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Energy transfer in Er-doped SiO, sensitized with Si nanocrystals
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We present a high-resolution photoluminescence study of Er-doped SiO, sensitized with Si nanocrystals (Si
NCs). Emission bands originating from recombination of excitons confined in Si NCs, internal transitions
within the 4f-electron core of Er’* jons, and a band centered at A~ 1200 nm have been identified. Their
kinetics were investigated in detail. Based on these measurements, we present a comprehensive model for
energy-transfer mechanisms responsible for light generation in this system. A unique picture of energy flow
between the two subsystems was developed, yielding truly microscopic information on the sensitization effect
and its limitations. In particular, we show that most of the Er’* ions available in the system are participating in
the energy exchange. The long-standing problem of apparent loss of optical activity in the majority of Er
dopants upon sensitization with Si NCs is clarified and assigned to the appearance of a very efficient energy
exchange mechanism between Si NCs and Er** ions. Application potential of SiO,:Er, sensitized by Si NCs,
was discussed in view of the newly acquired microscopic insight.
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I. INTRODUCTION

SiO, matrix doped with Er** ions and Si nanocrystals (Si
NCs) is intensively investigated as an interesting system
where room temperature 1.5 wum Er-related emission can ef-
ficiently be induced by nonresonant excitation. Some time
ago it has been noted that photoluminescence and electrolu-
minescence of Er** ions in SiO, can be effectively sensitized
with Si quantum dots.!=> In photoluminescence, upon illumi-
nation, incoming photons are predominantly absorbed by
band-to-band transitions in Si NCs. Since the indirect band
structure of Si is preserved also in the nanocrystalline form,®
electron-hole pairs generated in this way are characterized by
a relatively long lifetime. This enables energy transfer to
Er’* ions located in vicinity of Si NCs. In that way, a channel
of indirect excitation of Er dispersed in SiO, is created and
the 1.5 um Er-related emission appears. Its temporal char-
acteristics comprises a microsecond rise time, corresponding
to Si-NC-to-Er energy transfer, followed by predominantly
radiative and temperature-independent decay in the millisec-
ond range, characteristic for Er** ions in SiO,. It has been
concluded that dispersion of Si nanocrystals in Er-doped
Si0, matrix SiO,:(Er, Si NCs) combines, to a certain extent,
positive features of Er-doped crystalline Si with those of Er-
doped SiO,: (i) In contrast to the situation for SiO,:Er, in-
troduction of Si NCs enables indirect excitation of Er** ions.
This process is nonresonant and relatively efficient with an
(effective) excitation cross section of o=~ 10"17-1071¢ cm™2,
which represents an increase by a factor of 10 (Ref. 4) in
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comparison to SiO,:Er. (ii) In contrast to the situation in
crystalline Si:Er, emission from Er** ions does not suffer
from thermal quenching and is readily observed at room tem-
perature, similar to SiO,:Er.*?

These promising characteristics raised considerable hopes
on possible applications of the SiO,:(Er, Si NCs) for Si pho-
tonics and specific devices have been proposed.”” Particu-
larly attractive is the prospect application of SiO,:(Er, Si
NCs) for development of a flash-lamp pumped optical
amplifie—a much welcome replacement for the currently
used fiber amplifier, which requires resonant and high power
laser pumps for its operation. In order to achieve that, the
Si-NC-induced sensitization process of Er emission in SiO,
has to be thoroughly understood.

In the past, Forster (dipole-dipole) mechanism!'® has been
proposed in order to explain the energy transfer from Si NCs
to Er’* (Refs. 11 and 12) and different locations of Er, with
respect to Si NC, have been considered.'®'* In addition to
the relatively slow (us range) NC-mediated Er** excitation,
a much faster (100 ns range) and usually more dominating
process has also been concluded.!® Its physical origin has
been considered recently'® and participation of special lumi-
nescence centers in erbium excitation has been postulated in
particular for low-temperature annealed samples. However,
in spite of a considerable progress by both modeling and
experiment,*!” many issues still lack sufficient explanation.
In this field, while reports on optical gain have been
published,'® detailed investigations revealed important draw-
backs of the SiO,:(Er, Si NCs) system: it has been realized
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that (i) only a relatively small part of all the Er’* ions is
susceptible to the indirect excitation via Si NCs,'*?° and (ii)
upon introduction of Si NCs, a considerable portion of Er
dopants loses so-called “optical activity” and does not con-
tribute photons regardless of the excitation mode (via Si NCs
or directly by resonant pumping).'® Therefore it has become
clear that dispersion of Si NCs in SiO,:Er is a challenging
and complex physical system, which has to be understood,
and possibly engineered at a microscopic level, before device
applications can be considered.

In our previous contribution,?' submicrosecond Er-related
luminescence from the SiO,:(Er, Si NCs) system was re-
ported, and an Auger-facilitated energy-transfer process be-
tween carriers within the quantized levels of the NCs and
Er’* was proposed as the excitation and deexcitation mecha-
nism. It was also shown that up to ~50% of the total Er
content is involved in this process and contributes to the sub-
ms emission. In this paper, we study, in depth, temporal de-
tails of emission bands from SiO,:(Er, Si NCs). Using optical
excitation with nanosecond pulses and time-correlated
photon-counting detection mode, we resolve true kinetics of
emissions related to Si NCs and Er** ions present in the
investigated material. Based on this information, we propose
a complete microscopic scenario of energy-transfer processes
in the Si0,:(Er, Si NCs) system. The chosen approach allows
us to identify emissions from most of the Er dopants avail-
able in the material. Using a theoretical model, we discuss
microscopic aspects of energy-transfer processes between Si
NCs and Er?* ions in relation to their (mutual) location in the
SiO, matrix.

II. EXPERIMENT

For the purpose of this study, a series of Si-NC- and Er-
doped SiO, 2 um layers were prepared by radio frequency
cosputtering on a SiO, substrate. The samples were charac-
terized by different concentrations of Er dopants, and size
and concentration of Si NCs. Details of sample preparation
procedure can be found in Ref. 2. Following preliminary
selection, the detailed investigation of recombination dynam-
ics has been conducted on a particular sample with the most
intense 1.5 wm Er-related emission. It was characterized by
atomic concentrations of 0.11% of Er, 41.8% of Si, and
12.6% of excess Si. After the sputtering procedure, the
sample underwent annealing at 1100 °C, which resulted in
formation of Si NCs with an average diameter of 3.1 nm, a
size dispersion of =~14%, and a density (for NC) of =4.1
X 10" ¢cm™. A twin sample without Er dopant but with the
same concentration and size of Si NCs was used for the
absorption measurements.

The photoluminescence (PL) experiments were performed
under pulsed excitation in the visible range, provided by a
tunable optical parametric oscillator (OPO) pumped by the
third harmonic of a Nd: yttrium aluminum garnet (YAG)
laser with pulse duration of 5 ns and repetition rate of 10 Hz.
In the UV range experiments, the excitation was provided by
the third harmonic of a Nd:YAG. The samples were placed
on a cold finger of closed-cycle cryostat, and the measure-
ments were taken at 10 K and room temperature (RT). PL
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FIG. 1. (Color online) Time-integrated PL spectra at 7=10 and
300 K, and excitation wavelength \.,.=450 nm. Si-NC-related, Er-
related, and a third (at low T) PL bands can be observed. The
Si-NC-related band is blown up for clarity. The arrows show PL
peaks related to emission from higher excited states of the Er’* ion,
superimposed to the NC excitonic PL.

spectra were resolved with a TRIAX 320 spectrometer and
detected with an InGaAs photomultiplier tube (PMT) with
flat response in the visible to near-infrared range or a Ge
photodiode (Edinburgh Instruments EI-A) connected to a
digital oscilloscope where signal integration was done. For
time-resolved measurements of PL dynamics, the PMT was
working in time-correlated photon-counting mode with tem-
poral resolution up to 2 ns.

The absorption measurements were performed in two ex-
perimental configurations: Direct transmission measurements
under OPO pulsed illumination and in a UV absorption
photospectrometer.

III. RESULTS
A. Photoluminescence spectra

Figure 1 shows the PL spectra of the investigated sample
at RT and at 10 K. The measurements were performed under
pulsed excitation at A=450 nm (2.75 eV), i.e., not in reso-
nance with any internal transition of Er. The total time-
integrated PL response of the sample is given, which reflects
the number of photons emitted. Both, Er- and Si-NC-related
PL bands are observed simultaneously with their mutual in-
tensity ratio determined by the Er concentration, which is in
agreement with earlier studies.” In addition, at low tempera-
ture, a weaker band centered at A = 1200 nm can be seen: it
has a short decay time constant and therefore its time-
integrated intensity is small compared to the other two
bands.

We note that the Er-related emission band broadens at RT,
keeping its wavelength integrated intensity practically con-
stant, which is also in concordance with previous reports.
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The broadening at RT is produced mainly in the higher en-
ergy side of the spectrum, and the full width at half maxi-
mum (FWHM) increases from =6.7 to =20 meV at 10 K
and RT, respectively. This could be due to population of
upper states of the multiplet */,5, by thermalization.

The Si NCs show a broad excitonic-related PL band. If we
take into account the NCs size (radius R=1.55 nm) and dis-
persion (=14%), the position and width of the excitonic-
related PL band can be estimated on the basis of the calcu-
lated band gap of the NCs as a function of their size.?? The
emission energy is given by E:E§i+Ele+E1h—Eexcit—ﬁw
~1.5 eV (with Eg’ corresponding to the energy-band gap of
crystalline silicon, E,,, E;;, and E,, are the electron and
hole level quantization corrections, and the excitonic correc-
tion, respectively—taken from Ref. 22—and the phonon en-
ergy iw=60 meV), i.e., a band centered at 850 nm, ranging
from =820 to =870 nm, taking into account their size dis-
persion. Comparison with experiment shows that the center
of the band is in very good agreement with the expected
value but the experimentally recorded band is broader than
expected from the calculations with the higher energy side of
the band suffering from strong temperature quenching. Since
optical excitation was provided by short-wavelength photons
of 450 nm (2.75 eV), thus creating “hot” carriers in the
higher energy states of the Si NCs, then it is reasonable to
consider the origin of the higher energy side of the NC-
related PL band as arising from hot carriers in the upper
electron (and/or hole) levels of the Si NCs.

Superimposed on the Si NCs PL band recorded at 10 K,
peaks with positions at 1.26 and 1.57 eV are observed. These
correspond to emissions from the second-excited and the
third-excited states of Er, and disappear at room temperature.
We note that in view of the exclusively nonresonant excita-
tion mode, the observation of these peaks indicates that the
Er** excitation proceeds, at least partly, via higher excited
states.

The effective lifetime of the excited state of Er in SiO,
with Si NCs lies within 2—-3 ms. Decay of excitons in Si NCs
is governed by a stretched exponential function, with a long
final tail, with decay time constant of 20—50 us, as will be
shown later. The decay of the band centered at A
=~ 1200 nm is clearly faster, being predominantly nonradia-
tive; the lifetime shortens further at a higher temperature,
leading to a strong reduction in the time-integrated PL inten-
sity of this band at RT.

B. High-resolution photoluminescence kinetics

Using the time-correlated photon-counting technique to
resolve the time evolution of the PL transient revealed new
insight into excitation and deexcitation dynamics in the
SiO,:(Er, Si NCs) system.?! This experimental technique al-
lows for simultaneous recording of very different dynamical
ranges without suffering from signal distortion. Panel a in
Fig. 2 presents a time-resolved PL spectrum of the excitonic
PL band from Si NCs. The contour plot shows how the peak
of maximum intensity drifts to longer wavelengths, i.e.,
lower energy, at longer delays. Consequently, the PL decay
constant of the luminescence increases for longer wave-
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lengths. This is understandable when we consider the NC
size distribution: excitonic PL dynamics in smaller NCs is
faster than in larger quantum dots. In the Si NCs under con-
sideration, the phonon-assisted radiative transition dominates
over the direct radiative transition. The probability of such a
transition increases rapidly with the decrease in the NC size
(see Ref. 22). In panel b of Fig. 2, the time-resolved PL
spectrum of Si NCs is shown in the submicrosecond time
range; we can observe the center of the band at A=775 nm
(1.6 eV), in contrast to the previous figure. If we compare the
spectra measured at 100 ns and at 100 us after the excitation
pulse, a difference of =200 meV separates the centers of the
two bands. We can assign the submicrosecond PL to recom-
bination of carriers from the higher Si-NC states.

Figure 3 shows measurements related to the broad PL
band appearing in the spectral range between the NC- and
Er-related emissions. In the inset, the spectrum recorded at
200 ns after the excitation pulse and at 7=10 K, shows the
broad band centered at A= 1200 nm. The lifetime of this PL
band, as mentioned before, shortens at higher temperatures,
becoming practically negligible at RT. This can be seen in
the main panel, where the RT PL transient kinetics recorded
at the maximum of the band (1200 nm) is compared to the
PL at 1535 nm. One can see that after 100 ns, the decay of
the PL at 1535 nm can be attributed to the Er-related PL. The
origin of the band centered at A= 1200 nm is usually iden-
tified as recombination at defects but its broadness and fast
kinetics seem to contradict this identification; future
investigations—out of the scope of this paper—will elucidate
this point.

In Fig. 4, the high-resolution kinetics of the excitonic lu-
minescence from Si NCs can be followed in panel a. An
intense PL signal with a fast decay, also characterized in the
submicrosecond time domain, is observed after the excitation
pulse. This is stretched until the final slower tale—of the
order of 30—50 us—is achieved, as shown in Fig. 2. Panel b
of the same figure shows the Er-related PL kinetics for the
first microsecond after the excitation pulse, at 7=10 K and
RT.

In our previous contribution,?! we have analyzed detailed
kinetics of Er-related PL sensitized by Si NC and have
shown that it exhibits three separate regimes. Regime I—for
t=1 us: a strong emission appears, immediately following
the laser pulse and then rapidly decays toward a temporary
minimum. Regime II—for 1 us=t=10 ws: Er-related PL
intensity rises slowly again and reaches a broad maximum
whose amplitude is at least an order of magnitude smaller
than the initial value in Regime I. Regime III—for t
>10 ws: PL intensity slowly decays with a millisecond time
constant. We have also shown that the microsecond rise of
the Er-related PL in regime II (73°~3.5 us) is paralleled by
a decay of Si-NC PL, which can be characterized by a
stretched exponent with 7yc=~1.2 ws, illustrating in this
way the relatively slow energy transfer between Si-NCs and
Er** ions. This decay of NC-related PL slows down once Er
emission attains a maximum. At this stage the NC-mediated
excitation of Er is completed or saturated'® and therefore
further decay of the NC-related PL is decoupled from Er.
Careful inspection revealed that the local minimum of Er PL
intensity from which the “slow” rise begins is equal to ap-
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proximately half of the maximum intensity attained in re-
gime II. We recall that such an initial amplitude of Er PL
attained very shortly after excitation (regime I) was also re-
ported before.?* Based on the total evaluation of optically
active Er fraction, we conclude that the “residual concentra-
tion” of Er’* ions involved in the slow excitation/slow re-
combination process (regimes II and III) amounts to ~0.2%
of the total Er content.

To validate the idea of hot carriers in the Si NCs being
responsible for the submicrosecond Er-related luminescence
postulated in our previous contribution,?! we investigate the
intensity ratio between the fast and the slow components of
Er PL for different excitation wavelengths and fluxes. Both
fast (submicrosecond) and slow (milliseconds) components
of the Er-related transient PL must be governed by different
excitation and deexcitation mechanisms. The intensity ratio
of these components is thus likely to depend on the excita-
tion conditions. Figure 5 shows full, high-resolution kinetics
of Er** PL under different excitation wavelengths and pow-
ers, normalized for the maximum intensity of the slow com-
ponent. One can observe a higher fast-to-slow intensity ratio
when higher power or larger photon energy quantum is used
for excitation.
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FIG. 3. (Color online) Room temperature PL decay kinetics re-
corded at A=1200 nm (maximum of the PL broad band shown in
Fig. 1) and A=1535 nm. In the inset, the spectrum recorded at t
=200 ns after the laser excitation pulse, at 7=10 K, is shown.
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FIG. 4. (Color online) In panel a: Si-NC PL kinetics, recorded at
A=860 nm and room temperature; time resolution of the system
was 2 ns. Excitation was provided with a 5 ns pulse at Ag,
=450 nm. Initial nanoseconds decay is stretched and followed by a
final decay with characteristic lifetime of thick microseconds. In
panel b: Er-related 1.5 um PL kinetics for the first microsecond
after the excitation pulse is shown at 7=10 K and RT.

C. Excitation cross-section measurements

The excitation cross section of Si NCs and Er PL, oy¢
and o, respectively, is of crucial importance to understand
the excitation processes, and energy transfer between Si NCs
and Er’* ions. In order to gain insight into this aspect, flux
dependencies of Si NC- and Er-related PL signals were re-
corded; a reference sample without Er doping was used for
the NC-related PL measurements. In Fig. 6, PL flux depen-
dencies for different excitation wavelengths are shown, re-
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FIG. 5. Er-related PL kinetics in double-logarithmic scale for
different excitation conditions at RT. Intensity has been normalized
to the maximum of the slow component in order to compare the
fast-to-slow intensity ratio. In panels (a) and (b), the excitation
wavelength (450 nm) has been kept constant and flux has been
decreased about one order of magnitude. In panels (b) and (c), flux
has been kept in the same order of magnitude and wavelength ex-
citation has been increased to 650 nm.
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FIG. 6. (Color online) Flux dependence of Er’** and Si-NC PL
for several excitation wavelengths is shown, recorded at RT.

corded at 1535 and 912 nm, for the Er-doped and Er-free
samples, respectively. The curves have been fitted to the ex-
citation dependence of PL intensity, derived from the rate
equations for pulsed excitation,

Ipp < N =N(1 - e7%), (1)

where Ip; is the time-integrated PL intensity in arbitrary
units, N* is the number (concentration) of excited emitters
(Er** ions or Si NCs), N is the total number (concentration)
of excitable Er** ions or NCs, ¢ is the effective excitation
cross section, ¢ is the photon flux of excitation, and At the
laser-pulse duration. Remark that formula (1) is valid only in
a limit of one radiative exciton per Si NC.!” The effective
excitation cross section o is determined from the experimen-
tally measured dependencies depicted in Fig. 6 by fitting
them using formula (1). The resulting values for both Si NCs
and Er luminescence (oyc and o) are shown in Fig. 7 as a
function of the excitation wavelength.

Directly related to the effective PL excitation cross sec-
tion opy, we studied the optical-absorption coefficient in our
Si0,:Si NCs reference sample. The effective (Er- and NC-
related) PL excitation cross-section values (Fig. 7) are plot-
ted in Fig. 8 as a function of the measured Si NCs’ absorp-
tion coefficient « for each given excitation wavelength A..
A linear relation between absorption and excitation can be
observed in all the investigated range for Si-NCs; in the case
of Er-related luminescence, a change of linear relation is
observed at an energy threshold, ie., at ~2.6-2.7 eV
(=460-470 nm), an energy above which the excitation
cross section grows faster than the absorption.

IV. THEORY

In order to rationalize the experimental results gathered in
this study, we consider the possible processes of energy ex-
change between carriers confined in Si NCs and Er** ions in
Si0, (outside NC).

Energy transfer between electrons and holes in NCs and f
electrons of Er’* ion is implemented as an Auger process

035327-5



IZEDDIN et al.

E [eV]
36 32 2.8 24 2
T T T T T T T T T
20F a B
° PL excitation cross section
° c’Er
15 .
4 6NC
—
£
L
g 10| -
o
=
© A
5L 4a, i
A
° AAs,
° Aa
.o.. Aa,
[ A
0 L. 4, ., %%eeees , o , 4
350 400 450 500 550 600 650
A [nm]

FIG. 7. (Color online) PL excitation cross section of Er’* and
Si-NC PL as a function of excitation wavelength, which have been
determined by using formula (1) to fit the curves of Fig. 6.

(i.e., via the Coulomb interaction).The energy can be trans-
ferred to an erbium ion either when a confined electron-hole
pair recombines or when an intraband transition of confined
carrier occurs. Both processes can be accompanied by mul-
tiphonon transitions to fulfill the energy conservation law as
the energy spectra of both electron systems are discrete. The
momentum conservation law plays an important role in the
Auger recombination processes as the large momentum
should be transferred by the electron-hole recombination due
to the indirect band structure of silicon.

Confined electron and hole energy levels as well as their
wave functions calculated in multiband effective-mass
approximation®? are used in this consideration. Luttinger
Hamiltonian in the spherical approximation has been used

T T T
° GEr
8- .
A .
NC .’
. A
e a4
S, A
& u
a4l i
= A
< L]
X N i .
b - .0
At ’
-{A .(’
. - :
- A e
. [ ]
. a .e0® - © 1 -
oLe-* E,~26-27eV )
L 1 L 1 L 1 L
0 1000 2000 3000 4000

o [cm’1]

FIG. 8. (Color online) Er- and Si-NC-related effective excitation
cross section opy, as a function of the optical-absorption coefficient
« for each given excitation wavelength.
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for holes and the strong anisotropy of the electron effective
mass in silicon has been taken into account. The wave func-
tion and flux continuities were used as the boundary
conditions.”*?> When calculating wave functions outside the
NC, isotropic effective masses being equal to m, and 5m,
were used for electron and hole states correspondingly. Spin-
orbit splitting was neglected in both Si and SiO,.

The conduction band of Si has six equivalent minima in
the first Brillouin zone, situated in the neighborhoods of the
six X points. The wave function of electron can be presented
in the form:

(r/li = ge(r) Uecy exp(ikOVr) s (2)

where u,, and kg, (ky,=0.85 X 27/ ay,) are the Bloch ampli-
tude and wave vector corresponding to the bottom of valley
v (a1,,=0.54 nm is the lattice constant of silicon). Envelope
functions &(r) are found as a result of a numerical solution
to the Schrodinger equation after separating the angular part
exp(im¢) (m can be any integer number) as there is a strong
anisotropy of the electron effective mass: n;=0.916m, and
m | =0.19m,. The electron states are sixfold degenerate for
m=0 and 12 times degenerate for |m|>0, as two opposite
values m= * |m| correspond to the same energy. (This degen-
eracy is given without taking into account an additional spin
degeneracy). So the states are marked with Ney,,| where the
letter e shows that it is an electron state and N is the main
quantum number that shows the order of the energy level for
given |m|. For example, the ground state is marked as le,
which means that this is the first electron state with m=0.

The approximation used in Ref. 22 leads to two types of
hole states in bulk Si, which correspond to twofold-
degenerate heavy-hole band having mass m;,=0.44m, and
nondegenerate light hole band having mass 2mm;/(3m,,
-my)=0.12m, (m;=0.16m, for Si).?® The quantum confine-
ment gives rise to mixing of the states. There are three types
of hole states in spherical quantum dots: (i) mixed states
(hm) formed by the combination of heavy and light ones, (ii)
heavy-hole (hh) states, and (iii) light hole (hl) states. Each
state is also characterized by the full angular momentum F
(zero for the light hole states and positive integer for the
other ones) and it is 2F+1 times as degenerate as the pro-
jection M of momentum F onto the quantization axis (arbi-
trary selected), which can be any integer number having ab-
solute value not larger than F. The space quantization forms
a series of each type of the states with fixed F. So they are
marked with the letters showing the type of the states with
index indicating the value of F' and the number in a series in
front of it all. For example, the hole state with the lowest
energy is of the mixed type—1hm;.

The calculated lower energy levels of electrons and holes
confined in Si NC of diameter in the range 2.8-3.3 nm are
shown in Fig. 9. The energy range is limited to the one of
optical pumping used in experiments (2.85 eV). Due to the
existence of relatively large energy separations between
some neighboring space quantized levels, one phonon emis-
sion processes will be suppressed. This effect might lead to
the so-called phonon bottleneck slowing down of carrier re-
laxation. Although in different nanocrystal alternative rapid
cooling mechanism have been observed—e.g. CdSe (Ref.

035327-6



ENERGY TRANSFER IN Er-DOPED SiO;,...

Si-NC
L.5¢
Se
v leg
:i 3e,
g‘; 1.0+ A 1 490
3 : 2e,
=)
2 ! le 3+
=) 1 1
g I 36‘0 Er
5] 1
2 0.5 1 4 2e
- 1 ' 4I9/2
le,
4
P R B B S I11/2
T 28 29 3.0 31 32 33
E, NC diameter, nm 4
13/2

l 28 29 3.0 31 32 33
e

]
Lhm,
W‘lhhl

A

Lhm,

0.5 lllhhz
1

4
lhm; I 152

2hm,
thh3
41hnu
+lth

Hole energy, eV
B VHpE | g B

\ T T

[

1.0{

[

15|

{
FIG. 9. (Color online) Electron and hole energy levels in Si NCs

in Si0O,, as a function of NC diameter. On the right-hand side, the

Er3* energy levels are presented. The most effective erbium excita-

tion and deexcitation processes due to intraband carrier transitions
are shown.

27)—one can expect that energy relaxation of hot carriers
will, in our case, become slower in comparison to bulk sili-
con. Thus, an Auger excitation of erbium ions in silicon di-
oxide is possible, similar to the impact ionization by hot
carriers in bulk silicon where it plays a significant role in
electroluminescence but just negligibly affects the excitation
of the erbium photoluminescence due to the fast energy re-
laxation of hot carriers in the bulk material.

A. Excitation due to intraband transition

The probability of Auger excitation of an erbium ion situ-
ated in SiO, at the distance a from the center of a Si NC as
the result of the transition of a hot confined carrier from the
state i into the state i’ is given by the Fermi golden rule:
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1
— 2 i e

Nrjr
- Nﬁwph) 5 (3)

Wi/i:

2
P fL i) T (N)S(E; = E;r = A g

where ® is the potential created by the f electron of the Er**
ion, f and f' enumerate the states of f electrons of the ion,
Ay is the transition energy, and Ny is the degeneracy degree
of the f state. The integration in the matrix elements of Eq.
(3) is to be produced over the carriers confinement space and
the f-electron coordinate. Due to the energy conservation
law, the confined carrier transition is accompanied by the
emission of N phonons with energy fiwpy,.

In the Huang-Rhys model (the model of two displaced
oscillators with the same frequency), the phonon factor J{(N)
is given by:?®

1
JAN) = exp[— 2S<NT+ E)

Nfho, —_—
X}exp{gﬁ]m[zsvwr(zvﬁ1)], (4)

where S is the Huang-Rhys factor, which in the one-mode
approximation is given by
S= 809[ —&th (5)
ﬁwph

with g, and &y, corresponding to the optical and thermal
ionization energies, respectively, Ny is the Bose-Einstein fac-
tor:

1
exp(2) -1

and I(x) is the modified Bessel function of order N.

As the energy levels are highly degenerate, one should
average over all the initial states with the energy E; and sum
over all the final states corresponding to the energy E; in Eq.
(3). All these states are actually split due to nonsphericity of
NCs and other factors. This fact is taken into account by
assuming the broadening of levels and adding the value 6F
to the argument of & function in Eq. (3), and averaging over
this value in the energy range Az=60 meV (we have as-
sumed that it is about the energy of an optical phonon in bulk
Si). As a result Eq. (3) transforms into

Nr= (6)

27 1 1 1
Wi’i:_7T__ 2 2 M ed
h AENiM,M’ fof,

f3i, M)PT(N),

™)

where N; is the degeneracy degree of the initial state i, M and
M’ enumerate the degenerate states of levels i and i’, and
final and initial energies are related through

El, in_Aff’ _thph- (8)

Following the Appendix, one finally gets for the probabil-
ity of excitation:
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FIG. 10. Factors [;; for erbium excitation/deexcitation by elec-
tron intraband transitions as a function of a/R, where a is the dis-
tance of the Er’* ion from the center of the NC and R the radius of
the NC.

3 2
W= — ii<ﬁ> < @nN, ©)

— 4 2
2\ep Trad R Aff’ 8ZAE

where ¢, is the high-frequency dielectric constant in SiO, (as
the energies transmitted are much larger than the phonon
. 26 . . . . . . . .
energies®®), 7,4 is the radiative lifetime of the erbium ion in
the first-excited state (*,5,), R is the radius of the NC, and
I;;i(a) are dimensionless factors defined in the Appendix.
From Eq. (9) one gets, by using values 7,,4=2 ms and R
=1.55 nm:

1.55 4
W, =83 X 109<Tnm) L) J;(N)s™ . (10)

It has been shown that /;/,(a) are actually functions of the
relation a/R for holes. In the case of electrons, there is only
a weak additional dependence on the NC size, which one can
neglect at least in the NC size range under consideration.?
The results of calculations of the factors I;,;(a) for electrons
and holes are presented in Fig. 10.

The energy required to get the Er’* ion into the first-
excited state */,3, (0.81 eV) with reasonable excess or short-
age of energy can be covered by emission or absorption of
phonons. The parameters of the multiphonon transition ac-
companying the Auger processes are not well defined. There
is no data on existence of the electron-phonon interaction for
Er** ions in the state *I;5, in SiO,. Thus, the interaction of
confined carriers with optical phonons should be considered.
The dispersion of optical phonons in bulk silicon can be
neglected and the multimode model of the phonon transition
becomes equivalent to the one-mode Huang-Rhys model.?
Phonon factor J;(N) calculated for phonon energy equal to

PHYSICAL REVIEW B 78, 035327 (2008)
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FIG. 11. (Color online) The probability of the most effective
excitation and deexcitation processes as a function of a/R (a is the
erbium distance from the center of a NC and R the radius of the
NC) for a NC with diameter 3.1 nm.

60 meV (which is about the optical phonon energy in Si) is
presented in Table I, calculated with a reasonable value of
the Huang-Rhys parameter $=0.1 at room temperature. The
exact value of the phonon energy and Huang-Rhys factor S
are not known for the material considered here. We have
used value S=0.1, which is in accordance with experimental
values obtained for Er ions fluorozirconate glasses.*® The
influence of the value of Huang-Rhys parameter is shortly
discussed in Ref. 31. The interaction with optical phonons is
forbidden for electrons in silicon. One can suppose that the
interaction of confined carriers with oxygen vibration could
be also responsible for multiphonon assisted Auger processes
in the system under consideration. The values of phonon
factor J7(N) at iw,,=140 meV corresponding to the oxygen
vibrations are shown in Table I as well.

In Fig. 9 the most effective excitation processes for NCs
with diameter 3.1 nm are demonstrated. The calculated val-
ues of the probabilities for these processes, as a function of
the distance between a Er’* ion and the nearest NC, are
presented in Fig. 11.

B. Deexcitation of erbium by carriers confined in NCs

When considering erbium deexcitation due to intraband
transitions of confined carriers, one can use the same formu-
las from Sec. IV A (and Appendix) except for interchanging
initial and final states, as well as adjusting the phonon factor
J7(N). If erbium excitation process takes place with carrier
transition energy larger than A»=0.81 eV, and requires N
phonons to be emitted, then the reverse process will be de-
scribed by Jy(—N) factor, which is much less than J(N).
That is why most of the processes appear either in excitation
or in deexcitation section.

TABLE 1. Phonon factor J7(N) calculated with S=0.1 for two different phonon energies %w,, and

temperature 7=300 K.

N -2 -1 0 +1 +2 +3 +4 +5
hwy=60 meV  52X107  0.0096 087 0.098 0.0054 02Xx107  55X107° 1.2X107
hwyp=140 meV  9.0x 10 0.0004 09 0091 0.0046 0.15x107° 3.8x107 7.7X107
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The difference is not in the factor only. One should also
take into account that the transitions under consideration take
place between degenerate states. So the total probability is
achieved by summation over the final states and averaging
over the initial ones. As the degeneracy degree can be differ-
ent for initial and final states, the probability of excitation
and deexcitation processes can be different even for those of
them that do not need phonons. This difference might be
considerable for confined carriers, especially for holes. Since
most of upper levels are described by larger values of mo-
ment F, having greater degeneracy degree, the probability of
erbium deexcitation should be higher for the processes that
do not require any phonons to be emitted or absorbed.

The most effective deexcitation processes for NCs with
diameter 3.1 nm are demonstrated in Fig. 9 and calculated
values are shown in Fig. 11.

C. Erbium excitation by the recombination of confined
carriers

Let us consider the excitation of Er’* ions by recombina-
tion of confined electron and hole. For the NCs under con-
sideration (d~3.1 nm), the recombination energy is larger
than 1.5 eV. Therefore the energy transfer to the Er** ion by
an Auger recombination of such an exciton can be effective
only if it causes the direct transition of the ion into the third-
excited state *Iy, (energy of transition from the ground state
is;p is Ag3=1.55 eV), the fourth *Iy, (transition energy
Ap=1.9 eV), or higher excited states. One should notice
that the Er** ion can practically not be excited directly into
the state 4113/2 via such a process, as it should be accompa-
nied by multiphonon emission with the number of phonons
N =35. The phonon factor J;(N) is in this case very small (see
Table I). In order to calculate the transition probability, we
can use formula (3) if we assume that initial and final states
of confined carriers now belong to different bands, and di-
viding the probability by the degeneracy of the final state
since only one final state is empty if there is one-electron-
hole pair in the NC. One should also choose appropriate
parameters for the phonon system.

Crucial for the matrix element evaluation is to keep in
mind that the value AAk of momentum transmitted during
recombination process is large. The minima of the conduc-
tion band in k space are shifted from the I" point by the wave
vector ky=0.85ky (ky is the Brillouin-zone edge). And it was
shown in Ref. 32 that the momentum needed to transmit is
even larger than fiky: iAk=1.15%ky. Such a great momentum
can only be transferred to the f shell of the erbium ion by the
Coulomb interaction at a distance that is less than the lattice
constant of silicon. So the interaction has a contact character,
and is determined by the electron and hole wave-function
values at the position a of the erbium.

Once carriers are strongly confined in the NC and the
tunneling is weak, the interaction is possible either inside the
NC or in its vicinity. When dealing with the Coulomb inter-
action at distances smaller than the lattice constant, no
screening should be taken into account any more and the
effective dielectric constant value can be assumed to be €.
=1.2632 In this case the absolute value square of the matrix
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element in Eq. (3), averaged over the degenerate electron and
hole states, can be calculated in analogy to bulk Auger
processes®>3 as

( )2

|<f”l’ ’

IO‘Izzlf WP Huoluee )16 (a)

eff

X—Elf”,

lM’

(11)

where &i(r) is the electron envelope function in the initial
state, and for shortness of notations, the total hole wave
function in the final state is written as /) (r)
==, ,Z,,’,;(r)um with u,, (m=-1,0,+1) being the hole Bloch
functions, N;;=2F'+1 is the degeneracy of the hole state,
[(uo|u..)| =0.25 is the overlap integral between the bottom of
the valence band Fzsr’ and the second conduction band A;,
with k at the position in the first Brillouin zone where the
first conduction band has its minimum.* We remark that the
quadrupole term plays here the main role in Coulomb inter-
action. Using expression (11) for the right-hand side of Egq.
(7) divided by N;;, we get the expression for the transfer
probability for a given position of Er** and radius of the NC,

377 1
2 hAg

2
Wtr(a R) ( ¢ ) Q(a R)|<u0|ucz>|2 JT(N)

R
(12)

Here the factor )/fr}l comes from the summation over f and
averaging over f’ of the absolute value square of the matrix
element (f|z%|f'), where r;=~0.43 A is the radius of the 4f
shell of the Er’* ion and the unknown factor vr is of the
order of one. We have introduced a dimensionless factor
Q(a;R) defined by

Q(a;R)=<4—R*> & (a)l2 E & @P. (13)

IM’

If we assume the homogeneous probability distribution for
the Er** ion inside the NC, then the probability of excitation
transfer averaged over the position of the Er** ion inside the
NC is given by Eq. (12) where, in place of Q(a;R), we have

0uR) = 37 3 f d*aQ(a;R). (14)
a<R

3

In order to calculate the average transfer probability at some
distance D from the NC boundary, we introduce

qurf(R) = ﬁf dQQ(R,R), (15)

where the integral is taken over the full solid angle (). Then
the above-mentioned probability is given by Eq. (12) where,
in place of Q(a;R), we have

qurf(R)eXp[_ Z(Ee + Eh)D/R] . (16)

Here the dimensionless factors
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TABLE II. Calculated parameters of several interband transitions for NC diameter of 3.1 nm.

Ejri=Aos Ejri—Aoy
Transition (meV) (meV) Oin Ourt 2(K,+Ky)
leg— lhm, —41 =391 1.34 0.043 98.9
2eg— 1hm, 186 —-164 1.24 0.098 98.0
ley— 1hhy 128 -222 1.06 0.19 97.7
2eg— 1hh 327 =23 0.77 0.20 96.8

2m2 [Ueh _Eeh]R2
~ \/ (WL e(h) (h) (17)

Ke(h) = hZ

determine the decay of the electron and hole wave functions
outside the NC, E, and E,, are the electron and hole quanti-
zation energies, m; and m), are the electron and hole masses
outside the NC, and U,=3.2 eV and U,=4.3 eV are the
corresponding energy barriers at the NC boundary. For the
considered NCs, 2(K,+&,) is on the order of 10 (see Table
I0). Therefore the probability of the excitation transfer by the
electron-hole recombination decays rapidly with increase in
the distance between the erbium and NC. It becomes negli-
gible at the distance of only several angstroms.

For local vibrations of erbium ions in fluorozirconate
glass by optical transitions from the higher excited states into
the ground state, the values around ﬁwph=60 meV and S
=0.1 were reported in Ref. 30. We note that bulk optical
phonons in Si also have approximately the same energy.
These values we have used for the calculation of the phonon
factor J7(N) in the transfer probability (see Table I). For the
estimation of the transfer probability, we have also used 7,
=1. Then Eq. (12) can be written as

W, =0.8 X 10""QJAN) s7'. (18)

We have analyzed transitions induced by electron and holes,
being in one of the two lowest states. The numerical factors
QO;, and Qg are given in Table II for R=1.55 nm together
with the corresponding energies, which should be compen-
sated by phonons and the decay factor 2(x,+K),).

From the data presented in Table II and using Table I, and
Eqgs. (16) and (18), one can see that the electron-hole recom-
bination can effectively excite an Er’* ion situated inside the
NC or at a very short distance from its boundary in a nano-
second or even shorter time scale. However, this ultrafast
excitation process does not lead to an immediate excitation
of the first *I,5/, excited state of the Er’* ion relevant for the
1.55 wpm emission. Transition to this state can occur only via
a subsequent multiphonon relaxation process, which takes
place on a microsecond time scale.

D. Dipole-dipole contribution for the interband transitions

When an erbium ion is situated at a distance a> R, one
can expand the Coulomb interaction between the recombin-
ing electron-hole pair in the NC and the erbium ion in SiO,
into the series over the coordinate of the confined carrier. In
the leading order, such an approximation results into the
dipole-dipole interaction, being the reason for the so-called

Forster mechanism of excitation.!? In this case, the large ex-
cess momentum of the confined pair is transferred to the
boundary of the NC in the process of recombination or the
recombination is accompanied by emission of a phonon as in
the radiative exciton recombination.??

The probability of the excitation governed by the dipole-
dipole interaction can be presented as

8w 1 ¢
5 22 dgxz d2 JT(N)s
3 ﬁzwph eeffa6 j=3 0j /

4= (19)

where J7(N;) is the phonon factor and d is the dipole mo-
mentum of the confined exciton, which can be estimated by
using its relation to the confined exciton radiative lifetime,

23 2
_ 4e Eexdexneff

3h43

1
ad (20)

Here E,, is the exciton energy and the effective refraction
index ng is determined by the formula from Ref. 36

2
_[ Em 12
Negr = Em
Eeff

where eg; and g, are the dielectric constants of silicon and
medium, respectively, and e 4=(eg;+2€,,)/3.

Matrix elements dy; in Eq. (19) correspond to the transi-
tions in the f shell of Er*?® and can be expressed via the
corresponding oscillator strengths Py;:

3h?

ZmOAOjnm

(21)

where, in the simplest approximation, n,, is the refraction
index of the medium.?’ To our knowledge, there is no data in
the literature concerning the oscillator strengths of transitions
between the levels of the Er** ion in the considered inhomo-
geneous media. However, we can estimate them via the os-
cillator strengths found for several glasses and solutions:3”-38
Pyy=1-3X10"7 for transition *Io,— *I;s,, and Py,=~2
X 107 for transition 419,2—>4115/2. Based on these data, we
estimate dj;=1X1072? cm?, and dj,=7 X 10722 cm?,
The calculation leads to the estimation

6
We = 10—‘(5) L.
al 7

Thus, one can see that the Forster mechanism does not work
effectively for the considered system, especially at some dis-
tance from the NC, because the radiative recombination of
confined carriers is a faster process. Again the excitation of

(23)
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FIG. 12. A simulation of the distance distribution of Er** ions to
the center of their nearest neighboring NC, assuming a random
distribution of both: 6.6% of the Er** ions are contained inside NCs.

the first-excited state of the Er’* is additionally delayed by
the multiphonon relaxation from the higher excited states.

V. DISCUSSION

In the previous section we have shown that the Si-NC
mediated excitation of Er** ions can proceed by a variety of
physical processes. For all of these, efficiency depends on
the distance between Si-NC and Er. Therefore we have gen-
erated a simulation of the Er** distribution as a function of
the distance from the nearest Si NC (see Fig. 12) based on
sample characteristics (Er and NC concentrations, and NC
size), assuming a random distribution of both Si NCs and
Er** ions in the SiO, matrix. As can be seen, the vast major-
ity of the Er’* content is positioned outside the NCs with
only 6.6% of the Er’* contained inside the NCs volume. In
addition to this statistical prediction, we note that during
crystallization process,” a considerable part of the Er** ions
statistically present inside the NCs will become trapped at
the Si NC/ SiO, boundary. These Er’** ions are susceptible to
an instantaneous excitation directly into the first-excited state
via direct absorption of photons with enough energy to excite
erbium and create an electron-hole pair in the NC. In silicon
the absorption processes are usually accompanied by phonon
emission due to indirect band structure. When an Er’** ion is
located inside a NC, the absorption can be accompanied by
an excitation of this ion instead of phonon emission. This
process is not considered in the theoretical part of this paper.
We also note that the Er** ions remaining in the NC will
induce a donor center, as a result of which they will deexcite
nonradiatively very fast.??

As we can see from Fig. 4 in panel b, the fast excitation
of Er** ions is completed within 20 ns after the excitation
pulse and we have estimated in our previous contribution®!
that ~50% of the Er** content is involved in this fast pro-
cess. The observed fast (submicrosecond) Er-related PL is
only possible when Er** is excited directly into the first-
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excited state */,3,. From Fig. 12 one can see that approxi-
mately 10% of Er** ions occur at a distance that is less than
1.15R from the NCs’ centers, where according to Fig. 11, the
most effective carrier cooling processes can provide Er’* ex-
citation at times shorter than 20 ns. However, we should
point out that the presented calculations of transition prob-
abilities serve mostly as a demonstration that such a fast
mechanism is physically feasible. The theoretical consider-
ations are valid for a single hole/single electron transition
and for strictly spherical Si quantum dots. In this case, strong
selection rules appear and only matrix elements of some
higher multipoles of the electric-field potential lead to con-
siderable nonvanishing contributions, causing a strong de-
crease in the probability with increasing distance from Er’*
to Si NCs. For example, the Auger process accompanied by
the 3e;—2e¢, transition is dominated by the quadrupole-
dipole interaction (the dipole is related to Er’*). Therefore
one expects that the real probabilities might be higher than
the calculated ones and will decrease less abruptly with dis-
tance due to nonsphericity of Si NCs. Even more important
is the possibility of multiple exciton generation in a single
NC, also not accounted for in the calculations. Under the
excitation conditions used in the experiment, we estimate
that, on average, about five electron-hole pairs are created
per Si NC. On one side it will directly increase the excitation
probability of Er** by a given NC at the initial stage. On the
other side the strong exciton-exciton interaction will then
generate very hot carriers, leading to population of higher
excited states whose participation has not been considered in
Sec. IV. This will result in much higher transfer rates due to
a higher electron state localization outside Si NC. All these
effects will contribute to the fast PL and improve the agree-
ment with our experimental results.

Previously, in Ref. 21, we have estimated that ~0.5% of
the total Er’** decay radiatively (7~3 ms) after excitation.
From these 0.5% of ions, ~50% have been excited due to
the fast process but have not been deexcited by the inverse
mechanism: the “residual concentration.” The other ~50%
(~0.25% of the total Er** content in the sample) have been
excited due to interband recombination of the carriers in the
NC. In our theoretical considerations, we have shown that
the excitation via the Auger process, accompanied by recom-
bination of an exciton in the Si NC, can only take place via
the contact. The Forster mechanism is not effective as shown
in Sec. IV C. In any case the excitation of Er’** ion accom-
panied by a recombination of an electron-hole pair takes
place into the second or the third-excited state of the 4f shell
of Er**. The characteristic excitation of the 1.5 um Er** PL
is, in this case, a two-step process with time constant 7=7;
+ 7, where 7, is the characteristic Er excitation into one of
the higher excited states by the band-to-band recombination
of confined carriers on the nanosecond or even shorter time
scale and 7,=1.2 us is the relaxation time of the excited
Er** from a higher into the first-excited state *I,3/,. This pro-
cess is responsible for the microsecond rise of the Er-related
PL signal.

Following the described model, one expects that the fast-
to-slow Er’** PL ratio will depend on the number of hot car-
riers confined in the Si NCs: a high number of hot carriers
will favor the fast intraband excitation process and thus in-
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crease the relative importance of the fast Er** PL. This is
indeed confirmed in Fig. 5, where we can see that under
excitation conditions where creation of “hot” carriers is more
likely, i.e., excitation with higher energy photons or high-flux
pumping and subsequent multiple carrier generation in the
NCs, the fast-to-slow PL intensity ratio of Er PL increases. In
the case of formation of several electron-hole pairs per Si
NC, these can undergo a quick Auger recombination process
and in that way the excess pairs escape from participating in
the slow excitation transfer process.

Therefore, the following sequence of excitation and deex-
citation processes can be proposed: (1) After the laser pulse,
an Auger-like process of fast excitation takes place by intra-
band relaxation of hot carriers, transferring their excess en-
ergy directly into the first-excited state of Er** ion. Up to
~50% of all the Er** content is in the effective range of this
interaction before the deexcitation processes start to decrease
the number of excited ions. We note that this percentage is
dependent on the erbium concentration as indeed observed
experimentally in Ref. 39. (2) Fast deexcitation of Er** takes
place by a reverse process, transferring energy to carriers
confined in the NCs. This process must be phonon assisted
when the involved transitions do not match the energy con-
servation requirements, which will manifest in a slower PL
decay and temperature dependence of the characteristic de-
cay constant. The hot carriers in the NCs undergo an intra-
band relaxation accompanied by phonon emission, which re-
duces the number of carriers available for the “quick”
excitation process. The rate of relaxation processes should
increase with temperature. A small percentage of the excited
Er** ions will overcome the fast deexcitation, giving rise to
the residual concentration of Er’*, which is excited in the
nanoseconds time window and deexcites radiatively. This is
revealed in the Er** PL kinetics as the nonzero origin of the
microsecond rise and subsequent radiative decay of Er’* PL.
(3) Once the confined carriers have cooled down to the bot-
tom (top) of the conduction (valence) band, there is a prob-
ability of Er’* excitation by recombination to the upper Er
excited states, as described above. This probability exists
also on shorter time scales but the number of Er** ions that
can be accessed is low and therefore this interband process is
covered by the intraband excitation process.

Based on the presented experimental data and theoretical
modeling, we conclude that three types of optically active
Er’* ions coexist in the investigated material: Type 1; Er**
ions that can only be excited resonantly under direct excita-
tion. These ions have predominantly radiative decay—Ilike
Er’* in SiO,—and are at large enough distance from the Si
NCs to prevent their interaction. Type 2; Er’* ions that are
excited by energy transfer from interband recombination of
excitons in Si NCs at the microseconds time regime and
which decay predominantly radiatively (7 ~2—3 ms) inde-
pendent of temperature. These type of Er** ions are those
accounted for in the usual estimations of optical activity
measurements and constitute about 0.25-0.5% of the total
Er’* content. Type 3; Er’* ions excited via the intraband
transition of carriers in the NCs and with very strong nonra-
diative quenching, responsible for the submicrosecond PL
described above, whose properties mirror those of Er’* in
crystalline Si (~50% of Er’*). A small percentage of these
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ions will overcome the fast nonradiative deexcitation and
will be also accounted for in optical activity measurements.

Finally, for the sake of completeness we note that in ad-
dition to these, there could also be Er dopants that are not
optically active due to, e.g., precipitation.

An independent confirmation of the proposed excitation
model of Er** ions by intraband transitions of confined car-
riers in the Si NC is indeed given by Fig. 8. There, for
excitation energy higher than E;,=2.6-2.7 eV, a second ex-
citation mechanism (due to intraband carrier cooling) is en-
abled, increasing the ratio between absorption and effective
excitation cross section of Er PL. This threshold energy is
sufficient to create a hot carrier that can excite Er’* directly
into the first-excited state by cooling into the bottom of the
conduction band (or the top of the valence band).*’

VI. CONCLUSIONS

With the results of this study, an important puzzle con-
cerning the mechanism of the excitation of Er’** by Si-NCs
has been solved. We have shown that the “missing” dopants
that were apparently losing optical activity upon doping with
Si-NCs, and which did not contribute to PL, are actually very
efficiently excited by the Si-NCs via an intraband Auger
transfer process but undergo also a very effective excitation
back-transfer process. The back-transferred carriers can
again excite the Er’* ion or escape from being available for
the intraband excitation process due to thermalization and
Auger recombination processes inside a NC. In particular,
we point out that the results of this study clearly show that in
the first microsecond after the excitation laser pulse, a vast
majority of Er dopants attain the excited state, which implies
that in that short-time window the population inversion is
reached, and in that way fulfills a necessary, although in
itself insufficient, condition for realization of optical gain
and laser. Future research will tell whether the SiO,:(Er, Si-
NCs) material can be engineered in such a way that the sen-
sitization of Er emission is realized without the detrimental
effect of reduction in the concentration of Er** ions with the
temperature-stable, predominantly radiative recombination.
This study shows that to achieve it will require careful and
simultaneous optimization of Er** and NC concentrations,
NC size and size distribution, and, very importantly, very
precise tuning of Er-NC distance on a nanometer scale.

On the other hand, we point out that fast recombination
kinetics reported here leads to the effective recombination
rate of Er** in the environment of Si-NCs, exceeding by two
orders of magnitude the fastest quenching rate (due to the
Auger process involving free carriers) reported for Er in
crystalline Si. This very efficient PL quenching of Er-related
PL might be explored for gigahertz modulation of the
1.5 pm emission from Er-doped structures.

APPENDIX: CALCULATIONS FOR THE EXCITATION
DUE TO INTRABAND TRANSITION

When dealing with the Coulomb interaction between an f
electron of an Er’* ion situated in SiO, and a carrier confined
in Si NC, one should take into account the difference in
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dielectric constant values of Si (g;,=12) and SiO, (g,=2).
We note that the Auger process is determined by the high-
frequency dielectric constant as the transition energy Aq is
much larger than the lattice vibration energy.?

The potential created by a point charge ¢ at the distance a
from the center of the sphere of radius R (R <a) with dielec-
tric constant &; in the media with dielectric constant &, is
obtained as a solution to the Poisson equation and is given by
the equations:

S(r\ (2l+1
®(ra)=—L|1+3 (5) LD B
&ra =1 a lS] + (l + 1)82
(A1)
inside the sphere (r<R), and
®,(r,a) = q _ q(e; - &)
82|r - a| 82}"
S (R ! (R)
X -] —F P D)
z(ﬂ) 18]+(l+1)82 I(COS )
(A2)

outside the sphere (r>R), where O is the angle between r
and a: cos(9)=(r,a)/ra. Note that the Coulomb potential in
the case of interaction of two charges is given by %[CD(r,a)
+®(a,r)], but it is easy to show that in our case ®(r,a)
=d(a,r).

Let us consider the potential @ in Egs. (3) and (7). Intro-
ducing the coordinate r’ related to the center of the ion (r’
=ry, where ry is the size of the f shell) and using the fact that
ry<a, the potential can be expanded into a series by r’,
taking into account the linear term only:

O(r,a+r’) = D(r,a) + (A3)

dd(r,a) |
—Q T
da
In order to use formulas (Al) and (A2), the integration of
matrix elements in Eq. (7) should be produced over r’ for
0<r"<ry. Relatively high energy barriers at the boundary of
a NC (3.2 and 4.3 eV for electrons and holes, respectively)
allow only a small portion of the confined carrier charge
density to penetrate outside. The charge density of confined
carriers occurring in SiO, due to tunneling is just a few
percents.?? Therefore the largest contribution is given by the
Coulomb interaction induced by the carrier density inside the
NC. To that end, it is enough to use potential ®; (see Eq.
(A1)) only. We can write for it

dd,(r,a)
—e=a (A4)
da a‘e,
where
a r
J=--Ji+- /5, (AS)
and
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. i 21+ e, (5)1

Ji=1
! o ler+(+1ex\a

&P,(cos )

os ¥ }’ (A6)

[(l+ 1)P,(cos ¥) + cos ¥

21+ 1)e r\'dP,(cos O
e s (rYorend)
o le;+(+Dey\a/ dcos
Then Eq. (7) transforms into
Wiri= hA 2 2 |dff @' M’ |J|l M>|ZJT(N)
E€ ZM M’ fff
(AB)
where the ion dipole momentum is given by
dsp = J :,b;,(r)rz,bf(r)d3r. (A9)

Averaging Eq. (A8) over the directions of d, one gets

27re’
Wii=—>—— dp [ (a)J (N A10
zhAER“NfE' L (@) 7N (A10)
where the dimensionless factor I;;,(a) is defined by
1
Iyia)= S (A11)
N, a

MM’

where the square of the matrix element absolute value is
assumed to be averaged over the directions of vector a. In-
troducing the radiative lifetime 7,4 of the erbium ion in the
first-excited state (*I;3,,) (Ref. 41)

1L vealdy)

s (A1)

Trad N 7 i

one gets finally Eq. (9). The results of calculations of the
factors I;s,(a) for electrons and holes are given in Fig. 10.

For completeness, we consider the contribution of carrier
density outside the dot to the probability of Er** excitation.
The potential ®,, given by Eq. (A2), should be used outside
the NC. We get

=—1J, Al3
da R282 ( )
where
aR , TR (r—a)R?
'=—J - —J, R Al4
J ' ar’t r-al (Al4)
],_g £1— ey (5>(z+1)(5>(z+1)
l_l=1 le,+(I+1)ey\a r
dP,(cos ¥
[(l+ 1)P/(cos 9) + cos 19[(—19)], (A15)
0s
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(A16)

L w E-& (£>10"P,(cosﬁ)
a

J, =
2 z le)+(l+1)e, d cos ¥

Producing the calculations analogous to the ones described
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above for the carriers being inside the NC, one can find that
the contribution of the confined carriers tunneling to the ex-
citation probability is given by an expression similar to
Eq. (A10). Our calculations have shown that the input is
negligible.

*Currently at: Laboratoire Kastler Brossel, Départements de Phy-
sique et de Biologie, Ecole Normale Supérieure, 46 rue d’Ulm,
Paris, France.
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