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Temperature dependence of the crossover between the near-infrared Er and defect-related
photoluminescence bands of Ge-rich Er-doped SiO, layers
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Temperature-dependent photoluminescence of Ge-rich SiO, in the presence or absence of Er shows a
crossover between defect-related (15150 K) and Er-related (150-295 K) emission within 1525 and 1440 nm.
The origin of the near-infrared defect-related bands is discussed in the light of recombination of localized
excitons in luminescence centers at the Ge cluster/SiO, interface. Time-resolved photoluminescence further
enables us to illustrate the observed 1.53 um Er emission above 150 K in terms of a phonon-assisted nonra-
diative energy-transfer process from the luminescence centers to the Er’* ions.
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Bulk silicon and germanium, basic elements in microelec-
tronic industries, are not suitable for photonic and optoelec-
tronic applications because of their indirect band gaps. How-
ever, the situation has remarkably been improved by using
their nanostructures. Owing to the tunable luminescence
properties, crystalline, and amorphous forms of Si or Ge
nanostructures dispersed in a SiO, layer have further been
employed for enhancing the 1.53 wm Er photoluminescence
(PL) intensity when excited with a wavelength nonresonant
to the Er emission.'™ In contrast to Ge nanoclusters, much
research has been devoted so far to the systems containing Si
nanocrystals (NCs) in Er-doped SiO, due to their extraordi-
nary performance in amplifying the 1.53 wm Er PL.'-
However, in any case the mechanism is governed by an
energy-transfer process from optically excited semiconductor
nanocluster to the Er** ions, which decay radiatively via an
intra-4f 4113,2—>4115,2 transition. Moreover, defects residing
at the NC/Si0, interface have also been invoked in transfer-
ring energy to the Er’* ions for a multifold improvement of
the 1.53 um Er PL.° It has been demonstrated by Heng
et al.* that the amorphous Ge nanoclusters play the key role
in transferring energy to the Er** ions, while quite recently a
defect-related model has also been proposed.” Only few
groups’® paid attention on the temperature-dependent PL
properties of such systems to understand the Er excitation
process, while it is essential to exploit its potential and to
improve the 1.53 wm Er PL intensity for fabricating comple-
mentary metal-oxide semiconductor compatible waveguide
amplifiers, solar cells, and lasers operating at this telecom-
munication wavelength.

In this Rapid Communication, we report the evolution of
the 1.53 um Er PL from a Er:Ge-NC:SiO, layer at room
temperature (RT) under different Er concentrations (Cg,) and
Ge concentrations (Cg.), and we correlate these results with
the corresponding microstructural properties. By investigat-
ing the temperature dependence of the infrared (IR) PL, here
we demonstrate a crossover between a pulsed (15-150 K)
and continuous (150-295 K) regime close to the 1.53 um Er
emission. In particular, independent of the presence of Er in
Ge-rich SiO, a weak variation in intensity and peak position
is observed below 150 K for two PL bands, called P1 and P2
around 1525 and 1440 nm, respectively. Clear appearance of
the typical 1.53 um Er emission above 150 K with a con-
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comitant quenching of both P1 and P2, especially the former
one with a completely different line shape, is recorded. In
our knowledge, such an intriguing PL behavior has never
been reported before for Er:Ge-NC:SiO,. The correlation
between Pl and the 1.53 um Er PL is discussed further
using time-resolved PL. measurements.

130 keV Ge ions were implanted with fluences of
2X10'-6x 10" ions/cm? (maximum Cg, in between
3.5% and 11.1% at R,~ 112 nm, derived from SRIM-2006
calculations®) into a 200 nm thick thermally grown SiO,
layer on Si(100) wafers. The samples were annealed at
950 °C for 60 min. Subsequently, 250 keV Er ions were
implanted with fluences of 1X10-5X 10" ions/cm?
(maximum Cg, of 0.3-1.4% at R,~ 115 nm), followed by
annealing at 900 °C for 30 min to remove ion-beam-induced
defects and to activate Er** ions.!? In order to follow the PL
response and to understand the contribution of Ge and Er,
two independent samples were prepared by implanting either
Ge or Er ions in a SiO, layer followed by annealing at
950 °C for 60 min or at 900 °C for 30 min, respectively.

Depth profiles of the samples were examined by Ruther-
ford backscattering spectrometry. Cross-sectional transmis-
sion electron microscopy (XTEM) images were taken with a
FEI TITAN 80-300 S/TEM instrument operating at 300 keV.
The PL measurements were carried out at various tempera-
tures in the range of 15-295 K by mounting the investigating
sample in a closed-cycle helium cryostat, while the samples
were excited with the 532 nm line of a Nd:YAG laser with a
power of 5-200 mW. The PL signals were analyzed with a
single grating monochromator (TRIAX-550) and detected by
an InGaAs detector in the IR region with a standard lock-in
technique where the laser beam was modulated by a rotating
chopper. The visible range PL spectra were recorded using a
charge-coupled camera device or by a photomultiplier
(Hamamatsu H7732-10), while the latter one was further em-
ployed to analyze the time-resolved PL dynamics in combi-
nation with a photon counting system.

Both panels of Fig. 1 display the visible and IR PL spectra
of the SiO, layers containing 3.5% Ge with and without Er,
respectively, when the samples were excited with a moderate
(5 mW) power. As apparent, the 625 nm PL intensity and the
spectral shape do not change by Er doping. The PL spectrum
has also been recorded for 7.4% Ge, containing larger Ge
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FIG. 1. (Color online) (Left panel) RT visible range PL spectra
of the SiO, layers containing only 3.5% Ge (M), 7.4% Ge (# ), and
0.3% Er (%) and the spectra for 3.5% Ge with 0.3% Er (@), 0.8%
Er (A), and 1.4% Er (V). (Right panel) The 1.53 um Er emission
for 0.3%, 0.8%, and 1.4% Er in the presence of 3.5% Ge. The inset
(left panel) displays variation of the 1.53 um Er PL intensity as a
function of Er concentration for 7.4% Ge.

NCs (average diameter of ~9.4 nm).!! The superimposed
PL spectra do not show any significant peak shifting with
varying Cg., while hardly any change in the PL decay time
(~540 us) was registered, even after Er doping, confirming
that the 625 nm PL is not associated with the quantum con-
finement in Ge NCs.!>'* As expected, only Er-doped SiO,
does not give any visible PL as the 532 nm line is nonreso-
nant to the 4f levels of Er**.!> Based on prior studies'® the
625 nm emission is assigned to the nonbridging oxygen-hole
center (O3=Si-O-). The 1.53 um Er PL was also absent in
Er:SiO,, whereas a typical 1.53 um Er emission'® was re-
corded at RT in the presence of excess Ge (Fig. 1). In fact,
the 1.53 wm Er PL intensity increases with increasing Cg,
(right panel in Fig. 1). A similar trend is obtained also for
7.4% Ge (inset, left panel in Fig. 1). To gain insights into
such a Cg,-dependent variation in the 1.53 wm Er PL inten-
sity, we investigate the corresponding microstructures'!!”
that reflect two parallel processes: (i) fragmentation and/or
amorphization of Ge NCs with increasing Cg, and (ii) the
formation of Er composites either by increasing Cg, or an-
nealing temperature. Since Ge NCs were gradually damaged
by Er doping,'” the observed enhancement of the 1.53 um
PL intensity in the absence of any significant modification in
625 nm PL cannot be explained in terms of an energy-
transfer process from Ge NC to the Er** ions. Instead, it is
reasonable to interpret the observed phenomenon in the
framework of a Ge-related-defect induced excitation of the
Er** ions.

In order to explore the mechanisms, the temperature de-
pendence of the IR PL spectra was examined for samples
containing either only 3.5% Ge (Sg.) or 3.5% Ge codoped
with 1.4% Er (Sge,gr). Well-resolved fine structures were re-
corded by decreasing temperature down to 15 K. Interest-
ingly, two clear bands P1 and P2 were observed at low tem-
peratures within 1525—-1440 nm in both Er-doped or undoped
Ge-NCs:SiO,. The key finding is the complete disappear-
ance of these peaks beyond 150 K in Sg., while a typical
1.53 um Er PL is appeared above 150 K in Sg.,g,- Addition-
ally, the 1.53 um Er PL intensity remains constant within
15% up to RT. To shed light on the origin of P1 (P2), we
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FIG. 2. (Color online) (a) IR PL spectra recorded at 15 K for (i)
3.5% Ge and (ii) 7.4% Ge only, and at (iii) 15 K and (iv) 295 K for
3.5% Ge+1.4% Er; inset shows the PL spectra for 3.5% Ge +1.4%
Er at 15 K with excitation powers of 5 mW (dashed-double-dotted
curve), 20 mW (dashed-dotted curve), and 200 mW (dashed curve)
where the spectrum for 3.5% Ge+0.3% Er with an excitation power
of 200 mW is shown by solid curve. (b) The PL spectra for 3.5%
Ge+1.4% Er at various temperatures with a 200 mW excitation
power; inset shows temperature dependence of 7p; (M) and 7, (@).

also verified low-temperature PL response for 7.4% Ge, even
by changing Cg,. For instance, the PL spectra for (i) 3.5%
and (i) 7.4% Ge at 15 K, and those for Sg.,g, at (iii) 15 K
and (iv) RT are exhibited in Fig. 2(a). Close inspection re-
veals that the spectral shape in (iii) does not resemble the
1.53 um Er emission at RT in (iv) for Sge,g. We should
emphasize that except lower PL intensity and the reduction
in the full width at half-maximum with respect to (i), no
discernible change in spectral shape and position is observed
in (ii). Since Ge NCs are systematically modified by Er
doping,!” such a sharp and identical appearance of P1 in the
presence or absence of Er is unlikely from the quantum con-
finement standpoints.'?>"'* These peaks are basically associ-
ated with defect-related luminescence centers (LCs) at the
Ge cluster/SiO, interface—this will be clarified in the fol-
lowing where the surface-to-volume ratio of Ge clusters
plays an important role in controlling their intensities.

The inset of Fig. 2(a) exhibits the variation of the spectral
shape of Sge,g, at 15 K with increasing laser power from 5 to
200 mW. Discernibly, while P1 and P2 are overlapped at
200 mW, the 1.53 um Er PL is pronounced with increasing
laser power. Close inspection reveals a blueshift of the most
prominent peak P1 with increasing excitation power, which
can be tentatively attributed to a competition between local-
ized radiative recombination and Auger recombination.'® The
1.53 wm Er emission is marked by downward arrow (| ). To
elucidate its origin, we have taken a similar spectrum at 15 K
for the sample containing 0.3% Er instead of 1.4% Er in
Ge-NCs:SiO, (solid curve). The absence of the 1.53 um Er
PL in case of 0.3% Er suggests that the Er peak in Sge,g, iS
associated with an excitation of the Er’* ions, which are
staying apart from Ge clusters. In fact, the 1.53 um Er PL
was also observed in Er:SiO, for such a high excitation
power. It seems that the higher-lying states of Er** are popu-
lated when the samples are excited strongly, which subse-
quently relax down to the first excited state before making
*I 30— *I5,, transition in Er**.
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TEMPERATURE DEPENDENCE OF THE CROSSOVER...

Since both P1 and the 1.53 um Er PL are visible at 15 K
in Sge4g» We monitor these bands using such a high excita-
tion power as a function of measuring temperature (7) to
clearly demonstrate the relative change in their intensities
[Fig. 2(b)] and to extract the respective decay times such as
7p; and 73, (see the inset). Closer view of the IR bands pro-
vides evidence of T-dependent gradual appearance of a typi-
cal 1.53 wum Er PL with higher intensity at the expense of
P1 (P2) above 150 K, which fits well with an energy-
transfer process from P1 to the Er**. But we found that 7p,
increases gradually from 544 us to 4.2 ms with increasing T
up to 110 K, while with an initial halt at ~2 ms up to 50 K
7, decreases fast with increasing 7. After reaching its mini-
mum (574 us) at 110 K, 75, again increases gradually up to
2.4 ms at 170 K due to the thermal redistribution over the
Stark levels.® These phenomena are consistent with lower Er
content, too. Note that the PL characteristics are determined
by two recombination mechanisms such as radiative (with
time 7R) and nonradiative (with time 7yg), while the PL de-
cay rate (I'pp=1/7p) is defined by the sum of radiative
(Tr=1/7g) and nonradiative (I'yg=1/7\g) rates.'” In addi-
tion, the quantum yield (I'y/I'p), proportional to the PL in-
tensity provides the weight of the radiative recombination
process. Hence, the T-dependent quenching of P1 with con-
comitant rise in 7p; [Fig. 2(b)] can only be discussed in the
light of an energy transfer due to the strong coupling be-
tween P1 (P2) and the Er** ions.® Based on this model, the
luminescence appears from those LCs which are not coupled
to Er, while the LCs that do couple to the Er* ions cannot
emit any light. In fact, the increase in 7, may be associated
with an interaction of phonons,20 which as a consequence
reduces the excitation cross section of the LCs.

So far the Forster-type?! Coulomb interaction theory has
been employed to interpret the energy transfer either between
rare-earth ions'® or NCs.?? In fact, the Forster theory is the
basis of the fluorescent resonant energy transfer (FRET)
where the transfer rate (I'g) between the donor and acceptor
(with an intermediate distance R) is inversely proportional to
RS; see Ref. 21 for details. Auger-like short-range® energy-
transfer process is unexpected in our system as the nanoclus-
ters of Ge and Er composites are staying apart from each
other for 1.4% Er in Ge-NCs:Si0,.!” Since both Ge and Si
have an indirect band gap, it is expected that Ge clusters hold
the similar screening property as for Si NCs (Ref. 22) and,
therefore, will not allow FRET to the Er located near the
surface [like for 0.3% Er (Ref. 17)]. Although the FRET is
mainly active in NCs with direct band gap,?” it was pre-
sumed earlier that a slow FRET can also participate in trans-
ferring energy from Si NCs to the distant Er** ions.!*?? Since
LCs in our system are located at the Ge cluster/SiO, inter-
face and separated from the active Er sites typically by
~5 nm for 1.4% Er," it is straightforward to assume that the
LCs are acting like dipolar donors and can transfer energy
nonradiatively to the Er** (acceptor) by strong dipole-dipole
coupling.”? Note that Fig. 1 is plotted for moderate (5 mW)
excitation power where direct excitation of the free Er** ions
is not possible. Clearly, the 1.53 wum Er PL is mainly con-
cerned with FRET, which is enhanced by increasing Cr,. We
further monitored 7-dependent variation of the maximum
peak position (A,,) and the maximum PL intensity () of
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FIG. 3. (Color online) Shift in A, of (a) P1 and (b) P2 and
variation of I,,,,, of (c) P1 and (d) P2 are shown for only 3.5% Ge
(lines plus filled symbols) and for the 3.5% Ge codoped with 1.4%
Er (lines plus open symbols).

P1 (P2) for Sge,g, (Fig. 3). The observed redshift of P1 (P2)
in the presence or absence of Er in Ge-rich SiO, can be
explained in terms of an electron-phonon coupling in LCs. In
fact, this redshift is essential for conducting well-known
phonon-assisted FRET in presence of Er,!>>* which gives an
modified expression of 'y as I'y=I"p,(Ry/R)%xp(-BAE),
where R, is the distance at which the transfer rate and the PL
rate are equal; 8 depends on the electron-phonon coupling
strength and AE depends on spectral overlapping. With in-
creasing 7, we believe that phonons not only assist in accel-
erating the FRET from P1 (P2) to the Er’* ions, but also
initiate nonradiative energy-back-transfer process from the
Er**, thereby decreasing , [Fig. 2(b)]. In addition, soon
after the complete disappearance of P1 (P2) above 150 K,
the nonradiative channels of the Er** are eventually reduced
with a further increase in 7, giving an increase in g, (Fig. 2).
The above assertion of considering P1 and P2 as LCs will
be justified now. To evaluate whether they are originating
from dislocations of the Si substrate,”> we carried out low-
temperature PL. measurements on an unimplanted SiO, layer.
The absence of P1 (P2) confirms that the impurities in Sg, or
in Sge.rr are mainly responsible behind the observed PL. We
carefully analyze the microstructures by XTEM showing Ge
NCs only in SiO,.'7 Since Ge NCs are amorphized by 1.4%
Er doping,!” we can discard the involvement of dislocation in
Ge clusters. The variation of N\, [Figs. 3(a) and 3(b)] also
does not follow the Varshni relationship, ESZ—1155 7.02
X 10™* T?/(T+1108),%° which again confirms that both P1
and P2 are not correlated with Si band edges. In fact, they
resemble the defect-related PL from Ge nanoclusters on Si,'®
whereas the corresponding peak positions are different from
that of ours, possibly due to the variation of the surrounding
matrix. As the peak maxima remain unchanged [Fig. 2(a)]
irrespective of the strain in Ge NCs for 3.5% Ge (compres-
sive) and 7.4% Ge (tensile),'' we can also rule out the in-
volvement of strain on the observed luminescence. Clearly,
T-dependent change in P1 (P2) peak position and the corre-
sponding PL quenching (Fig. 3) can only be justified in terms
of thermal activation of localized excitons in the defect-
related LCs, which are definitely different from that of the
Ge-related oxygen-deficiency centers''?” as the latter one
can be excited optically only by ultraviolet light,”
According to our model, the electrons and holes are con-
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FIG. 4. (Color online) Arrhenius plots of the temperature-de-
pendent PL intensities of (a) P1 and (b) P2 for only 3.5% Ge (filled
symbols) and for the 3.5% Ge+1.4% Er (open symbols). The fitted
results are superimposed for clarity where the fits for Sg, and Sge. g,
are projected by solid lines and dashed lines, respectively. Inset of
(b) shows the schematic view of the processes in luminescence
centers with states Ag, and Ag;, from the quasidirect conduction
band (CB) and valence band (VB) of Ge nanoclusters, respectively.

sidered to be trapped into the LCs upon excitation. Since
they take part in FRET (schematically shown in Fig. 4) it is
important to know the possible energy levels of P1 and P2.
For quantitative analysis, we fit the PL quenching profiles by
the modified Arrhenius equation,?

Iy
]= ’
{1 + a, exp(— Ag,/kT) + a, exp[— (Ag, + Ae,)/kT]}

where [y>G,7./I". Here, Ag;, and Aeg, represent the hole
binding energy at a filled trap and the depth of the electron
trap, while G, 7., and I denote the carrier generation rate,
the carrier lifetime, and the total decay rate, respectively. The
prefactors @, and a, can be expressed as a;=0;/I", and a,
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=a,/T’,, where o}, and o, are the hole and electron capture
rate constants, respectively, and T, is the recombination rate.
The fitted curves are superimposed on the experimental data
(Fig. 4). Using the fitting procedure for Sg., the Ag, and Ag,,
are derived to be ~99 and ~19 meV for P1, while the re-
spective values for P2 are found to be ~39 and ~9 meV.
On the other hand for Sge,g,, Ag, and Ag), are calculated to
be ~43 and ~4 meV for P1 where they are ~61 and ~5
meV for P2, respectively. The systematic decrease in Ag,
and Ag, values by introducing Er in Sg. can be associated
with the slightly different environment near the cluster/SiO,
interface due to Er doping.

In summary, we present the PL behavior of the Er:
Ge-NCs: Si0,, exhibiting the 1.53 um Er PL at RT in the
presence of excess Ge. The PL intensity was found to in-
crease as a function of Er concentration. With decreasing
measurement temperature the 1.53 um Er PL disappears and
is replaced with the defect-related PL, which consists of two
bands P1 and P2 within 1525 and 1440 nm. In addition, their
intensity increases when the measuring temperature de-
creases from 150 to 15 K. Detailed spectral analyses suggest
that the bands P1 and P2 are associated with luminescence
centers near the Ge cluster/SiO, interface where the radia-
tive recombination in these centers competes with the ther-
mal redistribution of the localized excitons. Using time-re-
solved PL dynamics, this study further elucidates the temp-
erature-dependent phonon-assisted Forster-type energy-trans-
fer process from the luminescence centers to the Er** ions in
Er:Ge-NCs:SiO, above 150 K. In our opinion, the present
study provides a useful benchmark for future theoretical and
experimental improvement of this photonic system.
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