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Systematic evolution of the 400 nm electroluminescence (EL) with increasing flash lamp annealing
(FLA) temperature from 800 to 1100 °C in an Er-doped Ge-rich metal-oxide semiconductor
structure is presented. No significant change in the 1535 nm Er EL is observed with increasing FLA
temperature. Enhancement of the 400 nm EL decay time with rising FLA temperature is found to be
associated with recrystallization of the damaged Ge clusters in the absence of Ge outdiffusion. The
400 nm EL quenching with continuous charge injection process is also discussed within the device
operation time. © 2010 American Institute of Physics. [doi:10.1063/1.3296252]

I. INTRODUCTION

The inverse energy transfer (IET) process that describes
an electrically driven energy transfer mechanism from the
Er** to the Ge-related oxygen-deficiency centers (GeODCs)
in an Er-doped Ge nanocrystal (NC) enriched SiO, layer of a
metal-oxide semiconductor structure and its corresponding
impact on the blue-violet electroluminescence (EL) have re-
cently been demonstrated." The basic mechanism in such
system relies on the close proximity of the Er’* to the
GeODCs situated mainly at the NC/SiO, interface.™” Since
the existence of GeODCs is strongly associated with the
crystalline quality of Ge nanoclusters, the control over cor-
responding microstructure plays an important role for
achieving the highest EL.? To improve the structure of Er-
doped Ge NCs, postimplantation annealing is an inevitable
step. In fact, evolution of phases like Er,O; or Er,Ge,O,
have been realized during furnace annealing in the tempera-
ture range of 800-1100 °C for a fixed Ge and Er
concentration.” A monotonic quenching of the blue-violet EL
intensity was, however, observed due to the formation of
such Er composites together with a steady increase in Ge
diffusion toward the SiO,/Si and Si-oxynitride/Si (SION/Si)
interfaces.” The question is how to control the detrimental
400 nm EL quenching by suppressing the decrease in
surface-to-volume ratio of Ge NCs and/or outdiffusion of Er
from the surface of Ge NCs.**

In this context, flash lamp annealing (FLA) is challeng-
ing and promising to avoid strong diffusion and clustering of
impurities in SiO, (Ref. 5) where such annealing process is
often performed by using an extremely short temperature
pulse (generally in the millisecond range6). Using this ex-
traordinary approach, we present recrystallization of the Er
doping induced amorphized Ge nanoclusters in the absence
of Ge outdiffusion with reduced thermal budget (viz. anneal-
ing time) and the corresponding enhancement of the 400 nm
EL intensity. Moreover, we show that the 400 nm EL inten-
sity and its decay time increase systematically with increas-
ing FLA temperature without changing the 1535 nm Er EL

“Electronic mail: a.kanjilal@fzd.de.

0021-8979/2010/107(2)/023114/5/$30.00

107, 023114-1

yield. We will also show that, for a constant current, the 400
nm EL intensity quenches with device operation time where
the quenching mechanism is strongly associated with the
FLA temperature.

Il. EXPERIMENTAL

Initially, 130 keV Ge ions were implanted with a dose of
410" cm™, which gives 7.4% Ge at the mean projected
range R, of ~112 nm (derived from the SRIM-2006
calculations’) into a 200 nm thick thermally grown SiO,
layer with a local oxidation of Si (LOCOS) structure on
n-type Si(100) wafer. The samples were subjected to FLA for
20 ms at 1050 °C with an additional preheating at ~700 °C
to produce small Ge NCs in the range of 2-4 nm (not shown
here). Subsequently, 250 keV Er ions were implanted with a
dose of 2X 10" cm™ giving ~0.5% Er at R,~115 nm,
followed by FLA for 20 ms with temperature in between 800
and 1100 °C to remove implantation-induced defects and for
activating Er** ions. The Ge and Er concentrations were fur-
ther verified by Rutherford backscattering spectrometry
(RBS) with a 1.4 MeV “He* beam. A 100 nm thick SiON
layer was deposited on top of the LOCOS structure. More-
over, semitransparent indium-tin oxide and aluminum con-
tacts were sputter deposited on the front and rear surfaces,
respectively. The top layer was further patterned by optical
lithography to achieve arrays of circular electrodes with di-
ameter of ~300 wm. Cross-sectional transmission-electron-
microscopy images were taken by a FEI Titan 80-300
S/TEM instrument operating at 300 keV. All the EL spectra
were recorded at room temperature (RT) with constant cur-
rent mode and under forward bias conditions, and by a
monochromator in combination with a photomultiplier or an
InGaAs detector. The EL decay time was measured by a
multichannel scalar (Stanford Research System SR430) un-
der constant voltage pulses.

lll. RESULTS AND DISCUSSION

Figure 1 displays the evolution of the 400 nm EL with
increasing FLA temperature from 800 to 1100 °C in the ab-
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FIG. 1. (Color online) The EL spectra recorded with J=1.4 mA/cm? for the
74% Ge+0.5% Erin SiO, when processed by FLA with 800—1100 °C for
20 ms. The inset shows the EL spectrum of the only 0.8% Er-doped SiO, for
J=1.4 mA/cm?.

sence of any significant change in the 1535 nm Er EL yield
for a constant current density (J) of 1.4 mA/cm?. In the
absence of excess Ge, a strong 1535 nm Er EL can be
achieved as the one shown for only 0.8% Er-doped SiO,
(inset, Fig. 1). Using the complementary photoluminescence
(PL) measurements, we have recently demonstrated® these
phenomena in the framework of electrically driven IET pro-
cess from the Er** to the GeODCs in case of furnace an-
nealed samples. In fact, the observed increase of the 400 nm
EL intensity therefore indicates that the IET process becomes
more prominent with increasing FLA temperature from
800—1100 °C (that will be discussed in the following). In
contrast to the furnace annealed samples,3 no Ge outdiffusion
toward the SiO,/Si and SiON/Si interfaces was observed by
RBS (Fig. 2). Please note that the Ge outdiffusion toward the
Si/Si0, interface was even observed by RBS in rapid ther-
mal annealed samples when they are annealed at 1050 °C
for 6 s (not shown here), verifying the capability of the FLA
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FIG. 2. (Color online) The RBS random spectra, showing the Ge (filled
symbols) and Er (open symbols) profiles with increasing FLA temperature
for 7.4% Ge and 0.5% Er. The dashed vertical lines represent the
SiON/SiO, and SiO,/Si interfaces. Taking into account the atomic densities
(n,) of 5.00% 102, 6.60 X 1022, and 6.63 X 10?2 at./cm? for Si, SiO,, and
SiON, respectively, one can estimate the respective geometric layer
thickness.
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FIG. 3. (Color online) The 400 nm EL intensity vs E for the devices pre-
pared by FLA from 800 to 1100 °C. The inset shows the corresponding J-E
characteristics.

treatment to suppress Ge segregation. This is also confirmed
by taking the J-E characteristics (inset, Fig. 3) into account
where the E defines the applied electric field. The insignifi-
cant change in J-E profiles, especially the threshold E at
different annealing temperatures implies that the barrier
height at the SiO,/Si interface is hardly affected by FLA.
The charge transport from the conduction band of Si to the
conduction band of SiO, is found to be mainly governed by
the Fowler—Nordheim tunnelling.9 Moreover, the variation of
the 400 nm EL intensity has also been examined as a func-
tion of E (Fig. 3), showing that the EL intensity is growing
almost exponentially with increasing E, and the 400 nm EL
intensity rises systematically with increasing annealing tem-
perature. This phenomenon can be explained either in the
light of the FLA temperature dependent improvement of the
microstructure or the activation of more and more Er** ions.
Since the 1535 nm EL intensity is almost unaffected with
increasing FLA temperature (Fig. 1), it seems that the former
one plays the key role.

The impact of FLA is more prominent if we follow both
the 400 and 1535 nm EL intensities with increasing J. They
were in fact monitored during J-E measurements. For the
sake of our discussion, we have plotted the observed change
of the 400 and 1535 nm EL intensities in Fig. 4 as a function
of injected charge density (¢p=J/q). As apparent, the charac-
teristic slope of the 400 nm EL intensity rises markedly with
increasing FLA temperature (left panel), while no demarcat-
ing change is observed for the 1535 nm Er emission (right
panel). To have an in-depth understanding, the projected
curves have been fitted wusing a relation™'’  EL
=EL, [ o7¢/(ordh+1)] where the product of the excitation
cross-section (o) and the lifetime (7) for the 1535 nm EL is
found to fluctuate between (5.3—-7.4)x107'® cm’s as a
function of FLA temperature, while it varies between
(11.5-4.4)x107'% cm? s for the 400 nm EL peak (see the
attached table, right panel in Fig. 4). It seems that the ob-
served 1535 nm Er EL intensity is mainly associated with the
Er** jons,' which are staying apart from Ge NCs and not
taking part in IET process. Hence, we focused onto the 400
nm EL and carried out decay time (7;) measurements where
the 7y was estimated using a stretched exponential function''
I(t)e exp[—(t/ 7,)#]. Here, B, the dispersion factor, indicates
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FIG. 4. (Color online) The variation of the 400 nm (left panel) and 1535 nm
(right panel) EL intensities as a function of charge injection density for the
devices processed by FLA with 800—1100 °C for 20 ms and superimposi-
tion of the corresponding theoretical curves. The attached table (right panel)
presents the 74, B3, and o7 values of the 400 nm EL peak when the devices
were processed by FLA using 800—1100 °C.

the spread of Er lifetime. The calculated 7; values are also
given in the attached table (Fig. 4), showing that both 7,4 and
B values are increasing as a function of FLA temperature.
The corresponding o is estimated to be of 4.0X 10713, 4.4
X 10713, 1.5X 10713, and 7.2 X 107'* cm?, respectively.

The variation of the 400 EL intensity was further exam-
ined as a function of the charge injection time for J
=0.37 mA/cm? (Fig. 5). From the top panel, one can see the
subsequent variation of the constant current voltage (AV)
across the electrodes, representing the charge trapping
mechanism' in the respective oxide matrix. As can be seen
from the lower panel, although the 400 EL intensity is re-
duced with increasing charge injection time, the quenching
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FIG. 5. (Color online) The variation of the constant current voltage (top
panel) and the 400 nm EL intensity (lower panel) as a function of charge
injection time, measured at J=0.37 mA/cm? for the devices processed by
FLA with 800—-1100 °C for 20 ms. (Top panel) Inset magnifies the variation
of AV as a function of charge injection time for the device annealed at
800 °C.
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FIG. 6. The HRTEM images of the Ge-rich SiO, codoped with Er when
processed by FLA with 800 (a), 900 (b), and 1100 °C (c) for 20 ms. All the
images have the same magnification.

rate is lowest for the samples prepared by FLA at 800 °C.
Conversely, the rest of the samples, which are annealed be-
tween 900 and 1100 °C, show a positive voltage shift up to
~10° s (Fig. 5), implying the electron trapping process. The
electron trapping mechanism is found to dominate in case of
the 900 and 1100 °C processed samples before reaching a
catastrophic dielectric breakdown. On the other hand, both
electron and hole trapping processes are observed when the
samples are annealed at 1000 °C. In the latter case, the elec-
trons are initially trapped, followed by a gradual overtaking
of the hole trapping process, which is represented by the “U”
turn of the curve, showing a decrease in AV. Note that as the
dielectric breakdown is a statistical event, it is possible that
the long time behavior of the AV characteristics for both 900
and 1100 °C is similar to that of 1000 °C. Moreover, close
inspection of the curve corresponding to the sample pro-
cessed at 800 °C (inset, top panel) reveals that following a
weak electron trapping process up to ~5X 10* s, the hole
trapping dominates.

In order to understand the charge injection mechanism,
FLA dependent microstructural evolution has also been ex-
amined using high-resolution TEM (HRTEM), keeping the
electron beam along the [011]-zone axis (see Fig. 6). As
discerned, most of Ge NCs, damaged by Er doping, are par-
tially recrystallized after FLA at 800 °C [Fig. 6(a)]. With
increasing FLA temperatures up to 1100 °C, a systematic
increase in the density of the recrystallized Ge nanoclusters
is observed [Figs. 6(a)-6(c)]. Close inspection reveals that
patches of gray/dark contrast are partially overlapped with
Ge NCs and/or situated near Ge NCs. Although the origin of
this gray/dark patches are not clear from the observed micro-
structures, based on our EL results (Fig. 1), it seems that they
are most likely associated with the Er-rich zones. In fact, we
have demonstrated earlier, for a set of furnace annealed
samples,z’3 that the Er atoms have a tendency to passivate the
surface of Ge NCs and as a consequence accelerate the IET
process. A coupling between the Er’* ions and the GeODCs
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is essential to conduct an IET process.1 By comparing the PL
and EL results, we have also shown that the GeODCs are
mainly situated at the Ge NC’s surface and so the Er** ions
situated near the surface of Ge NCs can only take part in IET
process.8 Although the control over Ge distribution and the
removal of implantation induced defects by FLA and furnace
annealing are not comparable, the basic mechanism behind
the IET process should be similar. Even if we cannot directly
confirm the presence of Er-rich environment around Ge NCs
by HRTEM (Fig. 6), by comparing the 1535 nm Er EL in-
tensity (Fig. 1) for samples processed at 1000 and 1100 °C
FLA in presence of excess Ge with that of only Er-doped
SiO, (inset, Fig. 1), a strong coupling between the Er** and
GeODC has to be assumed. A gradual increase of the 1535
nm Er EL intensity is expected due to the removal of the
implantation induced defects with increasing FLA tempera-
ture if all Er** ions are considered to be staying isolated from
the Ge-rich environment and surrounded by defects adding
nonradiative channels to the Er** emission. It seems from
Fig. 1 that not all but a fraction of active Er’* ions are stay-
ing apart from the Ge-rich regions and remains almost un-
changed at different FLA temperature. As the EL decay time
of the 400 nm line increases by a factor of 2 with increasing
annealing temperature from 800 to 1100 °C (Fig. 4), the
decrease of nonradiative decay channels gives an equivalent
contribution to the increase of the 400 nm EL intensity by a
factor of 4. On the other hand, by taking into account our
previous PL and EL results,8 one can expect an increase in
density of the GeODCs due to the recrystallization of Ge
clusters as a function of FLA temperature (Fig. 6). It is also
possible that the GeODC-Er** coupling increases in the pres-
ence of Er near recrystallized Ge clusters. Because of this
GeODC-Er** coupling which requires Er** in the close vi-
cinity of Ge NC, the patches of gray/dark contrast in the
observed microstructures (Fig. 6) are most probably due to
such an Er-rich zone.

The Er ions generally trap the positive charges, while the
electrons are captured in surrounding defects.'? This pro-
cesses become more efficient during EL excitation process if
the Er** ions are situated close to the NC’s surface.'? Con-
sidering the impact excitation of the Er’* ions, when the
electrons pass through the amorphous SiO, layer one can
expect an exchange of energy to the nearest GeODCs, which
is the precondition for an IET pI‘OCCSS.l The probability will
further improve with increasing number of Ge NCs. It seems
from Fig. 5 that Ge NCs and their disordered surroundings
enhance the process of electron trapping, which may subse-
quently induce a repulsive Coulomb scattering of the in-
jected (hot) electrons above ~10* s leading to a significant
reduction of the impact excitation process of GeODCs
—thereby causing the 400 nm EL quenching. In fact, elec-
trons usually spend a relatively long time inside the traps
(either GeODCs or defects around Er**) before thermalizing
or tunneling to the conduction band of SiO, or the neighbor-
ing traps.13 This type of trapping/detrapping motion of carri-
ers also reduces the electron mobilities,]3 which in turn re-
duces the number of electrons that can participate in the
impact excitation process.

J. Appl. Phys. 107, 023114 (2010)

Although the number of recrystallized Ge clusters is
small in samples processed at 800 °C [Fig. 6(a)], the appear-
ance of weak 1535 nm EL (Fig. 1) signifies that either the
Er?* ions reside in a Ge-rich environment” or the Er** ions
are not fully activated. Since the extracted ot values of the
1535 nm Er EL are found almost identical, we can rule out
the second possibility. However, the IET process demands a
strong GeODC-Er** coupling,l which is definitely weak with
such low crystalline quality of Ge clusters.” It appears that
although the Er’* ions can be activated by 800 °C FLA,
except a few active Er** centers, most of them are possibly
located near amorphized Ge nanoclusters and surrounded by
a large number of nonradiative centers, leading to a weak
1535 nm Er emission. In fact, as the excitation of the higher
energy levels of Er** ions'* requires higher electric field, the
IET process1 will take the lead with increasing E, in good
agreement with Fig. 3. Taking into account the electron trap-
ping in GeODCs, a gradual increase of the hole trapping
mechanism beyond 5% 10* s for the samples processed at
800 °C (inset, top panel of Fig. 5) indicates a slow transfor-
mation of the GeODCs to other types of defects'” and/or the
development of stress by internal insulator field,” resulting a
quenching of the 400 nm EL intensity, which is rather weak
compared to other flash lamp annealed samples (lower panel,
Fig. 5). The situation improves with increasing recrystalliza-
tion of the damaged Ge nanoclusters from 900 °C, showing
a clear electron trappinglo during electron injection. The
larger the density of Ge NCs surrounded by the Er*, the
more efficient is the screening of hot electrons. This, as a
consequence, reduces the effective excitation cross-section
(see Table, Fig. 4).

IV. CONCLUSIONS

In summary, we have demonstrated a gradual enhance-
ment of the 400 nm EL intensity through promotion of the
IET process via increasing the density of recrystallized Ge
nanoclusters in Ge-rich Er-doped MOS structure by increas-
ing the FLA temperature from 800 to 1100 °C. The 400 nm
EL intensity was found to increase continuously, irrespective
of the FLA temperature with applied electric field until di-
electric breakdown, revealing that the IET process becomes
more pronounced with increasing electric field. Operation
time dependent quenching of the 400 nm EL is described in
the light of a competition between the electron and hole trap-
ping mechanisms, while the trapping of holes dominates over
the initial electron trapping mechanism due to the transfor-
mation of the GeODCs at the Ge NC’s surface via continu-
ous injection of electrons.
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