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Abstract

®

CrossMark

Photo-physical processes in Er-doped silica glass matrix containing Ge nanocrystals prepared by
the sol-gel method are presented in this article. Strong photoluminescence at 1.54 ym, important
for fiber optics telecommunication systems, is observed from the different sol-gel derived
glasses at room temperature. We demonstrate that Ge nanocrystals act as strong sensitizers for
Er’* ions emission and the effective Er excitation cross section increases by almost four orders of
magnitude with respect to the one without Ge nanocrystals. Rate equations are considered to
demonstrate the sensitization of erbium luminescence by Ge nanocrystals. Analyzing the erbium
effective excitation cross section, extracted from the flux dependent rise and decay times, a
Dexter type of short range energy transfer from a Ge nanocrystal to erbium ion is established.

Keywords: Ge nanocrystal, Er sensitization, 1.54 ym photoluminescence emission

(Some figures may appear in colour only in the online journal)

1. Introduction

Modern fiber-optics communication systems use near infrared
light at 1.54 ym wavelength, which coincides with minimum
transmission loss of silica fibers. A rare earth element, espe-
cially erbium, is useful for optical signal amplification in
fibers because of their ~1.54 ym emission owing to the intra-
4f transition from the first excited to the ground state (*Is,
»—*I1s) [1]. It has been reported that the Er ions’ lumi-
nescence may be enhanced by introducing Si nanocrystals (Si
NCs) into the host matrix favouring the energy transfer from
silicon NCs to the Er** ions [2]. Enhancement of more than
four orders of magnitude of the effective excitation cross
section up to 107°~107"7 cm? in Er doped SiO, containing Si
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NCs has been found [3, 4]. In comparison, Er in SiO, has a
cross section of ~1072! cm?. Hence, Er doped SiO, contain-
ing Si NCs has been studied extensively by researchers [5—
17]. Since Ge, the other important Group IV element, has
larger excitonic Bohr radius (~26nm) compared to Si
(~5 nm) leading to stronger quantum confinement, it might be
a potential alternative material as a sensitizer for Er’* ions.
Additionally, the tunability of size dependent emission from
sol-gel derived Ge NCs [18], and the possible improvement
of the pumping efficiency due to the close value of the Ge
exciton energy with the 1.54 ym transition from Er’* ions
motivate the use of Ge NCs as sensitizers for Er’* ions.
However, there are only a few reports showing the
enhancement of Er photoluminescence (PL) in presence of Ge
NCs [19-24]. In particular, Ge related oxygen deficiency
centers (GeODCs) form at the interface of Ge NC and SiO,.
Kanjilal ez al [25, 26] have shown that energy transfer from

© 2015 I0OP Publishing Ltd  Printed in the UK
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Table 1. Size, photoluminescence peak and full width at half maximum (FWHM) for different Ge nanocrystals containing sol-gel samples.

Band gap energy

Amount of Annealing tem- Annealing Size from (Eg) from FWHM of the PL
Sample name Ge (%) perature (°C) time HRTEM (nm) PL (eV) emission band (eV)
7.5% Ge_a750 °C 7.5 750 2 h 30 min 4.1+0.8 1.32 0.31
7.5% Ge_a850 °C 7.5 850 2 h 30 min 50+1.0 1.25 0.32
10% Ge_a750 °C 10 750 2 h 30 min 6.1+1.0 1.23 0.34
10% Ge_a850 °C 10 850 2 h 30 min 6.8+1.5 1.19 0.33

GeODCs to the Er** ions occurs for photons with energy
larger than 3.07 eV.

In this paper, we study the role of Ge NCs as sensitizers
of Er’* jons. Er’* induced PL has been observed at room
temperature along with Ge NC emission for energies larger
than the Ge band gap. The characteristics of the Er induced
PL emission using resonant and non-resonant excitation are
discussed. Particular care has been paid to use photon ener-
gies lower than 3 eV in order to avoid direct excitation of
GeODCs. We have studied the Er emission related rise and
decay to have the idea of effective excitation cross section of
Er and consequently to investigate the energy transfer
mechanism from Ge NCs to Er3+, which was not studied
so far.

2. Experimental details

Tetraethyl ortho-silicate and erbium tetrachloride (ErCls,
6H,0) were chosen as the starting materials to prepare Er-
doped SiO, glasses by sol-gel process. With a view to
growing Ge NCs within the SiO, matrix, GeCl, was incor-
porated in the reaction [22]. The ‘sol’ was kept for a few days
within enclosed polystyrene containers for aging till a stiff
‘gel” was formed. These gels were dried at room temperature
for 30 days followed by the sintering in air ambient at
100-500 °C for 5h. Three types of sol-gel glasses were
prepared, one containing only Ge, a second doped with only
Er, and a third one co-doped with Er and Ge. Finally, the
samples were annealed in the presence of a N,+H, gas
mixture (9:1 ratio) at different temperatures ranging from 700
to 850 °C for 2.5h to induce the nucleation of Ge NCs by
reduction of GeO,. In this respect, the mechanism of Ge NCs
formation can be discussed in a nutshell. Precipitation of
metallic Ge occurs due to the reduction of Ge ions with dif-
ferent oxide states in the presence of H, within the silica
matrix. Since Si** is much more stable compared to Ge**,
there is no effect on Si** due to the annealing.
High-resolution transmission electron microscopic
(HRTEM) images of Ge NCs were taken using a JEOL 2010
microscope operated at 200 kV. The microstructural proper-
ties of the grown samples were analyzed by x-ray diffraction
using a Phillips X’Pert PRO MRD x-ray diffractometer. To
record the optical transmission spectra of the glasses, a Perkin
Elmer Lambda 45 UV/visible spectrometer was used. PL
characteristics of sol-gel glasses were studied using 532 and
980 nm laser sources, a monochromator and liquid nitrogen

cooled InGaAs detector. Lifetime of the 1.54 um emission
peak was measured by using the 532 nm laser excitation with
a mechanical chopper and lock-in amplifier. Low temperature
PL measurements were done using a closed cycle cryostat.

3. Structural properties

3.1. Size of nanocrystals

Ge NCs of different sizes have been grown by using different
Ge fractions and by varying the annealing temperature (see
table 1). TEM micrographs of Ge NCs are shown in
figures 1(a)—(d) for a glass with 7.5% Ge content annealed at
750 °C and 850 °C, and for a glass with 10% Ge content
annealed at 750 °C and 850 °C, respectively. The selected
area electron diffraction patterns corresponding to the 7.5%
Ge annealed at 750 °C is found to be ring-like, few char-
acteristic directions in the diffraction pattern are indexed to be
the (111), (220) and (311) crystallographic planes of a cubic
Ge and GeO, phases. These findings have been further sup-
ported by x-ray diffraction measurements reported in the
following. Lattice fringes of such Ge NCs could be observed
in figure 1(f) confirming the formation of crystalline Ge.
Figures 1(a)—(d) show that the sizes of NCs are changed by
varying the Ge content as well as the annealing temperature.

Analysis of several TEM images allows to yield the
average diameters of nucleated Ge NCs (table 1) and their
size distributions. The average Ge NC diameter increases with
Ge content and annealing temperature. This is due to the
increased precipitation of Ge atoms, which are incorporated in
the NCs samples. The average NC density has been derived
by counting the number of NCs within an image area L. If N
is the resulting number, and assuming an uniform dispersion
of NCs, the NC density results to be N¥2/L3. Typically, the
NCs density for a 10% Ge annealed at 850 °C glass is found
to be (7.8+0.5)x 10" cm™.

3.2. X-ray diffraction of Ge nanocrystals

X-ray diffraction measurements yield the crystallite char-
acteristics. Figure 2 presents the diffraction pattern for 10%
Ge annealed at different temperatures. As-prepared as well as
700 °C annealed samples do not show any diffraction peak
indicating the growth of amorphous Ge in the SiO, matrix.
Samples annealed at temperatures higher than 700 °C show
the formation of NCs from amorphous Ge clusters. For 750
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Figure 1. TEM images of Ge NCs in silica matrix for (a) 7.5% Ge annealed at 750 °C (b) 7.5% Ge annealed at 850 °C (c) 10% Ge annealed at
750 °C and (d) 10% Ge annealed at 850 °C; (e) Selected area electron diffraction pattern of 7.5% Ge annealed at 750 °C sample showing a
ring pattern. Specific directions are indexed as cubic Ge (111), (220) and (311) planes along with the GeO, (110). Lattice fringes of few Ge
nanocrystals could be seen in (f) for this 7.5% Ge annealed at 750 °C sample.

and 850 °C annealed samples, clear diffraction peaks corre-
sponding to the crystallographic (111), (220) and (311) planes
of the cubic Ge phase are observed at 27.20°, 45.17° and
53.59°, respectively. For higher temperatures, the broadening
of the peak decreases due to the increased crystallinity. For
the 850 °C annealed sample, a weak crystallographic (111)
peak of hexagonal GeO, is also observed in the diffraction
pattern.

4. Optical properties

4.1. Absorption and PL characteristics

Absorption spectra of the sol-gel samples show both the NC
absorption as well as the characteristic intra 4/~4f absorption
of Er’* jons. Figure 3 compares the absorption of an Er doped
glass with the one of Ge NC and Er co-doped glass. The
absorption of the Er doped glass shows the characteristic
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Figure 2. X-ray diffraction spectra of Er doped SiO, glasses
containing Ge NCs (10% Ge) at different annealing temperatures of
700, 750 and 850 °C along with the as-prepared one.
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Figure 3. Absorbance spectra related to Er doped glasses with and
without Ge NCs for 1.5% Er annealed at 850 °C and 10% Ge, 1.5%
Er annealed at 850 °C samples.

peaks at 376, 488, 521, 648, 800, 976, 1480 and 1540 nm.
With addition of Ge NCs in the Er doped glass, the absorption
increases owing to the absorption of Ge NCs. As an example
we show in figure 3 the absorption of a 10% Ge content glass
with 1.5% of Er and annealed at 850 °C. From this compar-
ison, it is clear that the Ge NC dominates the absorption at
532 nm. Therefore, the 532 nm laser line can be used as the
non-resonant line to Er for its optical pumping.

Figure 4 shows the PL emission from Ge NCs, embedded
within SiO, matrix, using a 532nm laser. The PL peak
position red shifts with the increase of Ge amount and/or the
annealing temperature from 750 °C to 850 °C. For example,
the PL peak is at 937 nm (1.32 eV) for the 7.5% Ge annealed
at 750 °C glass, whereas it is red shifted to 1038 nm (1.19 eV)
for 10% Ge annealed at 850 °C glass. This is attributed to the
increase in the size of the Ge NCs, confirmed by TEM. The
emission peak position for this kind of sol-gel derived Ge NC

T T T T 1 T 1
——7.5% Ge_a750 °’C
AN - = 7.5% Ge_a850 °C

Yoo 10% Ge_a750 °C
- - - 10% Ge_a850 °C

0.8
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1300

800 900 1000 1100 1200 1400

Wavelength (nm)

Figure 4. Photoluminescence spectra for Ge NCs embedded SiO,
samples using 532 nm laser excitation. PL peak position is red
shifted with increase in Ge amount from 7.5% to 10%. PL peak is
also red shifted with increase in annealing temperature from 750 °C
to 850 °C for both 7.5% and 10% Ge content sample.

appears to be systematically at longer wavelengths than for
Ge NC obtained by vapor deposition [27]. Ruddy et al [18]
have observed the same trend for solution processed Ge NCs
in the wavelength range 860-1230 nm. Full-width-at-half-
maximum (FWHM) of the PL emission has also been mea-
sured at low temperature (10 K, not shown), but there is no
considerable narrowing of the peak width, indicating the
presence of inhomogeneous broadening [28]. The emission
peak is broadened by the distribution of sizes of Ge NCs to a
FWHM of 300-350 meV, as observed in figure 4.

To get Er induced PL emission, we have used 980 nm
and 532 nm pumps. The 980 nm excitation line is resonant
with the 4111 1, level of Er’* ions, whereas 532 nm is non-
resonant. Figure 5(a) shows that with the increase in
annealing temperature, the PL intensity increases. When the
glass is co-doped with Ge NCs, the PL intensity increases
even further, which is due to the sensitization of Er** ions by
Ge NCs. It also shows that the enhancement in the integrated
PL intensity is 1.8 times larger for the 850 °C annealed
sample as compared to that annealed at 750 °C. Varying Er
concentrations upto 1.5% yields an increase of the integrated
PL intensity by a factor of 5.5 for the Er doped glass and 2.2
for the Er and Ge NCs co-doped glass, as shown in the
figure 5(b). The enhancement is attributed to the increase in
the number of optically active Er’* ions in the matrix.
Figure 5(c) presents the Er related PL spectra due to the
indirect pumping of Er ions using 532 nm laser for different
temperature and Er concentrations and trends are the same as
when exciting by 980 nm laser.

Afterwards, all the measurements and calculations will be
done corresponding to the 532 nm excitation. Measurements
corresponding to the 980 nm pump can be used to calculate
the number of only directly excited Er’* ions since 980 nm
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Figure 5. (a) Photoluminescence spectra for silica glass with and without Ge NCs for (a) different annealing temperatures (750 and 850 °C)
upon excitation by a 980 nm laser and (b) different Er concentrations upon excitation by a 980 nm laser and (c) photoluminescence spectra
for silica glass with Ge NCs for different anneal temperatures and Er concentrations upon excitation by a 532 nm laser.
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Figure 6. A model of the energy transfer from Ge NCs to Er’* ions. The different symbols and transitions are described in the text.
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will be able to excite Er ions both directly as well as indirectly
via Ge NCs.

4.2. Emission mechanism

A model of the the interaction between Ge NCs and Er’* ions
can be derived by using rate equations. Details of the model
for the system of Si NC sensitizing Er ions can be found in
[7, 13]. Interaction between Ge NC and Er’* ions is sche-
matically presented in figure 6, where different excitations
and de-excitation pathways for the Ge NC and Er ions are
considered. Ge NC is modeled as a two level system with two
band edge levels. It should be noted that since we have got the
Ge NC direct PL peak in the energy region 1.20-1.32 eV, we
assume that the 4111/2 level of Er** ion (1.26 eV) is resonant
with the Ge NC conduction band edge. The excitation of Ge
NC by an incident photon flux ¢ is modeled through an
effective excitation cross section, og., which yields a rate of
exciton generation oge¢. Excited Ge NCs can decay to the
ground state radiatively or non-radiatively with a total
recombination lifetime of 7g. (transitions marked as (a) in
figure 6). On the other hand, Ge NC couple to Ert ions, and
transfer the excitation energy to Er which gets excited in the
*I1» level as shown in the process marked (b) in figure 6.
The coupling coefficient is labeled C;. The excited Er’* ions
then might also be further excited to higher excited states by
direct absorption of the exciton recombination energy from
Ge NCs. This process is known as excited-state absorption
(ESA), which is marked as (c) in figure 6 and the corre-
sponding ESA coefficient is labeled C,. Excited Er’* ions
then can radiatively or nonradiatively relax from the 13 tO
the ground 4 15,2 State with a total recombination lifetime zp;.
(process marked as (d) in figure 6). Another recombination
channel is the co-operative up conversion (CUC) which is a
de-excitation process resulting from the interaction between
two excited Er’* ions; one of the ions relaxes to the ground
state giving the excess energy to the other ion which gets
excited to higher energy state (process marked as (e) in
figure 6). C,, is the co-operative up-conversion coefficient.
Another de-excitation path of Er ions from the T3 level is
via the Auger excitation of excitons (AEEs) in the Ge NC.
The process is modeled by the Auger coefficient C4 and is
described by process (f) in figure 6. From this model the
following rate equations are derived:

dN§G N§
e UGed)NGe,gr - G
dt TGe

— CININGe — G Na NG, (1)

where NG, is the density of excited Ge NCs, while Nge gr is
the density of Ge NC in the ground state. Here
NGe = NGe + Ngegr is the total density of Ge NCs in the
sample, Ny and N, are the density of Er ions in the ground and
in the first excited state 4113/2 respectively.
The density N, of the first excited Er state is given by:
dn,

N
—2 = ONING, — —= = CypNo? = CaNaNGe. ()
dr TPL

Here we assume a very fast relaxation from all higher levels

T T T T
N - g :
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Figure 7. Excited Er** ions density (N) as a function of the 980 nm
(both direct + indirect excitation) and 532 nm (only indirect excita-
tion) photon flux for 10% Ge, 1.5% Er annealed (850 °C) sample.
The difference provides only directly excited Er’* ions density.
Indirectly excited fraction of Er’* ions as a function of the 532 nm
photon flux is also shown. All the dashed lines are guide to the eye.

to “I;3,. From equation (2) we can define the effective Er
excitation cross section o as

Oefi ) = CINGe. 3)

Finally, it holds that N.= N, + N,, where N.. is the density
of Er coupled to Ge NC.
Assuming a steady state condition, i.e. CW excitation, we
get N§. and then
CiNGe gr0G
Oett = = : @)

1
CiN + C,N, + 0Ge¢ + —
TGe

Assuming a low excitation flux regime, equation (2)
becomes

dN; N-
—2 = G pN — — (5)
dt TpL

since for low fluxes, the effect of de-excitation processes like
CUC, ESA and AEE are negligible. Then in steady state
condition and using M = N, — N, we get

N2 — Nc¢o'effTPL ]
1 + goertpL

(6)

To calculate the absolute values of N,, we have measured
the power dependent PL intensity of all the samples and
deduced the number of excited Er ions by a quantitative
comparison of the emitted photon flux with a reference Er
doped glass supplied by Corning [3, 12]. To find the max-
imum value of N,, equation (6) is not properly valid because
CUC, ESA and AEE effects have to be considered also.

Figure 7 shows the dependence of calculated N, values
with photon flux (for both 980 and 532 nm pump) and the
ratio N, /Ng, (excited Er fraction) for 532 nm for the 10% Ge,
1.5% Er sample annealed at 850 °C. It is noticed that the
amount of indirectly excited Er’* ion has a trend for satura-
tion’s. Therefore, although the exact value of N, (max) is not
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Figure 8. Decay proﬁles corresponding to the 1.54 ym emission for
different samples using a 532 nm pump photon flux of
1.61 x 10*! photons cm™2 57",

known, we can presume that the experimental value of N, at
the highest pump flux of 1.61 x 10*! photons cm™s™" is close
to N, (max). This premise is useful for approximate calcula-
tion of some parameters related to the Er’* excitation
dynamics. Our calculation shows that for a particular amount
of Er, the density of indirectly excited Er becomes more for
850 °C compared to 750 °C annealed samples (tabulated in
table 2). The maximum density of indirectly excited FEr,
N, (max), obtained is 2.26 x 10" cm™ for the best performing
sample (above one). The corresponding maximum Er frac-
tion, N, (max)/Ng, is 1.23%, whereas for Si NCs, several
groups have reported different maximum excitable Er fraction
up to 5% [3, 8, 29-31]. The possible outcome of the small
number of ions coupled to nanocrystals is the low fraction of
nonresonantly excitable erbium ions compared to the optical
transparency limit (inversion of 50% Er ions, i.e., No/Ng,
=50%), ultimately limiting to achieve very high optical effi-
ciency in structures alike Si NCs based system.

Considering that the fraction of Er’* ions excited through
Ge NC is the same for both 532 and 980 nm pumps, the
subtraction of the density of excited Er ions (N,[980]- N,
[532]) in figure 7 provides the contribution of directly excited
Er’* ions to the 1.54 yum PL intensity. We have observed that
the number of directly excited Er ions does not show the
saturation behavior, indicating the direct excitation of Er*
ions is still significantly possible by the resonant
980 nm pump.

4.3. PL lifetime

A very important parameter in the model is zp . Time
resolved decay measurements of the Er emission are shown in
figure 8. The decay line shape is a stretched exponential,
which results from the superposition of single exponential
functions with a distribution p (7), where 7 is the decay time
constant of each single exponential. In this case, the PL

intensity is given by [12]

¢ p
1(t) = Iyexp —(6]

= /oo Iy exp{—(i)}p(‘r)dr (7
0 T
and the mean relaxation time (7) is
() = —F(l/ﬁ) (8)

where f is a non-exponential exponent, I is the Gamma
function and (r) = 7p, is the average PL life time. By using
relations (7) and (8), 7p; have been extracted from the PL
decay line shapes for different Ge and Er contents and dif-
ferent annealing temperatures. The long measured lifetime
shows that the matrix is almost defect free. Indeed, increasing
the annealing temperature, the lifetime increases. On the other
hand, we also observe that on increasing the Er content in the
film, the lifetime increases, which indicates that we are far
from the critical concentration where Er clustering is
observed. Another interesting trend is the fact that the lifetime
shortens as the photon flux increases (as can be seen from
figure 9(a)). This suggests that de-excitation processes like
CUC effect are important in these sol-gel glasses. CUC
becomes a key factor when Er concentration or photon flux is
high or both are high. We can take into account the up-
conversion effect by adding an additional term to the rate
equation (5) for Er—Er ion pair interactions in the excited state

N,

dm
—2 = oerNigp — = — CpN7. ©)
dt (%)
For ¢ =0 (pump is off), equation (9) becomes
dn; N-
e el (10)
dt (%)

where Cy;, is the up-conversion coefficient.
Instead of calculating the exact analytical form of the
total decay time zp;, we consider a simplified form as:
1 1

— = — + CypM,
TPL (2]

Y

which is nothing but a linear dependence of 1/zp;, on N,. 7pp
as a function of flux and as well as 1/zp;, as a function of N,
are shown in figures 9(a) and (b), respectively, for different
samples. The CUC coefficients C,, extracted from linear fits
are (7.0£5. 0)>< 1077, (2.0+£1.0)x 107" and
(1.5+0.1)x 1077 em®s™" for glasses containing 1.5% Er
annealed at 750 °C, 1% Er annealed at 850 °C and 1.5% Er
annealed at 850 °C, respectively. The conclusion can be
drawn from the above fact that the CUC coefficients decrease
with annealing temperature, which has also been observed in
the case of Si NC-Er system [3]. This signifies that the pump
flux required to achieve transparency limit will be appreciably
enhanced in the presence of CUC effect.
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Table 2. Density of Er’* ions present in the samples, the maximum excitable Er** ions, its ratio to the total Er®* ions.

Amount of Annealing tempera- Amount of No. max No. max! 1.54 ym PL decay
Ge (%) ture (°C) Er (%) Ng: (x10%° em™) (10" cm™) Ng: (%) time, 7p (ms)®
10 750 1 1.22 0.20 0.16 6.65
10 850 1 1.22 1.31 1.07 8.65
10 750 1.5 1.83 0.68 0.37 8.36
10 850 1.5 1.83 2.26 1.23 8.07
" At ¢ =1.6x10?" photons cm™s™".
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Figure 9. (a) Photoluminescence decay lifetime of samples with different annealing temperatures and Er content plotted as a function of the
532 nm pump photon flux and (b) plot of 1/zp; as a function of N, (532 nm excitation) for different samples to find the up-conversion

coefficients.

The photon flux for transparency becomes after calcula-
tion:

hin

without up—conversion, (12)

Oeff T2

1

Oeff 72

1 . .
(—CupNErrz + 1)Wlth up—conversion. (13)

It can be found that the photon flux which for a glass with
10% Ge content, 1.5% Er content and annealed at 850 °C and
by using the parameters (s, = 4 x 1077 cm?, 7 = 10.9 ms,
Ng, = 1.83 x 102 cm™) is ¢, , ~ 2.3 x 10"® photons cm™ 5™
without up-conversion and ~4 x 10'° photons cm™s™" with
up-conversion. If we consider the effect of ESA, ¢,
increases even further. However, experimentally, transpar-
ency does not appear when the system is excited by a flux
equal to the above calculated flux. This is because the amount
of optically active Er’* ions is a fraction of the total Er** ions.

Previously, we have discussed the decay time of Er’*
jons from *I;3,, to *I;s/, state. Not only the decay time, but
also the rise time from the ground state to the 1,3 state is
important for the study of the decay dynamics of Er’* ions.
As the laser beam is switched on, Er population in the first
excited level will increase with time up to saturation with a
characteristic time of z,;,.. The increase of the excited Er** ion

population can be written as [32]:

NE eff —
N(t) = M[l —e ((ﬁm«ﬂh)t]’ (14)
1 + ¢oerrtpL
where
1
= (aeffd) + —) (15)
Trise TpPL

With increasing pump power, the increase of the PL
intensity becomes faster and faster. Moreover, by using
equation (15), one can calculate o.y. It should be noted that
the PL rise line-shape has a typical stretched exponential
dependence which looks like

)ﬁ

By measuring the time dependence of the PL emission
under pulsed excitations, the PL rise time (zs) for Er ions
within silica matrix with or without Ge NCs pumped at
532 nm for different pump fluxes has been calculated. For the
10% Ge content, 1% Er content and 850 °C annealing tem-
perature sample, the values of § are plotted in figure 10. f
decreases with the increase of photon flux which indicates
that the rise and decay line shapes are almost single expo-
nential at low pump power and become stretched exponential

(16)

Trise

I1(t) =DL|1 —exp —[
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Figure 10. Extracted values of f as a function of the pumping flux
for both PL rise and decay.
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Figure 11. Calculated values of o as a function of the 532 nm
pump flux plotted for different samples.

at high pump powers. f # 1 indicates a distribution of
recombination paths that in our case are associated with the
onset of co-operative effects, such as CUC or ESA, at high
photon fluxes.

4.4. Flux dependent Er-excitation cross section

From the rise and decay lifetimes, we calculated o, which
is reported in figure 11, as a function of 532 nm pump flux
for different samples. The best performing sample is found
to be 10% Ge content, 1.5% Er content and 850 °C
annealing temperature one. For this sample, o is found to
be (4+1)x107"7cm® at a photon flux of 1.5x10'7"
photons cm™>s~'. The presence of Ge NCs enhances the
effective excitation cross section for Er luminescence by
almost four orders of magnitude relative to the Er doped

-36 . . . . . . .
[ ]
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B Data L *
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Figure 12. Dependence of the effective excitation cross section as a
function of the interaction radius, indicating the presence of a Dexter
kind of energy transfer mechanism. Inset shows the schematic
diagram of the system which shows interaction region between a Ge
NC and Er** ions.

SiO, without any Ge NCs. The large absorption cross
section of Ge NCs is responsible for this enhanced effective
excitation cross section. o for Er coupled to Si NC is
larger than the values here reported by one order of mag-
nitude [3]. At moderate photon fluxes of 1.5 x 10 cm™2 571,
oest decreases to (3x1)x 107" cm?. The decrease of Oeff
with an increase of the photon flux is similar to what was
observed for the Er—Si NC system [3]. From equation (3),
we can write: oerr = C1NG./¢p. For low or moderate photon

flux, NG, is likely to increase linearly with flux. The
decrease of o¢ in figure 11 is thus attributed to the pump
flux-dependent C; value. It implies that the coupling con-
stant between Er and Ge NC falls rapidly with an increase of
the pump photon flux. According to [3], we interpret this as
an indication of a distance dependent interaction between
Ge NCs and Er’* ions.

4.5. Distance dependent interaction between Ge NC and
ErP* ions

We can define an effective volume I.y containing the
excited Er ions around each Ge NC. Beyond this volume the
Er ions remain unexcited. A schematic diagram of this
model is presented in the inset of figure 12. In this scheme,
the density of Er ions (), which are excited by the Ge
nanocrystals, is the product of the density of Er ions in the
matrix, the density of Ge nanocrystals (Ng.) and the inter-
action volume (Ii):

N; = NgeNg: Lese

= NGeNEr%ﬂ(€3 - gnc3)

here { and {,. are the radii of the interaction sphere and the
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Ge NC, respectively.Then

3 N
IVGeC3 = ]\fGeé‘nc3 + EN_;’
3N
:>Nell3 = 3| Nge n3+__y
Ge °C = 3| NGene 27 Neo
N
= NooAT = s\/zvoecnﬁ + 22 N, (17
4777 NEr

where Y'=({—{,.) is the interaction distance.

Since all the quantities on the rhs of the equation (17) are
known, plotting c.r as a function of Ng.!'*Y yields infor-
mation on the nature of the Ge NC-FEr interaction. For the
above calculation, the average radius and density of Ge NCs
have been taken as 3.4nm and 7.8x10'®cm™ (from the
HRTEM measurement), respectively.

Figure 12 shows the plot of o as a function of the
calculated values of Ng.">Y. It is better fitted with an expo-
nential decay behavior (¢~Y) compared to the power law
dependence (Y% of Forster energy transfer. From the
exponential fit of o = 0y exp(—Ng.'*Y/Z), values of oy,
and E are extracted to be 1.8 x 10”"7 ¢m? and 0.006, respec-
tively. Now putting cei/op = ¢!, and Y = . we get
Cint = ENge™ 3, which gives iy ~ 0.2 nm. So, we have found
that a distance dependent Dexter like interaction with an
average interaction distance of ~0.2nm can model the
interaction between a Ge NC and Er’* ions. The interaction
distance found for Si NC and Er is 0.4 nm [3], which explains
the larger ocr for Si NC—Er than for Ge NC-Er. Our findings
clearly show the role of Ge NCs in the sensitization scheme,
where they are able to excite very efficiently Er ions in close
proximity to their surface, but not efficient away from the
surface, which in turn decreases the number of ions coupled
to NCs. That is why this distance dependent interaction
becomes a limitation for a reasonable population of Er ions in
the first excited state to achieve transparency limit.

4.6. Temperature dependent PL spectra

Finally, we have carried out the temperature dependent
measurement of the PL signal around 1.54 ym for our best
performing sample (1.5% Er 10% Ge 850 °C annealed one).
Figure 13 shows the PL spectra for different temperatures
from 10K towards the room temperature. It has been
observed that for the above measured range, there is no
considerable quenching of integrated PL intensity, whereas
for only Er doped SiO,, temperature dependent quenching
takes place (not shown). This is because of the fact that the
nonradiative quenching processes are suppressed for silica
matrix containing Ge NCs compared to that without NCs.
Also from the figure 13, we got the nice interesting fact that
instead of decrease in integrated PL intensity with increase in
temperature of the sample, it becomes more or less same;
rather, it is distributed around the 1.54 ym within the region
of 1.44 ym—1.7 ym. This is basically nothing but the excita-
tion of Er ions, due to thermal redistribution (inset of
figure 13), from below 1.54 um to the higher energy levels

10
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Figure 13. Temperature dependent PL spectra of Er doped SiO,
glass with Ge NCs. Inset shows the integrated PL intensity as a
function of temperature and thermal redistribution within the *I,5,
levels.

created due to the stark splitting. The above unquenched Er
emission also confirms the negligible presence of non-radia-
tive trap centers as also corroborated by the large decay time
(>8 ms) of Er emission. This indicates the possible further
optimization of Ge nanocrystal sensitization scheme for the
very high optical efficiency fabricating the samples using
CMOS compatible techniques.

5. Conclusions

Room temperature PL in the third telecommunication window
(1.54 ym) from Er’* ions has been reported. It has been
shown that in presence of Ge NCs, the effective excitation
cross section of Er** ion is enhanced by almost four orders of
magnitude from ~1072' ecm™ to ~107"” cm™. This is ascribed
to the energy transfer from Ge NCs to Er’* ions. Our mea-
surements shows that maximum 1.23% of total Er’* ions
could be indirectly excited by Ge NCs at a high pumping
photon flux of 1.6x 10*' cm™s™'. We modeled the Ge NC—
Er interaction as a Dexter interaction which occurs with a
characteristic interaction distance of ~0.2 nm. Dexter type
energy transfer was confirmed from the exponential depen-
dence of the effective excitation cross section of Er with the
inter-distance between a Ge NC and Er ion. We also quan-
tified the characteristic parameters for de-excitation phe-
nomenon like co-operative up-conversion. However, the
integrated Er PL intensity being temperature independent,
corresponding to the sample of maximum excitable fraction,
shows the huge suppression of non-radiative trap states. As a
whole this work gives a range of parameters suitable to model
the Er—Ge NC systems in order to optimize the material for all
optical amplifiers.
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