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Abstract. The microstructural, optical and electrical proper-
ties of Si-, Ge- and Sn-implanted silicon dioxide layers were
investigated. It was found, that these layers exhibit strong
photoluminescence (PL) around 2.7 eV (Si) and between 3
and 3.2 eV (Ge, Sn) at room temperature (RT), which is ac-
companied by an UV emission around 4.3 eV. This PL is
compared with that of Ar-implanted silicon dioxide and that
of Si- and Ge-rich oxide made by rf magnetron sputtering.
Based on PL and PL excitation (PLE) spectra we tentatively
interpret the blue—violet PL as due to a T} — Sy transition
of the neutral oxygen vacancy typical for Si-rich SiO; and
similar Ge- or Sn-related defects in Ge- and Sn-implanted
silicon dioxide. The differences between Si, Ge and Sn will
be explained by means of the heavy atom effect. For Ge-
implanted silicon dioxide layers a strong electroluminescence
(EL) well visible with the naked eye and with a power effi-
ciency up to 5 x 10™* was achieved. The EL spectrum cor-
relates very well with the PL one. Whereas the EL intensity
shows a linear dependence on the injection current over three
orders of magnitude, the shape of the EL spectrum remains
unchanged. The I — V dependence exhibiting the typical be-
havior of Fowler—-Nordheim tunneling shows an increase of
the breakdown voltage and the tunnel current in compari-
son to the unimplanted material. Finally, the suitability of
Ge-implanted silicon dioxide layers for optoelectronic appli-
cations is briefly discussed.

PACS: 78.60.F; 78.55; 61.72.T; 85.30.T; 78.66.J

Since the early 60s Si has been the dominating material of mi-
croelectronics because of its excellent mechanical, chemical
and electrical properties. However, with increasing miniatur-
ization one approaches more and more the physical limits
drawn by the material properties of Si. The increase of the
line resistance and the corresponding parasitic capacitors with
decreasing feature size is opposed to a further miniaturization
and an enhancement of the clock rate. The electromagnetic
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interference of two neighboring conducting wires at high
modulation frequency limits the number of pins of an inte-
grated circuit.

Besides these problems the enormous development of
communication technology has created a high demand for op-
toelectronic functional units able to generate, to modulate and
to process optical signals. Unfortunately, Si is very inapplica-
ble to operate as a light emitter due to its indirect band gap of
about 1.1 eV. This has motivated an intense research for light-
emitting materials which can replace Si but can be integrated
well in the current Si technology.

Whereas a plurality of acceptable solutions for the pro-
cessing of optical signals already exists, up to now there are
no satisfying concepts to transform electrical into optical sig-
nals within integrated circuits. Although discrete devices on
the basis of compound semiconductors or polymers have been
established for display applications, the difficulties of com-
bining these materials with integrated circuits have not been
overcome so far. In the search for alternative light emitting
materials the Si-based materials are of special interest be-
cause they offer the possibility to avoid the disadvantage of an
indirect Si band gap and to retain the most positive properties
of Si simultaneously.

The discovery of red PL from porous Si [1] has initiated
comprehensive research activities, and today the palette of
different approaches extends from porous Si over the diverse
deposition techniques to ion implantation of semiconductor
species into thin SiO; layers thermally grown on crystalline
Si. Because of the robustness of the matrix, the very good
control over the fabrication process and its full compatibil-
ity with current Si technology, ion implantation into thin SiO,
films is a promising candidate. The aim of this work is to
present our extensive investigations performed on Si-, Ge-
and Sn-implanted SiO; layers in a coherent and clear way,
to discuss these results in the framework of other studies
and to show, that ion-implanted SiO, films are one of the
most promising materials for the field of Si-based light emis-
sion. In order to give a short introduction Sect. 1 is briefly
discussing the demands of optoelectronics and reviews the lit-
erature regarding the luminescence of Si- and Ge-rich oxides
with the main focus on ion-implanted SiO; films. Due to the
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fast and dynamic development of this field this discussion
does not claim to be complete. After a brief experimental sec-
tion the microstructural, optical and electrical properties of
Si-, Ge- and Sn-implanted SiO; layers will be presented and
discussed. The work is closed by a short summary.

1 Si-based light emission
1.1 Requirements of the optoelectronics

Alternative materials that can be used to generate optical sig-
nals should meet the following requirements: good integra-
bility for common Si technology, high efficiency, short decay
constant, and sufficiently long lifetime and stability.

Regarding the integrability for the current Si technol-
ogy, Si-based materials are very suitable. The pure material
costs of alternative materials such as GaAs are much higher
and their use requires the construction of complete new pro-
cessing lines. Furthermore, compound semiconductors fail to
grow epitaxially on crystalline Si. For some Si-based mate-
rials the possibility to emit light by electrical excitation has
been already demonstrated. But from the viewpoint of appli-
cation, the materials also have to fulfil the criteria mentioned
above. In the field of Si-based light emission, ion-implanted
SiO; layers compete with other luminescence materials, in
particular with Er-doped Si, porous Si and FeSi,. Although
considerable progress was achieved in the different subjects,
up to now none of these materials plays an important role for
application.

Because of its emission wavelength around 1.54 pm, Er-
doped Si is suitable for data communication over far dis-
tances. For a long time the ability of these layers to show EL
has been limited by a maximum concentration of lumines-
cence centers of about 5 x 10'7 cm™3, by the intrinsic decay
constant around 1 ms and by a strong decrease of the lumi-
nescence intensity when the temperature raises from 77 K
to RT [2]. By the use of new techniques such as O-co-
implantation [3] and reverse-biasing [4] these disadvantages
could be partly overcome.

Porous Si is surely the most investigated material in the
field of Si-based luminescence and features a fairly high ex-
ternal quantum efficiency above 1073 [5-7] and a partly tun-
able emission wavelength. The disadvantages of porous Si are
the wet fabrication procedures that are difficult to integrate
into current microelectronics, the strong deterioration of the
mechanical properties with increasing porosity [8] and its EL
degradation during operation [6, 9]. The latter problem can be
avoided by oxidation and leads to device lifetimes in the order
of several weeks [10].

FeSi, has the advantage of being a direct band gap mate-
rial (although some authors are speculating about an indirect
band gap just below the direct one) and of emitting at 1.5 pm.
Whereas the electrical properties are very good the forma-
tion of a buried FeSi, layer requires a long anneal procedure
at high temperature which initiates unwanted diffusion pro-
cesses [11]. More seriously, the EL decreases by two orders
of magnitude when the temperature increases to RT.

As already mentioned, the advantages of Ge-implanted
SiO; layers are based on the excellent mechanical, chemical
and electrical properties of SiO; and the good reproducibil-
ity if using ion implantation to produce Ge-rich SiO; layers.

The critical point is the injection mechanism which requires
a high quality of the oxide and intelligent solutions for the de-
velopment of injection mechanisms which do not degrade the
oxide.

1.2 Luminescence of ion-implanted SiO, layers

There have been several reports on PL from Si- and Ge-
implanted SiO; layers in the entire visible spectral region in
dependence on excitation wavelength and preparation condi-
tions. Ion implantation causes radiation-induced defects and
incorporates impurity atoms into the SiO, matrix. Whereas
the most radiation-induced defects anneal out at moderate
temperatures, oxygen deficiency centers (ODCs) arising by
the presence of excess Si, Ge or Sn can be stable up to
1000-1100°C and are often believed to cause the short-
wavelength PL. At high anneal temperatures the excess Si, Ge
or Sn atoms can agglomerate to form clusters with a diameter
in the order of a few nm. The PL caused by these clusters is
mostly observed in the long-wavelength region.

The first red PL of Si-implanted oxides was observed after
annealing at 700 — 1100 °C and using excitation photon en-
ergies between 2.5 and 2.7¢eV [12,13]. Many authors also
observed a red or infrared PL between 1.3 and 1.9eV after
high-temperature annealing of Si-implanted oxides [14-30].
In [27] it was shown, that the observed emission photon en-
ergy of Si-implanted oxides could be tuned between 1.4 and
1.8 eV by varying the annealing time in oxygen at 1000 °C.
Im et al. implanted thermally grown SiO, layers with Si at RT
and at 400 °C, and found that the implantation at 400 °C in-
creases the intensity of the yellow PL by 50% to 100% [29].
Chou et al. performed rapid thermal annealing (RTA) with
T > 950°C on Si-implanted SiO; films in dry and wet N, at-
mosphere leading to the appearance of a PL peak at 2.2 eV
and 1.9 eV, respectively [21].

Red PL of Ge-implanted oxides was not so often
achieved [31-36]. Yang et al. obtained a broad PL between
1.5 and 2.1 eV by exciting with an Ar laser at 2.71 eV [32].
Ye et al. observed a yellow—orange peak at 2.1 €V and an in-
frared one at 1.6 eV (Ex = 5.17eV) [33]. In both studies the
PL is explained as an absorption within the Ge clusters fol-
lowed by an emission of a defect center at the cluster surface.
Min et al. were able to show, that the PL of Ge-implanted
Si0, layers excited at 2.71 eV is characterized by an emission
photon energy of 1.82 eV which is independent of the cluster
size [31]. Moreover, the decay constants smaller than 100 ns
measured by these authors contradict the predictions of the
quantum confinement effect.

In a few papers green PL between 2.14 and 2.52 eV was
found. Mutti et al. and Pifferi et al. observed a PL band
around 2.5 eV for Si-implanted SiO; but were using differ-
ent excitation photon energies of 4.25 [37] and 3.0eV [38].
For Ge-rich oxides, green PL is known for sputtered or de-
posited oxide layers. With an excitation photon energy of
2.96 and 2.54¢V, PL bands at 2.14eV [39] and around
2.25eV [40,41] were observed, respectively. Whereas the
authors in [37] and [39] assign the observed green PL to
quantum confinement effects, Pifferi et al. assume precursor
defects of Si nanoclusters to cause the PL. Kanemitsu et al.
and Okamoto et al. still regard nanoclusters to be responsi-
ble for the PL, but attribute the emission to surface defects



of nanoclusters [41] or to discrete transitions in nanoclusters
smaller than 4 nm [40].

The studies obtaining blue—violet PL from Si-, Ge- or Sn-
rich oxides can be roughly divided into two different groups.
Whereas in the first one excitation photon energies between
3.3 and 4.4 eV are used to obtain PL peaks between 2.6 and
3.1eV, the second one is characterized by well-defined ex-
citation channels around 5eV and relatively fixed emission
photon energies between 4.1 and 4.4 €V (furthermore denoted
as UV band) and between either 2.6 and 2.7 eV (Si) or 3.0 and
3.3 eV (Ge, Sn). In the following the latter PL is independent
of its real color (blue, violet or soft UV) denoted as B band.

In the first material group Morisaki et al. found a 2.64-eV
peak (E. = 3.35eV) for Si-rich deposited oxides [42].
When studying nanocrystalline Si Zhao et al. obtained PL
peaks at 2.67, 2.84 and 2.98¢eV under 3.68 or 3.82eV
excitation. The last two peaks were also observed in Si-
implanted SiO; layers by using an excitation photon energy
of 3.28 eV [43]. PL around 3 eV was achieved from sput-
tered Ge-rich oxides by using excitation photon energies of
4.13 [44] and 3.41 eV [45]. Nozaki et al. observed a PL band
at 2.9eV (E =3.96¢eV) from deposited, oxygen-rich Ge
layers [46]. Thereby it is interesting, that the layers deposited
on LN;-cooled targets contain a considerably higher amount
of GeO, and show a significantly higher PL intensity than
those layers deposited at RT. Weigand et al. excited Si,Ge, O,
compounds containing 30% to 65% oxygen at 3.82¢eV and
observed a PL-band at 3.02 eV [47]. Finally, PL peaks around
1.9, 2.9 and 3.7eV (E =4.37¢eV) were observed by co-
implanting Si and N into thermally grown SiO; [48].

The literature belonging to the second material
group [49-81] is listed in Table 1. There is a general agree-
ment that the PL excited around 5¢eV is caused by ODCs,
but the concrete microstructure is still under debate. The two
mainly discussed ODCs are the twofold-coordinated Si atom
(Sig) or the neutral oxygen vacancy (NOV or = Si— Si =). An
analogous picture for Ge- and Sn-rich oxides results by sub-
stituting in both models one (or maybe two) Si atoms with Ge
and Sn atoms, respectively.

The studies of Song et al. [82] and Tong et al. [83] are dif-
ficult to assign to one of the both material groups discussed
above. When exciting at 4.96 eV the former achieved a strong
PL at 3.35¢eV from sputtered and at 1000 °C-annealed SiO,
layer with no remarkable Si excess. Tong et al. observed
two PL bands at 3.35-3.65 eV and 2.85-3.1¢eV from Si:H:O
layers deposited by chemical vapor deposition (CVD) and ex-
cited with 5.17 eV.

Finally, the influence of the pure radiation damage on
the blue—violet PL was investigated. In some of the studies
given in Table 1 it came out that a weak blue PL mainly due
to intrinsic defects and local deviations from the ideal sto-
ichiometry can be detected very often. Skorupa et al. [84],
Gao et al. [61] and Rebohle et al. [71] implanted thermally
grown SiO; films with Ar and found an increase of this blue
PL, but which was orders of magnitude smaller than the en-
hancement caused by the implantation of Si or Ge. Seoul et
al. [85] investigated the influence of the implantation of dif-
ferent elements such as He, Ar, Kr, B, and P on the blue PL
intensity which was enlarged by a factor of 2 to 3. The larg-
est enhancement was achieved with the highest doses and the
heaviest elements. Of course such a quantitative comparison
depends strongly on the quality of the oxide. The use of high-
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quality oxides can lead to a remarkable enhancement of the
PL intensity when implanting noble gases, which is due to the
low intensity of the unimplanted material rather than to the
high absolute intensity of the implanted oxide.

The number of publications reporting about successfully
achieved EL from Si- or Ge-rich layers is considerably lower
than those dealing with PL only. Red EL. was obtained from
Si-implanted SiO, layers [86—88], from sputtered or de-
posited Si-rich SiO; [89-91] and from nc-Si layers [92-94].
In [95] red PL was observed originating from a 3-nm-thick
layer of natural SiO,. Matsuda et al. [96] investigating Si-
implanted SiO; films observed a very broad EL showing no
spectral features in the range between 1.4 and 2.8eV ex-
cept some weak interference patterns. Zhang et al. [97] ob-
tained red EL between 1.6 and 2.1eV from Ge-implanted
SiO; layers by varying the applied voltage. Unfortunately, no
EL efficiencies are given in these publications. Shcheglov et
al. [98] implanted SiO; films with Ge and observed a broad
EL emission in the infrared spectral region with a power effi-
ciency of 1075 to 1074

In [99, 100] it was shown that EL is even detectable in Ar-
implanted SiO, layers, whereby the luminescence bands at
1.9, 2.7 and 4.3 eV, which are typical for Si-rich oxides, were
reproduced. In both cases the EL disappears after moderate-
temperature annealing. The EL peak at 2.7¢eV can be also
found in [101], but the EL spectra of the Si-implanted oxides
investigated in this study differ strongly from the correspond-
ing PL spectra. Forsythe et al. [102] obtained an UV peak
at 3.26 ¢V and an infrared one at 1.55 eV from Si-rich oxide
deposited from a SiH4:N,O mixture. Similar results were
achieved by using a SiH4:GeH4:N,O mixture [103], whereby
the EL was peaking at 3.35 and 1.97 eV. Unfortunately, a spe-
cification of the achieved efficiencies is also missing in these
works.

Our recent investigations revealed the possibility to ex-
tract violet EL from Ge-implanted SiO; films and blue EL
from Si-implanted SiO, films with a power efficiency of
about 5 x 10~% and < 1074, respectively [72, 104, 105]. For
Si these results were confirmed in [106, 107], who obtained
a very similar EL spectra but were using a considerably
higher Si concentration and achieved an lower external quan-
tum efficiency in the order of 6 x 1077,

1.3 Luminescence models

The aim of this section is to present briefly the general lu-
minescence models mainly discussed in literature to establish
a basis for further discussions. It is restricted to quantum
confinement effects, combined models including recombina-
tion on cluster surfaces and ODCs. The influence of siloxene,
SiH, complexes and other Si compounds is discussed for ex-
ample in [108, 109].

Quantum confinement effects describe the modification of
material properties of precipitates or clusters in dependence
on their size. Whereas the qualitative effects of cluster size
are widely accepted, the quantitative descriptions still differ.
If the emission of nanoclusters is due to the band-to-band
recombination of excitons within the cluster, the band-gap
energy determines directly the energy of the emitted pho-
ton. Calculations of the band gap of Si or Ge nanoclusters
as a function of cluster size can be found in [110-115], and
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Table 1. Publications attributing the PL in the blue—violet and ultraviolet region to ODCs

Reference Excitation UV-Band B-Band Comment Assignment
(eV) E (V) 7 (ns) E (eV) T (s)

[49] 5.0, 6.42 3.1 Ge-doped fibers Ge—0ODC

[50] 5.0 4.09 10 3.03 111 Ge-doped fibers Ge—O0DC, bulk

4.26 8 3.21 94 Ge—O0DC, surface

[51] 5.17 3.13 Get-impl. therm. grown SiO; Ge?

[52,53] 5.0, 6.9 4.4 4.1 oxygen-deficient a-SiOy ODC, 2 config.
7.6 44 4.1

[54] 5.0, 6.8 4.42 4.1 oxygen-deficient and ODC, 2 config.
5.1,7.0-8.2 4.26 5.5 natural a-SiO;

[55] 7.6 4.26 3.15 natural a-SiO; Geg

[56] 5.0 3.15 Ge-doped SiO, Ge—ODC

[57] 5.17, 6.6 4.2 3.1 Ge-doped SiO,, MCVD Ge—ODC

[58] 5.0 4.25 3.15 Ge-doped SiO,, MCVD, VAD Ge—ODC

[59] 5.0,7.2 4.3 9 3.1 113 Ge-doped SiO,, VAD Geg

[60] 5.0 4.28 <30 3.1 ~ 100 Ge-doped fibers Geg

[61] 5.17 4.34 3.13 Ge™-impl. therm. SiO, Geg

[62] 5.06 4.3 Ge-doped SiO,, CVD =Ge—Ge=
5.16 43 3.2 Ge?

[63] 5.0 4.3 a-Si0,, CVD = Si — Si =, non-relaxed
7.6 4.3 = Si— Si =, relaxed

[64] 5.0 4.3 3.15 fused quartz Sig

[65] 4.96 2.7 SiT-impl. therm. grown SiO; =Si—Si=

[66] 5.7 3.7 Ge- and Sn-doped fibers, Sn—ODC
5.9 3.5 MCVD Sn—0ODC

[67] 5.4,6.6,7.3 4.3 3.1 Ge-doped fibers, MCVD or Ge—ODC
5.1 44 sol-gel preparation Ge—ODC
4.7,7.0 3.9 2.9 Ge—ODC

[68] 7.6 4.3 43-92 2.7,3.1 sol-gel, CVD, quartz, fused ODC, diff. chem.

natural environments

[69] 5.0, 6.9 4.4 4.2 a-SiO,, CVD, Ar plasma, ODC, 2 config.
7.6 4.4 2.3 thermally grown, SIMOX

[70] 4.96 4.45 dry or wet, natural or synthetic intrinsic ODC,
4.86 2.7 a-SiOy 2 config.
5.10 4.25 extrinsic ODC,
5.12 3.1 2 config.

[71,72] 4.96 43 26-2.7 Si*, GeT-impl. therm. grown =Si—Si=
5.17 4.2 3.1-32 SiO, =Si—Ge=,=Ge—Ge=

[73] 5.0 4.3 4 2.7 9700  SIMOX, Ar plasma, thermally = Si— Si =, non-relaxed
74 4.3 2.4 grown, P*-impl. therm. grown = Si— Si =, relaxed

[74] 5.0, 6.7 4.2 SIMOX, a-SiO; by soot ODC, 2 config.
7.3 * remelting

[75] 5.0 4.45 2.7 ~ 10000 fused natural quartz, synthetic Sig
5.0 4.3 3.1 113 Ge-doped SiO, Geg
5.0 4.1 3.15 10.3  Sn-doped SiO; Sné

[76] 4.96 2.64 Sit-impl. therm. grown SiO; =Si—Si=

[77] 5.0 44 6500 2.7 10200 a-SiO,, Ar plasma =Si—Si=

[78] 5.0, 7.6 4.4 2.7 electrofusion of SiO, cristobalite Si%

[79] 5.16** Ge-doped SiO, Ge divacancy

[80] 5.0 4.3 2.4-2.7 Sit-impl. therm. grown SiO; =Si—Si=

[81] 5.0 2.92 Ge™-impl. therm. grown SiO; =Si—Ge=
5.0 3.1 =Ge—Ge=

* nonexponential decay
** absorbtion measurement

comparisons between experimental and theoretical results or
between several studies are performed in [114—-117]. As gen-
erally known, the band gap increases with decreasing size,
and this increase is fairly high in the visible spectral region.
So, small fluctuations of the size will cause very significant
shifts of the energy of the emitted photons. Although the bulk
value of the Ge band gap is lower than that of Si, it increases
more rapidly with decreasing size and surpasses that of Si for
very small sizes.

An additional quantum confinement effect is the enhance-
ment of the radiative recombination rate of excitons with

decreasing cluster size. Due to the indirect band gap of Si
and Ge the excitons have high lifetimes and can move over
relatively large distances. The probability to find a defect
center on the way and recombine non-radiatively is high.
With decreasing size the number of defects per cluster de-
clines and the ensemble of nanoclusters split into “optically
active” clusters free of defects and “optically inactive” clus-
ters still containing defect centers. Furthermore, the reduc-
tion of size leads to a stronger localization of the exciton
and consequently, according to the Heisenberg uncertainty
principle, to a larger uncertainty of the momentum of the



phonon which accompanies the indirect band-to-band tran-
sition within a cluster. Finally, the uncertainty Ak of the
phonon approaches the distance of the valence band max-
imum and the conduction band minimum in the k-space and
the band-to-band transition becomes direct [114, 118].

Another desired effect is the suppression of interaction be-
tween charge carriers which leads to an non-radiative recom-
bination, too. This quite efficient process shows a quadratic
dependence on the charge carrier concentration and drops
to zero when the number of excitons per cluster approaches
a value of one [119].

In several PL studies [19, 25,32, 40] it was found that the
observed emission photon energy of Si- and Ge-rich oxides
containing nanoclusters is independent of cluster size. How-
ever, the PL intensity showed some correlation with cluster
size [120]. To explain these findings models were developed
which assume the cluster to consist of a crystalline core and
a SiO; interfacial region. The exciton is generated within the
core and diffuses towards the interfacial region where it is
trapped in surface states. Hereby it is supposed, that for cer-
tain conditions the band gap of the interfacial region is lower
than that of the core and does not depend very much on the
diameter of the core [19,120]. To explain the shift of the
emission wavelength of Si-implanted SiO; layers when using
high doses this model was expanded in [121] by an interac-
tion of nanoclusters which are separated only by a thin SiO,
wall. Based on Raman and absorption measurements Koch et
al. were able to show that the surface of nanoclusters contains
imperfections and defects leading to surface states in the band
gap of the nanocluster [122]. Further variants of this model
include the tunneling of excitons to nearby located lumines-
cence centers [123] and the application of this model to Ge
nanoclusters [33].

Figure 1 displays the bond in the undisturbed SiO, net-
work (Fig. 1a) and possible defects in the oxide matrix. If
the bond between one oxygen and one Si atom of the SiO,
network is broken, the E’ center = Sie (Fig. 1b, left) and the
non-bridging oxygen hole center O — Si = (Fig. 1b, right)
arise which are both visible with electron spin resonance
measurements due to the unpaired spin of the single electron.

a) =Si—0-Si=
4
b) =Sie O —Si=
1 h
¢) =Si—Si= d) H-0-0-Si= &) O—$i -0
4 4
f) =Ge—Si= g) 0 Ge -0
=Ge—Ge=
?
h)=T-Ge—-T=
0

Fig. 1. The undisturbed SiO; network (a) and possible defects in the oxide
matrix: E'-center and non-bridging oxygen hole center (b), neutral oxygen
vacancy (c), peroxyl group (d), twofold-coordinated Si atom (e), Ge-related
neutral oxygen vacancy (f), twofold-coordinated Ge atom (g) and diva-
cancy (h), with T being either Si or Ge
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The E’ center existing in many modifications depending on
its chemical environment [124] is believed to be a precursor
of the NOV (Fig. 1c). This is especially the case when the
oxygen atom is displaced during an implantation. By binding
an OH group the non-bridging oxygen hole center can trans-
form into a peroxyl group (Fig. 1d) which is attributed to a PL
band at 3.5¢eV in [125]. If two bonds of the Si atom are de-
stroyed a twofold-coordinated Si atom (Fig. le) can emerge.
In the case of a Ge-rich oxide the Si atoms can be substi-
tuted by Ge atoms leading to the formation of the two possible
modifications = Si — Ge = and = Ge — Ge = for the NOV
(Fig. 1f) or to the twofold-coordinated Ge atom Geg (Fig. 1g).
Finally the existence of a divacancy (Fig. 1h) consisting of
three neighboring Si or Ge atoms was supposed [79]. In the
case of Sn the defects would have the following structure:
= Si—Sn = and = Sn— Sn = for the NOV and Sn) for the
twofold-coordinated Sn atom. All of these structures — NOV,
twofold-coordinated Si, Ge or Sn atom and divacancies — are
favored by the deficiency of oxygen.

As already mentioned the assignment of the observed PL
to a specific ODC center is very difficult, and there are ex-
perimental findings for both the NOV as well as the Sig center
to contribute to the blue—violet PL. The model of the NOV
preferred by Tohmon et al. [77] is supported by combined
electron spin resonance and PL. measurements showing an an-
ticorrelation between the PL intensity and the concentration
of E’ centers [65]. Also the reverse process, the decrease of
PL with an adequate increase of the concentration of E’ cen-
ters after intense UV irradiation supports this thesis [126].
Marshall et al. [127] were able to observe the formation of
NOV or E’ centers after neutron (n), gamma (y) and UV ir-
radiation:

=Si—-0-Si=—=Si—-Si=+0,
=Si—Si=—">=SieSit =,
=Ge—Si="%" =GeesSit = . (1)

Chiodini et al. verified the structure = Sne in Sn-doped
glasses [128]. Tsai et al. excluded luminescence centers con-
sisting of only one Ge atom because of the square-root de-
pendence of the PL intensity of doped glasses on the Ge
concentration and proposed the divacancy model [79]. On the
other hand PL. measurements using polarized light [75] and
investigations of the X-ray photoemission favor the Sig or Geg
model. Wu et al. for example were able to trace Si — Ge bonds
by Raman measurements but found a significant correlation
of the PL intensity with the Ge?* signal from X-ray photoe-
mission measurements as is expected for the Geg center [36].

Also the theoretical calculation of transition energies of
ODCs could not clarify the assignment of a specific mi-
crostructure to a PL band. Stefanov et al. were calculating
a transition energy of 5.2 €V for the Sop — S; transition of the
Sig center [129], whereas the energy for the same transition
in the NOV was estimated to be in the order of 7eV [130].
The calculations in [131] predict a transition energy for the
T, — Sy transition of the Sig, Geg, and Sn(z) center between
2.6 and 2.9 eV. Dianov et al. found that there exist two ener-
getic minima of the NOV which correspond to a distance of
the two Si atoms of 0.27 and 0.425 nm [132]. The energy of
the Sy — S; transition of these two configurations often de-
noted as relaxed and non-relaxed NOV were estimated to be
7.8 eV and 5.3 eV, respectively. Sulimov et al. found, that the
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calculated transition energies strongly depend on the structure
of the SiO, network [133]. These authors were calculating the
transition energies of the T — Sy transition of a NOV in 16
different SiO, networks and found values in the range of 0.85
and 2.84 eV.

2 Experimental

500-nm-thick SiO; films on [100]-oriented, n-type Si sub-
strates were grown in a wet ambient at 1000 °C. The oxide
films were double implanted with Ar, Si, Ge or Sn ions. The
energies and doses were chosen in such a way, that a broad
implant profile with a nearly constant concentration of the
implanted ion in a depth region of 100 to 400 nm below the
oxide surface is formed. The specific energies used in these
experiments and the investigated concentration interval is
given in Table 2. For EL measurements, 500-nm and 100-nm-
thick thermally grown SiO; layers were single implanted with
Ge at an energy of 350keV and 75keV, respectively. Ac-
cording to TRIM calculations and Rutherford backscattering
(RBS) measurements, this implantation results in a Gauss-
like implant profile in the center of the oxide layer with a peak
Ge concentration of 3%. The substrate temperature during
implantation was maintained between —150 °C and —120 °C
by mounting the samples on a LN;-cooled stage.

The post-implantation heat treatment was performed in
a N, ambient in the temperature range of 400 °C to 1200 °C
for either 30 min or 60 min. Rapid thermal annealing (RTA)
at 1000 °C for 1 s was applied for several 100-nm-thick Ge-
implanted oxides. MOS dot structures for EL studies were
prepared using sputtered 300-nm-thick layers made of indium
tin oxide and Al as front- and rear-side electrodes, respec-
tively. The transmission of indium tin oxide is higher than
80% in the wavelength region of 340 nm to 2 pum (0.62 to
3.65¢eV). The dot matrix with a dot diameter of 1 mm was
made by photolithographic patterning.

For the sake of comparison, Si- and Ge-rich SiO; layers
were produced by reactive magnetron sputtering in
a NORDIKO 2000 device using a radio frequency of
13.6 MHz. During deposition, the substrate temperature was
maintained at 20°C. Further details are described else-
where [134].

The depth profiles of implanted ions were determined
by either RBS using a van de Graaf accelerator or energy-
dispersive X-ray spectroscopy (STEM-EDX). High-resolution
transmission electron microscopy (TEM) analysis of cross-
sectional samples was carried out in a Philips CM-300 mi-
croscope at 300kV with a line resolution of 1.4nm. EL,
PL and PLE measurements were performed at RT in a Spex
Fluoromax spectrometer with an R298 Hamamatsu photo-
multiplier. All spectra were corrected for the lamp spectrum,

Table 2. Implantation conditions

Ion First energy Second energy Concentration range
Ar 250 keV 170 keV 3.0%

Si 200 keV 100 keV 0.03% —4.5%

Ge 450 keV 230 keV 0.023% — 6.3%

Sn 700 keV 350 keV 0.12% — 3%

the photomultiplier sensitivity and interference effects. Time-
dependent measurements were carried out by using a pulsed
KrF laser with a photon energy of 5 eV and a photomultiplier
MI12 FS 35 with a front cathode made of CsSb. Electri-
cal measurements were performed by using a Keithley 237
Source Measure Unit.

3 Microstructure

With increasing anneal temperature a series of microstruc-
tural changes occur which starts with the annealing of
radiation-induced defects and ends with the massive redis-
tribution of the implanted ions. In the case of Ge- and Sn-
implanted SiO, films the development of the microstructure
could be well monitored by RBS, STEM-EDX and TEM
investigations. Because of the intrinsic concentration of Si
atoms this was not possible in the case of Si-implanted SiO,
layers. For that reason the next two sections present the
results for Ge- and Sn-implanted SiO,, whereas Sect. 3.3 de-
scribes the development of the microstructure in general and
tries to include the case of Si.

3.1 Ge-implanted SiO, layers

Figure 2 displays the dependence of the profile of a Ge dou-
ble implantation with a Ge concentration of 3% on anneal
temperature, as was measured by RBS (left) and STEM-EDX
(right). In both cases the profile remains unchanged up to
a critical temperature. Applying higher anneal temperatures
causes a Ge diffusion towards the Si—SiO, interface, where
at the side of the oxide another Ge peak emerges. In con-
trast to RBS this peak is already visible by STEM-EDX at
800 °C. The part of this peak situated in the Si substrate in-
creases with increasing anneal temperature up to 1100 °C. At
1200 °C a broad distribution of Ge atoms in Si is traceable up
to a depth of 200 nm. The profiles estimated by STEM-EDX
have a better depth resolution but reflect only the small area
visible in TEM.

The development of the microstructure is exemplarily il-
lustrated in Fig. 3 showing a series of cross-section TEM
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Fig. 2a,b. Ge concentration profiles of a double-implantation Ge, 3%, at dif-
ferent anneal temperatures. The profiles were measured by RBS (a) and
STEM-EDX (b). In the case of RBS the depth scale is based on an atomic
density of 6.6 x 1022 cm™
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Fig. 3. TEM overview image of a double-implantation Ge, 3%, RT, at dif-
ferent anneal temperatures

images of a double implantation with 3% Ge. After implan-
tation an approximately 60-nm-broad layer of amorphous Si
and a band of radiation defects are clearly visible. At 500 °C
the somewhat smaller thickness of the amorphous Si layer
indicates the beginning recrystallisation of this layer. No Ge
clusters are visible in the overview image in Fig. 3, although
first Ge agglomerations in the oxide can be recognized at
higher resolution.

At 800 °C the recrystallisation of the amorphous Si layer
is almost finished, and a band of end-of-range defects re-
mains at a distance of 70 nm from the interface, which co-
incides well with the former position of the interface be-
tween amorphous and heavily damaged, crystalline Si. Sim-
ultaneously a broad layer containing mostly amorphous Ge
clusters have formed. These clusters are homogeneously dis-
tributed over the depth and are characterized by an aver-
age diameter of 2 nm. An approximately 110-nm-broad zone
close to the surface is free of clusters but contains, accord-
ing to the results of RBS and STEM-EDX, enough Ge to
form clusters. It was found in similar investigations that the
oxygen penetrating into the oxide during annealing oxidizes
most of the elemental Ge of this zone. Based on X-ray pho-
toemission measurements it was concluded, that the Ge of
this zone occurs only in the formal oxidation states Ge*3 and
Ge™™ [135].

137

b) Ge 3%, DI, 1000°C

a) Ge 3%, 5L 1000°C

&
s
=

Fig.4a,b. TEM image of a Ge-implanted oxide with single (a) and double
implantation (b). Both layers contain 3% Ge and were annealed at 1000 °C

After annealing at 1000 °C the clusters have not grown
very much, but now most of them are crystalline and have
diameters between 2.5 and 3 nm. With increasing anneal tem-
perature a narrow cluster band with a width of around 10 nm
emerges at a distance of 10 nm from the interface. A 40-nm-
broad zone free of clusters exists between this narrow cluster
band and the central cluster band.

At 1200 °C a dark strip at the interface becomes visible.
Considering the corresponding RBS profiles of Fig. 2 show-
ing Ge diffusion into the Si substrate it is assumed that a crys-
talline alloy of Si and Ge was formed. A similar phenomenon
was observed in [136].

Finally, the difference between single and double implan-
tation should be described in more detail. Figure 4 exhibits
the TEM images of Ge-implanted SiO; films with a single
implantation of 3% Ge (a) and a double implantation of 3%
Ge (b). Both layers were annealed at 1000 °C. Starting from
the surface the oxide layers show a 140-nm-(single implan-
tation) and a 115-nm-(double implantation)-broad zone free
of clusters and a cluster band in the center of the oxide layer.
The interface between both layers is extremely sharp. The
central cluster band produced by single implantation con-
tains clusters with a broad size distribution ranging from 2
to 10 nm. Moreover, the clusters are inhomogeneously dis-
tributed over the depth: large clusters accumulate preferably
in the middle of the cluster band, whereas small clusters are
mostly found in the tails. The central cluster band is separated
from the interface by a relatively broad zone without clusters.
Contrary to this the clusters are much more homogeneously
distributed in the case of double implantation, and the central
cluster band extends closer to the interface. The size of the
clusters fluctuates only slightly around the average value of
2.5-3 nm. Furthermore, a narrow cluster band exists close to
the interface.

In addition to the microstructural investigations presented
here the reader is referred to [72, 136—140].

3.2 Sn-implanted SiO, layers

Similar to Ge, the annealing of Sn-implanted oxide layers at
high temperatures leads to a redistribution of the implanted
ions and to cluster formation. In contrast to Ge, this process
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is strongly accelerated. The dependence of the RBS profile
of the implanted Sn ions for a Sn concentration of 1.2% on
anneal temperature is displayed in Fig. 5. Whereas the im-
plantation profile is preserved up to 600 °C, a strong redis-
tribution starts at 800 °C and leads to the formation of three
concentration peaks at a distance of 120, 200 and 320 nm
from the oxide surface. At 1000 °C the two front peaks are
pronounced more clearly and are located at a depth of 100 and
250 nm, while the rear peak is shifted towards the interface.
At 1200 °C these peaks become flatter and a strong diffusion
of Sn towards the interface starts. This is clearly indicated by
the formation of a broad concentration maximum in the depth
region from 300 to 450 nm.

This redistribution can be monitored very well by TEM
investigations. Figure 6 shows the development of the mi-
crostructure of a Sn double implantation with a Sn concen-
tration of 3%. At 600 °C, first clusters arise in the central
region of the oxide layer. Increasing the anneal temperature
to 800 °C, three different cluster bands are formed: a cluster
band close to the interface, a central cluster band and a clus-
ter band close to the surface. The first cluster band has an
average distance of 7nm from the interface and extends to
approximately 20 nm. The Sn clusters within this layer have
a diameter of about 10 nm. The central cluster band is sep-
arated by two zones without clusters from the cluster bands
close to the interface and the surface, respectively. The clus-
ter size of the central cluster band varies strongly and reaches
values up to 55 nm. The huge clusters are preferably located
in the middle of the band. The cluster band close to the sur-
face contains clusters with a diameter below 2 nm.

At 1000 °C once again all of the three cluster bands are
well visible. The cluster band close to the interface has not
changed very much; its distance to the interface, its extent
and the average size of clusters remained constant. How-
ever, the black strip in Fig. 6 indicates the accumulation of
a considerable amount of Sn at the interface. As shown in
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Fig. 5. The distribution of the implanted Sn atoms in dependence on the an-
neal temperature for a double implantation of 1.2% Sn. The profiles were
measured by RBS assuming an atomic density of 6.6 x 1022 cm™3
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Fig. 6. TEM overview image of a SiO, layer with a double-implantation Sn,
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Fig. 7a—c. Detailed TEM micrograph of a SiO, layer with a double-
implantation Sn, 3%, 1000 °C. The images show the Si—SiO, interface
with the neighboring Sn cluster band (a), a section of the central cluster
band (b) and the cluster band near the surface (c)

the detail in Fig. 7a, this happens not so uniformly as in
the case of Ge. The appearance of the central cluster band
has changed, too. Together with the growth of the clusters
their number has decreased. The cluster size varies now be-
tween 10 and 65 nm with a maximum around 30 nm (see also
Fig. 7b). In the cluster band close to the surface the most in-
teresting change has taken place (Fig. 7¢). It now extends to
a distance of 50 to 110 nm from the surface and contains clus-



ters with a size of 2 to 10 nm. Within the band the clusters
are strictly arranged in respect of their size: the largest are
located at the side of the cluster band facing the Si—SiO,
interface, whereas the smallest occur at the side facing the
surface.

A possible explanation of this structure could be the clash
of two diffusion frontiers in this area. During annealing oxy-
gen diffuses from the surface towards the interface and hits
the Sn which itself diffuses towards the surface. In the depth
of the cluster band close to the surface two opposite con-
centration gradients emerge. Starting from the inner side of
the cluster band the concentration of Sn drops down to zero
towards the surface, whereas the concentration of mobile oxy-
gen increases in this direction. As the inner side of the cluster
band contains a relatively high amount of Sn, the formed clus-
ters are larger than those arising at the outer side of the cluster
band. At the same time the cluster will be oxidized more in-
tensively at the outer than the inner side. It was not detectable,
if the cluster visible in the TEM image consists of pure Sn, of
a Sn core and a SnO, shell, or entirely of SnO,. The chem-
ical bond to oxygen prevents also the diffusion of Sn atoms
towards the central cluster band. The sucking off of Sn by
the huge Sn cluster could be the reason for the very sharp
interface between the surface cluster band and the follow-
ing cluster-free zone. For further information the reader is
referred to [135, 141]. Similar experimental results regarding
the narrow Sn cluster band near the Si—SiO, interface can be
found in [142, 143].

3.3 General scenario for the development of microstructure

The implantation completely destroys the SiO, network and
alters the stoichiometry by decreasing the relative amount of
oxygen. The low implantation temperature counteracts an en-
hanced ion beam induced reconstruction of the SiO, matrix
and prevents the nucleation of Si, Ge or Sn at already-existing
or ion-beam-produced seeds. The most common defects are
probably the E’ center, the non-bridging oxygen hole center
and first ODCs.

ODC:s arise not only in the center of the implantation pro-
files, but also in the very close surrounding of the Si—SiO,
interface. During the implantation, a small part of the intrin-
sic oxygen which is released and is much more mobile than
Si diffuses towards the interface, if the oxide is sufficiently
damaged. There the first monolayer of Si is partly oxidized.
In the area the oxygen was coming from a small local oxygen
deficiency exists, which leads to the formation of ODCs and
later, during annealing, to the formation of clusters. For the
processes leading to the formation of the cluster band close to
the interface see also [140].

Defects, in particular with broken bonds, will be mostly
annealed out by applying moderate temperatures. In the re-
gions with oxygen deficiency not all SiOy4 tetrahedra can be
linked via an oxygen bridge. Hereby two neighboring E'-
centers can be transformed into NOVs, in which two SiOy4
tetrahedra are linked by a Si—Si bond. This transformation is
supported by Liao et al. [65], who found an anticorrelation
between PL intensity and the concentration of E’ centers in
Si-implanted SiO, films. In the case of Ge or Sn the NOV
has to be replaced by analogous structures which are deduced
from the NOV by substituting one or both Si atoms by Ge and
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Sn atoms, respectively. Temperatures up to 600 °C anneal out
the majority of the radiation-induced defects and lead to the
formation of ODCs. The densification of the oxide caused by
the nuclear energy deposition during implantation should be
reversed at the growth temperature of the oxide only [144].

With increasing anneal temperature small clusters arise by
nucleation and continue to grow by Ostwald ripening. For de-
tails of these processes see [135, 145]. As a result different
cluster bands are formed, whose properties depend on an-
neal and implantation conditions. It may be assumed, that the
ODCs will be resolved at high temperatures and contribute to
the further growth of clusters. Simultaneously, excess Si, Ge
or Sn diffuses towards the interface accumulating on the one
hand at the interface, but contributing on the other hand to the
growth of the cluster band close to the interface.

If ODC:s are regarded as the origin of the PL, two possible
configurations can be imagined. At low ion concentrations
and moderate anneal temperatures the ODCs will exist as iso-
lated centers in the volume. At high ion concentrations and
anneal temperatures ODCs can occur in the interfacial region
between Si, Ge or Sn clusters and the SiO, matrix.

4 Photoluminescence
4.1 Preliminary remarks

Normally it is very difficult to compare one’s own results of
luminescence investigations with those of other authors due
to the use of relative units for intensity. To overcome this
problem, integral features of the spectra such as peak areas
can be given in terms of an efficiency. The spectra shown
in this work are mapped on an energy scale, and therefore
a peak area is proportional to the emitted energy, not to the
emitted number of photons. Consequently, in this work the
efficiency np is defined as the ratio of light output power to
the input power, which is the light input power in the case of
PL or the electrical input power in the case of EL. In the lit-
erature, the terms external quantum efficiency ng or internal
quantum efficiency n; are often used. Hereby ng is defined
as the ratio of the number of emitted photons to the num-
ber of incident photons (or electrons), whereas np is the ratio
of the number of emitted photons to the number of photons
directly absorbed by the luminescence centers. The different
efficiencies fulfil the inequation np < ng < nr. In the case of
PL np and ng differ by the ratio of the energy of the ex-
citing to the emitted photons and both are similarly suitable
to characterize the achieved intensity. However, in the case
of EL and high applied voltages the use of ng could give
rise to misunderstandings. If the luminescence centers are ex-
cited by inelastic scattering or impact of hot electrons, and
the active layer containing the luminescence centers is broad
enough, one electron can excite more than one luminescence
center leading to the theoretical possibility that ng exceeds the
value of 1.

A second remark concerns the uncertainties of the PL re-
sults presented in the following sections. The three stages
of an experimental investigation, the sample preparation, the
measurement and the data analysis, offer a lot of possibilities
to “sophisticate” the results and to increase their uncertainty.
The deviations of manufacturing parameters range between
1% and 10% depending on the parameter. These fluctuations
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do not influence the data analysis of a single spectrum di-
rectly, but complicate the correlation of PL features to manu-
facturing parameters such as anneal temperature or ion con-
centration. The uncertainties during the measurements arise
mainly from various corrections (detector efficiency, interfer-
ence effects, etc.) and statistical errors. The main uncertainty
is introduced by the interference correction, as it is based on
two parameters which have to be known: the optical constants
of the implanted oxide layers and the distribution of the lu-
minescence centers. These parameter were approximated by
the optical constants of thermally grown oxide and the im-
plantation profile as was determined by RBS measurements.
It is assumed, that the uncertainty introduced by this approx-
imated interference correction is smaller than those which
arise by not using interference corrections. The maximum
alteration of the PL intensity induced by this interference cor-
rection is 20%. For details of mathematical modeling we refer
to the literature [146—148].

In comparison to the uncertainties mentioned above sta-
tistical errors are negligible, in particular for the strong PL
of Ge- and Sn-implanted SiO, films. This has an unfavor-
able impact on the data analysis, as it prevents the assign-
ment of a reasonable Gaussian standard deviation to the par-
ticular data points. Therefore the choice of a standard de-
viation or a quality function to perform a fit procedure is
arbitrary. In this work the x2-function and the Levenberg—
Marquardt algorithm were used. Another problem is related
to the question, if a minimum of the x2-function found by
the fit algorithm is global or not. A specific fit was ac-
cepted if the visual correspondence between the data points
and the model was satisfying. Finally, the number of compo-
nents used to fit the PL bands showing a bimodal behavior
has to be understood as the minimum number of necessary
components.

Based on these considerations it turned out that the
decomposition of the luminescence bands is very difficult and
burdened with large uncertainties. Contrary to this, the inte-
gral features of the PL bands, their position, their width and
their total peak area, can be estimated more correctly. Hereby
the uncertainties of the position and the width are rather small
and do not exceed 10%, whereas the intensity is more affected
by deviations during the fabrication. Its uncertainty can eas-
ily achieve values up to 100% (factor 2), which is also the
uncertainty of np given in this work.

4.2 Ar-implanted and non-implanted SiO; layers

This short section should answer the question, if intrinsic
defects of SiO, or the pure radiation damage due to ion
implantation are sufficient to produce a PL of remarkable
intensity. As can be seen in Fig. 8, the non-implanted as
well as the Ar-implanted thermally grown SiO; layers can
show weak PL in the visible and ultraviolet spectral re-
gion. Whereas the specific shape of the spectrum can vary,
the PL intensity is always very low. In both cases the PL
intensity decreases or vanishes after moderate temperature
annealing.

In contrast to it, SiO, films implanted with Si, Ge or Sn
achieve an PL intensity up to 3 orders of magnitude (!) higher,
in which the maximum appears after an annealing step of
at least 400 °C only. Based on these results intrinsic defects
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Fig. 8. PL spectra of thermally grown SiO, layers in comparison with those
of Ar-, Si-, Ge- and Sn-implanted SiO; layers

of the SiO, network and the pure radiation damage can be
excluded as an source of the intense PL of Si-, Ge- or Sn-
implanted SiO, layers.

4.3 Si-implanted SiO; layers

Figure 9 illustrates the modifications of the PL spectrum of
Si-implanted SiO, with increasing anneal temperature and
a Si excess of 0.3% and 3.0%. According to their energy pos-
ition or their origin the observed peaks will be denoted as
UV-band, B-band, R-band and NC-band. The UV-band ap-
pears in the small energy interval between 4.27 and 4.39 eV,
whereas the B- and R-band occur in the visible spectral re-
gion between 2.55 and 2.73 eV (blue) and between 1.79 and
2.05 eV (red), respectively. However, the emission photon en-
ergy of the NC-band varies strongly and ranges from 1.4 eV
(infrared) to 2.2 eV (yellow).

The PL spectrum of Fig. 9 is dominated by the UV-band,
which is always accompanied by the B-band. The dependence
of both bands on anneal temperature and excess Si concen-
tration is similar: at very low Si excess their PL intensity
decreases monotonously with anneal temperature, whereas
at higher Si excess the PL intensity increases with anneal
temperature and reaches a maximum at an optimum anneal
temperature Tp.x. Applying anneal temperatures T > Ty
causes a decrease of the PL intensity with increasing anneal
temperature. Maximum PL intensity is achieved for T« =
400-600 °C and for excess Si concentrations of 0.67% to 2%.
The maximum PL efficiency of the B-band obtained from
these Si-implanted oxides was estimated to be in the order
of 7 x 107>, Finally, the peak position of both the B- and
UV-band shifts slightly with increasing anneal temperature to
higher energies.

The fact that the relative intensity ratio v between the
B-band and the UV-band for all excess Si concentrations and
all anneal temperatures up to 1000°C fluctuates only be-
tween 0.1 and 0.5 implies the question, if both bands are
caused by one luminescence center or not. Figure 10 shows
the PLE spectra of Si-implanted SiO, films with a Si excess
of 0.3% and 3%. The PLE spectra of the UV-band is char-
acterized by a peak at 5.05 eV, whereas the excitation peak
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Fig. 10. PLE spectra of Si-implanted SiO; layers with 0.3% and 3.0% ex-
cess Si and annealed at 400 °C. The fixed emission photon energies E.p, are
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of the B-band for 0.3% is shifted to 4.9 eV. The excitation
peak of the B-band for 3% is situated at 5.05 eV too, but it ex-
hibits a shoulder at the low-energy side. Furthermore, a very
weak transition at 3.8 €V is visible in both PLE spectra of the
B-band. Although the PLE spectra of the UV- and the B-band
do not coincide exactly, their similarities support the hypoth-
esis of the same origin of the UV- and the B-band. This PL is
believed to be caused by a molecule-like luminescence center
consisting of a ground singlet state Sy, a first excited singlet
state S| and a first excited triplet state T;. Hereby the UV- and
the B-band are attributed toa S; — Sp and a T; — Sy transi-
tion, respectively. Analogously the PLE peaks around 5 and
3.8 eV are assigned to a Sy — S; and a Sy — T} transition.
The R-band with its low PL intensity shows the expected
behavior of radiation-induced luminescent defects: With in-
creasing anneal temperature the PL decreases and completely
disappears for anneal temperatures above 600—700 °C. The
behavior of the NC-band occurring only at high anneal tem-
peratures and high excess Si concentrations is much more in-
teresting. Because small size deviations of small nanoclusters
cause a drastic change of the emission photon energy (see
also Sect. 1.3), the PL of such a nanocluster ensemble with
small diameters should be very broad. With increasing size of
the nanocluster, the impact of a size fluctuation on the emis-
sion photon energy decreases, and therefore a decrease of the
full width at half maximum (FWHM) of the PL should be ob-

Fig. 11. Peak position (a) and FWHM (b) of the NC-band as a function of
anneal temperature and excess Si concentration

served. Figure 11 shows the dependence of the peak position
(a) and the FWHM (b) on the anneal temperature. With in-
creasing anneal temperature a growth of the Si nanoclusters
is expected, and in total agreement with the predictions of
the quantum confinement effect the emission photon energy
and the FWHM are decreasing. The small variation of the
emission photon energy and the FWHM with the excess Si
concentration at a fixed anneal temperature indicates, that an
enhanced offer of Si at the same anneal temperature primarily
increases the number of nanoclusters, but not their size.

4.4 Ge-implanted Si0, layers

In comparison with Si-implanted SiO; films Ge-implanted
SiO, layers achieve a considerably higher PL intensity.
Figure 12 shows the dependence of the PL spectrum of
Ge-implanted SiO; layers on anneal temperature for a Ge
concentration of 0.3% and 6.3%. Similar to the case of Si
there are an UV-band, a B-band and a weak R-band, which
already disappears at moderate anneal temperatures. A lumi-
nescence band caused by Ge nanoclusters was not detected.
If such a luminescence band exists, it is either to weak to be
observed or out of our energy range starting at 1.38 eV.

The PL spectrum of Ge-implanted SiO, layers exhibits
some remarkable differences from that of Si-implanted SiO,
films. Whereas the position of the UV-band remains nearly
unchanged, the B-band is shifted to the violet and partly
ultraviolet spectral region and its main emission occurs
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basically between 3 and 3.2eV. The B-band also shows
a bimodal behavior never observed in the case of Si. This
bimodal behavior is most pronounced for high Ge concen-
trations and implies the existence of at least two differ-
ent but similar luminescence centers or two modifications
of one luminescence center. We tried to decompose the
B-band into subpeaks, but due to the difficulties addressed
in Sect. 4.1 an assignment of these subpeaks to specific
luminescence centers was not possible. Finally, the rela-
tive intensity ratio v between the B-band and the UV-band
has significantly increased and now reaches values between
1.5and 5.

Figure 13 shows the PL efficiency of Ge-implanted SiO,
layers as a function of anneal temperature and Ge concentra-
tion. The PL efficiency achieves values in the order of 1073
for Trmax = 500-800°C and for Ge-concentrations between
0.3% and 2%. Furthermore, the high Ge concentrations seem
to be more resistant against high-temperature annealing. Up
to 0.3%, the anneal temperature where the PL is strongly re-
duced has shifted from 800 °C to 1100 °C. All higher Ge con-
centrations still show a considerable PL efficiency at 1100 °C.
The PL is well visible to the naked eye for efficiencies higher
than 2 x 1074,

Similar to the case of Si, the PLE spectra of Ge-implanted
SiO; films shown in Fig. 14 are characterized by a strong
excitation peak between 5.0 and 5.4¢eV and a weak excita-
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Fig. 13. The PL efficiency of Ge-implanted SiO; layers in dependence on
anneal temperature and Ge concentration

layers with 0.3% (a) and 6.3% Ge (b) at dif-
ferent anneal temperatures. The spectra were
excited at 5.17 eV
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Fig. 14. PLE spectra of Ge-implanted SiO, layers with 0.3% and 6.3% Ge
and annealed at 400 °C. The fixed emission photon energies Eepy are given
in the legend

tion peak around 3.8 eV which are attributed the So — S; and
So — T transition, respectively. The Sy — S transition also
shows a bimodal behavior, but the fit analysis does not allow
a direct assignment between the subpeaks of the PLE spec-
trum and those of the PL spectrum.

4.5 Sn-implanted Si0, layers

The implantation of Sn instead of Ge leads to a further en-
hancement of the PL intensity by 50% to 100%. The PL spec-
tra of Sn-implanted SiO; layers shown in Fig. 15 also consist
of an UV- and a B-band, whereas the latter has an analo-
gous but less pronounced bimodal structure like the B-band
of Ge-implanted oxide. The intensity of the UV-band has sig-
nificantly decreased, and v can be found mostly between 50
and 100. The dependence of the PL efficiency on anneal tem-
perature and Sn concentration is similar to the case of Ge and
reveals an optimum temperature ranging between 400 and
800 °C as well as an optimum Sn concentration varying be-
tween 0.2% and 1%. In contrast to Ge, all investigated Sn
concentrations seem to be resistant against high-temperature
annealing: At 1000 °C the PL efficiency of all Sn concen-
trations above 0.3% exceeds a value of 1073, whereas the
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Fig. 16. PLE spectra of Sn-implanted SiO; layers with 0.3% and 3.0% Sn

and annealed at 400 °C. The fixed emission photon energies E¢p are given
in the legend

lowest Sn concentration of 0.12% still shows a PL efficiency
of 6 x 1074

The excitation peaks visible in the PLE spectra of Sn-
implanted SiO, layers in Fig. 16 are attributed to the Sg — S
(4.6 to 5.2eV) and Sy — T, transition (around 3.7 eV), re-
spectively. In comparison with Si and Ge, the excitation peak
around 3.7 eV tends to become more pronounced and is now
only two orders of magnitude lower than the excitation peak
around 5 eV.

4.6 Time-resolved PL measurements

In order to verify the assignment of the B-band to a T} — Sy
transition, the decay time of the blue—violet emission of Ge-
and Sn-implanted SiO, layers was measured. A typical time-
resolved spectrum is shown in Fig. 17. It is characterized by
smaller deviations from the monoexponential decay, which
can be described by different models: two exponential decays,
a stretched exponential function or their first-time derivation
and finally distributions, which consider an interaction of dif-
ferent luminescence centers by adding a quadratic term in the
differential equation of the exponential decay. Because of the
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4 Fig.15a,b. PL spectra of Sn-implanted
4 SiO; layers with 0.3% (a) and 3.0% Sn

(b) at different anneal temperatures. The
spectra were excited at 4.96 eV
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Fig. 17. Time-resolved PL spectrum of a Ge-implanted SiO, layer (0.67%
Ge, 1000 °C) at a fixed emission photon energy of 3.1 eV. The small devi-
ations from the monoexponential decay are still visible

bimodal behavior of the B-band in the case of Ge and Sn
we described the time-resolved spectra by a large and slow
as well as a small and fast component. Fitting the spectra
with one of the alternative models will result in decay time
differences up to 20% from the decay constant of the slow
component.

The decay constant of Ge-implanted SiO, layers ranges
from 76 to 108 us, whereas the decay constant of Sn-
implanted SiO; layers varies from 6 to 9 ps. The uncertainty
of these values is estimated to be in the order of 20%.
Whereas no significant correlation between the decay time
and the concentration or the anneal temperature was found in
the case of Ge, the decay time of Sn-implanted SiO; layers
tends to drop slightly with the Sn concentration. The uncer-
tainty of the fit parameters of the small and fast component is
too high to be discussed seriously.

4.7 Si- and Ge-rich oxide produced by magnetron
sputtering

Figure 18 shows the PL of Si- and Ge-rich SiO; layers pro-
duced by reactive rf magnetron sputtering in comparison
with the corresponding implanted films. Both sputtered layers
show the B- and UV-band at the same peak position and with
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comparison

the same relative intensity ratio as in the case of the implanted
species. Although the direct comparison of the PL intensity is
difficult due to the partly different manufacturing conditions,
in particular the thickness, it can be stated, that implanted and
sputtered SiO, films with small Si- and Ge excess contain the
same luminescence centers, but that the PL intensity of the
implanted oxide is distinctly higher. It should be noted, that
sputtered layers with maximum PL intensity were chosen for
this comparison, whereas the corresponding maxima of im-
planted oxides lie at other anneal temperatures. For thickness
scaling the width of the implantation profile (~ 300 nm) is
relevant.

The main reason for this difference in PL intensity is the
different state of the SiO, network after implantation or de-
position. On sputtering a distinct number of luminescence
centers will be formed during the growth of the SiO, net-
work. However, this network is characterized by a smaller
degree of damage than that after a high-dose implantation.
Due to the complete destruction of the network bonds dur-
ing implantation the precursors of luminescence centers, in
particular E’ centers, have better chances to transform into lu-
minescence centers during annealing. These possibilities are
more restricted in the case of sputtered materials. This ex-
planation is a hypothesis that still has to be confirmed by
microstructural and spectroscopic investigations. One ques-
tion would be, if sputtered layers and implanted oxides have
the same concentration of E’ centers or not.

4.8 Energy scheme and heavy-atom effect

Figure 19 shows the general energy scheme of a molecule-
like luminescence center. In the framework of our interpreta-
tion, the blue—violet PL can be explained as an excitation of
the = Si—Si = center and analogous structures with one or
both Si atoms substituted by Ge or Sn atoms from the sing-
let ground state Sy to the first excited state S; (ko) followed
by intersystem crossing to the first excited triplet state T (ks)
and a radiative de-excitation back to the ground state (k3). The
radiative excitation channels So — S; and Sg — T can be at-
tributed to the PLE peaks around 5.1 and 3.8 eV, respectively.
The PL of the B- and the UV-band is caused by the radiative
transitions S| — Sp and T; — Sy, which are accompanied by
the corresponding non-radiative transitions. This assignment
is supported by the coinciding PLE spectra of the B- and the
UV-band, the microsecond decay of the B-band and the fact,
that the relative intensity ratio v varies for one ion species
and for all concentrations and anneal temperatures within one
order of magnitude only (Fig. 20).
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Fig. 19. General energy scheme of a molecule-like luminescence center con-
sisting of the states So, S; and T;. Radiative transitions are marked by solid
lines; non-radiative transitions by dashed lines
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The radiative transition T; — Sg is spin forbidden and
should exhibit only minor PL. Why can such an high inten-
sity be observed in the case of Ge- and Sn-implanted layers?
The transition rates k3 and ks mainly depend on the strength
of the spin—orbit coupling. It is known from molecular spec-
troscopy [149], that the substitution of an atom of a given
molecule by a heavier, but isoelectronic atom will increase
the spin—orbit coupling. This should result in a shift of the
transition energy to higher energies, an increased transition
probability and a shorter decay time for the Ty — Sy transi-
tion, which is called the heavy-atom effect. On the other hand,
the S| — Sy transition should not change very much.

In fact, the emission photon energy has increased from
~ 2.6 ¢V for Si-implanted SiO; layers to ~ 3.2 eV for Ge- and
Sn-implanted SiO; layers, and the decay time of the T} — Sy
transition has decreased from ~ 100 s (Ge) to ~ 7 us (Sn).
To discuss the increase of spin—orbit coupling and to be inde-
pendent on the specific number of luminescence centers the
energy scheme of Fig. 19 is regarded under continuous excita-
tion via kg. The number of luminescence centers being in the
So, S; and T, states and denoted as Ng, Ns and Nt, can be
easily extracted from the following equation system:

Ns = koNg — (ki + ko +ks)Ns =0,
Nt = ksNs — (ks +ky) Nr =0,
No= Ng+ Ns+ Nr. ()
Hereby N is the total number of luminescence centers.
The relative intensity ratio v of the B-band to the UV-band
can be expressed by:
k3 Nt ks
V= = .
kiNs  ki(1+ka/ks)

(€)

Figure 20 displays this ratio for Si-, Ge- and Sn-implanted
Si0; layers as a function of anneal temperature and for var-
ious ion concentrations. Whereas the value for Si-implanted
oxide never exceeds a value of 0.5, v reaches values between
1.5 and 5 for Ge-implanted oxide and between 20 and 100 for
Sn-implanted oxide, respectively. Considering (3), v depends
at first on the ratio ks to k;. Intersystem crossing is believed to
be a very fast process which can lead to a much higher pop-
ulation of the T; state with regard to the Sy state. For that
reason the observed PL intensity of the forbidden transition

——DI Si, 1000°C, 60 min:  j=12.7 pAcm?
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T; — So can exceed that of the S; — S transition. Substi-
tuting one or both Si atoms of the NOV by Ge or Sn atoms
will increase the spin—orbit coupling, which increases k3, ks
and possibly k4. To simplify matters the influence of spin—
orbit coupling on k4 will be neglected. The increase of ks
directly increases v, whereas the enhancement of k3 increases
v in the case k4 >> k3 only. Considering that the decay con-
stant of the B-band can be expressed as T = (k3 +k4)~! and
that T decreases by more than ten times in the order of Ge to
Sn, k4 is probably small compared to k3. This was also de-
duced from temperature-dependent PL. measurements in Si-,
Ge- and Sn-doped glasses [75]. Therefore, the enhancement
of the blue—violet PL intensity in the order of Si, Ge and Sn
seems to be due to the increase of ks rather than to the in-
crease of k3, although both transition rates will be increased
by the spin—orbit coupling.

5 Electrical properties

The electrical properties, primarily the electroluminescence,
are the most interesting features in respect of possible opto-
electronic applications, but unfortunately the preparation is
essentially more extensive. For that reason the investigations
reported here are limited to a smaller parameter field, namely
to Si- and Ge-implanted layers containing 3% Si and Ge,
respectively.

5.1 Electroluminescence

Figure 21 shows the EL spectra (a) of 500-nm-thick Si- and
Ge-implanted SiO; layers compared to the corresponding PL
spectra (b). The EL spectra were recorded by applying an
electric field of 7.3 to 8 MV em~!, whereas the PL spectra
were excited at 5.17 eV (Ge) and 4.96 eV (Si), respectively.
The EL-spectra of Ge-implanted SiO, layers exhibit
a strong violet EL-band, which is composed of three well-
separated subpeaks. Compared to the PL spectra, the EL
occurs at the same energy but with significantly more nar-
row subpeaks. In order to qualify the different and common
features of the spectra, both the EL and the corresponding
PL spectrum were described by three Gaussian distributions.
The comparison of this fit analysis reveals that the relative
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r————T T —TTT —T T
= a0 @) EL ]
Z 4ol 2) a 8000 ®
c | /[ » —.
=1 / 3
2 sl f \ 6000 &
S—r - \ !’.
> / s
=2F 4000 =
g o~ 2
€ 10 |- Y 2000 §
i b \\- & Fig.21. EL spectra of Si- and Ge-
0 T -, 0 implanted SiO; layers (a) in comparison
25 3.0 3.5 4.0 with the corresponding PL spectra (b).
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intensities and the peak positions coincide well (the latter
differ by 35 meV on average), whereas the FWHM of the
two low-energy subpeaks of the PL spectrum are 50% to
100% broader then those of the EL spectrum. This compar-
ison implies that both PL and EL are caused by one and the
same luminescence center. The same result applies also for
100-nm-thick Ge-implanted SiO; films. An UV-band similar
to that occurring in the PL spectra was never observed in the
EL spectrum.

This conclusion cannot be drawn in the case of Si-
implanted SiO, layers. Whereas the PL spectrum normally
shows no remarkable PL after annealing at 1000 °C, these
layers exhibit a broad EL spectrum in the blue spectral re-
gion, which is different from the PL spectra of Si-, Ge- or
Sn-implanted SiO, layers shown in Sect. 4. Furthermore, this
EL spectrum changes by varying the injection current and
tends to be unstable.

The dependence of the EL spectrum of Ge-implanted
oxides on the injection current density j is displayed in
Fig. 22. Although j increases by more than 3 orders of mag-
nitude, the shape of the EL spectrum does not change at all
(Fig. 22a). Figure 22b demonstrates that the integrated EL in-
tensity increases linearly with the injection current density
varying by three orders of magnitude. For better illustration,
the dependencies in Fig. 22b were fitted by the function j".
The estimated values for n range from 1.029 to 1.094 for
a constant applied voltage and amount to about 0.963 for
a constant injection current.

The linear dependence of the EL is also demonstrated in
Fig. 23 showing the optical output power as a function of the
electrical input power. The solid lines arranged in ascending
order represent an EL efficiency np of 1075, 10~* and 1073,
respectively, whereas the dashed line marks the approximate
threshold the EL becomes visible with the naked eye. Ex-
cept for one value all efficiencies ranges between 2 x 1073
and 7 x 10~%. Furthermore, the dependence is linear for sev-
eral orders of magnitude; only at very high injection currents
the slope slightly shifts below that of a straight line. The
influence of different preparation conditions becomes visi-
ble, too. In every case the efficiencies of Ge-implanted layers
(open symbols) were 3 to 5 times higher than those of Si-
implanted layers (closed symbols). The Ge-implanted layers
allow much higher injection currents which positively in-
fluences the stress time necessary to induce a breakdown.
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Si- and Ge-implanted SiO, layers and for different thicknesses and anneal
conditions

In comparison to Ge double-implanted layers (open squares,
circles and up triangles), oxides with single implantation
(open down triangles) exhibit the same efficiencies, but do
not achieve such high injection currents. The most interest-
ing comparison is that between 500-nm and 100-nm-thick
oxides. Although the latter ones are characterized by a fairly
low EL intensity, their EL efficiencies are as high as those
of thick oxides. The EL efficiency of the structure annealed
at 500 °C, 30 min followed by RTA even exceeds the values
of the 500-nm-thick oxides. This implies that, under suit-
able anneal conditions and at high injection currents, thin
oxide layers achieve the same luminescence ability as thick
oxide layers. The problem of low stability seems to be pri-
marily a problem of oxide quality in respect of the high field
injection.

Finally, the EL dependence on stress time of 500-nm-
thick Ge-implanted SiO, layers is shown in Fig. 24. At con-
stant injection currents the EL remains constant until the
breakdown is reached (Fig. 24a), whereas the EL slowly de-
creases at constant applied voltage (Fig. 24b). This behavior
can be qualitatively explained by the build-up of a nega-
tive space-charge caused by the electrons trapped in the
oxide. This space-charge lowers the potential gradient near
the Si—SiO; interface and complicates the injection of elec-
trons from the substrate. In respect to a possible future ap-

Fig.22a,b. Dependence of a Ge-im-
planted SiO; layer (550 nm, double-
implantation Ge, 3%, annealed at 1000 °C,
30min) on the injection current dens-
ity. The left diagram (a) shows the EL
spectra for different injection current
densities, the right one (b) the integral
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plication the operation with constant applied injection current
seems to be more advantageous.

The time a distinct structure is working as a light emit-
ter is of special interest. As shown in Fig. 24, this time can
fluctuate considerably. To be independent of the specific oper-
ation conditions the time to breakdown was converted to the
charge per area flowing through the oxide during operation.
This charge per area was determined by integrating the injec-
tion current density over the time. It is fluctuating for a fixed
structure by one order of magnitude and achieves values up to
0.025Ccm™2.

5.2 I —V and C —V measurements

Figure 25a shows exemplarily the current density in depen-
dence on the applied electrical field Ex for a 500-nm-thick
Ge-implanted SiO; film and an as-grown oxide. The curves
were recorded by using an average ramp of the electric field
of 0.1MVem~!s™!. The dependence on Eyx can be divided
into three different regions. For low E.x a slowly increas-
ing bias current density below 100 nA cm™2 is measured. It is
mainly composed of the displacement current of the capaci-
tor and a non-ohmic contribution. For high E.x the potential
difference between the oxide surface and the Si substrate is so

high that a large number of electrons can cross the oxide layer
via Fowler—Nordheim tunneling and the current density in-
creases following approximately an exponential law. Finally,
E o is high enough to induce a breakdown of the oxide layer.
In comparison with as-grown SiO,, the region of Fowler—
Nordheim tunneling for Ge-implanted layers starts at lower
Ex, the current density increases with a slightly lower expo-
nential constant and the breakdown voltage is higher. The first
two features apply to thin (100-nm) Ge-implanted layers, too,
whereas the dependence of the breakdown voltage is more
complex. Although for the most thin Ge-rich layers the break-
down voltage is also higher than that of as-grown oxide, the
fluctuations of the breakdown voltage are larger. Moreover,
for thick (500-nm) Ge-rich oxides injection current densities
up to 5 mA cm~2 were obtained just before breakdown, which
are more than one order of magnitude higher than those of
thin oxides.

Figure 25b displays the typical C —V characteristic of
500-nm-thick Ge-implanted SiO; layers. The voltage ramp
of 5 Vs~! used in these measurements was superimposed by
a hf signal of 25 mV and 100 kHz. The shift of the flat-band
voltage reveals that Ge-rich layers have an additional nega-
tive charge of 20 to 50 pC in comparison to the unimplanted
oxide. Hereby single-implanted layers show a tendency to
store a larger charge than double-implanted layers. Unfor-
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tunately the high fluctuations of thin Ge-rich layers prevent
a direct comparison with thick oxides; only an upper limit of
100 pC can be given for thin Ge-rich layers. Finally, the same
slope of both the implanted and unimplanted oxides indicates
that the implantation does not create a remarkable number of
chargeable interface states at the Si—SiO, interface.

5.3 Model of electroluminescence

Figure 26 shows an idealized MOS structure under forward
bias. Due to the high energy difference between the conduc-
tion band of Si and SiO, the Fowler—Nordheim tunneling
should be the dominating injection mechanism (process 1).
However, the presence of Ge clusters or electron traps close
to the Si—SiO; interface can lower the effective tunneling dis-
tance during injection, resulting in an enhanced current flow
at a fixed electric field.

There are several mechanisms which possibly contribute
to the conduction of electrons located in the conduction band
of Si0,. First, electrons can be trapped at Ge clusters and tun-
nel from one cluster to the other (process 2). Such a current
was observed at low electric fields in Ge-rich sputtered SiO,
layers [150]. The specific resistance of 10'3 € cm measured
by these authors for SiO, layers containing 4.5% Ge is ap-
proximately one order of magnitude lower than that of our
layers containing 3% Ge. This tunnel current is assumed to
dominate — together with the displacement current —the I — V
curves of Ge-implanted SiO, films up to 6 MV cm™!. As the
PL is definitely not caused by quantum confinement effects
and both PL and EL are believed to originate from the same
center, the low tunnel current between Ge clusters does not
contribute to the observed EL.

A second conduction mechanism is the quasi-free move-
ment of electrons within the conduction band of SiO,. Hereby
the current dependence is determined by the scattering of the
electrons crossing the oxide layer. In the case of equilibrium
the electrons can be characterized by a distinct energy dis-
tribution depending on the position in the oxide layer. The
majority of the electrons will have low energies which are not
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Fig. 26. Ideal MOS structure under forward bias

high enough to excite a luminescence center. However, hot
electrons from the high-energy tail of this distribution can be
scattered at luminescence centers being in the ground state
So, and the transferred energy could be used to excite the lu-
minescence centers (process 3). In Sect. 4.8 it was argued
that the radiative transition So — T, is optically forbidden
and has a low transition probability. For impact excitation
by hot electrons, this transition should not be restricted any
more by optical transition rules. Unfortunately the question
whether the state T; is populated directly or via S; cannot be
answered, since the absence of the UV-band in the EL spec-
tra allows two interpretations: The UV-band simply does not
exist or is completely absorbed by the indium tin oxide layer.

Another possibility is the Hopping conduction, which is
also favored at high electric fields (process 4). In this scenario
luminescence centers will be ionized by the high applied elec-
tric field, which can be regarded as the excitation from the
ground state Sy to some “ionized state”. The electrons move
towards the metal electrode and leave the luminescence cen-
ters positively charged. If these centers trap an electron they
can relax — in most cases — back to the ground state. However,
with a certain probability the centers can relax to the T, state,
too.

Based on the present results the dominating conduction
mechanism at high electric fields cannot be addressed. The
problem is probably complicated by the presence of several
conduction mechanism superimposing the effects of Fowler—
Nordheim injection. So the possibilities of the excitation of
luminescence centers discussed above are hypotheses that
still have to be confirmed or disproved by further experi-
mental studies. Nevertheless, the observed EL is due to the
radiative T; — Sy transition of the luminescence centers.

5.4 Technological implications

Based on the results presented in this article it should be
briefly discussed, how far Ge-implanted SiO, layers com-
ply with these demands. The three main preparation steps,
namely thermal oxidation, implantation and annealing be-
low 1000 °C, are well-established procedures in microelec-
tronic device fabrication. Because of its excellent mechanical,
chemical and electrical properties SiO; itself is an attractive
material which is already widely used in microelectronics.
Moreover, a broad spectrum of preparation conditions is lead-
ing to an efficient EL and allows the adaptation of the prep-
aration to the needs of industry. Therefore the suitability for
Si technology is one of the main advantages of the use of
Ge-implanted SiO; films.

The achieved power efficiencies are remarkable for an op-
tical forbidden transition, and it is unlikely this efficiency can
be pushed in the range of 10% as is needed for display ap-
plications. However, if the optical signal has to be received
by a photo-detector and not by the human eye, such a high
efficiency is not necessarily needed.

The measured decay constant of about 100 ps for the PL
of Ge-implanted SiO; films seems to contradict the operation
at high frequencies for the first moment. However, it should
be noted that the decay constant of the EL. was not measured
up to now. Furthermore, the example of Er-doped Si demon-
strates that the intrinsic decay constant can be lowered by
several orders of magnitude by using a suitable device ar-
chitecture. Although the intrinsic decay constant of the Er



luminescence center is in the range of ms, there are test struc-
tures operating at frequencies up to 10 MHz [2].

Regarding the lifetime and stability, the structures inves-
tigated in this article are not yet achieving the quality that
is necessary to be used in optoelectronic applications. Al-
though a relatively bright EL can be achieved, this high in-
tensity is paid for by a short lifetime. In an extremely rough
estimation someone can argue that the bisection of the EL
intensity is doubling the lifetime. So the decrease of the EL
intensity should strongly enhance the lifetime and lower the
failing quote and the fluctuations of the breakdown voltage.
The reduction of the dot area should cause the same positive
tendency as the defects per dot are decreasing. These insuffi-
ciencies are most likely caused by preparation and should be
strongly reduced by improving the quality of the oxide.

With its good electrical and optical properties Ge-im-
planted SiO; layers can well compete with other Si-based lu-
minescence materials, in particular with Er-doped Si, porous
Si and FeSiy. Whereas for data communication over long
distances the emission wavelength has to fit the absorption
minimum of glass around 1.5 wm, the enhanced absorption
of blue—violet light within a optical fiber can be neglected
for distances in the range of meters and below. As the data
communication within a single chip will continue to be done
electrically in the next future, Ge-implanted SiO, layers are
applicable as light emitter in chip-to-chip and board-to-board
connections. Moreover, this material is of great interest for
integrated opto-couplers.

6 Summary

Strong PL in the blue—violet spectral region for Si-, Ge- and
Sn-implanted SiO; layers is observed which is caused by
a molecule-like luminescence center characterized by well-
defined excitation and emission photon energies. To the best
of our knowledge, the existence of such a strong PL in the
case of Sn-implanted SiO, layers as well as the comparison
of the isoelectronic series of Si, Ge and Sn-implanted SiO,
layers are reported for the first time. Up to now such a com-
parison is only known for doped glasses [75].

Quantum confinement effects in nanoclusters as a possible
origin of this PL can be definitely excluded. First, strong PL
is detected in as-implanted layers and SiO; films with a very
small concentration of Si, Ge or Sn, which do not contain
nanoclusters. Second, the fixed excitation and emission pho-
ton energies being nearly independent of concentration and
anneal temperature contradict the predictions of the quan-
tum confinement effect. Finally, the PL investigations of Ar-
implanted and non-implanted SiO; films show, that intrinsic
defects and the pure radiation damage cannot be responsible
for the strong PL of Si-, Ge- and Sn-implanted SiO, layers.

The comparison with Si- and Ge-rich SiO, films produced
by magnetron sputtering underlines the importance of ion
beam synthesis, which is not absolutely necessary to produce
the PL but essential to get a high intensity. It is assumed that
the synergetic effects of the stoichiometry modification and
the simultaneous energy deposition during implantation fa-
vor the formation of precursor defects which transform into
luminescence centers during annealing.

The observed UV- and B-Band are assigned toa S; — Sy
and T} — Sy transition of an ODC, respectively. The obtained
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data do not allow us to decide between the NOV and the
twofold-coordinated Si atom (or between the analogous struc-
tures for Ge and Sn), but the bimodal behavior of the PL
peaks in the case of Ge and Sn favor the Ge- or Sn-related
NOV. The differences between Si, Ge and Sn, namely the en-
hancement of the PL intensity of the B-band, the shift of its
peak position to higher energies and the decrease of its decay
constant in the order Si, Ge and Sn, can be well explained by
means of the heavy atom effect.

Finally, the strong EL with an power efficiency up to
5 x 10~* achieved from Ge-implanted SiO, layers demon-
strates its qualification for optoelectronic applications. It was
shown, that the EL spectrum is independent of the applied
injection current and on anneal conditions, and that the EL.
intensity increases linearly with the applied injection current
density over more than 3 orders of magnitude. The good cor-
respondence between PL and EL implies that both are caused
by one and the same luminescence center.
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