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Using combined electroluminescence (EL) and photoluminescence (PL) studies we establish that
the energy transfer process from the Er’* to the Ge-related oxygen-deficiency centers (GeODCs)
plays the key role in enhancing the 404 nm EL intensity in Ge-rich SiO,. Er doping induced
structural modification does not appear to be relevant, which is deduced from the 404 nm PL
quenching with increasing Er concentration, implying a gradual loss of GeODCs. In contrast to PL,
the 404 nm EL intensity increases by 0.3% Er doping followed by a gradual decrease in intensity
for higher Er concentrations, which is described in terms of a competition between the energy
transfer process and the gradual segregation of Er due to the destruction of GeODCs with Er doping.
This fact is further discussed in the light of ab initio molecular orbital calculations. © 2009

American Institute of Physics. [doi:10.1063/1.3225911]

I. INTRODUCTION

Coupling and energy transfer processes between
optically1 or electrically2 excited semiconductor nanocrystals
(NCs) and rare-earth ions in SiO, have been the subject of
various scientific investigations from both basic research and
technological standpoints. For instance, doping of Si-rich
SiO, layers by Er and the corresponding energy transfer
mechanism from optically excited Si nanostructure to the
Er** ions have extensively been investigated to exploit the
enhancement of the 1.53 um Er emission"** that coincides
well with the maximum transparency window of the silica
based optical fiber. Beside Si nanostructures, ion or electron
irradiation induced point defects in SiO, have also been
invoked.>® In fact, defects ultimately control the electrical or
optical response of semiconductor NCs in a SiO, matrix. The
relative influence between the defects and Si nanostructures
for exciting nearby Er** ions is found to be associated with
the sample preparation methods, such as deposition7’8 and
ion beam implantation tf:chniques.5

Now the question arises what will happen if Ge nano-
structures are incorporated instead of Si. Although the mag-
netosputtered grown Ge-rich SiO, has shown a weak impact
on Er photoluminescence (PL),’ the contribution of the Ge-
related oxygen-deficiency centers (GeODCs) for the emis-
sion of blue-violet light in SiO, was reported to be increased
by introducing additional Er.® In fact, the latter one was dis-
cussed in terms of Er concentration (Cg,) dependent struc-
tural modification in Ge-rich SiO,. On the other hand, we
have recently demonstrated an increase in the blue-violet
electroluminescence (EL) intensity from Ge-implanted
metal-oxide semiconductor (MOS) structures codoped with
Er at the expense of the 1.53 um Er emission.” The ob-
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served characteristics are opposite to the phenomena com-
monly reported in case of optically pumped Er-doped Si-rich
Si0, layers.3’4 Hence, this mechanism is denoted as inverse
energy transfer process.()

In this article, we have initially evaluated the Cg, depen-
dency of the electrically driven inverse energy transfer pro-
cess from the Er** to the GeODCs in Ge-rich Er-doped MOS
light-emitting devices by comparing the corresponding PL
results. To follow this fact, prior to examine the impact of Er
doping, we verify the structure of GeODC and the corre-
sponding 404 nm emission by ab initio calculations. Note
that the 404 nm emission from GeODC relies on the optical
or electrical excitation of the first singlet state (S,) followed
by the intersystem crossing to the first triplet state (7) and a
radiative transition back to the ground singlet state (SO).S’6
We also show the origin of an Er-related defect, namely,
[(H5Si0O),Er]~ by substituting Ge in GeODC by Er at low
Cg,, while the Er,O5 phase is more probable for higher Cg,.

Il. EXPERIMENTAL

The standard MOS structure was fabricated by local oxi-
dation of Si (LOCOS) technology with a 200 nm thick ther-
mally grown SiO, layer on n-type Si(100) wafer. Initially,
130 keV Ge ions were implanted with a maximum concen-
tration of 3.5% at the mean projected range (R,) of
~112 nm as derived from the SRIM-2006 calculations.” The
samples were subjected to furnace annealing for 60 min at
950 °C to produce Ge NCs. Subsequently, 250 keV Er ions
were implanted within a range of 0.3%-14% at R,
~ 115 nm followed by annealing at 900 °C for 30 min to
remove implantation-induced defects and to activate Er’*
ions.'® The Ge and Er concentrations were further verified by
Rutherford backscattering spectroscopy measurements with a
1.4 MeV *He* beam. A 100 nm thick silicon-oxynitride layer
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was deposited on top of the LOCOS structure. Moreover,
semitransparent indium tin oxide and aluminum contacts
were sputter deposited on the front and rear surfaces, respec-
tively. The top layer was further patterned by optical lithog-
raphy to achieve arrays of circular electrodes (diameter of
~300 wm). Cross-sectional transmission-electron-
microscopy (TEM) images were taken by an FEI Titan 80-
300 S/TEM instrument operating at 300 keV. All the EL
spectra were recorded at room temperature (RT) with con-
stant current mode under forward bias conditions and with a
monochromator in combination with a photomultiplier. To
follow the Cp, dependent systematic change in density of the
GeODCs, RT PL measurements were carried out using a
pulsed laser (Minilite" Continuum’s Q-switched neodymium
doped yttrium aluminum garnet laser system, 266 nm wave-
length, 5 ns pulse width, and 10 Hz frequency) with an av-
erage power density of ~0.4 mW/mm? on the sample sur-
face; the spectrum and the time-resolved PL experiments
were monitored by a HORIBA Jobin-Yvon spectrometer
(model iHR550) connected with a charge-coupled device
camera detector.

lll. RESULTS AND DISCUSSION

Initially the formation of Ge NCs was verified by high-
resolution TEM (HRTEM) where the typical distribution of
NCs with average sizes of ~6.1 nm is displayed in Fig. 1(a).
In the following phases of Er doping [Figs. 1(b)-1(d)], Ge
NCs were fragmented and amorphized with increasing Cg,;
details of the Cg, dependent microstructural modification are
given elsewhere.'" In order to gain an in-depth understanding
of the microstructure, complementary PL measurements have
also been carried out since the GeODCs are very much sen-
sitive to the ultraviolet (266 nm) excitation, leading to an
emission of a 404 nm band associated with the 7} — S,
transition.” It is found that the 266 nm wavelength is non-
resonant to the Er** emission.'” Moreover, the defect-related
404 nm PL is found to quench systematically with increasing
Cg, [Fig. 2(a)]. Note that the recorded 404 nm PL quenching
is also expected if the optically excited GeODCs take part in
transferring energy to the nearby Er’* ions. Since the esti-
mated decay time 7; (~58 us) is found to be unaffected
even after introducing additional Er [inset of Fig. 2(a)], it
appears that the 404 nm PL is likely to be governed by the
effective density of GeODC rather than the participation of
such defects in transferring energy to the vicinal Er** ions. In
a recent publication,8 interestingly an increase in the blue-
violet PL intensity was observed by introducing excess Er in
Ge-rich SiO, layers where the observed phenomenon was
discussed in the light of an Er induced structural modifica-
tion in Ge-rich SiO,. Clearly, this model cannot justify the
observed PL quenching with increasing Cg,. By correlating
the PL results [Fig. 2(a)] with corresponding microstructures
(Fig. 1), we can conclude that the reduction in the effective
density of GeODCs is mainly correlated with the gradual
fragmentation and amorphization of Ge NCs with increasing
Cg,, giving indirect evidence of the existence of active
GeODCs at the NC/SiO, interface.

To follow the impact of electrical excitation on the cor-
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FIG. 1. The HRTEM images taken under similar magnification for only
3.5% Ge (a) and for 3.5% Ge with 0.3% Er (b), 0.8% Er (c), and 1.4% Er (d)
in SiO,.

responding MOS structures, the EL spectra have also been
recorded for a constant current density (J) of 1.4 mA/cm?
[Fig. 2(b)]. Contrary to the PL results, a significant jump in
404 nm EL intensity is registered by introducing 0.3% Er,
while it subsequently quenches with further Er doping.
Clearly, Cg, determines the 404 nm EL intensity. We must
note here that such an increase of the 404 nm EL intensity in
Ge-rich MOS structures by Er doping has earlier been ob-
served and explained in terms of an inverse energy transfer
process.6 Within this model, the energy is transferred from
the higher energy states of the electrically excited Er** to the
T, state of the adjacent GeODCs and subsequently relaxes
down to the ground S, state by emitting light at ~404 nm.
By comparing the PL and EL results, it seems that the
gradual quenching of the 404 nm EL intensity above 0.3% Er
[Fig. 2(b)] is associated with the overall reduction in density
of GeODC with increasing Cg, [see Fig. 2(a)], suggesting a
decrease in probability of the inverse energy transfer process
during electrical pumping. Although the PL results confirm
the destruction of a fraction of GeODCs even for a moderate
Er doping (0.3%) [Fig. 2(a)], the corresponding EL spectrum
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FIG. 2. (Color online) RT visible range PL spectra recorded after a delay
time of 1 ws and plotted by solid symbols for only 3.5% Ge (circles) and
for 3.5% Ge with 0.3% Er (squares), 0.8% Er (vertical triangles), and 1.4%
Er (stars) in SiO, with an excitation wavelength of 266 nm are displayed in
(a). The inset of (a) shows the PL decays for the corresponding structures at
a wavelength of 404 nm. Similarly, the RT EL spectra for J=1.4 mA/cm?
plotted by open symbols for only 3.5% Ge (circles) and for 3.5% Ge with
0.3% Er (squares), 0.8% Er (vertical triangles), and 1.4% Er (stars) in SiO,
are exhibited in (b).

[Fig. 2(b)] implies that the coupling between the remaining
GeODCs with the Er’* ions plays the pivotal role to initiate
an energy transfer process from the Er** to GeODCs during
electrical excitation. Owing to the destruction of more and
more Ge-related defects with increasing Cg, [see Fig. 2(a)]
the coupling between the Er** ions and GeODCs reduces
markedly with gradual segregation of Er, resulting the for-
mation of Er composites.”’13

To explore the interaction strength of the Er’* with a
localized GeODC and subsequent structural modification in
Ge-rich SiO, with increasing Er doping more precisely, we
performed ab initio molecular orbital (MO) calculations.
First we have investigated the excitation and emission tran-
sitions in GeODCs and their oscillator strengths. For this, we
considered the well studied defect structure (H;SiO),Ge,"*
which acts like a molecule having three energetic states such
as Sy, Ty, and S, [see Fig. 3(a)]. Geometry optimization of
the (H;Si0),Ge cluster was performed at the complete active
space self-consistent field (CASSCF) level with C,, symme-
try constraint for the three energy states S, S;, and 7. A
single point energy calculation was performed by the second-
order Mgller-Plesset perturbation theory (MP2) using the
CASSCF-optimized geometry. In the CASSCF calculations,
four electrons were distributed among four active MOs, and
all the electrons were correlated during the MP2 calculations.
An all-electron triple-zeta plus polarization basis set was
used on all atoms. Singlet-to-singlet (Sy— S;) and singlet-to-
triplet (S,— T) excitations and the corresponding emissions
were studied. The absorption and emission intensities were
calculated by time-dependent Hartree-Fock (TD-HF) theory
calculations. All the calculations were performed with
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FIG. 3. (Color online) Energy level scheme of the GeODC, (H;SiO),Ge,
consisting of three energy states S, S;, and 7', with absorption and emission
energies as well as calculated and experimentally determined lifetimes (a). A
typical PL spectrum recorded after a delay time of 50 ns for only 3.5% Ge
in SiO,, showing S| — S, and T| — S, emission bands peaking at ~285 and
404 nm when excited by a wavelength of 266 nm (b).

GAUSSIAN 03 program packages.15 The structural parameters
such as Ge-O, Si-O distances, and O-Ge-O angles (esti-
mated by means of CASSCF calculations) are found to be
1.75 A, 1.67 A, and 100° for Sy, 1.72 A, 1.68 A, and 114° for
S, and 1.73 A, 1.66 A, and 115° for T,, respectively.

Figure 3(a) shows the energy level scheme of GeODC
where the transition energies obtained from both ab initio
calculations and PL experiments are included. We find a
good agreement between theoretical and experimental re-
sults. For example, the §;— S, and T, — S, emission bands
were calculated to be 4.40 eV (282 nm) and 2.84 eV (437
nm), respectively, whereas the corresponding numbers ob-
tained from our PL experiments are ~4.35 eV (~285 nm)
and ~3.07 (~404 nm) eV [Fig. 3(b)]. Note that the ex-
tracted value for the T} — S, emission (3.17 eV or 391 nm) is
found to be close to the experimental value if we use time-
dependent density functional theorem (TD-DFT) calcula-
tions. However, the TD-DFT calculation was not able to
identify the geometry of the S, state and therefore, we used
the CASSCF method, which gives geometries of all the
states of interest. According to the MO analysis, the S,
— T, transition is mainly governed by the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecu-
lar orbital (LUMO) transition, while both the HOMO and
LUMO are centered on the Ge. Using TD-HF, the oscillator
strength for the S; — S transition in gas phase is estimated to
be 0.1788, which gives an emission lifetime of 5.2 ns, in
agreement with the corresponding experimental value (4.8
ns). Since the triplet-to-singlet transition is spin forbidden,
the TD-HF calculations give the oscillator strength of
0.0000, while the experimentally determined lifetime is
found to be 58 us that corresponds to the oscillator strength
of 0.0001.

In order to theoretically interpret the effect of Er doping
on the luminescence properties, we initially studied how the
change in bulk properties affects the energy level and its
intensity. The polarizable continuum model was used to
mimic the surrounding bulk materials around GeODC, while
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the TD-HF calculations were performed to estimate the S,
— S, emission intensities. Using the permittivity of 3.8 for
only SiO, we obtained an oscillator strength of 0.2004, while
by using even a very high permittivity of 25.0, the oscillator
strength only slightly increased to 0.2005. The change in
bulk properties has only a negligible effect on the oscillator
strength and therefore, the direct energy transfer from ex-
cited Er to the GeODC seems to be a more probable mecha-
nism for the increase in the 404 nm EL intensity.

We substituted Ge in the GeODC by Er and calculated
the structure of a [(H;SiO),Er]~ cluster at the MP2 level with
C,, symmetry constraint. The Er—O interatomic distance and
the oxygen coordination number (CN) in [(H;SiO),Er]~
match well with those reported by Maurizio ef al. ” in low
Er-doped Si-rich SiO, layers using extended x-ray absorption
fine structure (EXAFS) spectroscopy. In particular, the Er—O
distance determined from our calculation (using MP2) is
found to be 2.01 A, which is consistent with the value ob-
tained from EXAFS (2.05 A).'® Moreover, the experimen-
tally derived oxygen CN (3=*1) (Ref. 16) is found to be
close to the theoretically obtained CN of 2 for the
[(H;3Si0),Er]™ cluster instead of 6 in the case of Er,05. By
increasing Cg,, Maurizio et al.'® observed an increase in the
Er-O interatomic distance to 2.27 A and of CN to 6. It is
reasonable to assume that in the course of Er doping in SiO,
(and the same for Ge-rich SiO,) initially formed
[(H5SiO),Er]™ defects gradually switch to Er,O3, which is in
good agreement with our x-ray diffraction results.”® Con-
cerning our spectroscopic results (Fig. 2), it seems that the Er
atoms compete with the GeODCs where the local environ-
ments of Er, especially the first shell CN and the Er-O inter-
atomic distance, play the crucial role for the 404 nm lumi-
nescence. Taking into account the optical properties (Fig. 2),
our theoretical prediction establishes that the Er- and Ge-
related defect centers cannot be isolated from each other—a
prerequisite for the energy transfer process from the electri-
cally excited Er** to the GeODCs, while the process is
strongly affected due to the demolition of the GeODCs with
the subsequent formation of Er composites with increasing
Cg,, In good agreement with Ref. 13. Indeed, the present
theoretical understanding allows us to follow the formation
of the Er,05 phase with gradual destruction of GeODCs with
increasing Cg,, as derived from our PL studies [Fig. 2(a)].
However, the EL results [Fig. 2(b)] show how the inverse
energy transfer process is affected with such gradual loss of
GeODCs with increasing Er doping.

IV. CONCLUSIONS

In summary, comparing the PL properties we justify the
energy transfer mechanism from the Er** to the nearest
GeODCs during electrical pumping in Er-doped Ge-rich
Si0O, layers. In particular, we show an Er concentration de-
pendent systematic degradation of the Ge-related defect cen-
ters by time and spectrally resolved PL experiments, exhib-
iting a quenching of the 404 nm PL without any change in
decay time. We correlate the PL results with the correspond-
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ing EL and demonstrate that the overall energy transfer pro-
cess from the Er** to the GeODCs is controlled by the Er-
doping concentration. Our spectroscopic results verified by
ab initio MO calculations give an evidence of the formation
of a defect, namely, [ (H;SiO),Er]~ cluster in SiO,, which is
expected to be formed by a close competition of Er with
(H;Si0),Ge defect centers. Indeed, the theoretical approach
highlights the Er concentration dependent gradual transfor-
mation of the [(H;SiO),Er]™ defect to Er,03; this is in favor
of the Er phase transformation observed in Ref. 13. The
present empirical results are, therefore, reliable for explain-
ing the Er concentration dependence of the inverse energy
transfer process and thus the 404 nm EL intensity.
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