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was determined by both, the Si-ncs size and their oxygen-related surface states. Previous
work by Iacona et al. showed that Si-ncs sizes tend to increase at higher temperatures due
to the Ostwald ripening process [108]. Therefore, the blue shift of the Si-ncs PL peak may
imply changes of the Si=O bonding structure at the Si-ncs surface caused by the presence
of Eu*.

Considering the correlation between two luminescence centers, Eu** and Si-ncs,
which both can be excited directly at 325 nm, and the fact that Si-ncs PL intensity is only
10% of that of SRSO without doping, there might be energy transfer between Si-ncs and
Eu®*. However, to examine the specific effects of the presence of Si-ncs on Eu** PL, a
study on samples containing no excess Si is necessary in the future.

The odd Eu*" PL dependence for Eu022 on the annealing temperature can not be
fully resolved without further film structure characterization, but it is possibly related to
the non-uniform distribution of a high concentration of Eu ions (2.15 at.%) in the film.
Actually, the annealing treatments gave rise to a very rough surface morphology of Eu022.
During the deposition, all other parameters were kept the same and only the Eu cell
temperature was increased to achieve greater Eu incorporation through increasing Eu
precursor vapor pressure in the reaction chamber. It is likely in the case of Eu022, the
precursor molecules were too many to be efficiently cracked before streaming down to

the film surface. At very high deposition rates (over 100 Al minute), large Eu(tmhd);
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precursor molecules or their fragments stay in the film and are not uniformly distributed.
Those volatile molecules tend to leave the film during the annealing, while their
non-uniform distribution leads to the different densification rates of the different areas in
the film and cause the observed rough surface morphology. The non-uniform distribution
of Eu ions and film thickness may lead to the very different Eu** PL properties for
different spots on the film and result in the as yet unexplainable Eu®* PL dependence on
the annealing temperature. In addition, it may also aggravate the precipitation of Eu ions
and cause the quenching of Eu** PL. As a result, compared with Eu021, which has a low
Eu concentration (0.12 at.%), Eu022 exhibits weaker Eu’* PL for most annealing

temperatures.

8.2 Evolution of PL with Hydrogenation Annealing

The evolution of the PL with hydrogenation annealing for Eu020, 021 and 022 has
also been investigated. Figure 8.4 depicts the representative PL spectra of Eu 021
annealed in flowing Ar+5% Hj for 1 hour at various temperatures. The PL line-shapes are
quite different in comparison with those of N, annealing. For all annealing temperatures, a
main peak centered at 450 nm with a long tail extending to 800 nm was observed. The
Gaussian deconvolutions for all the PL spectra were attempted and excellent fits were
obtained for the PL spectra from Eu020 and 021. The very low PL signal intensities from

Eu022 lead to a low signal to noise ratio and a consequent failure of the deconvolution.
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Figure 8.4 PL spectra for Eu021 as deposited and annealed in flowing Ar + 5% H; at
various temperatures for lhour.
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Figure 8.5 Gaussian deconvolution of representative PL spectra for Eu02lannealed in
flowing Ar + 5% H, at 1200 °C for 1 hour.

Figure 8.5 depicts a representative Gaussian fit for Eu021 annealed at 1200 °C. All
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the successfully decomposed PL spectra also show three components. A summary of the
peak positions, spectral widths and peak intensities for all the components is given in
Table 8.2. In comparison with Table 8.1, it is clear that peak 1 and 2 correspond to the

41°54'-4f" Eu®* PL, and peak 3 corresponds to the Si-ncs PL.

Table 8.2 Summary of the deconvolution results for Eu:SRSO samples as deposited and
annealed in flowing Ar + 5%H at various temperatures for 1 hour.

Sample | Anneal | Peak | Width | Height | Peak { Width | Height | Peak | Width | Height
Temp 1 1 1 2 2 2 3 3 3

°C) (nm) | (nm) | (auw) | (nm) [ (nm) | (auw) ( (nm) | (m) | (au.)
Eu020 800 | 452 8 | 0515371 128 | 047 642 210{ 0.31
900 458 81 ] 0.65) 546 132 0.77| 652 198 | 0.35
1000 | 453 821 075|539 125| 0.78 | 632 | 213 | 0.55
1100 | 456 79 1.00 | 536 120 | 0.92 | 626 202 | 047
1200 | 457 76 | 092 | 532 116 | 0.83 [ 611 201 0.49
Eu021 800 454 63 0.39 | 525 115 0.23 [ 633 205 0.21
900 452 62 0.69 ) 523 111 | 0351} 625 200} 0.30
1000 | 450 61 124} 519 107 | 0591 619 194 0.46
1100 | 447 61| 196 514 107 | 0.85] 615 189 | 0.49
1200 | 445 59| 3.30 ) 515 108 1.17 | 650 158 | 0.31

Figure 8.6 shows the integrated PL intensity for Eu®" and Si-ncs related components
of Eu020 and Eu021 as a function of the annealing temperature. In comparison with N,
annealing, for Eu020 it is obvious that hydrogenation annealing results in an enhancement
of both the Eu?* and Si-ncs PL. On the other hand, for Eu021 and 022 the Eu?" and Si-ncs

PL are significantly reduced at most of annealing temperatures. The Eu®* PL for Eu 020
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and Si-ncs PL for both Eu020 and 021 exhibit similar dependencies on the annealing

temperature, which resemble those of Eu021 under N, annealing, while the Eu®" PL for

Eu021 increases monotonically with increasing annealing temperature.
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Figure 8.6 Integrated PL intensity of Eu®" and Si-ncs components for Eu020 and 021

annealed in Ar + 5%H; for 1 hour as a function of the annealing temperature.

In comparison with N, annealing, hydrogenation annealing may simultaneously exert

three influences on the film: more efficient reduction from Eu’' to Eu®’, passivation of

various oxide defects and diffusion of Eu ions toward Si-ncs. The first two influences are

expected to enhance the Eu®" and Si-ncs PL regardless of the different Eu concentrations.

In a previous study of hydrogenation effects on Er-doped amorphous silicon quantum dot

materials by Park et al. [109], it was suggested that hydrogenation can cause the diffusion
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of Er to Si-ncs. A similar process possibly occurs here. This “directional” diffusion of Eu
ions may lead to the clustering of Eu ions on the Si-ncs surface for high Eu concentrations.
At the same time, this diffusion may cause the coupling between Eu and Si-ncs. Although
the details of this coupling remain unclear, the Si-ncs PL is usually quenched by
nonradiative energy transfer to RE ions in the vicinity. Therefore, the directional diffusion
is likely responsible for the Eu®* and Si-ncs PL quenching observed from Eu021 and
Eu022.

At annealing temperatures higher than 1000 °C, Eu022 exhibits a stronger Eu?* PL
relative to that of N annealing. At the same time, a blue shift of peak 1 was also observed.
As noted previously, multiphase europium silicate can form at 1000-1100 °C in inert or
reducing ambients. Therefore, these phenomena may imply the formation of europium
silicate in the film. To prove this argument, further studies of the film structure clearly are
necessary.

In this study, the most intensive Eu** PL from Eu:SRSO was observed from Eu021

under annealing in Ar+5% H, at 1200 °C.



Chapter 9

Studies of Tb-doped Silicon Oxides

9.1 Evolution of PL with Nitrogen Annealing

9.1.1 Oxygen-rich Films

Sub-section of Table 6.1

Absolute Atomic Areal Density i
. N Si RE Thickness [A] Index of
Sample [x10" atoms/ cm~]
[at.%)] [at.%)] Refraction

Si O RE Ar RBS Optical
Tho15 4218 | 4507 00517 | 0:083"4 ' 31.75 0.75 1060 1059 1.50
Tb0l6 | 1.88 | 4.17 | 0.0256 | 0.072 | 31.25 0.42 922 920 1.49
Tb017 | 2.14 | 4.6 0.0248 | 0.043 | 31.75 0.36 1020 1018 1.50

100

Tb016 and 017 have been selected to illustrate the structural features of PL spectra

for various Tb:ORSO samples. The PL spectra for Tb015 resemble those of Tb016.

Figure 9.1 (a) depicts the PL spectra of Tb016, as deposited and annealed in flowing N, at

various temperatures for lhour.

Four strong distinct sharp bands were observed sitting

on a weak broad band in the range 400-700 nm for all annealing temperatures. The

spectral shape and peak positions of the four sharp bands are quite characteristic of Tb*"

PL and resemble those of Tb doped SiO; achieved by conventional PECVD [82].
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Figure 9.1 Representative PL spectra of two samples as deposited and annealed in flowing
N at various temperatures for lhour. (a) Tb016, (b) Tb017

According to the energy level diagram of Tb*" ions (see Figure 2.5, p. 25) , the four
peaks centered at 487, 546, 588 and 620 nm are related to “Du-'F; (7=6,5,4,3) 4f-4f

transitions of Tb*", respectively. The spectral widths of the four peaks are as narrow as 10
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nm, which is indicative of a relatively symmetric surrounding matrix. The 546 nm peak
splits into two peaks at 542 and 548 nm due to the Stark splitting [14]. Emissions from
the °D; state are absent due to the cross-relaxation effect [79]. There are no appreciable
changes of peak positions and spectral widths for different annealing temperatures.

A weak broad band ranging from 400 to 700 nm was observed for all annealing
temperatures. A similar emission band has often been assigned to radiative oxide defects
in silicon oxide whose PL intensity should decrease when annealed at 800 °C [110]. In our
case, however, the corresponding PL intensity becomes greater when annealed at 800°C.
In addition, it increases with increasing Tb** PL intensity. It is likely that the radiative
oxide defects emitted light through nonradiative coupling to some optically active Tb*>"
sites. More intensive Tb emission implies the presence of more optically active Tb>" sites,
which leads to a greater possibility for the coupling with these oxide defects and an
increased PL intensity from them.

It should be noted that 325 nm (3.8 eV) excitation is not resonant with any optical
absorption band of Tb*", and the observation of strong Tb*>* PL from the film implies the
presence of a highly efficient indirect excitation process. There are two types of indirect
excitation mechanisms possible: carrier-mediated excitation and dipole-dipole
Forster-Dexter coupling. Previous investigations [84] on Tb-doped silicon oxynitride

showed that Tb>* ions can be excited efficiently by a 325 nm excitation source through a
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carrier recombination process. The 325 nm He-Cd laser is able excite carriers into the
extended above-band-gap states in silicon oxynitride. This process is less likely here,
because the bandgap of SiO; is as large as 8¢V [111]. Since there is no excess silicon in
the oxygen-rich film, no or quite few Si-ncs are expected, and thus must be other energy
transfer processes in play.

In this study, the organic molecules that came from the metal organic precursor
Tb(tmhd); during the deposition are likely to serve as sensitizers, since Tb-doped silicon
oxides whose Tb incorporation is achieved through a physical method such as ion
implantation or sputtering could not be excited by 325 nm excitation source [79, 81]. The
presence of organic molecules has been observed from Er-doped a-Si:H prepared by
in-situ incorporation of Er(tmhd); [112]. Similarly, the presence of fragments of
Tb(tmhd); in the films of this study can be expected. It was found that some RE chelates
have broad absorption bands and high absorption coefficients, and can serve as sensitizers
to excite RE ions efficiently. A number of RE chelates have been synthesised to exploit
this effect [113]. To the best of our knowledge, there has been no report on the sensitizing
effect of the Tb(tmhd); molecules employed in the present study. Further studies on the
absorption properties of the film are clearly necessary.

PL spectra for Tb017 exhibit characteristic Tb** PL peaks which sit on the broad

bands, while these broad bands have different spectral shapes and much greater intensities
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in comparison with those of Tb016. A red shift of the broad band at 1100 °C followed by
a sudden quenching at 1200 °C was observed. It is attributed to the formation of Si-ncs in
local areas. The red shift and the increase of the intensity at higher annealing temperatures
are typical for Si-ncs PL due to quantum confinement effects. The broad bands have a
similar correlation with Tb’" PL as those of Tb:SRSO samples under annealing at 1100
and 1200 °C (see section 9.1.2). The radiative oxide defects exist no matter whether there
are Si-ncs in the films or not. Actually, the related broad band in the range 400-700 nm

was still observed at 1200 °C when the PL of Si-ncs was quenched.
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Figure 9.2 Tb*"-related PL intensity at 546 nm from three Tb:ORSO samples annealed in
flowing N, for 1hour as a function of annealing temperature.

Figure 9.2 depicts the normalized Tb*" PL intensity at 546 nm for three samples with
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various compositions as a function of the annealing temperature. In all cases, comparing
with as-deposited samples, the PL intensities were enhanced significantly through
annealing at 600 to 800 °C. At higher temperatures, the intensities generally decrease with
increasing temperature (except for Tb 017).

The PL enhancement at 600 to 800 °C is possibly attributed to the reduction of
coupled nonradiative oxide defects and the activation of optically active Tb®*. At
annealing temperatures higher than 800 °C, many RE ions tend to precipitate and their
emission is quenched through ion-ion interactions. However, this is probably not the case
for Tb ions. A previous study on Tb doped SiO; revealed that the lifetime of the Tb
emission still remains almost constant at concentrations as high as 2.7 at.% [79, 81]. This
result suggested that when Tb ions precipitate, the quenching of Tb>* PL is due to the
formation of optically inactive compounds instead of ion-ion interactions, since the latter
should lead to a significant decrease of the emission lifetime. As noted previously, XAFS
analysis confirmed that there existed two types of Tb sites in Tb-doped SiO,: Tb-20 or
Tb-60, with the formation of the latter being related to the enhancement of the Tb
emission [80]. In this study, Tb ions tend to form clusters at higher temperatures, and the
number of oxygen atoms associated with each Tb ion is reduced, which may lead to the
transformation from Tb-60 to Tb-20 and results in a decrease of the Tb emission.

Another possibility is that the organic molecules could be driven out of the films or
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become more unstable and begin to dissociate at higher temperatures. As a result, the
available sensitizers may be reduced significantly leading to the decrease of Tb emission.

Therefore, Tb®" PL quenching at temperatures higher than 800 °C is possibly
attributed to two processes occurring simultaneously: the trend to form clusters which
leads to the reduction of optically active Tb-60 sites and the exhaustion of available

sensitizers.

9.1.2 Silicon-rich Films

Sub-section of Table 6.1

Absolute Atomic Areal Density ) )
; 7 Si RE Thickness [A] Index of
Sample [x10" atoms/ cm~]
[at.%] [at.%] Refraction

Si (0] RE Ar RBS Optical
Tb007 | 2.38 | 4.21 | 0.00689 | 0.038 36.1 0.1 1000 1053 1:57
Tb008 | 2.37 | 4.22 | 0.0064 | 0.043 | 3597 0.1 1000 1025 1.58
Tb009 | 2.37 | 4.22 | 0.00687 | 0.042 | 35.87 0.1 1000 1015 1.57
TbO11 1.64 | 2.7 | 0.00851 0 37.74 0.2 662 716 1.65
Tb012 | 2.09 | 3.76 | 0.00163 | 0.004 | 35.71 0.28 900 938 1.66

Tb012 has been selected to illustrate the structural features of PL spectra of
Tb:SRSO samples. Figure 9.3 shows the PL spectra of the Tb012, as
deposited and annealed in flowing N, for 1 hour at various temperatures. A broad
emission band in the range of 400-900 nm was observed from the as-deposited sample.
The annealing at temperatures from 800 to 1100 °C results in an increase in the PL

intensity with a red shift of the peak position. This band is probably due to the presence of
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Si-ncs in the film. The enhancement of the emission intensity indicates the formation of
more Si-ncs, while the red shift of the peak suggests the growth of the Si-ncs sizes. A
weak emission band peaking at 546 nm emerged after anneal at 1100 “C. After annealing
at 1200 'C the Si-ncs emission decreases abruptly. At the same time, the four sharp peaks
centered at 487, 546, 588 and 620 nm become dominant. Both the weak 546 nm peak
observed after anneal at 1100 °C and the four strong sharp peaks observed after anneal at

1200 °C are related to the 4f-4f transitions of Tb>" ions.
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Figure 9.3 PL spectra of Tb012 as-deposited or annealed in flowing N, for 1 hour at
various temperatures.

Since the 325 nm excitation is not resonant with any absorption band of Tb>" ions,

the observation of Tb*" emission indicates the existence of (an) indirect excitation
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mechanism(s). The simultaneous quenching of the Si-ncs emission and the abrupt
increase of the Tb emission intensity after annealing at 1200 "C suggests the efficient
energy transfer from Si-ncs to Tb®>". Here we attribute the observed Tb emission to the
exciton-mediated Forster-Dexter energy transfer process. As noted previously, although
the Si-ncs PL at 1200 °C is peaking at around 800 nm (1.55e¢V) and at least 2.5¢V (488
nm) energy is required to excite Tb>", it has been suggested that when the size of Si-ncs
reduce to less than 3 nm, the actual bandgap of a Si-nc might be much greater than that
indicated by its emission wavelength. The actual band gap of a 2-3 nm Si-nc could be as
high as 2.5 eV as a result of quantum confinement [42], which is sufficient for the
excitation of Tb>*. In this study, the presence of Si-ncs in the film was confirmed by
HR-TEM images which will be shown in the following section.

The Forster-Dexter model involves two possible energy transfer pathways: Forster
mechanism refers to the electric dipole-dipole interaction, and a reasonable energy
transfer probability can only be achieved when the distance between two dipoles (Si-nc
and Tb) is below a critical value. So far there is published value for Si-nc and Tb, while
for Si-ncs and Er, this value is as low as 1 nm. The Dexter mechanism involves actual
electron exchanges between the acceptor and donor. The occurrence of this process
requires the overlap of their wave functions. Since the wave functions of both Si-nc and

Tb** are highly localized, Tb** is required to be very close to the Si-ncs [114,115].
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Therefore, it is clear that in order to make Forster-Dexter energy transfer possible, an
extremely small separation between Tb** and Si-nc is necessary. This could explain why
the Tb’" PL only becomes intense at 1200 °C. The distance between Tb’" and Si-nc
decreases progressively with the increasing of number and size of Si-ncs. At 1200 °C the
distance decreased to the “critical radius” and the significant increase of the energy
transfer probability makes the quenching of Si-ncs and Tb emission much more
pronounced.

Although the organic sensitizer- the fragments of Tb (tmhd); may also be present in
the silicon rich films, the absence of Tb emission from the as-deposited samples and those
annealed between 800 and 1200 °C indicates that the corresponding excitation is not quite
as efficient in silicon-rich films. One possible explanation is that the Si-ncs are dominant
in the absorption of excitation photons due to their relatively high absorption coefficient
[43]. In particular, the organic sensitizers are unlikely to be responsible for the strong Tb
emission when annealed at 1200 'C, since the Tb>* PL intensity of the silicon-rich sample
Tb012 is 50 times greater than that of the oxygen-rich sample Tb016 at this temperature,
while they have comparable Tb concentrations.

Figure 9.4 shows the normalized peak intensity of Si-ncs PL for the Tb:SRSO
samples with various Tb concentrations as a function of the annealing temperature. Tb007,

008 and 009 have very similar compositions and PL spectra for the annealing conditions
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discussed in this study, thus only the PL data of Tb009 are presented here in comparison
with the samples of different compositions. The inset shows the Tb®" PL intensity at 546
nm for samples annealed at 1200 °C as a function of Tb concentration. When annealed at
1200 °C, the Tb PL intensity increases with Tb concentration, which can be explained by
the increase of optically active Tb*" sites. The Si-ncs emission was observed to decrease
with Tb concentration at annealing temperatures greater than 900 C. Although Tb
emission was only appreciable from the samples annealed at 1100 and 1200 °C, this
decrease indicates that the energy transfer between Tb*" jons and Si-ncs is also occurring

at 1000°C, thereby suppressing the Si-ncs PL.
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Figure 9.4 PL peak intensities of Si-ncs for Tb:SRSO samples with various Tb
concentrations annealed in flowing N, for 1 hour as a function of the annealing
temperature. The inset shows the Tb** PL intensity at 546 nm for annealing at 1200 °C as
a function of Tb concentration.
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9.2 Evolution of PL with Hydrogenation Annealing

9.2.1 Oxygen-rich Films

This section investigates the effects of hydrogenation annealing on the PL spectra of
Tb:ORSO films. Figure 9.5 shows the PL spectra of Tb016 annealed in flowing Ar + 5%
H, for 1 hour at various temperatures. Four characteristic Tb®" PL peaks can be clearly
seen. The 400-700 nm broad bands related to radiative oxide defects are less pronounced
in comparison with N, annealing for temperatures lower than 1200 °C, while at 1200 °C a
broad band in the range 400-800 nm emerges. It is likely indicative of the formation of a

small quantity of Si-ncs with a wide size range.
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Figure 9.5 PL spectra of Tb 016 annealed in flowing Ar + 5% H; for 1 hour at various
temperatures.
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Figure 9.6 The comparison of normalized Tb’'-related PL intensity at 546 nm as a
function of annealing temperature for annealing in Ar + 5% H, and N, for 1 hour,
respectively.

Figure 9.6 depicts the normalized Tb’" PL intensity at 546 nm for two samples
annealed in Ar + 5% H; for 1 hour as a function of the annealing temperature. The
corresponding data for N, annealing is also given for comparison. For the both samples,
the hydrogenation annealing causes greater PL intensities at all annealing temperatures.
This may suggest that the hydrogenation ambient is advantageous to the reduction of the
radiative oxide defects coupled to the optically active Tb*'. As a result, the oxide defect
PL decreased and the Tb*" PL increased. It has been proposed that in SRSO the presence
of dangling bonds at the Si-ncs/matrix interface prevents light emission from Si-ncs, and
hydrogenation annealing can enhance the PL of Si-ncs through passivating these dangling

bonds [105, 106]. This process is likely responsible for the observation of a Si-ncs related
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peak at 1200 °C in this work.

9.2.2 Silicon-rich Films

Figure 9.7 shows the PL spectra of Tb012 annealed in flowing Ar + 5% H, for 1 hour
at various temperatures. The evolution of the PL spectra is analogous to the case of N,
annealing. An increase in the Si-ncs PL intensity with a slight red shift of the peak
position is observed from 800 to 1100 °C, followed by an abrupt quenching at 1200 °C.
The Tb*" PL emerges at 1000 °C and increases with increasing annealing temperature, but

it exhibits a much weaker intensity in comparison with the case of N, annealing.
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Figure 9.7 PL spectra of Tb 012 annealed in flowing Ar + 5% H; for 1 hour at various
temperatures.

Figure 9.8 depicts the normalized PL intensities of Si-ncs for Tb:SRSO annealed in
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flowing Ar + 5% H, and N, for 1 hour as a function of the annealing temperature.
Hydrogenation annealing results in lower PL intensities at most of temperatures except

for 800 and 1200 °C.
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Figure 9.8 Normalized PL intensities of Si-ncs for two Tb:SRSO samples annealed in
flowing Ar + 5% H, and N, for 1 hour as a function of annealing temperature.

The enhancement of Si-ncs PL for hydrogenation annealing at 800 °C is likely due to
the passivation effects of the dangling bonds on the surface of Si-ncs. In the above section,
it has been proposed that the Tb*" emission from Tb:SRSO films can be excited through
the Forster-Dexter energy transfer process between Si-ncs and Tb ions, and the efficiency
of this process is highly dependent on the distance between Si-ncs and Tb ions. The

“directional” diffusion effect possibly leads to the situation that the distance between
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Si-ncs and Tb ions decreased to a certain value at lower annealing temperatures. A more
efficient coupling quenched Si-ncs emission result in a lower Si-ncs PL from 900 to 1100
°C. At the same time, the other effect of the directional diffusion is that more Tb ions are
accumulated near the surface of Si-ncs. It may lead to the formation of more optically
inactive Tb-20 clusters and the decoupling of Tb*>" and Si-ncs. This effect should become
more severe at higher temperatures. As a result, lower Tb*>" PL and greater Si-ncs PL were

observed at 1200 °C for hydrogenation annealing.

9.3 HR-TEM Results

Figure 9.9 shows the X-ray Energy Dispersive Spectroscopy (XEDS) elemental
line-scan for Tb012 annealed in flowing N, for 1 hour at 1100 and 1200 °C. The selected
elements are Si and O for 1100 °C and Si, O and Tb for 1200 °C. From the TEM images
(Figure 9.9 (a), (c)), three dark to light grey layer can be clearly seen, which correspond
to Si substrate, film and glue layer, respectively. The observed thickness of the film is
around 950 nm, which is consistent with optical thickness measured by ellipsometry.
There is almost no diffusion of O atoms from the film to the substrate for annealing at
1100°C, while diffusion lengths as large as 20 nm were observed for annealing at 1200 °C.
Tb in the film was not detectable due to its very low concentration.

Figure 9.10 showed HR -TEM images for Tb012 annealed at 1100 and 1200 °C,



116

Silicon Kat, Oxygen Kal

(b)

100
ot = oo,

0 LS R i AR R R B I L
50 100 150
nm

100nm 1 0

Terbium La1, Silicon Ka1, Oxygen Ka1
() (d)

Figure 9.9 XEDS elemental line-scan analysis. TEM images containing the line-scan
location for annealing in flowing N, for lhour at (a) 1100 °C (¢) 1200 °C. The yellow
lines indicate the visual interface between the film and the substrate, and the black lines
indicate the scan distance. The elemental line-scan profiles for Si, O and Tb as shown for
(b) 1100 °C (d) 1200 °C.

respectively. Both images show the amorphous silicon oxide matrix containing dispersed
crystalline particles which are characterized by “paralleled lattice lines”. These crystalline
particles are confirmed as Si-ncs by XEDS spot analysis. Although the Si-ncs sizes are

not uniform, the average Si-ncs size for annealing at 1200 °C is clearly larger. This

supports the observed PL results in this study, which showed a red shift at higher
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(b)

Figure 9.10 HR-TEM images of Tb012 annealed in flowing N2 for 1 hour at (a) 1100 °C
(b) 1200 °C. The areas surrounded by white dashed lines indicate the crystalline particles.

temperatures. More Si-ncs can be clearly seen from the image for 1100 °C annealing,
which appears to be in conflict with the trend reported in the literature: the density of

Si-ncs increases with the annealing temperature. However, this observation may not
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reflect the actual areal density of the Si-ncs in the films, since the TEM sample is not
infinitely thin in practice, and observed Si-ncs may come from various depths of the
sample. At the same time, it is also possible that some Si-ncs at lower position are
blocked by higher Si-ncs and cannot be seen.

The most intense Tb®>" emission was observed from Tb016 annealed in flowing Ar+
5%H, at 700 °C for 1 hour. The inset of Figure 9.6 shows the corresponding picture taken
with a camera. The emission was quite strong and can be easily observed under bright

room lighting conditions.
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Chapter 10

Studies of Er-doped Silicon-rich Silicon
Oxides

Sub-section of Table 6.1

Absolute Atomic Areal Density . ) ;
. " Si RE Thickness [A] Index of
Sample [x10" atoms/ cm?]
[at.%)] [at.%] Refraction

Si O RE Ar RBS Optical
Er242 | 2.08 | 3.86 | 0.00721 | 0.040 | 35.09 0.12 900 903 157
Er243 400078 | -8 D132 0.024 | 3548 1.46 1370 1352 1.59
Er244 | 634 | 114 1.01 0 35.7 4.76 766 731 1.72

Three Er:SRSO samples were annealed in flowing N; for 1 hour at temperatures from
800 to 1200 °C. However, for two samples with greater Er concentrations (Er243 and
Er244), the films were severely damaged or completely disappeared after the annealing
for all the temperatures discussed in this study. Therefore, only the PL results for Er242
are presented in this section. The cause of the damage is likely similar to that of Eu022
discussed in Chapter 8.

The visible and infra-red PL spectra for Er242, as deposited and annealed in flowing

N, for 1 hour at various temperatures are given in Figures 10.1 (a) and (b), respectively.
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Figure 10.1 PL spectra for Er242 as deposited and annealed in flowing N, for lhour at
various temperatures for (a) the visible to near infra-red regime and (b) the infra-red The
dashed lines indicate the two Gaussian components for the deconvolution of the PL
spectrum for the as-deposited sample. The inset shows the PL intensity at 1535 nm as a
function of annealing temperature. The term “AD” indicates the as-deposited condition.

In the visible regime, for the as-deposited sample, the PL spectrum’s main peak is
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centered at 430 nm and a long tail extends to 800 nm. This broad band can be
decomposed into two Gaussian components centered at 437 and 575 nm, respectively, as
indicated by the dashed lines in Figure 10.1(a). The 437 nm component is likely related to
NOV, and the other very broad component may suggest the presence of Si-ncs with a
wide size range. After annealing at 800 °C, the Si-nc PL becomes dominant and red shifts
to 600 nm. Further increase of the PL intensity and red shift occurred at greater
temperatures until 1000 °C suggest the increase of both number and size of Si-ncs. A
decrease of PL intensity and blue shift were observed at 1200 °C. The decrease of PL
intensity can be explained by the nonradiative Forster-Dexter energy transfer from Si-ncs
to Er ions. The Si-ncs PL was only slightly quenched due to the very low Er concentration
(0.12 at.% Er). As mentioned previously, the PL peak position of Si-ncs is related to their
electronic states, which are determined by both Si-ncs sizes and the oxygen related
surface states. The latter is possibly responsible for the observed blue shift here since
Si-ncs usually tend to grow larger with increasing annealing temperature.

In the infra-red range, there is no appreciable luminescence for the sample as
deposited. After annealing, the PL spectra for different temperatures are all characterized
by a main peak with a weaker shoulder peaking at 1535 and 1550 nm, respectively. This
line-shape is very characteristic of Er** luminescence and it is related to 4113/2 to “Iisn

transition. The Er’" PL intensity increases with increasing annealing temperature up to
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maximum at 1000 °C and then decreases at higher temperatures.

The increase of the Er’* PL for annealing at temperatures lower than 1000 °C is
possibly due to three processes occurring simultaneously. First, more optically active Er’*
sites formed during the annealing. EXAFS analysis has confirmed the formation of an
Er-O complex with an electronic charge distribution similar to that of Er-60 [116].
Second, more Si-ncs with greater size are formed at higher temperatures as indicated by
the Si-ncs PL and lead to the reduction of the distance between Er ions and Si-ncs. This
process may enhance Er’* PL by improving the Forster-Dexter energy transfer. Finally,
oxide defects usually tend to decrease during the annealing. The decrease of the Er’* PL at
temperatures higher than 1000 °C is usually attributed to Er precipitation which can lead
to the nonradiative energy transfer between neighbouring Er ions and result in the
reduction of Er’* PL. However, the Er concentration in the discussed film is quite low, so
it is evident that Er ions are not uniformly distributed in the film. Er ions are more likely
to accumulate near the Si-ncs surface. Since more defects are present near the interface of
Si-nc and the SiO4 matrix due to their mismatched lattice parameters, more NBOs are
available to accommodate Er ions. As noted previously, Er ions tend to diffuse toward
Si-ncs during hydrogenation annealing. It has also been proposed that the Ostwald
ripening of the Si-ncs at temperatures higher than 900 °C is related to the quenching of

Er’" PL. It was shown that the number of Si-ncs decreased while their sizes increased
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because of Ostwald ripening, and the Forster transfer is less efficient for the larger Si-ncs
[91]. However, the present study does not support this argument. The increase of the
Si-ncs PL at temperatures higher than 900 °C reveals the increase of the number of Si-ncs.
In the previous section for Tb:SRSO studies, although the growth of Si-ncs size at higher
temperatures was confirmed by HR-TEM, the PL spectrum at 1200 °C suggests a very
efficient energy transfer between Tb ions and large Si-ncs. In summary, it is possible that
the main reason for the Er’* PL quenching at temperatures higher than 1000 °C is the
precipitation of Er ions near the Si-ncs surfaces instead of the growth of Si-ncs size. The
maximum Er’* PL is usually found occurring at lower annealing temperatures around 800
to 900 °C [31, 91]. The increase of the optimum annealing temperature is likely due to

less precipitation for this very low Er concentration.
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Chapter 11

Conclusions and Future Work

11.1 Conclusions

RE (Ce, Tb, Eu and Er) doped silicon oxide films with or without excess silicon were
deposited by ECR-PECVD adapted for RE in-situ incorporation. The films were
investigated in terms of their composition, PL properties, bonding structures and
microstructures through RBS, PL spectroscopy, FTIR spectroscopy and HR-TEM
techniques, respectively. The influence of certain deposition parameters on film
composition has been studied, and the successful in-situ incorporation of high
concentration RE ions has been achieved. The luminescence mechanisms for films with
various RE doping have been investigated with the focus on the identification of
RE-related luminescence centers, their thermal evolution and the coupling with other
possible luminescence centers present in the films, such as Si-ncs and oxide defects. The
dependence of the PL properties of the films on RE doping concentration, with or without
excess Si and annealing conditions has been investigated to optimize RE-related

luminescence.
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In this study, it was found that the excess Si in the films can be largely controlled by
varying SiH; and O, gas flow ratios, while the incorporation of RE ions was quite
sensitive to a number of variables including microwave power, RE cell temperature, and
Ar, SiHy and O, gas flow rates, which determine the plasma details. By varying these
parameters, a series of compositions were achieved, including Si/ Si+O ratios in the
range of 30—42%, and Ce, Eu, Tb and Er concentrations in the range of 0.01-0.9, 0.1-0.75,
0.02-2.15, 0.12-4.76 at.%, respectively.

Broadband Ce** emissions in the range of 350 to 700 nm were observed from
oxygen-rich films. Strong Si-ncs emission peaking around 800 nm is dominant in the
silicon-rich film. Ce** emission was severely quenched by the presence of Si-ncs and is
not appreciable for annealing temperatures lower than 1200 °C. The most intense ce™
emission was observed from an oxygen-rich film containing a high Ce concentration (0.9
at.%) under annealing in flowing N, at 1200 °C for 3 hours. It is proposed that the
enhancement of Ce®" emission under this condition is related to the formation of cerium
silicate whose presence has been confirmed by FTIR and HR-TEM analysis in this study.

Eu-doped silicon-rich films emitted strong broad PL from 400 to 800 nm, which can
be decomposed into three overlapped Gaussian components peaking around 460, 540 and
640 nm. The first two-components correspond to Eu** PL and the third one corresponds to

the Si-ncs PL. The significant quenching of Si-PL with the presence of Eu doping
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revealed the coupling between Eu ions and Si-ncs. The most intensive Eu®* PL was
observed from the film containing 0.12 at.% Eu under annealing in Ar+5% H, at 1200 °C.
The formation of europium silicate under these conditions was considered responsible for
this PL enhancement.

Strong Tb>" emission peaks centered at 487, 546, 588 and 620 nm were observed
from oxygen-rich films under nonresonant 325 nm excitation. This result revealed the
presence of a sensitizer-mediated excitation mechanism, and the organic ligands
introduced from Tb(tmhd); precursor were considered as the possible candidates, while
Si-ncs served as sensitizer in silicon-rich films. For silicon-rich films, Si-ncs showed
strong emission peaking around 800 nm and exhibited typical quantum confinement
effects when annealed at annealing temperatures lower than 1200°C. The simultaneous
emergence of strong Tb** emission and quenching of Si-ncs PL under 1200 °C annealing
revealed the energy transfer between Si-ncs and Tb**. HR-TEM analysis confirmed that
Si-ncs of 2-3 nm formed at high annealing temperatures. The most intense Tb>* emission
was observed from an oxygen-rich film containing 0.4 at.% Tb under annealing in Ar +
5% H, at 700 °C for 1hour.

Both 1535nm Er** PL and Si-ncs PL peaking around 600-700 nm were observed
from the Er:SRSO films, and the strongest Er** PL was achieved under annealing in N at

1000 °C for 1hour. The severe quenching of Si-ncs PL, which is usually considered as the
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evidence of Er — Si ncs coupling was not observed in this study due to the very low Er

concentration in the film.

11.2 Suggestions for Future Work

Due to the time constraints of a Master program, only preliminary work has been
done in this thesis. There is a lot of work necessary in the future to realize practical
devices such as electrically-driven silicon-based full color light emitting devices or
waveguide amplifiers. Some necessary future work related to that studied in this thesis is

presented in this section.

11.2.1 Continued Materials Characterization

Severe damage was observed in the films containing high concentrations of RE
doping after annealing and was considered related to the incorporation of large organic
molecules during the deposition. A further investigation of the film surface morphology
for the as-deposited sample through atomic force microscopy (AFM) or scanning electron
microscopy (SEM) is clearly necessary. FTIR spectroscopy analysis may help to detect
bonding structures of the organic molecules that are possibly present in the films.

Although the presence of cerium silicate has been confirmed by FTIR spectra and
HR-TEM images, identification of the specific cerium silicate type still requires further

crystalline structure analysis, such as X-ray diffraction (XRD) experiments. In this study,
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FTIR spectroscopy analysis was only performed on the films with very low Ce
concentration. It makes the observation of cerium silicate related absorption peaks less
convincing. Therefore, depositing films with higher Ce concentrations and repeating the
analysis are quite necessary.

In this thesis, the optical properties of the films were only examined by
single-wavelength-excitation PL spectroscopy. It is known that 4f-4f transitions of Tb
ions give rise to characteristic narrow and distinct absorption bands and luminescence
lifetimes. If there is coupling between Tb ions and sensitizing centers, the absorption
spectrum and luminescence lifetime will both change. Therefore, absorption, PL
excitation, and time-resolved luminescence spectroscopy experiments should reveal more
details on excitation mechanism of Tb ions.

The original intention of developing RE: SRSO structure was to expand the
excitation wavelength range and enhance the excitation efficiency for RE luminescence
through the coupling between RE ions and Si-ncs. However, for those RE elements whose
luminescence is related to 5d-4f transitions, such as Ce and Eu, this study revealed that
the coupling between RE ions and Si-ncs tends to quench both Si-ncs and RE
luminescence. So, during the RE-related PL optimization in the future, excess Si should

be avoided in the films doped with these RE elements.
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11.2.2 Device Fabrication

Efforts on designing and fabricating light emitting diodes (LEDs) and Er doped
waveguide amplifier (EDWA) are in progress. Conventional LEDs based on Er or Tb
doped SRSO giving optimized PL results have been fabricated. Unfortunately, no
appreciable emission was observed for applied DC electric fields exceeding 100 V. This
result is not entirely unexpected, as it is known that the excitation of the device relies on
the hot electrons impact. However, the very large band gap of SiO, (over 8 eV) makes
efficient carrier injection quite difficult, and operating voltages near or over 100 V are
necessary for the excitation. Although the presence of Si-ncs in the films can improve
carrier injection by providing conduction pathways, it also increases the risk to break
down the silicon oxide at high voltages by generating an inhomogeneous electric field
[117]. One promising alternative matrix is silicon nitride whose band gap is only around 4
eV. A high-efficiency visible light emitting diode based on it has been demonstrated [118].
Previous work by Boudreau [90] and Tyler [119] revealed that the McMaster
ECR-PECVD system has the ability to deposit silicon nitride. Thus the realization of RE
doped silicon nitride based devices can be considered in the future.

With respect to EDWA, the design for ridge waveguide structures and a gain
measurement system is under way. The preliminary optical simulation for the waveguide

structure using commercial software RSOFT BEAM PROP indicates good confinement
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of the fundamental mode in the core of the designed ridge waveguide structure. The

fabrication and characterization of the device should be realized in the near future.
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