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Abstract

The silicon microelectronics industry is the technological driver of modern society. The whole
industry is built upon one major invention -- the solid-state transistor. It has become clear that
the conventional transistor technology is approaching its limitations. Recent years have seen the
advent of magnetoelectronics and spintronics with combined magnetism and solid state
electronics via spin-dependent transport process. In these novel devices, both charge and spin
degree freedoms can be manipulated by external means. This leads to novel electronic
functionalities that will greatly enhance the speed of information processing and memory storage

density. The challenge lying ahead is to understand the new device physics, and control magnetic



phenomena at nanometer length scales and in reduced dimensions. To meet this goal, we
proposed the silicon nanocrystal system, because: 1) It is compatible with existing silicon
fabrication technologies; 2) It has shown strong quantum confinement effects, which can modify
the electric and optical properties through directly modifying the band structure; and 3) the spin-
orbital coupling in silicon is very small, and for isotopic pure **Si, the nuclear spin is zero. These
will help to reduce the spin-decoherence channels. In the past fiscal year, we have studied the
growth mechanism of silicon-nanocrystals embedded in silicon dioxide, their photoluminescence
properties, and the Si-nanocrystal’s magnetic properties in the presence of Mn-ion doping. Our
results may demonstrate the first evidence of possible ferromagnetic orders in Mn-ion implanted
silicon nanoscrystals, which can lead to ultra-fast information process and ultra-dense magnetic

memory applications.
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Accomplishments

First, we have successfully grown and characterized silicon nanocrystals. Silicon nanocrystals
(Si-ncs) are formed through a combination of high density plasma enhanced chemical vapor
deposition (HDP-CVD) of silicon-rich oxides (SRO) followed by phase separation of the SRO
into pure Si-nc and stoichiometric oxide during relatively long annealing (1-3 hours) at
temperatures between 1000°C to 1200°C. The Si-ncs and SROs are characterized using
transmission electron microscopy, Fourier transmission infrared spectroscopy, Rutherford
backscattering, Nuclear Reaction Analysis, ellipsometery. The Si-nc growth is studied in a
relatively long thermal budget regime compared to most previous reports available in the
literature. Morphology, defects within the nanocrystals and size dependence as a function of
thickness in the oxide are exaggerated in this regime and are more readily characterized in the
longer diffusion length regime. In particular, evidence and implications of solid-phase epitaxial
growth of the Si-ncs are observed and the effects of nearby silicon sinks at the surface and the
substrate are highlighted with a strong nanocrystal size dependence with position in the oxide.
The depletion of the oxides correlates with the nucleation of extended defects in the silicon
substrate, which also could pose challenges to integration of the Si-ncs with other silicon
devices. In addition, because the Si-ncs depend on local geometries due to local silicon sinks,
integration considerations become more complex when trying to target certain nanocrystal sizes
in device structures. Finally, there are a number of studies of Si-nc growth using PECVD
produced SROs, however, few reports exist on the use of HDP-CVD SROs. This work,
therefore, also offers additional experimental details related to the impact of using this different
plasma geometry to generate the SROs.

Second, we have carefully studied the photoluminenance (PL) in more than 20 Si-nc samples
under different thermal budgets. A very broad PL peak, blue-shifted from the bulk silicon band
edge of ~1.1 eV, was observed. What is really surprising is that in our samples the position of PL
peak is apparently pinned between ~900-1000 nm, independent of thermal budget. This is very
different from previous studies, where the wavelength of PL peak can be tuned from ~ 600 to ~
900 nm by controlling nanocrystal size. The pinning mechanism is currently unknown, though
we speculate that it is probably related to the radiative surface states of Si-ncs. In a further
temperature dependent study carried out in a high thermal budget sample, it was observed that
the PL intensity showed a non-monotonic temperature dependence, similar to what reported
before. Post-annealing in forming gas strengthens this non-monotonic dependence, and the
temperature where the PL intensity displays a peak remains roughly the same, ~ 60K. Based on
the above observations, we believe that both the quantum confinement effect and the radiative
surface states play an important role in PL.

Furthermore, we studied the magneto-photoluminescence in Mn-ion doped Si-ncs. We
demonstrate, for the first time, evidence of possible ferromagnetism in Mn-ion implanted Si-ncs
systems. This could lead to ultra-fast, ultra-dense magnetic memory applications.



Silicon Nanocrystal Growth through Phase Separation of High Density
Plasma Chemical Vapor Deposited Silicon-Rich Oxides in the Long
Diffusion Length Regime

Introduction

Silicon-rich oxides (SRO) have attracted attention for their use in creating silicon nanocrystals
(Si-ncs), which are attractive for their potential to become CMOS compatible memories or light
sources [1]. A significant number of publications have focused on characterization of small
silicon nanocrystals that show quantum confinement (i.e., diameter < 5 nm). However,
characterization of some of the details of the formation of the nanocrystals are limited by the
resolution limits of classic electron probe techniques applied to these small structures. We
therefore present an examination of a larger size range of silicon nanocrystals (e.g., 1.5 nm <
diameter < 10 nm) grown with a range of thermal budgets that covers a longer silicon diffusion
length than typically focused on in the recent literature. The study of this longer diffusion length
regime highlights some, as of yet, not well reported effects including silicon depletion from the
SROs due to local sinks (i.e., the surface and the silicon substrate) as well as clear evidence of
solid-phase epitaxy of the nanocrystals leading to facet like growth. There are various
approaches to depositing SROs including ever evolving plasma enhanced chemical vapor
deposition techniques, which sometimes lead to important differences in the as-deposited films.
Plasma enhanced vapor deposition (PECVD) techniques are attractive for their low temperature
and ease of integration, however, most studies in the literature in this area have used capacitively
coupled systems that operate at higher pressures and are constrained to use oxygen sources that
contain either nitrogen or carbon. These NOy or COy sources lead to high concentrations of
nitrogen or carbon in the films, respectively. Little has been reported about nanocrystal
formation using HDP-CVD SROs, which differentiates itself from previous PECVD techniques
through its use of molecular oxygen as the oxygen source. This leads to the films having lower
background concentrations of nitrogen or carbon. We report on the Si-nc growth from these
SROs and comment on observed differences, which include a significant difference in the Si-O
FTIR local mode sensitivity to oxygen content in the SRO.

Characterization of Silicon-Rich Oxides Deposited by HDP-CVD

Silicon-rich oxides of varying thickness and silicon concentration were deposited on 150 mm
diameter, <100>, silicon substrates using a commercially available HDP-CVD chamber with top
and side power and gas sources as well as an independent bias source at the chuck. Further
details about the chamber are described elsewhere [2]. In order to better control deposition rate
or throughput, two different SRO deposition conditions were developed. For high deposition
rates (~ 9 nm/sec), the chamber pressure was kept at ~5 mtorr while flowing rates of 126, 180,
and 90 sccm of argon, oxygen and silane, respectively. The RF power applied during the high
deposition rate film was 1700, 2100, and 2000 Watts applied to the top, side and bias supplies.
These high deposition rate SROs were backside cooled using He and the temperature was
maintained at ~ 450°C. Silicon content in the SROs was increased by decreasing the oxygen
flow (i.e., oxygen partial pressure) in the chamber. For more precise control of SRO thickness a
low deposition rate film was also examined (~ 1 nm/sec). The chamber pressure for the oxides
was kept at 25 mtorr, 150 Watts of RF power was applied, and the process gas flow rates were
350, 20, and 8 sccm of argon, oxygen and silane for nearly stoichometric silicon dioxide,
respectively. These lower deposition rate SROs were not backside cooled resulting in an average



deposition temperature of approximately 300°C. Thicknesses of the oxides were measured
using ellipsometry, Fig. 1, modeled with the effective medium approximation. Representative
sample thicknesses were measured using alternative approaches like SEM cross sections, SIMS
and RBS and agreed relatively well with ellipsometry and compared to representative samples
measured by RBS or cross section thickness observed with SEM. Uniformity of both recipes
was measured by ellipsometry.
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Figure 1 Deposition rates of silicon rich oxides as a function of oxygen flow using both the fast (a) and slow
(b) deposition conditions. Thicknesses are measured using ellipsometry and were compared to RBS.

The stoichometric chemical content of the SRO films was measured directly using Rutherford
backscattering (RBS) and Elastic Recoil Detection (ERD), Fig 2 (a), (b) & (¢). A clear increase
in silicon content is observed with decreasing oxygen flow. Presumably the reduction of oxygen
flow starves the reacting surface of oxygen to form stoichometric SiO, leading to silicon
enriched oxide. This process appears to saturate at approximately ~75%, Fig. 2 (a).
Simultaneously as oxygen flow is decreased an increase in hydrogen content is also observed by
nuclear reaction analysis, Fig. 2 (¢). The saturation of silicon content correlates with the
presence of very high hydrogen film contents suggesting that hydrogen incorporation replaces
the additional silicon incorporation while the oxygen content continues to decrease linearly with
oxygen flow. Argon concentrations above an atomic percent are also found, but the argon
concentration is not strongly dependent on the oxygen flow. Samples were also examined with
RBS and ERD after annealing at temperatures of 1000°C for 60 minutes in argon ambient. The
relative oxygen content increases with the removal of hydrogen and argon as a result of the
anneals. We infer that this thermal budget, which is smaller or equal to the thermal budgets used
to form the silicon nanocrystals in this work, is sufficient to remove hydrogen and argon below
RBS detection limits.

The trace chemical background was also measured on representative nearly stoichometric silicon
dioxide films (i.e., SiO,) from both the high and low rate deposition conditions using vapor
phase decomposition inductively coupled mass spectrometry (VPD ICP-MS) and Secondary Ion
Mass Spectrometry (SIMS). Using VPD ICP-MS a 40 element analysis was done on 25 nm
thick oxides before and after all work was done on these SROs. The 40 elements included
common metals like Na, K, Mg, Fe, Al, Ni, as well as common elements that are incorporated



into CVD films like, N, C, As, P, Sb and B. All elements other than silicon and oxygen were
near or below standard CMOS back-end of the line limits. Aluminum, boron and scandium were
elements that were consistently observed above background detection limits at concentrations of
approximately 6x10'° cm?, 170x10' cm™, 18x10'° cm™. We believe the Al and Sc appear at
higher concentrations because of the interactions of the plasma with the aluminum-nitride dome
within the chamber, while the boron is likely due to cross contamination from high boron content
materials commonly being processed in the same chamber. Scandium is a common trace
element used in aluminum alloys for stabilization and hardening. The SIMS detection limits
were less sensitive than the VPD-ICP method and did not show appreciably larger signals than
that detected by VPD-ICP. This indicates that the oxides formed in this chamber have trace
elements well below atomic fractions. High concentrations of background elements in oxides are
usually necessary to impact the mechanical and optical properties of the oxide. For example,
atomic concentrations of phosphorus, boron and erbium (common glass dopants) are necessary
to impact the oxide properties like viscosity and luminescence [3]. Furthermore, as previously
mentioned, numerous reports of silicon nanocrystal formation using plasma oxides are done with
capacitively coupled systems that must operate at higher pressures for which combinations of
silane and oxygen are not stable, which leads to high nitrogen (or sometimes carbon) content
oxides because N,O is used instead of pure oxygen to avoid direct reaction between the silane
and oxygen at the higher pressure. Mixtures of oxygen and silane are reactively unstable at the
higher pressures necessary to spark plasmas in capacitively coupled plasma chambers.
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Figure 2 (a) Silicon, (b) oxygen and (c) hydrogen content dependence on oxygen flow in silicon rich oxides
produced by high density plasma CVD deposition measured by RBS and ERD.

Rutherford backscattering is not practical for rapid characterization of silicon content in the SRO
films, therefore, an alternative approach is desirable. Fourier transform infrared spectroscopy is
often used to characterize chemistry within thin films and previous researchers have indicated
that oxygen content could be deduced using the peak position of the 1075 cm™ Si-O-Si stretch
local vibration [4]. Measurements of absorption strength and position of the Si-O-Si stretch local
mode were compared to oxygen concentrations measured by RBS in this work and a linear
correlation was observed, Fig. 3. However, a weaker linear dependence of peak position on
oxygen content was observed in this work compared to previous reports in PECVD oxides that
show a linear decrease to 940 cm™ for 0% oxygen compared to an extrapolated value of ~1010
cm™ at 0% oxygen in this work [4]. A significant difference between the films in this work and
those presented earlier is the amount of nitrogen incorporated in the PECVD films or
alternatively perhaps the high hydrogen content in the low oxygen concentration films in this
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work. We suppose these differences will perturb the elastic properties of the oxide influencing
the Si-O-Si stretch mode. Further work is necessary to examine the effects of these other species
on the stretch mode but this goes beyond the scope of this study. A linear relationship between
thickness and absorption was also found, Fig. 3 (c¢), indicating that the FTIR may be used as a
method to determine thickness of unannealed films as well.
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Figure 3 (a) FTIR absorption spectrum of the Si-O-Si stretch local vibrational mode, (b) peak position
correlation with oxygen content measured by RBS, and (c) integrated absorption of the stretch mode
dependence on thickness of the film.
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The optical properties of the SROs like index of refraction also depends on silicon content and is
important to characterize especially for optical applications like light emitting diodes and
waveguide gain structures. The index of refraction was therefore extracted using ellipsometry,
Fig. 4 (a). The dependence of the index of refraction on silicon content can, furthermore, be
predicted using the effective medium approximation (EMA) and relatively good agreement
between measured index of refraction and silicon content obtained by RBS was found, Fig. 4 (b).
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Figure 4 (a) index of refraction as a function of gas flow ratio (flows in sccm of the two different recipes are
listed above corresponding points in figure); and (b) comparison of measured index of refraction dependence
on silicon content measured by RBS compared to the effective medium approximation prediction.

Formation of Silicon Nanocrystals from Silicon Rich Oxides

Numerous groups have reported that annealing of silicon rich oxides results in phase separation
into SiO; and silicon clusters. Recently these silicon nanocrystals embedded in oxide and nitride
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have gained significant attention because of their luminescence properties both alone [5, 6] and
in the presence of rare earth elements like erbium [3, 7] as well as their potential for single
electron memories in CMOS [8]. Depending on the annealing conditions and silicon content
silicon nanocrystals of diameter of 0 to 10’s of nanometers may be formed, Fig 5. Most of the
work has focused on a combination of silicon content and annealing conditions that result in
small nanocrystals that show quantum confinement. In this paper we focus on analysis of
conditions that produce large diameter nanocrystals. The study of these large silicon
nanocrystals assists in identifying some of the features of the silicon nanocrystal growth that are
not well highlighted in the literature. In particular, analysis of larger nanocrystals with electron
probe techniques highlight aspects of the solid phase silicon epitaxy like faceting, Fig 6 (a) and
extended defects, Fig 6 (b), that cannot be seen in the smaller nanocrystal studies. Furthermore,
the long thermal budgets examined in this work also highlight aspects of the diffusion dominated
process such as sinks for the excess silicon that lead to silicon depletion within the oxide, Fig 7,
which perturbs the ultimate nanocrystal size.
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Figure 5 (a) average silicon nanocrystal diameter and density dependence on silicon concentration and
annealing condition determined either by TEM or electron energy loss images for this work and (b) a
comparison of the sizes measured in this work compared to that reported in the literature for PECVD films.

Silicon-rich oxides with silicon concentrations varying from 33% to 47% were annealed at
temperatures from 1000-1200°C from 60 to 180 minutes in either argon or nitrogen. Resulting
nanocrystals were subsequently examined using transmission electron microscopy (TEM) and
electron energy loss spectroscopy (EELS) and a range of nanocrystal sizes from ~1.5 to 10 nm
with a density around 10" cm™ were observed. These average nanocrystal sizes are of the same
order of magnitude size as reported elsewhere for annealed PECVD SRO films, Fig. 5 (b). We
expect, nevertheless, that some difference in sizes would come from variable silicon diffusivities,
dependent on density and impurities, as well as the impact nearby sinks for excess silicon
(discussed below) that reduce the available silicon for growing nanocrystals. We also note that
there is a relatively large standard deviation in the distribution of nanocrystal size, ~ 6 nm (one
standard deviation), leading to the occasional observation of nanocrystals with diameters as large
as 30 nm when observing large numbers of nanocrystals as is the case in the low resolution TEM
images.
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Samples were thinned to roughly 100-200 nm thickness using focused ion beam sputtering.
Representative high resolution TEM images, Fig 6, show silicon nanocrystals embedded within
the oxide matrix. We conclude that these crystals are silicon for among other reasons, the
chemical analysis through EELS indicates high silicon content and because the lattice fringe
spacing are consistent with silicon lattice plane spacing.

Figure 6 HRTEM of silicon nanocrystals of (a) 47% SRO after 1200°C, 3 hour, N, anneal demonstrating
clear facet dominated solid phase epitaxial growth and (b) showing in-grown crystal defects.

Several observations may be made from these larger nanocrystal images that are difficult to
observe in previous studies of smaller nanocrystals. Some of the larger nanocrystals indicate
well defined facets, Fig 6 (a). Facet growth is commonly observed in epitaxay due to differences
in densities along different crystal planes, which leads to significant differences in growth rates
of different crystal orientations. We assume that the nanocrystal growth occurs through diffusion
of excess silicon in the amorphous oxide to the silicon seed after the initial seed nucleation. A
purely isotropic diffusion to a seed with a high sticking coefficient and no surface diffusion
would result in a spherical nanocrystal. The amorphous oxide has no obvious anisotropy to drive
the facet growth, therefore, we suppose that the observed facet growth is due to a non-neglible
surface diffusion at the silicon/oxide that permits the kinetics of the different facet growth rates
to manifest itself as the faceted nanocrystal. It also stands to reason that for smaller nanocrystals
the surface diffusion length is long enough to produce this faceting effect, which suggests that
analysis of silicon nanocrystals using the assumption that the nanocrystal is spherical might be
improved by taking account of dominant facets like the <111> surface for surface chemistry
(e.g., oxygen-silicon bonding) and quantum confinement calculations.

Stacking fault or misaligned poly-grain defects are also observed, representing a subset of the
HRTEM imaged nanocrystals, Fig. 6 (b). If we conclude that the growth is epitaxy-like then
mechanisms of crystal defect formation are likely similar in origin as what is commonly
observed for planar epitaxy except for the occasions when nearby nanocrystals grow together.
Two candidates for defect formation during epitaxial growth under these conditions are stacking
fault formation due to high levels of oxygen incorporation at the epitaxy growth front, which
could be expected within an oxide matrix, or defect formation due to the kinetics of too high a

13



silicon flux reaching the surface compared to the rate that it can crystallize in the lowest free
energy configuration. Very high growth rates are correlated with a transition from epitaxy to
poly-crystal growth in planar epitaxy.

Regardless of the mechanism responsible for the defect formation, the presence of crystal defects
is of particular relevance to any optical studies of nanocrystals because it is well known that
defects like dislocations and oxygen related defects (e.g., oxygen inclusion in ncs, oxygen
vacancies, etc.) directly impact both luminescence intensity (i.e., recombination rates) as well as
producing their own mid-gap luminescence lines [9]. Photoluminescence from some samples in
this work do show evidence of singlet-triplet localization effects due to quantum confinement,
deduced from the temperature dependence of the luminescence intensity [10]. However, the
luminescence peak energy is not well correlated with size signaling the potential effect of, as of
yet, unidentified participation of defects to the PL [11], as we will discuss below.

Diffusion plays a critical role in the phase separation process and therefore dominates the
kinetics of determining the nanocrystal size dependence on time [12]. EELS and TEM of the
high thermal budget samples shows a second equally important mechanism impacting
nanocrystal size, silicon loss to local sinks, Fig 7 & 8. An electron energy loss image shows a
map of the relative oxygen concentration measured in a 47% SRO annealed for 3 hours at
1200°C in nitrogen. Average diameter sizes were measured from this and similar images and
plotted in a coarse grid as a function of depth in the oxide, Fig 7 (a). Sizes of the nanocrystals
decrease in size with proximity to both the oxide surface and the silicon/oxide interface. In this
particular case, the SRO film was grown with a 30 nm stoichiometric oxide buffer layer between
the silicon and the SRO so no nanocrystals were expected in this region. Nevertheless a silicon
depleted region significantly greater than the buffer layer thickness is observed at the Si/oxide
interface. A silicon depletion region is also observed at the SiO,/air interface. The SROs were
nominally uniform silicon concentrations, which is confirmed by RBS on representative samples
and good ellipsometry fits to films modeled as uniform, therefore, we assume that the non-
uniformity in the silicon content is a result of the annealing.
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Figure 7 (a)EELS of 1200°C annealed 47% SRO and (b) the average diameter of the nanocrystal as a
function of depth from surface.
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A hypothesis to explain the silicon depletion regions is that local silicon sinks are present that
remove the silicon from the oxide and prevent it from contributing to increasing the size of the
nanocrystal. It is well known that Si-O is a volatile species at high temperatures [13, 14] and this
would be a very likely candidate for silicon removal from the surface during annealing at high
temperatures. It is also reasonable to expect that silicon would condense on the underlying
silicon substrate. This effect appears to be exagerated in dramatic fashion in samples annealed at
1200°C in which extended defects (e.g., extra planes of silicon) are observed to nucleate in the
silicon substrate that correlate with regions completely depleted of nanocrystal formation, Fig §.
The nucleation of these defects within the silicon are not uniform, but do suggest significant
migration of silicon from the oxide into the substrate. This effect is not observed in samples
annealed at lower temperatures.

The presence of these silicon sinks has immediate consequences for future design and controlled
fabrication of devices using silicon nanocrystals in oxide. Excess silicon condensation within the
bulk silicon could lead to detrimental electrical defects for devices and clearly silicon
nanocrystal diameters will be affected by the local geometry if measures are not taken to prevent
the silicon from out-diffusing such as capping with a diffusion barrier like nitrides.

0.20 pm

Figure 8, low resolution TEM dark field image of 42% SRO after annealing at 1200°C, 3 hours, N, showing
(a) a region depleted of silicon nanocrystals and (b) extra silicon planes incorporated into the silicon lattice
that correlate with the location of the silicon depleted region.

Summary

Silicon rich oxides were produced using high density plasma chemical vapor deposition (HDP-
CVD) and characterized using various techniques to determine the resulting ratios of silicon to
oxygen as well as the trace background chemical concentrations. Silicon concentrations from
33% to 70% were produced and background concentrations of over 40 elements were examined
finding traces of only aluminum and scandium along with hydrogen, argon and nitrogen that are
removed after annealing. The oxygen concentration was furthermore correlated to the position
of the FTIR Si-O-Si stretch local mode peak position, which was found to have a different
dependence compared to nitrogen rich SROs studied previously. The dependence of the index of
refraction on silicon content is furthermore found to agree relatively well with the effective
medium approximation.
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Silicon nanocrystal formation was subsequently studied by examining various annealing thermal
budgets in combination with different silicon concentrations. This work focuses on long
diffusion length effects to complement numerous publications focused on producing and
characterizing smaller quantum confined silicon nanocrystals. Effects that are highlighted by the
study of nanocrystals for longer diffusion length conditions include facet growth, crystal defect
formation, and local sinks for excess silicon at the surface and the silicon substrate. In particular,
facet growth suggests surface diffusion lengths long enough to produce solid-phase epitaxy like
growth, which has implications about possible mechanisms of defect formation in the
nanocrystals that are also observed in a sub-set of the imaged nanocrystals. Furthermore, silicon
loss out the surface and silicon condensation on and in the silicon substrate have implications for
future design and controlled fabrication of nanocrystals suggesting that either silicon diffusion
stops may need to be added or alternatively better models of silicon diffusion and nanocrystal
growth will be needed to fully exploit this future material system.

Photoluminescence in Silicon-Rich Oxide Thin Films under Different
Thermal Treatments

Introduction

In light of future applications in integrated photonic circuits, highly luminescent nanostructured
silicon materials, e.g., silicon nanocrystal (Si-nc), have attracted a lot of recent attention [15-19].
In Si-nc materials, due to a strong quantum confinement effect, the momentum conservation rule
is expected to be relaxed [20]. Consequently, they can become efficient light emitting materials
even with an indirect bandgap. Despite more than one decade of research, yet, the physics of
photoluminescence (PL) in Si-ncs remains unsettled [1,6,21-30]. On the one hand, there have
been many experiments showing that PL in Si-nc materials is modified by the quantum
confinement effect. On the other hand, there have also been experiments in which PL was shown
to be related to the radiative interface states, e.g., the Si=O double bonds [22,26].

We examine this problem by doing PL measurements in silicon rich oxide (SRO) thin film
samples under different thermal treatments, i.e., from zero thermal budget (ZTB) to high thermal
budget (HTB). In more than 20 samples, a very broad PL peak, blue-shifted from the bulk silicon
band edge of ~1.1 eV, was observed. What is really surprising is that in our samples the position
of PL peak is apparently pinned between ~900-1000 nm (or in the photon energy range of ~ 1.2-
1.4 V), independent of thermal budget [31]. This is very different from previous studies, where
the wavelength of PL peak can be tuned from ~ 600 to ~ 900 nm by controlling nanocrystal size
[1,6,21-30]. The pinning mechanism is currently unknown, though we speculate that it is
probably related to the radiative interface states at the surface of Si-ncs. In a further temperature
dependent study carried out in a HTB sample, it was observed that the PL intensity showed a
non-monotonic temperature dependence. This non-monotonic temperature dependence has been
observed before [21,24], and was attributed to an energy splitting between the excitonic singlet
and triplet levels [24], a consequence of quantum confinement effect. Post-annealing in forming
gas strengthens this non-monotonic dependence, and the value of the temperature where the PL
intensity displays a peak remains roughly the same, ~ 60K. Based on the above observations, we
believe that both the quantum confinement effect and the radiative interface states play an
important role in PL.
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Sample preparation and experimental techniques

The SRO thin films were prepared using plasma assisted chemical vapor deposition and
annealing of the SROs, as discussed above. On a [100] silicon wafer, a silicon dioxide buffer
layer of 30 nm was first grown. Then a silicon rich oxide (SRO) SiOy (x < 2) thin film of various
thickness was deposited using high density plasma enhanced chemical vapor deposition
(PECVD) with SiH4 and pure O,, which differs from previous reports using typically higher
pressure plasma geometries that, for example, require the use of N,O. The silicon content was
controlled by adjusting the O, flow rate. It was either determined by Rutherford backscattering
(RBS), or through a linear interpolation between two known RBS wvalues. The silicon
concentration in the SiOy varies from 33% (or pure SiO;) to 77%, the highest ratio in this work.
During the sample growth, the substrate temperature was kept below 450 °C.

PL measurements were performed using the 514.5 nm line of argon ion laser. A liquid nitrogen
cooled Ge detector and a phase lock-in amplifier at a chopper frequency of 30 Hz were utilized
to detect PL signal. Measurement temperatures were from 4 to 300K. A single silicon optical
fiber was used to carry pump and luminescence light to and from the samples. No correction for
the system response was made in our PL data.

T=77K

PL intensity (a.u.)

800 1000 1200
wavelength (nm)

Figure 9 a) Photoluminescence for a high thermal budget sample, sample A, at the temperature of 77 K. A
broad peak centered at ~ 1000 nm is clearly seen. The arrow marks the PL peak of the bulk silicon band edge.
b) A HRTEM picture of another high thermal budget sample. The average diameter of SiNCs is ~ 5 nm.
SiNCs of diameter smaller than 5 nm, some down to ~ 2nm, were also observed.

Experimental results

In Figure 9, we show the PL results for sample A. Sample A has a silicon content of 47 atomic%
(at.%), and was annealed in N; at 900 °C for 10 minutes. It is expected that during the annealing
process the extra silicon will precipitate out of the silicon dioxide matrix and silicon nanocrystals
are formed. Indeed, the formation of Si-ncs after annealing was confirmed in high resolution
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TEM (HRTEM) measurements. As shown in Fig. 9b, in another 47 at.% SRO sample annealed
in N at 1100 °C for 3 hours, the average diameter of Si-ncs is ~ 5 nm. Si-ncs of diameter smaller
than 5 nm, down to ~ 2 nm, have also been observed. In sample A, a broad PL peak is seen,
centered at the wavelength of ~ 1000 nm, or the photon energy of ~1.2 eV. It is blue-shifted from

the bulk silicon band edge of ~1.1 eV, marked by the arrow.
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Figure 10 3D plot on the wavelength of photon emission peak versus annealing temperatures (in units of °C)
and time (in units of minutes) for 20 HTB samples. Results from zero budget samples are not included.

Different thermal treatments were carried out for more than 20 samples with various silicon
contents. In general, the thermal annealing was done in the N, environment. To compare, 2
samples were also annealed in the H, environment. In Figure 10, we plot the wavelength of PL
peak for these samples as a function of annealing temperature and time. For a large parameter
space in thermal treatment, the wavelength apparently falls into the range of ~ 900-1000 nm, or
in the photon energy range of ~ 1.2 -1.4 eV. Results from three ZTB samples are not included in
this plot. Nevertheless, the position of their PL peaks also falls in the same range of ~1.2-1.4 eV.

In an effort to further examine the physical origin of PL in our samples, temperature dependent
study was carried out in two specimens, samples Al and A2, cut side by side from the same
wafer of sample A. The difference between Al and A2 is that sample A2 received an additional
post-annealing in forming gas at 410 °C for ~ Smin. In Figure 11, the temperature dependence of
the intensity of PL peak is shown for the two samples. It is clearly seen that the PL intensity
shows a non-monotonic temperature dependence. For sample A1, the intensity increases slowly
when T is increased from 4K. It reaches a maximum at T ~ 60K. Beyond this temperature, the
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intensity drops quickly and becomes discernable from the background signal at T ~ 300K. After
post-annealing in forming gas, interestingly, the temperature where the intensity reaches the
maximal value remains unchanged, ~ 60 K. On the other hand, the non-monotonic dependence
becomes stronger. For example, the ratio for the PL intensity between T = 60K and 10K is ~ 1.55
in sample A2, while it is only ~ 1.05 in sample A1l.
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Figure 11 Temperature dependence of the intensity of PL peak in specimens A1l (solid squares) and A2 (open
dots). A non-monotonic dependence is observed in both samples.

The pinning of the wavelength of PL peak is unexpected and different from most previous
studies [1,6,21-30], where the wavelength of PL peaks can be varied from ~ 600 to ~ 900 nm by
varying the nanocrystal sizes. At the present time, it is not known to us what causes the apparent
pinning phenomenon. On the other hand, compared to previous reports where SiH4 and N,O (or
CO,) were used in PECVD growth, in this work, SiH4 and pure O, were used. Perhaps, use of
pure O, might introduce a large amount of the Si=O double bonds between the crystalline silicon
core and silicon oxide matrix which, in turn, could help to pin the wavelength of PL peak.
Indeed, it has been shown that with a maximal oxygen coverage at the surface of Si-ncs, the band
gap can fall into the range of ~ 1.2-1.4eV [32]. This hypothesis seems to be able to explain
another observation in that the position of PL peak is uncorrelated with silicon content. In
previous work, it was shown that under the same thermal treatment, the size of Si-ncs increases
with increasing silicon content. As a result, the PL peak red shifts in correlation with increasing
silicon content [29]. In Figure 12, we plot the PL trace for three of our samples with silicon
content ranging from ~ 39 to 47 at.%. All three samples were annealed in N, at 1000 °C for 1
hour. The PL peak first red shifts as the Si content increases from 39 at.% to 42 at.%. However,
a further red-shift is not observed as the Si content continues to increase from 42 at.% to 47 at.%.
Instead, the PL peak blue shifts to ~ 950 nm. In Fig. 12b, the wavelength of photon emission
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peak is plotted as a function of as-grown silicon concentration for 20 HTB samples. Clearly, no
correlation is observed between the PL peak position and the silicon concentration. This un-
correlation is hard to explain solely by the quantum confinement effect. However, it is consistent
with the radiative interface luminescence model where the wavelength of PL peak is pinned and
it is natural that the PL peak position and silicon content are not correlated.
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Figure 12 a) PL data for three samples with different silicon content, ranging from ~ 39 at.% to 47 at.%. All
three samples were annealed in N, at 1000 C for I hour. The measurement temperature is 77K. b)
Wavelength of photon emission peak vs. as-grown silicon concentration for 20 high thermal budget samples.

The non-monotonic temperature dependence has been observed before [21,24], and was
attributed to an energy splitting between the excitonic singlet and triplet levels [24], a
consequence of quantum confinement effect. This, together with the above experimental results -
- the blue-shifted PL peak and its wavelength independent of thermal treatment and silicon
concentration, seem to suggest that in our Si-nc samples both the quantum confinement effect
and the radiative interface states play an important role in PL. To explain the strengthened non-
monotonic dependence after post-annealing, we note that post-annealing in forming gas is known
to passivate defect states [6,22]. Consequently, the percentage of the contribution from Si-ncs to
the PL intensity is increased, and the non-monotonic temperature effect can become stronger.
Moreover, passivation of defect states also helps to reduce the energy lever broadening. This, in
turn, reduces the mixing effect between the singlet and triplet levels. As a result, the non-
monotonic dependence is also expected to become stronger.

Summary

We have looked at more than 20 samples under different thermal treatments, ranging from zero
to the summit thermal budge. In all the samples, a very broad PL peak is observed in the photon
energy range of ~ 1.2-1.4 eV, apparently independent of thermal budget. Furthermore, a study of
temperature dependent PL was carried out, and a non-monotonic temperature dependence of PL
intensity was observed. Based on the above experimental observations, we propose that in our
silicon nanocrystal materials both the quantum confinement effect and the radiative interface
states at the surface of Si-ncs play an important role in determining the final photoluminescence.
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Magneto-Photoluminescence of Mn-Doped Silicon-Rich Silicon Oxide
Thin Film

Introduction

It has become clear that the conventional silicon transistor technology is approaching its
limitations. New device physics is needed for next generation information process and storage.
In recent years, it has witnessed the advent of magnetoelectronics and spintronics, in which one
can combine magnetism and solid state electronics via spin-dependent transport process [33,34].
The conventional electronics devices move electronic charge around. In these novel spintronic
devices, both charge and spin degree freedoms can be manipulated. Spintronic devices have the
potential to operate at considerably higher speeds and consume less power. Of course, before the
spintronc device can take off as a viable industry, we have to answer the following questions:
Can we combine ferromagnetic metals and semiconductors in integrated circuits? If yes, can we
make magnetic semiconductor devices that work at room temperature?

Among the many approaches of combining magnetic ions and semiconductors, the dilute
magnetic semiconductor of epitaxially grown III-V semiconductor, Ga;.xMnyAs, has attracted the
most attention. A Curie temperature of as high as 150 K has been achieved in this material
system [35]. However, for real applications, any device has to be able to function at room
temperature. A critical hurdle to producing spintronic devices that operate at room temperature is
to maintain the spin polarization and coherence. Recently, an above room temperature
ferromagnetism in Mn-ion implanted silicon (Si) has been demonstrated [36]. This result is very
stimulating because it suggests that a critical component for spin based field effect transistors
(FET) may be achievable in silicon, making it better suited for spin dependent transport process.

Here, we wish to report preliminary experimental results in the Mn-ion doped Si-nanocrystals
(Si-ncs) embedded in silicon rich oxide (SRO). The Si-nanocrystal material system is chosen
because: 1) It is compatible with existing silicon fabrication technologies; 2) It has shown strong
quantum confinement effects, which can modify the electric and optical properties through
directly modifying the band structure. Indeed, in photoluminescence studies, we observed, at the
temperature (T) of ~ 4 K, a broad PL peak centered at ~ 1.2 eV. It is blue-shifted from ~ 1.1 eV,
the band edge emission for bulk silicon. In the subsequent T-dependent PL study, at zero
magnetic (B) field, the PL intensity first increases very slowly and reaches a maximum at T ~ 40
K. Then, the temperature dependence takes a turn and the intensity decreases as T is further
increased. At a non-zero B field of B = 0.5 Tesla, the peak temperature (Tpeak), where the PL
intensity reaches its maximum, is higher, at ~ 80-100 K. Furthermore, compared to that at B = 0,
the decreasing rate of intensity beyond Ty 1s much weaker. We speculate that these
quantitatively different behaviors between B = 0 and 0.5 Tesla might be due to the
ferromagnetism in Mn-ion doped Si-ncs.

Experimental results

SRO thin films have been deposited using high density Plasma Enhanced Chemical Vapor
Deposition (HDP-CVD). As shown in the left panel of Figure 13, on a [100] commercially
available wafer, a thin layer of silicon oxide is thermally grown. After this buffer layer, HDP-
CVD is utilized to deposit SRO, with layer thicknesses controllable to sub-nanometer precision.
The Mn-ion implantation was done with multiple energies and fluences: 40 keV to 2x10"
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at/cmz; 100 keV to 4x10" at/cmz, and 300 keV to 1x10'® at/cm?’. Thus, the total implant dose is
1.6x10"® at/cm®. The expected depth profile is shown in the right panel of Fig. 13, with multiple

Mn-ion peaks in distributions.
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Figure 13 Left -- process of depositing silicon rich oxide (SRO), and Mn-ion implantation. Right -- the

expected depth profile of implantation.

PL measurements were performed in a Mn-ion implanted SRO (SRO:Mn) thin film. Result is
shown in Figure 14. It is clearly seen that a broad PL peak is centered at ~1.2 eV, blue-shifted
from ~1.1 eV of the band edge emission for bulk silicon. For this broad peak, the full width at

half maximum is ~ 0.2 eV.
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Figure 14 PL measurements for a Mn-ion implanted silicon rich oxide thin film at T ~ 4 K.
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Having observed the modified optical properties in this SRO:Mn thin film, we carried out
temperature dependent PL studies at different magnetic fields. In the left panel of Figure 15, we
show the PL intensity as a function of T, measured at zero B field. At low temperatures, the
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Figure 15 PL intensity versus temperature at B = 0 (left panel), and B = 0.5 Tesla (right panel). The
vertical scale is the same for the two panels.

intensity increases, while very slowly, as T is increased. It reaches a maximal value at T ~ 40 K,
and then starts to decrease as T is further increased. In the right panel, the temperature
dependence was repeated, however, at a non-zero B field of 0.5 Tesla. Compared to the zero B
case, again, a non-monotonic T dependence is observed. However, Tycax 1s higher in this case, at
~ 80-100 K. Furthermore, the decreasing rate beyond Tpcak is much weaker.

In Figure 16, we show the photon energy (E,), where the PL spectrum displays a peak, as a
function of T at B = 0 and 0.5 Tesla, respectively. Both cases show an E, decrease as T is
increased. However, at B = 0, the T dependence of E, seems to follow the trend in crystalline
silicon [37], while at B = 0.5 Tesla, the decrease is roughly linear with T.
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Figure 16 Energy of PL peak versus temperature at B =0 (left), and B = 0.5 Tesla (right).
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Discussion

A blue-shifted PL peak from the bulk silicon band gap has been seen before in previous
experiments in nanostructured silicon [15]. We believe that the broad peak at ~ 1.2 is probably
due to the formation of Si-ncs in our Mn-ion implanted SRO thin film. Based on this assumption
and the peak position, we estimate [26] that the average diameter of Si-ncs is about ~ 5 nm. The
assignment of Si-nc origin is further buttressed by the observed non-monotonic temperature
dependence of PL intensity [24] and the zero-field temperature dependence of E, [29]. It has
been shown that a non-monotonic dependence of PL intensity can be attributed to an energy
splitting between the excitonic singlet and triplet levels, due to the electron-hole exchange
interaction, inside of a Si-nc [24].

It is interesting to note that the PL intensity shows quantitatively different T dependent behavior
and a larger Tpe.x even with a relatively small B field of 0.5 Tesla. In Ref. [24], it was shown that
the value of T Was also related to the separation between the excitonic singlet and triplet
levels. Adding a magnetic field can change this separation. However, with a field of 0.5 Tesla,
for crystalline silicon, the Zeeman splitting is ~ 1 K, which is too small to account the change of
~ 40-60 K in Tpeak. On the other hand, we note that, recently, an above room temperature
ferromagnetism in Mn-ion implanted silicon has been demonstrated [36]. Perhaps, the Si-ncs in
our thin film sample contain Mn-ions and the so-formed Si-nc:Mn is also ferromagnetic. If this is
the case, the enhanced magnetization may be responsible for the enhanced Tpea at B = 0.5 Tesla.
Of course, more experiments, especially the magneto-PL at much higher B fields, are needed to
test our hypothesis.

Summary

We have shown the temperature dependence data of PL in a Mn-ion implanted silicon rich oxide
thin film, at zero magnetic field and at B = 0.5 Tesla. Quantitatively different behaviors were
observed at these two fields. We speculate that the difference is probably due to the
ferromagnetic ordering in Mn doped silicon nanocrystals.

Prospects for future silicon nanocrystal applications

This project proposes to fabricate and study novel prototype devices for next generation light
emitters, and information process and storage. The challenge lying ahead is to understand and
control quantum confinement effect, magnetic and spin phenomena on very small length scales
and in reduced dimensions.

One area that has been growing important and in which Si-ncs may play an important role is to
use spintronics devices as sensors. Applications of these sensors are increasingly found in
automotive, medical and defense products, and are expected to be important in homeland
security applications. As an example, the ability of detecting small amount of magnetic field by
utilizing the spin-dependent tunneling process can find potential applications in detecting
submarines. Our demonstration of possible ferromagnetic order in Mn-ion doped Si-ncs may
represent a significant step towards developing room temperature spintronic devices. It will
unleash many more types of devices made possibly by semiconductor high quality optical
properties and their ability to amplify both optical and electrical signals, for example, ultra-fast
switches and ultra-sensitive sensors.
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Successful demonstration of spintronic devices is also of great interest in the strategic areas of
secure and fast telecommunication. At the same time, it gives us ample opportunities for
investigations of novel quantum transport effects. This research project is closely aligned with
the nanoelectronics and photonics thrust area of CINT. By nurturing this science and then
harnessing it for spintronics technology systems, we can achieve a differentiating advantage for
decades out.

We are grateful to Dr. Y.Q. Wang of LANL for his help on Mn-ion implantation.
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