
Electron paramagnetic resonance (EPR) studies on Si-rich
Si0, samples have shown that P,-type defects (silicon dan-
gling bonds) form predominantly at the Si-SiO, interface due
to a lattice mismatch between the Si nanocrystals and the
amorphous SiO, matrix.>>3¢ The experimentally observed
anticorrelation of the NC PL intensity and the density of
P,-type defects measured by EPR as a function of passiva-
tion temperature? and of the passivation time>* has demon-
strated that the presence of silicon dangling bonds results in
a reduced nanocrystal PL intensity. We therefore conclude
that the observed nanocrystal PL increase seen in Fig. 3 is
due to the saturation of silicon dangling bonds with hydrogen
upon passivation at elevated temperatures. Second, we con-
sider the behavior of the Er** PL intensity. From Fig. 5(c) we
see that the dependence of the concentration of indirectly
excitable and optically active Er’* ions on passivation is
similar to that of the concentration of optically active Si
nanocrystals. Since we have previously demonstrated that
LC-mediated Er’* excitation is the dominant Er** excitation
mechanism in these samples,1 we must conclude that the
observed improvement of the Er** PL intensity upon passi-
vation cannot be related to a change in a nanocrystal-
mediated excitation process. Instead, we propose that the
presence of unpassivated nanocrystals leads to either sup-
pression of the LC-mediated Er** excitation process or to the
introduction of a nonradiative Er** relaxation process in
HTA samples. Based on the relatively long lifetimes of the
Er’* excited states, the latter possibility appears the most
likely. Since no significant passivation-dependent changes
were observed in the Er** decay traces at 1.5 um of the
HTA samples, it appears that this nonradiative interaction
does not involve the Er** first excited state. We therefore
propose that the presence of silicon dangling bonds at the
nanocrystal surface can introduce a rapid nonradiative Er’*
relaxation from one or more of the Er’* energy levels above
the first excited state to the ground state. In this way, dan-
gling bonds could reduce the excitation efficiency of the Er’*
first excited state, leading to the experimentally observed
lower Er’* emission intensity. Based on our experimental
observations, we propose that the presence of a dangling
bond enables an Auger process in which nonradiative Er’*
relaxation is accompanied by the promotion of an electron
from a neutral P, center to the quantum confined conduction
band of a Si nanocrystal. Based on the known location of the
neutral dangling bond state relative to the silicon valence
band (~0.3 eV above the valence band of bulk silicon),%-°
it is expected that this process would require 0.8 eV in un-
confined silicon systems with a band gap of 1.1 eV and more
in quantum confined systems due to the additional confine-
ment energy that would need to be overcome. Based on the
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known emission energies of 0.8, 1.3, and 1.5 eV of the first,
second, and third excited states of Er**, respectively, it in-
deed is physically reasonable to assume that the first excited
state would not have a sufficient energy to induce such an
Auger process in our nanocrystal-doped samples, which fits
with our experimental observations. Note that this process
would also result in a lower apparent Er’* excitation rate at
low passivation temperatures since the LC-mediated excita-
tion into higher lying states would have a reduced probability
of bringing Er’* into the first excited state. A reduced Er**
excitation rate is indeed observed in Fig. 5(b) for the unpas-
sivated HTA sample and for the HTA sample passivated at
300 °C.

With the model proposed above, we can now understand
the passivation temperature dependence of the photolumines-
cence properties of the HTA samples in Fig. 5(c). As the
passivation temperature is increased, the average number of
silicon dangling bonds on Si nanocrystals is reduced and the
number of fully passivated nanocrystals increases. This leads
to a simultaneous increase in the nanocrystal and Er** PL
intensity: the nanocrystal PL increases due to an increased
density of fully passivated optically active nanocrystals,
while the Er** PL increases due to a reduced nonradiative
coupling of the Er** ions to silicon dangling bonds.

Using the data in Fig. 5(c), we can estimate the fraction of
sensitized optically active Er’* ions in the HTA samples that
is affected by the presence of silicon dangling bonds. As was
shown before, the density of sensitized optically active Er**
ions in HTA samples increased by a factor of ~6.5 upon
passivation. This implies that before passivation, a large frac-
tion of the indirectly excitable Er** ions was affected by the
presence of unpassivated nanocrystals. We can determine an
upper bound on the fraction of affected Er’* ions by noting
that the fully passivated sample contains at most 100% active
Er’** ions. This implies that at most 100%/6.5=15% of the
Er’* ions were unaffected by the presence of unpassivated
nanocrystals or, conversely, that at least 85% of the indirectly
excitable Er** ions were affected by the presence of unpas-
sivated nanocrystals. A consequence of this model is thus
that a large fraction of the Er** ions is in close proximity to
at least one silicon dangling bond in unpassivated samples.
This can be considered as a viable scenario given the high Si
concentration in the samples under study.

The experimental results presented in Fig. 5(c) seem to
indicate that the density of sensitized optically active Er’*
ions in the HTA samples stabilizes at a passivation tempera-
ture of 500 °C, while the density of optically active nano-
crystals stabilizes at a passivation temperature of 600 °C.
This was also observed by Fukata et al.?® in combined PL
and EPR studies but as a function of hydrogen diffusion. A
possible physical origin for these observations is schemati-
cally shown in Fig. 6. At low passivation temperatures [Fig.
6(a)], Si nanocrystals (large circles in Fig. 6) may contain
multiple dangling bonds, as indicated by the crosses at the
Si-Si0, interface, rendering the nanocrystals “dark”. In our
model, these dangling bonds can affect the Er** ions within a
certain interaction range, as indicated by the dashed circles
around the dangling bonds. The Er’* ions are known to be
located inside the silica matrix®’ or at the nanocrystal-silica
interface,””® as shown schematically in Fig. 6. At low pas-
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T=500°C

T=600°C

FIG. 6. (Color online) Proposed model of the effect of hydrogen
passivation on the Si nanocrystal and Er** emission at three differ-
ent passivation temperatures: (a) 300, (b) 500, and (c) 600 °C. The
large dark and bright solid circles represent Si nanocrystals with
low and high emission efficiencies, respectively. The crosses repre-
sent dangling bonds, the dashed circles schematically indicate the
interaction range of a dangling bond, and the letter H represents a
hydrogen terminated dangling bond. The small solid and open
circles represent Er’* ions that are affected or unaffected by a dan-
gling bond, respectively.

sivation temperatures, a large fraction of the Er’* ions is
affected by the dangling bonds, as indicated by the dark
small circles; while a small fraction of the Er3* ions is unaf-
fected, as indicated by the small open circles. As the passi-
vation temperature is increased [Fig. 6(b)], the dangling
bonds become hydrogen passivated, as indicated by the letter
H in Fig. 6. This leads to a decrease in the number of af-
fected Er** ions and a corresponding increase in the Er’*
emission intensity. Importantly, at this same passivation tem-
perature, the nanocrystal emission intensity does not show a
similar increase since the presence of a single dangling bond
can render a nanocrystal optically “dark”. Only at higher
passivation temperatures does the number of nanocrystals
that are fully passivated increase significantly, as indicated
by the light-colored circles in Fig. 6(c), resulting in the ob-
served increase in the nanocrystal emission intensity.

The argument that dangling bonds affect the Er’* ions
directly also explains the observed weak sensitivity to passi-
vation of the Er** and LC PL in the LTA samples. According
to published EPR studies, no P, centers are present in unan-
nealed Si-rich SiO, samples® and dangling bonds are
formed only at crystalline silicon-SiO, interfaces*>-° with
their concentration increasing in the process of nanocrystal
formation.®® Taking into account that no crystalline phase has
been observed in LTA samples,' dangling bonds are expected
to be absent in these samples. As a result, passivation only
has a minor effect on the Er** emission as well as on the LC
emission efficiency in samples where no nanocrystals are
present.

The arguments given above provide an explanation for
observations (vii)—(x), and since our model maintains the
LC-mediated nature of the Er’* excitation, observations (i)—
(vi) are still in agreement with this model. Intriguingly, the
remaining unexplained observations (xi)—(xiv) can all be ac-
counted for by assuming that luminescence centers not only
can excite Er’* ions but also can generate excitons in Si
nanocrystals. If we consider LCs to be an important source
of nanocrystal excitation, then addition of Er** could lead to
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a reduced probability of nanocrystal excitation, resulting in a
reduced nanocrystal emission intensity, as commonly ob-
served in literature,’!>162152 byt without introducing any
resonance features in the nanocrystal emission spectrum as-
sociated with NC— Er** excitation. The absence of such
resonance features was reported in numerous PL studies on
Er-doped Si-rich SiO,."!23%33 This would also naturally ex-
plain the similar values of the typical nanocrystal absorption
cross section and of the effective Er’* absorption cross
section,”!3 as well as the good correspondence between the
LC and NC excitation spectra.’

2. Effect of passivation on the nanocrystal lifetimes

Figure 5(a) shows that the nanocrystal emission lifetimes
at 800 and at 900 nm both increase gradually as the passiva-
tion temperature is increased. This is a surprising result that
cannot readily be understood in terms of passivation-induced
changes in the emission lifetime of individual nanocrystals.
To clarify this statement, we consider the possible exciton
decay channels. The total exciton lifetime is governed by (a)
radiative exciton recombination,®’ (b) nonradiative exciton
trapping by silicon dangling bonds,?”3!3? (c) energy transfer
to a nearby nanocrystal,®>% and (d) energy transfer to a
nearby Er’* ion.!?>% The total decay rate of excitons in
nanocrystals of a specific size is therefore given by

Rgee N = Rragne + Npg X Rpp + RneoNe ot + RNC-Er o5

where R4 nc is the exciton radiative decay rate, Rpg is the
exciton capture rate by a single silicon dangling bond, Npg is
the number of silicon dangling bonds per nanocrystal,
Rneneyor 18 the total energy transfer rate to nearby larger
nanocrystals, and Ryc g 1S the total energy transfer rate
from the nanocrystal to nearby Er** ions. These rates affect
the nanocrystal emission efficiency given by 7nc
=Ranc/ Rgec ne- Of all the decay contributions, the number
of silicon dangling bonds is expected to depend most
strongly on the passivation treatment. The other three contri-
butions (R,,qnc» RneNe.or and Ryc.grio) are thought to de-
pend on, respectively, the nanocrystal size and shape, the
nanocrystal density, and the Er’* distribution, none of which
are expected to change significantly for passivation tempera-
tures well below the annealing temperature used.

Based on theoretical works,?* the exciton capture rate of
a silicon dangling bond at the Si-SiO, interface was calcu-
lated to be ~10'°—10"" s~ for nanocrystals with peak PL
intensities at ~750 nm. By comparison, the other possible
decay channels are dramatically slower. The typical room
temperature radiative decay rate of excitons in nanocrystals
emitting at these wavelengths is Rgnc™~ 103-10* s7!
(Refs. 61 and 65) while the experimentally observed
nanocrystal-to-erbium energy transfer rate constant is
~10*-10° s~1.1:2265 This suggests that the presence of a
single silicon dangling bond (Npg=1) can reduce the nano-
crystal emission efficiency by several orders of magnitude,
rendering the nanocrystals effectively “dark”, i.e., virtually
undetectable in photoluminescence spectra and in lifetime
measurements. We thus expect Si-nanocrystal-doped samples
to contain (a) unpassivated nanocrystals with one or more
silicon dangling bonds that are optically undetectable due to
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an extremely low emission efficiency given by

RiaaNC

nNC,unpass = R =~ 0,

rad,NC t Npp X Rpp + RneoNe ot + RNC-Er ot

as well as (b) fully passivated nanocrystals that do not have
a silicon dangling bond and have a relatively high emission
efficiency given by

Rrad,NC

NCpass Ryaa Ne + Rnene ot + RNCErtot

These arguments suggest that the total nanocrystal photolu-
minescence intensity and the measured decay rate will reflect
only the lifetime of fully passivated nanocrystals. Conse-
quently, the measured nanocrystal lifetime is expected to be
independent of the passivation temperature. This is in clear
contradiction with the observations in Fig. 5(a).

To resolve the apparent contradiction described above, we
consider the inhomogeneous nature of the nanocrystal emis-
sion spectrum. As was observed in Fig. 5(a), the nanocrystal
lifetime at an emission wavelength of 800 nm is found to be
a factor of 1.3-2 shorter than that observed at 900 nm. Such
a wavelength-dependent emission lifetime has been attrib-
uted to two different phenomena: (i) the size-dependent os-
cillator strength of the transitions in the nanocrystals, result-
ing in the size-dependent radiative decay rates of the
nanocrystals;%%®7 and (ii) the presence of energy transfer
from small nanocrystals that have a large band gap to larger
nanocrystals that have a smaller band gap.**82-64 Both
these effects lead to a shorter lifetime for smaller nanocrys-
tals emitting at shorter wavelengths. As will be shown below,
this size-dependent emission lifetime can lead to an apparent
gradual change in the nanocrystal lifetime at a single emis-
sion wavelength due to the inhomogeneous nature of the
nanocrystal emission spectrum. The nanocrystal emission
spectra in this type of sample are well known to be inhomo-
geneously broadened, with the short-wavelength emission
being largely due to emission by small (rapidly decaying)
nanocrystals and the long wavelength emission originating
predominantly from large (slowly decaying) nanocrystals. As
demonstrated in Ref. 68, the homogeneous emission line-
width of a silicon nanocrystal with a diameter of ~3—4 nm
is ~120 meV (~50 nm) at a peak emission energy of
~1.7 eV (~730 nm) as compared to the observed spectral
width of ~350-500 meV (~160-230 nm) of the
nanocrystal-related emission band peaking at ~1.66 eV
(~750 nm) in the current study. The significant inhomoge-
neous broadening enables the observation of different life-
times in different parts of the spectrum. More importantly,
the nanocrystal emission detected at a wavelength of 900 nm
contains a significant PL contribution from nanocrystals that
exhibit a slightly different peak emission wavelength and
that have a different lifetime. A gradual change in the appar-
ent emission lifetime may thus be expected at a specific
emission wavelength if the relative photoluminescence con-
tribution of nanocrystals with different sizes changes as a

Sfunction of passivation temperature. This effect is illustrated

in Fig. 7 using the measured emission spectra. The left inset
shows the measured NC emission spectrum (thick solid line)
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FIG. 7. (Color online) Measured and deduced photolumines-
cence parameters of the silicon-nanocrystal-related emission in the
HTA samples as a function of passivation temperature: the ratio of
the silicon nanocrystal PL intensity at 900 nm to that at 850 nm
(I1"500 nm/ Ipr 850 o) Silicon nanocrystal PL decay times of the
HTA samples at 900 nm (7‘5{;{?\@), silicon nanocrystal PL decay time
dispersion factor of the HTA samples at 900 nm (,B?STC{?\]C). Insets:
Measured silicon nanocrystal emission spectra (thick solid line) for
an unpassivated HTA sample (left) and for a HTA sample passivated
at 700 °C (right), normalized at a wavelength of 900 nm. The
Gaussian curves underneath the PL spectrum schematically depict
the individual PL contributions of silicon nanocrystals with differ-
ent sizes.

for an unpassivated HTA sample, normalized at a wavelength
of 900 nm. The Gaussian curves underneath the PL spectrum
schematically depict the individual PL contributions of nano-
crystals with different sizes. The linewidth of all Gaussian
curves was chosen to be equal to the known homogeneous
linewidth®® of ~120 meV. Note that emission by nanocrys-
tals with a center wavelength of 850 nm (curve A) leads to a
finite contribution to the PL intensity observed at 900 nm
(curve B). This PL contribution, indicated by the short verti-
cal line, will lead to the addition of a small fast lifetime
component in PL decay traces recorded at 900 nm. Experi-
mentally, this appears as a relatively short lifetime at A,
=900 nm and a low B value due to the stronger deviation
from single-exponential decay. Note that the relatively weak
emission from nanocrystals with a peak emission wavelength
of 950 nm also adds a small contribution to the PL detected
at 900 nm. For simplicity, we do not consider this minor
contribution here. The right inset of Fig. 7 shows the NC
emission spectrum (thick solid line) for a HTA sample pas-
sivated at 700 °C. According to the model introduced above,
passivation has lead to a change in the number of optically
active nanocrystals emitting at various wavelengths, while
their individual lifetimes are unchanged. Similar to what was
observed in the left inset, nanocrystals with a peak emission
wavelength of 850 nm add a finite PL contribution at a de-
tection wavelength of 900 nm. However, due to the change
in the shape of the NC emission spectrum, the relative con-
tribution of emission from these nanocrystals to the photolu-
minescence at 900 nm is reduced. This reduction in the short-
wavelength contribution, as well as the concurrent reduction
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in the short-lifetime contribution at 900 nm, leads to a longer
1/e lifetime at \.,=900 nm and an increased S value. Both
of these effects are clearly observed experimentally. Note
that the analysis above considered only two discrete peak
emission wavelengths, while in reality the emission at 900
nm contains contributions from nanocrystals with a range of
peak emission wavelengths near 900 nm that is given by the
homogeneous linewidth.

To further verify the proposed role of inhomogeneous
broadening on the measured nanocrystal decay traces, Fig. 7
includes the measured nanocrystal decay time at an emission
wavelength of 900 nm (triangles), the corresponding disper-
sion factor ,BiTCﬁ\IC (solid line), and the ratio of the
nanocrystal-related photoluminescence intensity observed at
900 and at 850 nm (circles), labeled 135300 om/ IEE’;SO om- The
experimental error is less than 5% in all these data sets and
has not been included in the graph. The plotted intensity ratio
is a measure of the relative contribution of short-wavelength
emission (850 nm) to the PL detected at 900 nm. Excellent
qualitative correspondence is observed between the mea-
sured nanocrystal decay time and the intensity ratio
IELT,/;oo om/ IELT";SO .m» despite the very different natures of
these quantities. Further support for this interpretation is pro-
vided by the behavior of the dispersion factor ,BSICT&C. As the
relative contribution of the emission peaking at 850 nm to
the PL intensity at 900 nm decreases, the dispersion factor is
seen to gradually increase, which can be attributed to the
reduced influence of smaller nanocrystals on the PL decay
traces measured at 900 nm: as the relative PL contribution
from smaller nanocrystals is reduced, fast lifetime compo-
nents are being removed from the PL decay trace at 900 nm,
leading to a more single-exponential decay and a B value
closer to 1.

Based on the clear correlation of the shape of the photo-
luminescence spectra with the passivation-induced changes
in the PL lifetime and in the measured B values, we conclude
that the gradual nanocrystal lifetime increase observed upon
passivation is not due to a gradual improvement of the nano-
crystal emission efficiency, but it is rather a result of the
inhomogeneous nature of the nanocrystal PL spectrum com-
bined with a size-dependent degree of nanocrystal passiva-
tion at each temperature. This model also explains the rela-
tively small increase in the NC lifetime with passivation
temperature observed both in the current and independent
studies?” compared to the large changes in nanocrystal PL
intensity. A final observation is that the change in the shape
of the nanocrystal emission spectrum upon passivation (Fig.
3) implies that large nanocrystals responsible for the long-
wavelength shoulder of the NC emission spectra require
higher temperatures to become fully passivated as compared
with temperatures required by smaller nanocrystals. This
could be a reflection of the fact that large nanocrystals have
a larger Si-SiO, interface area. This leads to a larger number
of silicon dangling bonds for large nanocrystals®62%%% and
may therefore require longer passivation times or higher pas-
sivation temperatures in order to reach full saturation of all
dangling bonds.

The findings presented in this study are of significant im-
portance for the realization of gain in Er-doped Si-rich SiO,
waveguides. First, Er** in Si-rich SiO, films is excited pre-
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dominantly via luminescence centers. This implies that one
can obtain the large Er’* excitation cross-section enhance-
ments that have been observed in literature but without the
need for silicon nanocrystals. This is an important result
since Si nanocrystals are known’!” to induce a significant
amount of confined-carrier absorption at 1.5 um due to the
presence of long-lived excitons in the nanocrystals during
excitation. The ability to enhance the Er** excitation without
introducing significant free carrier absorption would there-
fore be a major step forward in the development of silicon
sensitized Er’* gain media. Second, a low annealing tem-
perature (600 °C) was found to lead to a higher concentra-
tion of indirectly excitable Er** as compared with that for a
high annealing temperature (1100 °C). The observed higher
concentration of sensitized optically active Er** ions in the
samples annealed at low temperature (600 °C) implies a re-
duction in the concentration of optically active Er** ions that
are not sensitized. This in turn reduces the degree of ground
state absorption due to unsensitized Er** ions. Additionally,
due to the direct relation between optical gain and the den-
sity of excited emitters, the larger concentration of sensitized
optically active Er** ions observed in the LTA samples im-
plies that a higher gain can be achieved in LTA samples as
compared with HTA samples. Third, it was found that dan-
gling bonds at the Si-SiO, interface can efficiently quench
the Er** PL. This implies that any nanocrystals present in the
matrix need to be fully passivated in order to obtain maxi-
mum gain. All these observations indicate that annealing
temperatures below the onset of nanocrystal formation are
preferred in order to achieve maximum gain. It should be
noted that the Er** lifetime in samples annealed at low tem-
perature is significantly shorter than that observed in samples
annealed at high temperatures. Although this would lead to
higher required pump powers for population inversion, this
drawback may be outweighed by the significant advantages
of purely luminescence-center-mediated Er** excitation.

IV. CONCLUSION

The effect of hydrogen passivation at different tempera-
tures on the luminescence-center-mediated sensitization of
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Er’* has been studied in Er-doped Si-rich SiO, films contain-
ing no detectable Si nanocrystals (annealed at 600 °C) and
containing Si nanocrystals (annealed at 1100 °C). Passiva-
tion is shown to have a minor effect on the photolumines-
cence properties of samples without nanocrystals, which is
ascribed to the absence of dangling bonds in these samples.
In contrast, samples containing silicon nanocrystals exhibit a
significant increase in the density of optically active silicon
nanocrystals upon passivation, which is accompanied by a
gradual change in the nanocrystal lifetime and a significant
increase in the density of sensitized optically active Er’*
ions. The observed concurrent increase in the densities of
active silicon nanocrystals and sensitized optically active
Er’* ions is ascribed to a passivation-temperature-dependent
concentration of dangling bonds, which influences the emis-
sion from Si nanocrystals and Er** ions in different ways. In
the case of nanocrystal photoluminescence, the presence of a
dangling bonds results in the rapid trapping of excitons fol-
lowed by nonradiative decay. In the case of Er** photolumi-
nescence, we conclude that an Er3* ion excited via a lumi-
nescence center can relax nonradiatively via a direct
interaction with dangling bonds present on the surface of
nanocrystals. This interaction appears to predominantly af-
fect excited states above the I3, level and is accompanied
by a reduced excitation rate of the *I,5, level. In addition,
the gradual increase in the lifetime of the nanocrystal-related
photoluminescence is attributed to a passivation-induced
change in the concentration of optically active nanocrystals
with different sizes. This change, combined with the inho-
mogeneous nature of the nanocrystal emission spectrum in
these samples, leads to a change in the measured nanocrystal
photoluminescence decay time.
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