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It is generally believed that the 1.5 um Er luminescence is enhanced by transferring energy from
Si nanocrystals to the nearest Er** ions in Er-doped Si-rich SiO, layers during optical pumping.
Here, the influence of Ge nanocrystals instead of excess Si in the same environment is studied using
electroluminescence technique on metal-oxide-semiconductor structures. An increase of the 400 nm
electroluminescence intensity with a concomitant reduction of the Er-related emission is observed.
This is explained in the light of an inverse energy transfer process from Er’* to the Ge-related
oxygen-deficiency centers. © 2009 American Institute of Physics. [DOIL: 10.1063/1.3077169]

Recently, Si nanocrystals (NCs) in SiO, received much
attention, since they can act as sensitizers for increasing the
intensity of the 1.53 um Er luminescence in layers codoped
with Er ions.'™ The natural question arises, whether and/or
how this behavior will change by using NCs of Ge, which is
chemically very similar to Si. The optoelectronic properties
of Ge NCs in SiO, have been investigateds’6 to a much lesser
extent than that of Si. The underlying physics behind such
light emitting devices (LEDs) has generally been expressed
in terms of recombination of charge carriers either in Ge NCs
through bandgap opening7 according to the quantum confine-
ment model’ or in defect states’ during electrical/optical
pumping. Emission of light at ~400 nm has been reported6
as a result of optical and/or electrical excitation of the Ge-
related oxygen-deficiency center (GeODC) into the first sin-
glet state (S,), followed by the intersystem crossing to the
first triplet state (7;), and a radiative transition back to the
ground singlet state (S;). Recent photoluminescence
studies®® revealed that this system could be used for visible
range pumping of Er** ions where Ge nanoclusters behave as
sensitizers. In fact, the application of such a system in Si-
based electronic platform requires the fabrication of a metal-
oxide semiconductor (MOS) structure while the electrolumi-
nescence (EL) efficiency is crucial for device performance.

In this letter, we present the fabrication of Si-based
MOSLEDs where Ge NCs and/or Er’* ions are dispersed
into the SiO, layer. In particular, we demonstrate a pro-
nounced increase in the 400 nm EL intensity by Er-doping
with a concomitant reduction in the Er emission, implying an
inverse energy transfer from Er** to the GeODCs. This is
contrary to the phenomenon commonly accepted for Er-
doped Si-rich SiO, layers where energy is known to transfer
from Si NC to the nearby Er’* ions,'™ keeping in mind the
spatial location of the Er sites.'”

Initially 130 keV Ge ions were implanted at room tem-
perature (RT) with a dose of 2 X 10'® ions/cm? into a ther-
mally grown SiO, layer of thickness 200 nm on n-type
(100)Si wafers. The samples were subjected to rapid thermal
annealing at 1050 °C for 180 s according to Ref. 11 in ni-
trogen ambience to produce Ge NCs. Subsequently, 250 keV
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Er ions were implanted with a dose of 1X 10" ions/cm?
into the Ge-rich Si0O, layer, followed by short-time annealing
at 1050 °C for 6 s not only to remove ion-beam induced
defects, but also to activate Er’* ions. Both Ge and Er ions
provide Gaussian-like profiles with maximum concentrations
of ~3.5% and 0.3% at R, of ~112 and 115 nm, respectively.
Two reference samples were also prepared by implanting ei-
ther Ge or Er ions into the SiO, layers followed by annealing
at 1050 °C for 180 and 6 s, respectively. A semitransparent
indium tin oxide and aluminum contacts were sputter depos-
ited in the front and rear surfaces, respectively, to achieve a
MOS structure. Circular electrodes with a diameter of 0.2—
1.1 mm were subsequently patterned in the front surface by
photolithography. The EL spectra were recorded at RT with a
single grating monochromator and a photomultiplier, a
liquid-nitrogen cooled InGaAs detector, or a charge-coupled
device detector. The InGaAs detector or the photomultiplier
in combination with a photon counting system were em-
ployed to study the time-resolved EL dynamics. Cross-
sectional transmission electron microscopy (TEM) images
were taken by means of a FEI Titan 80-300 S/TEM.
Formation of Er/Er-oxide clusters with dimension in the
range of 2-5 nm (indicated by white arrows) [Fig. 1(a)] in
Er-doped SiO, layers, called Er:SiO,, was seen using high-
resolution TEM (HRTEM), while Ge NCs with an in-plane
diameter of ~4 nm (marked by black arrows) were ob-
served in Ge-rich SiO, layers, called Ge-NCs:SiO, [Fig.
1(b)]. Although the composition of the clusters in Er:SiO, is
not yet known, on the basis of the thermodynamic properties
of Er and its oxide,12 we feel that the formation of Er oxide
is more favorable than that of Er. However, no specific varia-
tion in size and distribution of NC was observed in Er-doped
Ge-NCs:SiO, layers, named Er:Ge-NCs:SiO, [Fig. 1(c)];
the corresponding HRTEM image is displayed in Fig. 1(d).
Figure 2 shows the EL spectra of the Ge-rich MOSLEDs
with or without Er ions for a constant current density (J) of
0.17 mA/cm?. The spectrum for the Er-doped MOSLED is
characterized by four EL bands, namely, P, to P,, in the
spectral range between blue violet and infrared, which are
assigned as the radiative transitions in Er** from the H,,,
4S50, ‘Fo; and 1,3, states to the ground state (‘I;s,),
respectively. ” Nevertheless, the Er emission in the short
wavelength region, especially the >Ho/, — I}, transition in-
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FIG. 1. Bright-field TEM images, with electron beam direction along the
[110] zone axis for the (a) Er:SiO,, (b) Ge-NCs:SiO,, [(c) and (d)] and
Er:Ge-NCs: SiO, are shown. Inset of (b) displays the HRTEM of a Ge NC
of the Ge-NCs:SiO,, where crystalline Ge core shows the {111} faceting.
HRTEM of the Er:Ge-NCs:SiO, (d) depicts randomly oriented Ge-NCs
(denoted by black arrows).

duced ~410 nm EL (inset of Fig. 2) can be distinguished for
J=7.1 mA/cm?. The EL peak of ~400 nm in Ge-NCs:SiO,
is attributed to the GeODC (as a consequence of the T
—S transition).® Our key result is the increase in the 400
nm EL intensity at the expense of Er-related emission upon
Er doping. Quantitative measurements show that the 1532
nm EL yield of the Er** is suppressed by a factor of ~3 in
presence of Ge NCs. Whereas other Er EL bands are hardly
distinguishable due to the broadening of the 400 nm peak
and possible decrease in intensity of those Er emissions by a
factor similar to the 1532 nm Er EL.
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FIG. 2. (Color online) The visible and infrared EL spectra, plotted by solid
lines in black, green, and blue for the Ge-NCs:SiO,, Er:SiO,, and
Er:Ge-NCs: SiO,, respectively, with /=0.17 mA/cm?. Note that the scale
given in the left and right ordinates are independent of each other as the
signals in the visible and infrared regions were collected by two different
detectors. 100 for better projection, where P, to P, represent radiative tran-
sitions from Inset shows an additional EL spectrum for Er:SiO, with J
=7.1 mA/cm?; a prominent peak at ~410 nm is indicated by the down-
ward arrow.
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FIG. 3. (Color online) Relative intensities of the 400 nm peak for
Ge-NCs: SiO, and Er:Ge-NCs:SiO, are denoted by blue open circles (O)
and blue solid stars (¥), respectively. Similarly, the relative 1532 nm peak
intensities for Er:SiO, and Er:Ge-NCs:SiO, are depicted by red solid
circles (@) and red solid stars (%), respectively.

The current-voltage (I-V) characteristics of the working
devices have also been tested (not shown), confirming that
the device integrity is unaffected during device processing;
the -V profiles can be interpreted in the light of injection of
electrons from the conduction band (CB) of the Si to the
CB of SiO, via the Fowler-Nordheim or trap-assisted
tunneling.14 Furthermore, the 400 and 1532 nm EL intensi-
ties are found increasing linearly as a function of J
(Fig. 3), where each of them can be fitted by EL(J)
=EL, [0/ (c7dp+1)];"> ¢=J/q. The product of the exci-
tation cross section (o) and lifetime (7) for the former peak
increases from 2.3 X 1072 to 5.4 X< 1077 cm? s by Er dop-
ing, while it varies from 6.5 X 1077 t0 1.7 X 107!° em? s for
the later by incorporating Ge NCs.

It is assumed that during implantation Si and oxygen (O)
atoms are released from the SiO, network. In the following
phases of annealing, displaced O can either be reintegrated
into the SiO, network or be used in oxidizing implanted
element(s), where the formation enthalpies (AG) of GeO,
GeO,, SiO,, and Er,O5 are —237.2, —521.4, —856.3, and
—1808.7 kJ/mol, respectively.12 Indeed, reconstruction of
Si0, is favorable in Ge implanted SiO,, where Ge atoms try
to form NCs by Ostwald ripening and eventually triggers the
formation of GeODCs near the NC/SiO, interface. The
Er,0O5 configuration is preferable in Er: SiO, due to high AG,
and leads to the formation of Er oxide clusters during anneal-
ing [Fig. 1(a)]. We should note here that in contrary to Ref.
16, HRTEM results reveal that Er doping does not give rise
to (i) preferential nucleation of amorphous Ge, (ii) fragmen-
tation of NCs by sputtering, (iii) evolution of bigger NCs, or
(iv) dissolution of NCs via ion-beam-mixing for
Ge-NCs: SiO, layers (Fig. 1). Therefore, even if we assume a
variation in the cross-section without any change in micro-
structure, the two independent changes in Fig. 2 (quenching
of the 1532 nm Er EL and the rise of the Ge-related 400 nm
EL intensity) cannot be interpreted, unless we consider an
energy transfer mechanism to the GeODC via Er**, called
inverse energy transfer process.

The energy levels up to 2H,,), of an Er’* ion lay below
the level T} of GeODC and hence cannot take part in ener-
gytransfer process. Although the high energy level Er transi-
tions are not evident in case of Er:SiO, by using a low J
value (0.17 mA/cm?), upon injection of electrons with a
moderate J (~7.1 mA/cm?), other Er-related EL peaks, es-
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FIG. 4. (Color online) A hot electron excited Ge-related defect center in
Ge-NCs:SiO, is shown in (a), where the radiative transition from the level
T, is marked by 1. Electronic excitation of an Er’* in Er:SiO, is shown in
(b), while the downward arrow labeled as 2 represents the infrared emission
of Er**. The downward wavy arrow up to I3, represents a nonradiative
transition. Both the radiative defect center and Er’* are excited by colliding
with hot electrons in Er:Ge-NCs:SiO, (c). Here, the downward wavy
dashed arrow up to *I,5, signifies nonradiative transition, which is either
absent or strongly reduced. In all three cases, the corresponding impact-
excitation processes are elucidated in the lower right corner of (a)-(c),
respectively.

Er’*

pecially the 2H9,2H4I 15,2 transition mediated ~410 nm EL,
can be visible (inset of Fig. 2). Clearly, the Er energy levels
lying almost in the same height or above than that of 7 in
GeODC [schematically shown in Fig. 4(a)] can contribute to
the energy transfer process. For 3.5% of Ge, the 400 nm EL
yield reaches its maximum by doping Er up to 0.8%, while
the peak intensity quenches by further increase in Er due to
concentration quenching.1 To follow the proposed energy
transfer process, the EL lifetime of the Er** excited states
has further been examined using a stretched exponential
function,'” which gives 7Y of ~214 and 228 us in
Er:SiO, for the 410 and 550 nm EL, respectively. Because
of close proximity, as the 410 nm Er peak is submerged into
the Ge-related 400 nm EL intensity in Er: Ge-NCs: SiO,, we
estimate the corresponding rise (7%°) and decay (79°%)
times for both Ge-NCs:SiO, and Er:SiO, layers (not
shown). While the values of 7% and 7% are 46 and 66 us
for the former, the respective values are 27 and 214 us for
the latter. As expected from the energy transfer process, the
radiative lifetime of the 400 nm EL hardly changes by Er
doping,2 revealing an increase in o of the 400 nm EL by an
order of three by introducing Er ions.

Based on our results, we believe that the transitions from
the 2Hy, level or above to the ground *I,5, level are likely to
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be accompanied by a nonradiative relaxation to the lower
lying levels of Er** in Er:SiO, and as a consequence inten-
sify the green, red, and infrared EL [Fig. 4(b)]. However, the
decay time measurements indicate that the Er 2Hy), level is
excited faster than that of the GeODC and can initiate an
energy transfer process in Er: Ge-NCs:SiO, from Er’* to the
level T, of Ge-related defects (process 3) based on their re-
spective lifetimes [Fig. 4(c)], analogous to the energy back
transfer process as reported in Ref. 18. The 1532 nm EL
quenching signifies either absence of an additional excitation
path from the higher-energy levels to the state *I,3, of Er**
or excitation of the Er** ions staying apart from Ge NCs. A
possible energy back transfer process (process 4) in Fig. 4(c)
plays a minor role only.

In summary, we experimentally demonstrated an in-
crease in the Ge-related 400 nm EL intensity at the expense
of the Er emission in Er-doped SiO, layers containing Ge
NCs, showing a strong coupling between the Er’** ions and
GeODCs. Since the microstructure of the Ge-rich SiO, lay-
ers is found unaffected by Er doping, based on the decay
time measurements, we conclude that an energy transfer
from Er’* to the triplet state T, of the Ge-related defect cen-
ters can only justify the observed electroluminescence.
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