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Abstract: Er-doped silicon nanocrystal-based oxides/nigitlave been investigated. These layers are growwebe a
polycrystalline silicon electrode and a monocrystalsilicon substrate to allow electrical injecticEnergy Filtered (EF-)
and High Resolution (HR-) TEM characterization bagn performed to provide microscopic insight dh®macroscopic
optoelectronic properties of the samples. Evidentl&stering has been observed in silicon dioxiteas not in silicon
nitrides, suggesting a better Er solubility andaloenvironment when nitrogen is incorporated. Silimanocrystals have
been observed in silicon-rich nitride layers, apezted, but also in a region close to the silicaxide-polysilicon
interface in a layer with no nitrogen or Si excesssehis unexpected Si clusterization has beerbated to Si diffusion
from the polycrystalline silicon electrode into tldicon dioxide as a consequence of the annedliegtment. The
structural characterization carried out by HRTEM &¥FTEM has been correlated with the optoelectrpraperties of the
devices.

This work will focus on the study of four different
l. INTRODUCTION systems, all of them Er-doped layers sandwicheddxt
a monocrystalline Si substrate and a polycrystllin
Er-doped materials have attracted strong interest silicon electrode, the layers consisting on: siticlioxide
during the last decades as an optical material legab  (SiOy); silicon nitride (SiNy); silicon-rich nitride (SiN);
advanced telecommunications applications. A fast and silicon oxynitride (SiON) which provides a npdint
development in long-haul optical data transmissicas between Si@and SiN,.
possible with the implementation of Erbium DopebrEi
Amplifiers (EDFA). Similarly, a fast development on-
chip data transfer rates is expected from intedrafatic
solutions. Such approach would provide an effective
alternative for the interconnect microelectronics
bottleneck [1]. Therefore, many efforts are beirgated
to develop an electrically driven light emitting usoe
emitting at 1.54 pum compatible with the mainstream
Complementary Metal Oxide Semiconductor (CMOS)
technology. Among others, Er-doped oxides are good
candidates for developing Er-doped light emittiryides
due to the good local environment provided for Hre
ions, as well as their outstanding electrical amefrrhal
stabilities [2]. Nevertheless, the large band ghpil@on
dioxide makes the Er excitation via current injesti
difficult. Therefore, it is interesting to studyher CMOS
compatible matrices with lower band gaps and slatad
accommodate Er ions. In this sense, silicon nitride
provides ideal characteristics, as it is a good farsEr
ions, it is electrically and thermally stable, ahds a
lower band gap, that would allow for larger current
injection compared to silicon dioxide. Moreover fremt
injection can be further boosted by embedding ailic
nanocrystals (Si-NCs) in the matrix [3]. Surpridingn
spite of the great amount of works devoted to thdysof
these materials, not many of them focus on thestation
between microstructure and optical efficiency.

In order to improve the functional properties of a
given system, it is essential to determine itslistraicture
and composition. To improve the optical efficieritys
essential to know the material distribution andicture.
Transmission Electron Microscopy (TEM) can provale
complete characterization of nanoscale materiald an
devices. TEM is based on the interaction betweéast
electron and a solid state sample. When the inogmin
electron interacts with the periodic potential ofrgstal,
its wave function can suffer changes both in amgét
and phase. In most situations both types of contras
(amplitude contrast and phase contrast) contribaitan
image, though one of them will tend to dominate

High Resolution TEM (HRTEM) is related to phase
contrast. Interaction between electron beams diffchby
different families of planes amongst themselves witd
the undiffracted beam gives rise to a periodic i@stt
parallel to a given family of planes and with aipdicity
related to its spacing [4][8]. Energy Filtered TEM
(EFTEM) is based on a very different physical iatgion
taking place in the microscope. The incoming fast
electron can transfer a given amount of energy to
electrons in the sample; this energy loss can besured
with a magnetic prism, which is how Electron Energy
Loss Spectroscopy (EELS) is performed. An EELS
spectrum is, thus, a plot showing how many elestron
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have lost which amount of energy. Now, if the egerg
filter is used as a band-pass filter, an EFTEM ienagjl
be obtained, from the contribution of electronsihgvost
energy in a given energy loss interval only [9].

. EXPERIMENTAL DETAILS
A. Sample growth

Samples were provided by the CIMAP laboratory in
France. The active layers were grown by magnetron
sputtering on a p-type silicon substrate at 500i@erent
approaches were used in order to obtain different
stoichiometries in the samples. The SKED sample was
obtained from direct evaporation of a Sitarget and an
ErO; target. The SION:Er samples were grown using
three cathodes, one fogNi, one forSiQ and one for

milling (5KeV, 7° and 4°) using a Gatan PIPS instent.
Prior to TEM observation samples were cleaned uaing
25% O and 75% Ar plasma.

C. Opto-€electronic Characterization

The electrical characteristics of the samples were
analyzed using a semiconductor device analyzer
(B1500A) coupled to a probe station (Cascade Méxiot
Submmit 1100). The electroluminescence (EL) spectr
were collected with a photomultiplier tube (PMTupted
to a monochromator (Acton 20300i) under forwardsbia
condition.

[1l. RESULTSAND DISCUSSION

Fig.1 (a) shows a typical EL spectrum, with a
maximum intensity around of 1.54 um. It is worth
noticing that the spectrum did not change with eotr

Er,0s. A bias was applied to each cathode to enhance the injection, or in the different devices. The observe

deposition rate flow into the substrate. Finallg t8iN,
samples were grown with a two cathode approach,
cathodes corresponding to $i@nd EpOs, while nitrogen
was added by introducing a N flow in to the chambée
silicon excess of the SjNsamples was obtained by
varying the nitrogen flow and keeping the other
parameters constant. A silicon excess value of 3@t
measured. A nominal thickness of 50 nm was targfeted
all samples. To perform the electrical pumping loé t
samples and the light collection, a polycrystallgilicon
electrode (polysilicon) of 200nm was deposited am of

the active layer by low pressure chemical vapour
deposition (LPCVD). Subsequently, an annealing
treatment at 950°C for 30 minutes in a nitrogen
atmosphere was carried out. The polysilicon layer i
devised to act as both an electrode for curremictign
and as a semitransparent window to efficientlyaottthe
generated electroluminescence (EL).In order tdfgdtte
inclusion of Er ions in the matrix, secondary iomss
spectrometry (SIMS) was performed in all samples,
yielding an Er concentration of 1 x 20cmdn all
samples. Similarly, X-Ray photoelectron spectrogcop
(XPS) was carried out to determine the sample
composition in each sample. Further details cafobaed

in [5].

B. EFTEM and HRTEM

For EFTEM and HRTEM characterization a JEOL 2010F
microscope coupled to a post-column Gatan Imaging
Filter (GIF), in the CCiTUB facilities, was usedar8ples

for TEM observation were obtained in cross-section
geometry by conventional preparation methods. Saspl
were mechanically polished to a 60 um thicknessthEu
dimple polishing was performed down to 20 um. Hipal
electrotransparency was achieved by low angl& ién
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emission is a consequence of the discrete transiio
Er** ions from the first excited state to the groundele
Electrons are injected from the polysilicon eled&dnto
the active layer and excite ¥rions by inelastic
scattering.

Fig.1 (b) displays a comparison of the emitted EL (
arbitrary units) as a function of the injected eutr(in A)
for all studied devices. All samples show a liniearease
in EL with injected current. We can compare therjum
efficiency of the different devices by direct insfien of
Fig.1 (b). Quantum efficiency stands for the rdtedween
generated photons and injected electrons. Therefiata
in Fig.1 (b) allow us to conclude that: (i) the QX
sample is the most efficient one, as it requiresitwest
injected current for EL; (ii) the incorporation oitrogen
in the matrix gradually reduces the efficiency okt
injected electrons, as demonstrated by compari@g:Si
(no nitrogen), SION:Er (low nitrogen incorporatioafd
SisN4Er (higher nitrogen incorporation); and (iii) The
incorporation of Si excess improves the efficiency
(compare the N4 Er curve with the SINEr one).

Hence, different optoelectronic properties are tbim
the different systems. In order to gain furtherighs on
the structural properties of these samples, TEM
characterization was performed. This characteomais
meant to assess the quality of the systems, faarios,
the abruptness of the interfaces between the alztiver
and the electrode (polysilicon, in this case). Aldoe
presence of Si-NCs was inspected, as well as thsilge
Er clusterization.
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FIG. 1: (a) EL spectrum of SigEr sample taken at ® A.
(b) EL at 1.54 pumas a function of injected current for t
SiN,:Er sample (black squares), the Si:Er (red dots), the
SisN4Er (blue empty squares) and the ,:Er (purple empty
dots).

Fig. 2 (a) shows a general view BEM image of the
SiO,:Er system. Hree different layers can tobserved:
the Si substrate (top layer), the SE¥ (middle layer) and
the polysilicon electrode (bottom)A mean thickness ¢
85 nm was measured for the SiEr. Well defined
interfaces are observed, with no presence of uresk
native oxide between th&i substrate and the S:Er
layer. Abrupt interfaces are important to validate
suitability of the fabrication process to deve
electroluminescent devices.

In order to determine the presence ¢ nanocrystals
(NCs) in the SIQEr layer, an EFTEM image was taki
For that, the crystalliné&si plasmon pe¢ (15 eV) was
filtered, obtaining bright zoneswherever there i
crystalline Si (Fig. 2 (b))Notice that theSiO,:Er layer
presents Si-NCs randomly distributedithin a depth of
approximately 39 nm from theolysilicon interfac
(bottom part of Fig. 2 (b)).Despitglicon excess was not
expected in the SiCErlayer, its presence could t
explained byan eventual silicon migration from tl
polysilicon towards the SiCEr layer as a consequence
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the high annealing temperat performed to the sample.
This fact explains whysilicon nanocrystals arfound in
the 39 nm closest to thaolysilicor layer only and not
everywhere in the samplin order to further corrobora
this hypothesis, the same procedure was performed
other interface, i.e. at the Si subst-SiO,:Er interface
(Fig.3). In that case, dark spots are also observed il
HRTEM image. However, they do not correspon(Si-
NCs as the EFTEM image obtained by filtering the
plasmon peak id not show any bright spots the
SiO,:Er layer.To further discard the presence o-NCs
or other oxydized phased SiC,, an additional EFTEM
image was taken by filtering the S plasmon peak (23
eV) instead of that ddilicon (Fig 3 (c)). In that case, dark
spots are still observed in the image. Thwe can
unambiguously confirm that the dark spots she
correspond to Er clusterin

FIG. 2. SiO,:Er system (a)generalTEM image and further
magnified EFTEM image (bshowing Si-NCs) located within
39 nm of the polysilicon layer.

FIG. 3: SIO:Er systemnear at the substrate / active la
interface (a) HRTEM imaggp) crystalline Si plasmon ener:
filtered image and (c) Siplasmon energy filtered image of t
same region. The same features can be observayland (c) as
highlighted by the arrow and the circdistributed.
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A similar analysis was performed for theM$j.Er system
(Fig. 4 and 5). Layer thickness was determinede@tound
51 nm, in good agreement with the expected nomiahle
(i.e. 50 nm). In this case, however, nor Si-NCshegi Er
clustering was found when filtering by both thdcsih and

the SiQ plasmon peak. Lattice fringes corresponding to

crystalline silicon are observed in the EFTEM iméigered
by the silicon plasmon peak (Fig. 5 (b)).

FIG. 4: General TEM image of the $l,:Er system.

SisNg:Er

Finally, the SiN:Er system was also analyzed (Fig.7).
This is an interesting case of study, as this & ahly
sample in which Si-NCs were intentionally incorperch
Surprisingly, an unexpectedly thin SiHr layer of 8.4
nm was observed, despite the fact that the nominal
deposition thickness was set to 50 nm. The oridithis
discrepancy is not well understood yet and thusnes a
thorough investigation that lies beyond the scop¢he

FIG. 5: SisNgEr system near the substrate / active layer

interface(a) HRTEM image and (b) EFTEM image, fid at the
crystalline silicon plasmon energy, of the saméareg

The SION:Er system was also inspected using TEM a

EFTEM (Fig. 6). A layer thickness of 52 nm was dtheal,
similar to the one obtained fors8i;:Er. No Si-NCs or Er
clusters were found. Thus the SiION:Er angNSEr systems
present very similar morphological properties.

FIG. 6: General TEM (a) and EFTEM (filtered at crystalli@e
plasmon energy) (b) images of the SION:Zr systemSNNCs
or Er clusters are observed
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FIG. 7: (a) HRTEM image and (b) EFTEM image, filtered at
the crystalline silicon plasmon energy, of the samegion,

rﬁ;&ntaining the SINEr layer

As for the Si incorporation, it is clear that Si-Bl@re
present in the layer, as observed in Fig. 7 (b) B#Timage
filtered by the Si plasmon peak shows bright zomigisin the
active layer which correspond to the Si-NCs.

Thus, only the SIQEr presented evident Er clustering. At
this point, it is worth highlighting that the fatthat no Er
clustering was observed by TEM in the other actayers
(SisN4:Er, SION:Er and SiNEr) does not completely rule out
small Er agglomeration of few atoms, below the TEM
resolution limit. However, even if that was the esage can
safely conclude that the Si@r system has the largest Er
clustering among the studied samples. The reasorihie
could lie in a different solubility of Er ions in@, compared
to the other matrices. Lower Er solubility in $iiS expected.
Another interesting conclusion that could be disederived
from this study is that nitrogen incorporation ssemo
consistently reduce the Er clustering in the lagsrnitrogen-
based samples did not show evident Er clusterizatio
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addition, notice that Er clustering shows a diremtrelation Si-NCs to Er ions that enhances the luminescenparties

with the optoelectronic properties of samples,tastrongly [7].

diminishes the luminescence [6]. Er clustering es an
undesired local environment for ¥rions, making them
optically inactive (i.e.: non light-emitting). Inpdge of this
fact, the SIQEr system is still the most efficient device
among the studied samples (see Fig.1 (b)). Thisnm#aat
room for improvement is expected at least for th@,%r
device in terms of quantum efficiency if an optieiz
SiO,:Er system free of Er-clustering is fabricated.

As for the Si-NCs, they were successfully incorpedan
the silicon nitride layer. Nevertheless, an unexgdly low
layer thickness was observed in this sample. A&d\Cs
were unexpectedly observed in the SED layer. In this case,
however, they were not uniformly distributed, as the
SiN,:Er layer. They were only visible near the actiagdr /
electrode interface (see Fig.2). The presencessetiNCs can
be explained by the diffusion of Si atoms from the
polysilicon electrode to the SyEr layer as a consequence of
the annealing treatment performed on the sampla watter
of fact, this Si diffusion was not observed in tther silicon
nitride-based samples, suggesting that nitrogeorparation
effectively blocks the Si diffusion from the pollson
electrode. Two possible alternatives could be dmrsed to
avoid Si diffusion into the SICEr layer: (i) an effective
reduction of the annealing treatment parametersheei
annealing time or temperature), and (ii) the inicnsof a
silicon nitride diffusion barrier between the $Si@nd the
polysilicon electrode. Finally, the observation SifNCs in
the SIiN:Er layer is in good agreement with the
optoelectronic properties shown in Fig.1 (b) . Ertjgular,

V. CONCLUSIONS

Er-doped silicon nanocrystal-based oxide/nitride
light emitting devices were characterized first by
studying their electrical-optical response and then
by HRTEM and EFTEM.

Four different systems with different active layer
stoichiometry values have been studied: silicon
dioxide (SiQ), silicon nitride (Si3N4) silicon-rich
nitride (SiN,) and silicon oxynitride (SiON), all of
them with the same Er concentration.

Unexpected silicon nanocrystals and Er clustering
were observed in the Sj@r layer, the first
attributed to a Si diffusion from the polysilicon
electrode during thermal annealing, and the second
to a low Er solubility in Si@

No Er clustering was observed when incorporating
nitrogen to the matrix, suggesting better Er
solubility in nitrogen-based materials.

Silicon nanocrystals were otherwise, only
observed in the silicon-rich nitride sample, as
expected. Better quantum efficiency was obtained
when embedding Si-NCs.
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