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Abstract

Group IV semiconductor (Si, Ge and Sn) nanocrystals were synthesized in dielectric
matrixes by ion implantation of the respective species into the matrix to form a
supersaturated solid solution and subsequent precipitation by thermal annealing. The
resulting structure was characterized by Transmission Electron Microscopy and Raman
spectroscopy. It was found that nanocrystals of these materials can be effectively
synthesized with diameters in the nanometer range. Ge nanocrystals in SiO, were
extensively characterized, particle size distributions were counted from TEM results and
were used to compare experimental photoluminescence spectra with theoretical
predictions. Unusual nanostructures were formed in samples co-implanted with Ge and
Sn and annealed at 600 °C. Raman spectroscopy indicated a possibility of significant
alloying of Ge and Sn in these nanostructures. Optical properties of Si nanocrystals in
silicon dioxide were investigated by photoluminescence spectroscopy as well. It was
found that while Ge nanocrystal system luminescence is mostly due to defects in the
matrix produced by ion implantation, Si nanocrystal sample luminescence is due to the Si
nanocrystals themselves. The luminescence is above the bulk Si bandgap and supports
the quantum confined excitonic luminescence theory. Light emitting devices were
fabricated using both systems. Electroluminescence was observed for both Si and Ge,
albeit with rather low efficiency, in the 10° - 107 range. Electroluminescence from Si
nanocrystal containing devices was spectrally similar to photoluminescence from that
system, with a band about 800 nm, consistent with electronic excitation of radiative
transitions in Si nanocrystals. Cubic nonlinearities were measured for both Ge and Si
nanocrystals and found to be 10°-10"° esu range. Finally, an interesting interferometric
arrangement which has a potential to be useful for investigating nanoscale structures was

theoretically described.
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Chapter 1

Introduction

1.1 Nano-scale regime.

The properties of materials on an atomic scale are governed primarily by quantum
effects. On a macroscopic scale these effects sometimes exhibit themselves in a few
interesting systems (such as superfluidity or superconductivity), but for the most part they
average out to an approximately classical behavior, i.e., quantum effects need not be
considered in the physical theory. There is however a size regime where the behavior
begins to deviate from classical, and while it is not purely a quantum regime, quantum
effects cannot be discounted in the description. This regime for most materials is in a few
nanometer range.

Many properties of nanostructures can be treated approximately in a classical
manner, but they are strongly influenced by size, since quantum mechanics begins to
come into play. Hence it is possible to tune the behavior of these structures simply by

changing their dimensions in the nm range.

1.2 Semiconductor nanostructures.

Nanostructures of semiconductor materials offer one of the most exciting
prospects for new physical systems and devices. A number of systems have been under
investigation for over 20 years. Some, such as one-dimensional quantum wells of III-V
alloy semiconductors already find a host of practical applications, such as Quantum Well
(QW) solid-state lasers and optical amplifiers, which are a commercial product, and
quantum well detectors for mid-range infrared frequencies [1,2]. One-dimensional QW's
already show some of the interesting features of quantum confinement. For instance, the
binding energy of the exciton in two dimensions is four times larger than in three
dimensions. Exciton-related effects, such as pronounced optical nonlinearities observable

in III-V quantum wells even at room temperature, are actively investigated for optical



communications applications, such as frequency conversion [3]. It is widely believed that
going to lower dimensional systems will offer even more possibilities for novel effects
and devices, such as optical nonlinearities enhanced by orders of magnitude, coulomb
blockade effects for single electron devices, and quantum dot tunneling transistors and

diodes, to name a few [4].

1.3 Synthesis of semiconductor nanostructures.

While it is relatively easy to produce one-dimensional QW's by a number of thin
film growth techniques [5], two- and three- dimensional nanostructures are much more
difficult to realize since one must define the structure not only in the vertical dimension,
but also in one or two lateral dimensions. Current limits of conventional
photolithography are in the hundreds of nanometers, so two orders of magnitude
improvement is needed to make this technique useful for making nanostructures.
Electron beam lithography has been used to define structures tens of nanometers in size
[6], but since for most semiconductor materials the range of interest lies below 10-20
nanometers, and since precise control of structure dimensions must be maintained,
usefulness of this technique is also limited. In addition there are secondary problems
with available etching and patterning methods, most of them with a few notable
exceptions [7] such as selective CVD, do not work well in the nanometer range.

For these reasons, investigators of semiconductor two-dimensional nanostructures
(quantum wires) and three-dimensional nanostructures (quantum dots) have relied on
indirect methods for producing them. Quantum wires of III-V materials have been
synthesized by selective growth on step-edges, miscut substrates and patterned (V-
grooved) substrates [8], and of group IV materials - by controlled oxidation and
subsequent thinning of e-beam defined ridges and selective nucleation on patterned
substrates [9]. Chemical synthesis of Ge quantum wires has been reported as well [10].
Quantum dots have generally been made by precipitation of the dot material out of a
solution, by selective nucleation and growth at specific sites, and by islanding during
growth on mismatched substrates. Group III-V and group IV quantum dots have been

grown by selective nucleation on miscut and lattice mismatched substrates, and on



patterned substrates [11]. Aerosol techniques (evaporation and condensation in gas
phase) have been applied to synthesize III-V, Si and Ge nanocrystals [12]. Synthesis of
II-VI nanocrystals is commonly done by subsequent precipitation of respective
components dissolved in the glass melt[13] chemically in solution [14]. Noteworthy is an
astonishing degree of size control possible for the second technique (typically to a
monolayer), as well as efficient surface passivation by organic ligands. Group IV
nanocrystals have been synthesized in solution by chemical means as well and size-
selected for characterization by liquid chromatography [15].

Chemical vapor deposition has also been used to synthesize arrays of Si quantum
dots [16]. Another commonly used method for synthesis of group IV nanocrystals has
been precipitation out of a supersaturated solid solution prepared by a number of
techniques [17]. The method of choice in this work has been ion implantation of
respective species into the host matrix because precise control of resulting concentration

profile is possible with this technique.

1.4 Optical and electronic properties.

Electronic and optical properties of nanocrystals are strongly influenced by their
size. The effects depend on the specific material, but some qualitative features are
common to all systems. Generally, when the infinite periodic potential of a crystal is
reduced in size to dimensions at which a majority of valence electrons begin to "feel" the
surface, the electronic bandstructure undergoes significant changes. Bulk Bloch electron
wavefunctions are no longer eigenstates of the system and thus crystal momentum is no

longer a "good" quantum number. Quantum states which were before delta functions of

.. . . a .
momentum begin to "smear out" the characteristic smearing being ~§~— where "k," is the

width of the Brilluoin zone, "d" the diameter of the nanocrystal, and "a" the lattice
constant. Thus electronic transitions which are forbidden in the bulk because they do no
conserve crystal momentum are allowed due to overlap of the tails of smeared out
wavefunctions. The finite envelope potential also mixes electron wavefunctions which

are relatively decoupled in the bulk , and this generally leads to changes in the electronic



bandstructure. Significant changes are also observed for excitons (coupled electron-hole
pairs) when the nanocrystal radius is around the exciton radius. The binding energy of
the exciton increases significantly leading to stable excitons at room temperature for
small enough particle diameters[18].

Beyond these general remarks, the behavior strongly depends on the nature of the
semiconductor.

Direct bandgap semiconductors with parabolic band edges such as GaAs and II-VI
materials are relatively well understood and effects of reducing nanocrystal size are
somewhat successfully treated analytically in the effective mass approximation (kep
theory), although some systematic errors persist in calculations due to inadequate
description of bulk band dispersion [19]. Indirect bandgap semiconductors, particularly
Si and Ge, offer significant challenges due to the indirect nature of the bandgap, band
nonparabolicity, and phonon mixing of electron states that cannot be discounted in the
complete description. Various predictions exist for group IV semiconductor nanocrystals,
including the effective mass model, cluster calculation, tight-binding approximation, and
explicit treatment of phonon coupling [18,20]. Although there is quite a bit of
discrepancy in the numbers, a general trend indicates that for Si and Ge the bandgap
should increase with decreasing size, and for sizes on the order of a few nanometers,
should become quasi-direct.

Interesting excitonic effects, such as enhancement of cubic nonlinearities and

stark-effect are predicted as well [21].

1.5 Si and Ge nanocrystals.

Group IV materials they are logical candidates for future nanoscale electronic and
optical applications, since Si processing technology is quite mature. However, interest in
Si and Ge nanocrystals was renewed largely as a result of observation of efficient
photoluminescence from porous silicon in 1990 [22].

Since then a number of Si and Ge nanocrystal systems has been examined, though

experimental investigation has been somewhat hampered by difficulty of producing



sufficient quantities of size-selected nanocrystals. Nevertheless, photoluminescence in the
visible has been observed in a number of systems, such as various kinds of porous Si, Ge
and Si nanocrystals in dielectrics, and Ge islands grown on GaAs and Si substrates.
Electroluminescent devices have been fabricated based on porous Si, Si nanocrystals, and
SiGe quantum dots grown on Si substrates [23], with quantum efficiencies in the 0.01 to
0.1 % range. Some coulomb blockade effects also have been investigated, although in this
application the internal physics of quantum dots is mostly ignored.

In the following chapters synthesis, structural characterization, and optical
properties of group IV nanocrystals in SiO, will be described. These materials, while still
a distance away from being technologically useful, offer exciting possibilities of
integrated optoelectronic circuits, as well some intriguing opportunities for investigation

of fundamental physics of nanoscale structures.
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Chapter 2

Group IV Semiconductor nanocrystals in Si0,

2.1 Ion Implantation for producing nanocrystals in SiO,.

Nanocrystals samples used in this work were made by ion-implanting the
respective group IV element into SiO, to form a supersaturated solid solution.
Subsequent annealing in vacuum allowed the elements to diffuse and precipitate out as
nanometer-sized particles.

Ion implantation was the method of choice in this work for a variety of reasons
stemming from both scientific and potential application considerations. Firstly, in order
to investigate many properties of interest, such as size dependence of the bandgap, precise
control must be maintained over the nanocrystal size distributions. Ion implantation
allows precise setting of the resulting film composition by adjusting the implantation
energy and the implantation dose. Multiple implants at different energies are possible in
order to form a film with an arbitrary concentration profile. In addition, ion implantation
is a standard technique used in VLSI semiconductor processing. Since we envision a
potential for integrating nanocrystals on-chip with conventional electronics, a use of a
VLSI-compatible process is a must. In fact, one application of Ge nanocrystals in SiO,
formed by ion implantation and subsequent precipitation has already been demonstrated
[1].

One potential drawback of the ion implantation technique is the damage to the
matrix. One would expect that annealing at high enough temperature would allow the
matrix to reconstruct [2], but for lower temperatures the presence of defects presents
certain challenges, particularly in spectroscopic characterization of the samples, as will be

described in the next chapter.
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2.2 Synthesis of Ge nanocrystals.

Germanium nanocrystal samples for structural and Photoluminescence (PL)
studies have been synthesized by ion implanting 100 nm thick thermal Si0, films with Ge
at 70 keV at three different doses, 1x10', 2x10', and 5x10'° /cm?, and by subsequent
thermal annealing in vacuum at various temperatures ranging from 600 °C to 1200 °C.
Ion implantation creates a supersaturated solid solution of Ge in the SiO, matrix, and
annealing precipitates particles 2-10 nm in diameter, depending on annealing
temperature. Figure 2.1 shows Ge concentration profiles in as-implanted samples, and
after annealing at 700 °C for 30 minutes. A slight steepening of the concentration profile
is observed for higher Ge content samples which is due to diffusion of atomic Ge into
regions of higher particle density. These contain larger particles which act as Ge sinks

and grow at the expense of smaller particles by coarsening.

2.3 Structural characterization of Ge nanocrystal samples.

Samples fabricated by the above method have been characterized by Raman
spectroscopy and Transmission Electron Microscopy (TEM). Samples with the lowest
Ge dose did not precipitate nanocrystals upon thermal annealing alone, although other

work in our group indicates that they do precipitate under electron irradiation in the TEM



11

15 III]IIIIIIITIIIFI!P_

------ annealed
——unannealed J

©
3 10 t—
xo i
g
E
S [
< S5}
ok i
0 20 40 60 80 100
Distance from oxide surface (nm)
Figure 2.1 Ge concentration depth profiles after implantation and after subsequent

annealing at 700 °C in vacuum for 30 minutes.

at elevated temperatures. This suggests that the solid solubility limit of Ge in thermal
SiO, is on the order of the peak concentration for this sample, or about 3 atomic %.
Results of varying annealing temperature for the middle dose sample are shown in Fig.
2.2. Mean particle diameters range from 2 nm for 600 °C anneals to 10 nm for 1200 °C.

This is the size range where calculations [3,4] predict a significant variation of
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Figure 2.2  Bright field TEM micrographs of 2x10'/cm’ Ge implanted sample
annealed at different temperatures. Significant control of particle size is possible simply
by varying the annealing temperature. Electron diffraction patterns for the samples are

inset at the upper right corner of each image.
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the bandgap with particle diameter. It is apparent that a significant degree of size control
in this range is possible solely by varying the annealing temperature. Electron diffraction
(Fig. 2.2) patterns indicate that the particles are in a diamond cubic crystalline phase. The
broadening of the (220) and (311) diffraction rings for the two lower temperature anneals
is consistent with the small particle size.

Figure 2.3 shows middle dose samples annealed at the same temperature for
different lengths of time. Contrary to what one might expect from a simple coarsening
behavior, the size distribution does not evolve significantly after about 2 minutes (the
shortest anneal possible with our furnace). One possible explanation is a diffusion
transient enhanced by the presence of defects in the matrix created by ion implantation
[8]. Annealing 5x10'® /cm® samples resulted in particle size distributions almost identical
to those for the middle dose (Fig. 2.4), although with a considerably higher particle
density.

Figure 2.5 shows a High - Resolution TEM comparison of typical particles in a
600 °C sample and typical particles in a 1000 °C sample. Crystalline particles are clearly
visible, and a number of twin boundaries in them is apparent as well.

A cross section of the 2x10'® /cm” Ge implanted sample is shown in Figure 2.6.
Germanium nanocrystals near the middle of the film are clearly visible in both bright

field (dark dots) and dark field (bright spots).
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80 min.

Figure 2.3 Middle dose samples annealed at 1000 °C for different lengths of time.
No significant evolution of the particle size distribution is observed after the first 2.5

minutes of annealing.
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Figure 2.4  Bright field TEM micrographs of 2x10'® /em® and 5x10'° /em® Ge
implanted samples annealed at 1000 °C. No significant change in average particle is

seen, although a there is a dramatic increase in particle density.

Figure 2.5 High resolution TEM images of the middle dose sample annealed at 600
°C and 1200 °C.
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Figure 2.6 Cross-sectional bright-field (top) and dark-field (bottom) TEM images of
the middle dose sample annealed at 800 °C. Nanocrystals are clearly visible in the
middle of the oxide layer. Also visible is what appears to be some Si crystallites on the

oxide surface. These may be responsible for the luminescence in the yellow part of the

spectrum.
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Raman scattering experiments were also performed on both Ge and Si implanted
samples. Figure 2.7 shows a set of spectra for unannealed Ge and Si implanted samples
and those annealed at 700 °C. One observes a general amorphous Ge shoulder around
300 cm™ extending to lower energies which grows out into a broad peak centered around
300 cm™ upon annealing. While some groups have attempted to use the width of the
Raman peak as a measure of average particle size [9,10], this method is inherently
unreliable since the broadening may be inhomogeneously dominated by surface effects
which are important for particles of such small size, as well as by inhomogeneous
hydrostatic stresses in the matrix. It is therefore difficult to obtain any information from
the Raman spectra besides the qualitative conclusion that crystalline particles precipitate

upon annealing.
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Figure 2.7 Raman scattering spectra of Ge- and Si-implanted samples before and after

annealing at 700 °C.
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2.4 Ge nanocrystal size distributions.

The bright field TEM images in fig. 2.2 were used to count Ge nanocrystal size
distributions. The actual counted data for the four annealing temperatures is shown in
figure 2.8, as well as the gaussian fits to that data. We obtain average nanocrystal
diameters of 1.9 nm, 3.2 nm, 7.2 nm, and 8.4 nm with full widths at half-maximum of
1.5, 3.4, 4.0 and 4.3 nm respectively for 600, 800, 1000, and 1200 °C anneals. These fits
will be used in the next chapter to generate a set of predicted PL spectra using the

bandgap and radiative rates as a function of size calculated by in reference [3].
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Figure 2.8 Tabulated nanocrystal size distributions based on TEM data in Fig. 2.2
(top) and gaussian fits to the histograms. The fits were used to generate the calculated

PL spectra in chapter 3.

19



20

2.5 Synthesis of Si nanocrystals.

Silicon nanocrystals in an SiO, matrix were synthesized by a similar method.
100 nm thick thermal SiO, films were implanted with Si at 50 keV at three different
doses, 1x10', 2x10', and 5x10'® /cm®. The samples and by subsequent thermal annealing
in vacuum at various temperatures ranging from 600 °C to 1200 °C.

RBS depth profiles could not be obtained since the excess few % of Si is difficult
to observe on top of a large Si background from due to poor contrast of implanted Si

from Si0O,.

2.6 Structural characterization of Si-implanted samples.

The only structural characterization possible for Si-implanted samples turned out
to be High-resolution TEM. Even here it was possible to see reasonable crystallinity only
for the high-dose samples annealed at 1000 °C high temperature. This is due to poor
contrast between these extremely small particles and the Si0, matrix since the electronic
densities of the two materials are sufficiently close. Figures 2.9 and 2.10 show a
comparison of Ge and Si -implanted middle and high dose samples annealed at 1000 °C.
While in Ge-implanted samples nanocrystals are clearly visible, in the Si-implanted
samples one observes small crystallites in the high-dose sample. They are in the 2-4 nm
diameter range, a range where calculations predict a substantial increase of bandgap and
radiative recombination rate [3,5-7]. In the middle dose sample, while the pattern is not
exactly amorphous, and one may be convinced that there are a few lattice fringes here and
there, the image is inconclusive. It is highly probable that crystallites below 3 to 4
nanometers in diameter simply do not resolve due to poor contrast.

Raman spectra shown for Si-implanted samples in Figure 2.7 besides suffering
from the general maladies described earlier, are dominated by the strong bulk substrate
Si-Si stretch. One notices the disappearance of a week shoulder extending to lower
energies and an appearance of a week broad feature centered about the bulk peak. Again,

no quantitative information can be extracted from these spectra.
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Figure 2.9 High resolution TEM images of middle and high dose Si and Ge

implanted samples annealed at 1000 °C
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Figure 2.10

nanocrystals.

Images of Fig. 2.9 at higher magnification showing individual
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2.7 Synthesis of Sn and SnGe implanted samples.

A possibility of forming optically active Sn and SnGe alloyed nanocrystals was
investigated as well. Sn nanocrystal samples were made by implanting 100 nm thick
thermal SiO, films with Sn at 100 keV at 2x10' /cm® and by subsequent thermal
annealing in vacuum at various temperatures ranging from 400 °C to 800 °C. Samples
for alloyed nanocrystal studies were fabricated by co-implanting Sn at 100 keV and Ge at
70 keV at two sets of doses, 2x10' /cm? and 2x10' /ecm? Sn, and 4x10' /cm® Ge and
1x10' /cm® Sn. These samples were subsequently annealed in vacuum as well, at
temperatures between 400 °C to 800 °C. Samples fabricated by the above method have
been characterized by Raman spectroscopy and Transmission Electron Microscopy
(TEM). Electron diffraction patterns were indexed using the adventitious Si substrate

(200) diffraction spots as the calibration.

2.8 Structural characterization of Sn and SnGe implanted

samples.

Figure 2.11 shows a bright and dark field pair of the Sn-implanted sample annealed at
800 °C. Large nanocrystals 15-20 nm are clearly visible both in bright field and in dark
field. Electron diffraction pattern indicates that the nanocrystals are mostly the 3 phase
of tin (Table 2.1 summarizes the diffraction patterns of the samples). There were two
diffraction rings that could not be attributed to either tin phase. These rings corresponded
to 3.96 A and 2.36 A interplanar spacings, which are closest to the o tin phase (111) and
(220) rings (theoretical spacings of 3.75 A and 2.29 A respectively), although the absence
of diamond cubic (200) and (311) reflections, particularly of the (200), argue strongly
against this assignment. Another possibility may be a formation of tin oxide in some

parts of the film.



Table 2.1 Summary of Sn and SnGe diffraction data.

Interplanar spacing d (A) for sample

2x10"%cm?® | 4x10'%cm?® | 2x10'%/cm® | Possible attribution Calculated d (A)
Sn, ann. at | Ge, 1x10'® | Ge, 2x10'¢
800 °C. /em® Sn, /em? Sn,
ann. at 800 | ann. at 600
°C. °C.
447 4.60 799 a—Sn (110) (forbiddden) | 4.59
414 407 403 B-Sn (110); p- SnGe? 7123
3.93 3.91 - o-Sn (111)? oxide? 3.75
3.90 B- Sn (200) 2.92
283 786 7.88 B- Sn (101) 279
Ge(200) 2.83
241 2.40 B- SnGe (111)7 strained Sn? | 2.52 for Sn (111)
2.33 2.35 - o-Sn (220)7 oxide? 2.29
7.09 710 B-Sn (201) 715
2.03 2.04 2.06 B- Sn (220) 2.06
B-Sn (211) 2.02
1.83 1.83 1.84 B- Sn (310) 1.84
1.71 1.70 1.71 B- Sn (221) 1.73
Ge (311) 171
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Figure 2.12 shows a HREM image of the sample. Large crystalline nanocrystals

are clearly visible.
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Figure 2.11  Bright and dark field TEM image pair of the 2x10'® /cm® Sn implanted

sample annealed at 800 °C.
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Figure 2.12 HREM image of the 2x10'® /cm® Sn implanted sample annealed at 800 °C.
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Co-implanted samples present a much more interesting microstructure. Although
4x10" /em? Ge and 1x10'® /em? Sn co-implanted sample annealed at 600 °C (figures 2.13
and 2.14) presents a microstructure similar to than of the Ge implanted samples annealed
at similar temperatures, the same sample annealed 800 °C shows a number of interesting
structures, such as coalesced Sn and Ge nanocrystals and "onion" structures, with what
looks like alternating shells and Ge and Sn (figures 2.15 and 2.16). In addition, atomic
scale registry is observed across the Sn-Ge interface, a nanoscale version of epitaxy.
HREM image of the 2x10'¢ /em? Ge and 2x10' /cm® Sn co-implanted sample annealed at
600 °C (figure 2.17) shows an even more striking example of this nanocrystal "epitaxy".

Electron diffraction patterns of these co-implanted samples (table 2.1) contain
rings that cannot be attributed to known Sn and Ge phases. Two possibilities exist, either
the epitaxial arrangement induces a significant amount of strain on both portions of
coalesced nanocrystals, or a new phase has formed. The former explanation is more

likely in view of the microstructure observed in TEM.

2.9 Raman scattering results.

Raman scattering results also indicate that some Ge-Ge bond lengths differ
significantly from the bulk value. Figure 2.18 shows a set of Raman spectra of the co-
implanted samples annealed at different temperatures. The spectrum for the 4x10' /em’
Ge and 1x10'® /cm® Sn co-implanted sample annealed at 600 °C shows a wide shoulder
extending from 290 cm™ down to lower energies. Upon annealing of the same sample at
800 °C two distinct peaks appear, one at 284 cm”, and another at 300 cm, the bulk Ge-
Ge stretch energy. The former corresponds either to Ge-Ge in SnGe alloy or to Ge under
tensile strain, which would be the case if Ge was epitaxial on Sn. This effect is well
known for strained III-V thin films as well as for strained SiGe films on Si substrates [11-
13]. Figure 2.19 shows the Stokes shift of the Ge-Ge stretch in SnGe alloys grown by
MBE as a function of Sn percentage. The Raman shift observed for nanocrystals
corresponds to about 16 atomic % Sn in the alloy. The Alloy lattice constant would

correspond to 5.65 A as deduced from X-ray diffraction data for MBE-grown films [14].
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Alternately, if the mechanism for this anomalous shift were the tensile strain, the Ge-Ge
bond length would correspond to 2.42 A, a value obtained from first-principles density
functional calculations[14]. Annealing at higher temperatures causes this peak to grow
in intensity, an effect that is yet unexplained, but may be related to alloying of large

percentage of Sn and Ge in the film.
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Figure 2.15  Bright and dark field TEM image pair of the 4x10'® /cm® Ge and 1x10'
/cm? Sn co-implanted sample annealed at 800 °C. A number of Sn and Ge coalesced
nanocrystals is visible in both bright and dark field. There appear to be some "onion"

structures as well.
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Figure 2.16 HREM image of the 4x10' /om® Ge and 1x10'® /em® Sn co-implanted
sample annealed at 800 °C. A number of Sn and Ge coalesced nanocrystals is visible. Tt
appears that in the well-resolved nanocrystal on the middle-right there is lattice alignment

between Sn and Ge portions. In a sense we have epitaxial growth.
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Figure 2.17 HREM image of the 2x10' /cm® Ge and 2x10'® /cm® Sn co-implanted
sample annealed at 600 °C. Here lattice fringes have resolved in both directions. We are
seeing (111) lattice planes for Ge and either (111) planes for a-Sn or (101) planes for B-
Sn. There is perfect registry across the interface, although two twins are visible in the Ge

portion.
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2.10 Conclusions.

We have fabricated and characterized structurally Si, Ge, and Sn nanocrystals in
an SiO, matrix by ion implantation and precipitation through thermal annealing. It was
discovered that the average Ge nanocrystal size can be effectively controlled by varying
the annealing temperature. Nanocrystal size distributions were obtained for Ge
nanocrystal samples annealed at different temperatures from bright field TEM
micrographs.

Si nanocrystals, although they did not resolve as well in TEM due to poor
contrast, could be observed in high resolution TEM for the highest dose implant annealed
over 1000 °C.

Samples implanted with Sn alone and anealed at 800 °C shower large crystallite
over 20 nm in diameter, while samples co-implanted with Sn and Ge contained
interesting microstructures, such as Sn nanocrystals "epitaxial" on Ge nanocrystals, as
well as "onion"-like structures. Raman measurements on the co-implanted samples
revealed a significant deviation of the Ge-Ge stretch energy from that of bulk Ge which
may be due to either formation of an alloy phase, or to significant strain induced by

"epitaxy".
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Chapter 3
Luminescence properties of Ge and Si

nanocrystals

3.1 Introduction.

Photoluminescence spectroscopy is a simple and powerful method for
characterizing the bandgap of semiconductor materials. The sample is illuminated by a
light source with photon energy larger than the bandgap of the material (typically in the
blue or in the UV), and spectrally resolved luminescence is recorded. Direct bandgap
semiconductors exhibit characteristic luminescence around the bandgap energy since the
carrier relaxation to the band edge typically much faster than the carrier recombination
time. This method should indicate whether the bandgap shifts as a function of
nanocrystal size as predicted by theory and simulations. Many groups have used this
technique to try to characterize Ge nanocrystals in SiO, fabricated by various methods
described in Chapter 1 [1-14]. However, extensive structural characterization described

in Chapter 2 was not available, and thus a thorough comparison could not be made.

3.2 Theoretical predictions.

There are a few theoretical predictions concerning the bandgap of Ge nanocrystals
as a function of nanocrystal size [15,16]. A summary is shown in Fig. 3.1. While there is
some variation in the exact numbers, the general trend is common to all, that the excitonic
energy of Ge nanocrystals will increase with decreasing nanocrystal diameter due to

quantum confinement effects (i.e., for nanocrystal sizes comparable or smaller than the
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Figure 3.1 Summary of predicted bandgap data as a function of size for Ge

nanocrystals from references [15,16].

excitonic radius in Ge). The excitonic confinement energy is expected to increase as

well, leading to relatively stable excitons at room temperature for nanocrystals below 5-6
nm in diameter. We would thus expect the luminescence to blue-shift and increase in
magnitude for samples with decreasing nanocrystal size. A few complications which will
be discussed more thoroughly in later sections deserve to be mentioned here. First, an
almost exponential increase of radiative excitonic lifetime with decreasing nanocrystal
diameter will favor smaller nanocrystal sizes. On the other hand, absorption efficiency
will generally be proportional to the nanocrystal volume, and will thus favor larger

nanocrystal sizes. As a result of the interplay of these two factors, the peak of the
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luminescence spectrum will not necessarily correspond to the average nanocrystal
bandgap, and a slightly more involved treatment is necessary to compare experimental

spectra with theoretical predictions for the bandgap and radiative lifetimes.

3.3 Experimental procedure.

Luminescence spectra were measured using a CCD Optical Multichannel
Analyzer with a .25 m single grating spectrometer. The samples were pumped by 30-100
mW of the Argon Ion 457.9 nm laser line. A filter with a 505 nm cutoff wavelength was
used to cut out stray laser light. The system had a 4 nm resolution and was calibrated for
the grating and CCD spectral efficiency using a standard black body source.
Photoluminescence lifetimes were measured using a GaAs PMT with a Multichannel
Scaler (MCS). The time resolution of the lifetime measurement system was about 100

nsec.

3.4 Photoluminescence of Ge nanocrystals.

Figure 3.2 shows a set of Photoluminescence spectra for the four annealing
temperatures of the middle dose Ge implanted samples for which TEM characterization

was described in Chapter 2. Although the nanocrystal size increased monotonically with
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Figure 3.2 PL spectra of the middle dose Ge-implanted sample annealed at different

temperatures.

increasing annealing temperature as was seen from bright-field TEM, there is no
monotonic trend in the photoluminescence spectra. To compare these spectra to

theoretical predictions of reference [16] we employ a simple “two-band” model.

3.5 Modeling of Ge PL spectra.

We consider an inhomogeneous ensemble of nanocrystal diameters given by the
gaussian fits to the particle size distributions described in Chapter 2 and shown in figure

2.8. Under weak pump, we may assume that each nanocrystal has at most one excited
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electron-hole pair. We thus treat the excited nanocrystals as being in the “upper” band
and unexcited as being in the “lower” band. We solve the rate equation and for a steady-
state condition. The radiative rates, the bandgap and the absorption efficiency are
parametrized as functions of nanocrystal size. We take the complex part of the Ge bulk
refractive index red-shifted by the predicted bandgap shift from reference [16] and scaled
by the particle volume as the absorption efficiency. Nonradiative rates are not known and
cannot be measured directly, so we will look at limiting cases. We can, however, assume
a simple dependence for the nonradiative rate, that it is proportional to the nanocrystal
surface area, since we expect dangling bonds and defects on the nanocrystal surface to act

as nonradiative recombination centers. The model is briefly summarized below
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R: Nanocrystal radius

I, Pump intensity

Y.(R),Y,(R): Radiative and non-radiative decay rates, respectively.
F(R): Fraction of nanocrystals excited.

A(R): Absorption efficiency at pump wavelength

N(R): Number of particles of radius R

Two-level system:

Steady state:
[ Y.(R)+Y,(R)|F(R)N(R) =[1- F(R)N(R)], A(R)

1, ARN(R)Y, (R)
1,A(R)+ Y,(R) + Y,(R)

Ly = F(R)Y(R)N(R) =

v
1239.842¢€ /n .
X(nm)

A(R(L)) = Vye(R(A))K| 2.71eV + E gy —
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We use this simple model to compare measured spectra to the effective mass
model of reference [16]. Figure 3.3 shows again experimentally measure luminescence
from the four samples for which particle size distributions were counted and three sets of
predicted spectra corresponding to different assumptions on the relative magnitudes of
rates. Figure 3.3 (b) is a predicted set of spectra assuming that Y, >> Y, 3.3 (c) - a set of
spectra assuming Y, >> Y, and (d) - all rates roughly the same order of magnitude; This
set of parameters comes closest to reproducing the experimental data. We conclude that
no set of assumptions can give a satisfactory fit to the experimental data, and thus either
the theoretical picture is at fault, or the origin of the luminescence is not exactly radiative
recombination of excitons quantum confined at Ge nanocrystals. Subsequent work in our

group shed more light on the origins of luminescence in our samples.
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Comparison of measured and calculated PL spectra.
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3.6 Deuteration experiments and Xe" implantation.

There is a number of possible sources of PL observed in our experiments. Oneis,
as was mentioned above, excitonic recombination at Ge nanocrystals. Other mechanisms
are possible: Surface-mediated recombination, recombination at defects inside the
nanocrystals, and also luminescence of defects in the matrix created by ion implantation
which survived after the thermal anneal. It is desirable to first examine the last
possibility, as the least favorable to possible technological applications of the material.
To do this a set of experiments was performed attempting to passivate defects in the
matrix, and also nonradiative recombination centers at nanocrystals surfaces using
deuterium since it is well known that hydrogen (and deuterium) passivates dangling
bonds in bulk Si. We would thus expect luminescence from defects to decrease upon
deuteration, and the luminescence from nanocrystals to be enhanced considerably due to
blocking if nonradiative recombination channels.

In addition, thermal oxide films were implanted with Xe at doses that correspond
to a similar defect density that would be produced as a result of Ge implants. These films
were annealed under similar conditions and their luminescence was compared to that of

the Ge-implanted films.

3.7 Experimental procedure.

Deuterium was implanted at 600 eV at various doses into the 2x10'® /cm® Ge
implanted sample annealed at 1000 °C, which corresponded to the most intense
luminescence. Deuterium concentrations in the film were measured by elastic recoil
spectroscopy (ERS) using a 2 MeV *He™ beam.

Xe was implanted into 100 nm thick thermal oxide at 120 keV at three doses
6.6x10" /cm?, 1.3x10' /cm?, 3.3x10'¢ /cm®. The energy and the doses were chosen to
reproduce the defect density and spatial distribution created by Ge implants, as predicted

by TRIM Monte Carlo code [23].
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3.8 Experimental results.

Figure 3.4 shows the relative luminescence intensity of the sample upon
deuteration to various deuterium doses. The luminescence decreases monotonically upon
deuteration to almost zero. Subsequent annealing of the deuterated sample in vacuum at
500 °C leads to some recovery of the original PL due to out-diffusion of deuterium. After
annealing about 70 % of deuterium has diffused out as seen from ERS data, leading to
recovery of about 60% of the original PL intensity. Comparing PL spectra of Ge
implanted samples with those of Xe implanted samples (Figure 3.5) where the
luminescence is due solely to the damage in the matrix, we observe strikingly similar
spectral features, and we are forced to conclude that Ge nanocrystals are optically “dead”,
and the observed PL is solely due to defects in SiO, created during implantation. PL
lifetime measurements which put the lifetime at below 100 nanoseconds, the
experimental resolution of our setup, also support this conclusion. Predicted radiative
lifetimes range from milliseconds to microseconds, and reported values for porous
silicon, for instance, are also in the msec- psec range.

Later results indicate that there may be an extremely weak PL band around 850
nm which is left after extensive deuteration and which could be attributed to Ge

nanocrystals, but since it is so inefficient, it would be of little practical value.
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Figure 3.5 Comparison of Ge-implanted and Xe-implanted samples. (a) PL of Ge-
implanted samples annealed at different temperatures, (b) PL of samples implanted with
Ge at different doses and annealed at 1000 °C and (c) PL of samples implanted with Xe at
different doses and annealed at 800 °C.

3.9 Predictions for Si nanocrystals.

Many more calculations have treated the bandgap of Si nanocrystals as a function
of particle size [16-22]. A summary of selected predictions is given in Fig. 3.6. As for
Ge nanocrystals, the qualitative trend is for the bandgap to increase significantly as the
nanocrystal diameter decreases, albeit at smaller diameters than Ge nanocrystals. As for
Ge nanocrystals, there is a large variation in the quantitative predictions, however most
calculations agree that a noticeable change in the bandgap should happen for nanocrystal

diameters below 4-5 nm.
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Figure 3.6 Summary of various calculations for Si nanocrystal bandgap as a function

of nanocrystal diameter. Results are taken from references [16-22]

3.10 PL of Si nanocrystals.

Si-implanted samples treated in a similar fashion show a markedly different PL
behavior. Figure 3.7 (a) shows the PL spectra of the Si nanocrystal sample. The yellow-
red PL band around 500-600 nm, which we have found to be due to defects, is suppressed
by deuteration, while a near IR band around 800 nm is unaffected. Subsequent low

temperature annealing at 400 °C which promotes deuterium diffusion significantly
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enhances the PL intensity of the 800 nm band. Selected spectrally resolved lifetimes
shown for the 600 nm band and 800 nm band also indicate that the former is due to defect
luminescence and the latter to Si nanocrystals. We thus conclude that the 800 nm band is
due to Si nanocrystals, and deuterium enhances the intensity by passivating defects at the
nanocrystal surface which may act as nonradiative recombination sites.

Figure 3.7 (b) shows a monotonic peak shift for the high dose Si-implanted
sample annealed ad different temperatures. The peak red-shifts as the annealing
temperature is increased which is consistent with the quantum confined exciton picture.
Presumably higher annealing temperatures produce larger average particle diameters
which corresponds, according to calculations, to lower emission photon energy.
Although, as was indicated in the previous chapter, because of poor contrast in the TEM
images, good size distributions could not be obtained and thus spectra for comparison
could not be generated using bandgap data in literature, size distributions were generated
from PL spectra for a 6x10'° /em® Si-implanted sample annealed at 1100 °C during film
etch-back using HF. Figure 3.8 shows a set of PL spectra after different durations of
etching time. Figure 3.9 shows calculated nanocrystal size distributions for Y, >> Y, and

Y, <<Y,. Asexpected, we need to look for nanocrystals in the 1-3 nm size range.

3.11 Conclusions.

Photoluminescence spectra of Ge nanocrystal containing samples were measured
and compared to calculated spectra derived from bandgap and radiative rate predictions
of reference [16]. No set of reasonable assumptions could be identified that produced
quantitative agreement between calculated and measured spectra. Subsequent deuterium
passivation experiments indicated that luminescence in these samples is due to defects in
the matrix produced by ion implantation since deuterium quenched the sample
luminescence. Photoluminescence lifetimes below 100 nsec. were also consistent with
the defect origin of PL in these samples

On the other hand, the 800 nm photoluminescence band in Si nanocrystal

containing samples was enhanced by deuteration, and so it appears to be due to Si
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nanocrystallites. PL lifetimes in the psec to msec range also suggest that PL was due to
quantum-confined excitons. The model described earlier was used to generate a set of
predicted particle size distributions. The resulting nanocrystal diameters were in the 1-3

nm range.
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Figure 3.8 PL of etched-back Si-implanted sample. PL intensity decreases

monotonically with increasing etching time.
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Chapter 4

Nanocrystal-based devices

4.1 Introduction.

Strong photoluminescence of nanocrystal-containing oxide does not necessarily
guarantee that it will be technologically useful, since almost all devices must be
electrically pumped. To test the possibility of making electroluminescent devices based
on nanocrystals PIN structures have been fabricated and characterized. The structure
consists of a nanocrystal-containing SiO, sandwiched between two layers of Si, one p-
and one n-doped. Electroluminescence spectra and current-voltage (I-V) characteristics

were acquired for these devices.

4.2 Fabrication of Ge nanocrystal-containing LED structure.

Samples consisted of a 45 nm thick polycrystalline Si films deposited initially as
amorphous films by ultrahigh vacuum electron beam evaporation onto 70 nm thick SiO,
films thermally grown on n* Si substrates. These structures were implanted with Ge at
doses of 4x10' /cm® at 140 keV and 1x10' /cm® at both 130 and 150 keV. These
energies and doses were chosen to create a supersaturated solid solution of Ge in the SiO,
film with approximately uniform Ge concentration profile at 5 atomic % throughout the
layer. The samples were subsequently annealed at 600 °C in high vacuum (~1x10° Torr)
to induce precipitation, then the top layer was doped with B in a furnace at 900 °C for 15
min. to generate a p* polycrystalline Si film at the top of the structure. Other experiments
[1] suggest that Ge nanocrystals continued to grow during this 900 °C anneal. Finally,
photolithography was used to define isolated mesas for separate devices, and to define Al

contacts using liftoff. Individual devices were of various sizes, between 1 and 0.05 mm”.
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4.3 Experimental Procedure.

The fabricated devices were subsequently electrically characterized with a
semiconductor parameter analyzer operating in current-voltage test mode.
Electroluminescence was measured with a single grating spectrometer equipped with a
charge-coupled-device-based optical multichannel analyzer detector. Photoluminescence
spectra were measured with the same spectrometer and were pumped with 40 mW of
457.9 nm argon-ion laser line. System response of the spectrometer was calibrated using
a black-body source and all luminescence spectra are divided by the system response
curve.

TEM images were acquired using the Phillips 301 transmission electron microscope.

4.4 Structural characterization.

Figure 4.1(a) is a bright-field cross-sectional TEM micrograph of the completed
device prior to metal contact deposition. Visible at the top is the polycrystalline silicon
layer with grain size approximately equal to the film thickness. The top surface of the
polycrystalline silicon is very smooth, which is characteristic of films deposited in the
amorphous phase and crystallize during post-deposition anneal. The interface roughness
of ~5 nm is observed at the polycrystalline Si/oxide interface, and the thickness of the
oxide appears to vary by approximately 5 nm across the field of view of the cross-
sectional specimen. Rutherford Backscattering spectroscopy measurements suggest that
the oxide is of a stoicheometry SiO,, where 1.5 < x < 1.8. The speckles observable in

bright-field
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Figure 4.1 (a) Bright field cross-sectional electron micrograph og the completed
device prior to metal contact deposition. (b) Dark field cross-sectional electron

micrograph of the same region.
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contrast correspond to Ge nanocrystals roughly 5 nm in diameter, which are visible in the
accompanying dark-field image of the same region shown in Fig. 4.1 (b). The volume
density of nanocrystals is approximately 1x10'® /cm’. Also visible is a rough, dark layer
at the lower oxide/Si interface, which is probably Ge,Si, , alloy region which resulted
from extension of the implanted Ge profile at 150 keV in the Si substrate and from
diffusion of Ge out of the oxide and into the substrate during annealing. This later effect
has been observed in other work at our group by RBS [2]. This effect is apparent in these
micrographs as a roughly 10 nm wide bands of oxide near the two interfaces which are
devoid of nanocrystals. A band of extended defects appears approximately 100 nm below
the oxide/substrate interface, which is due to condensation of Si point defects generated

from the stopping of the tail of Ge implant profile in the Si substrate.

4.5 Electrical and optical characterization.

The I-V characteristic of a typical device (0.8 mm?) is shown in Fig. 4.2.
Rectifying behavior is seen in forward bias, and a relatively broad breakdown feature is
seen in reverse bias between -5 and -10 volts. In both forward and reverse bias, a
relatively large series resistance is observed. Electroluminescence is characterized by an
onset at reverse bias below approximately -10 V, which corresponds to an electric field
greater than about 10° V/cm. There are indications that there exists a polarity dependence
of the breakdown in ultra-thin SiO, films related to the energy of hot electrons relative to
the Fermi level at the anode/oxide interface [3]. The dielectric breakdown electric field
of thin films of high-quality, stoicheometric SiO, is on the order of 107 V/cm, but the
observed field is reasonable in view of the stoicheometry and modified structure of the

oxide layer.
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Figure 4.2 The current-voltage characteristic of a typical device.

Devices fabricated without Ge ion implantation did not exhibit any breakdown at 50 V,
which is the maximum voltage range of the parameter analyzer. The strongest
luminescence usually appeared over approximately 10 % of the device surface. Spatial
non-uniformity in emission may be related to nonuniformity in oxide layer thickness,
which would lead to the development of electric fields exceeding the breakdown field in
the thinnest oxide regions first. Some of the devices did not exhibit luminescence and
their I-V characteristic appeared to be that of a diode in series with a large resistance (>
1000 Q).

The spectra of the devices that did exhibit electroluminescence looked quite
similar and were very broad with an onset at about 500 nm. Figure 4.3 is a comparison of

photoluminescence and electroluminescence spectra. The sharp feature at approximately
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Figure 4.3 Photoluminescence and Electroluminescence spectra at room temperature
for a typical device operating in reverse breakdown. Spectra are corrected for the
response of the optical spectrometer. The sharp feature at approximately 510 nm is an

artifact of normalization by the spectrometer response function.

510 nm is an artifact generated by division by the system response function, and was
related to an abrupt change in transmission of a filter used to suppress the pump beam.
We note that there are no artifacts in the spectra above 520 nm, where the filter
transmission 1s constant and near unity. The external efficiency of the
electroluminescence was difficult to measure directly with our setup due to difficulty of

measuring total absolute optical power output, but can be estimated to be about 10°.
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Differences between EL and PL spectra could have many causes. Possible factors
include differences in capture cross sections for the pump hot electrons and photons in EL
and PL respectively. Many details regarding the mechanism responsible for EL can not
be deduced from the available data, however we note that previously investigated EL in
Si containing SiO, materials with broadly similar morphology yielded similar results [4].
Those authors proposed a mechanism based on radiative electronic transitions between
discrete energy levels associated with Si islands and/or their interfaces with the host
matrix. It is possible that carrier injection into these discrete energy states occurs via
either relaxation from extended states in the conduction band or by tunneling from other
localized states. We speculate that the mechanism for excitation of EL is related to
impact ionization by "hot" carriers in the oxide layer, because EL was observed when the
device was in the reverse bias breakdown regime, and no EL was observed in forward
bias. We note that carrier-related EL is known to occur in reverse breakdown in single-
crystal silicon [5], but at much lower efficiencies than reported here.

It is also important to note that emission via black-body radiation is most likely
insignificant, since visible emission would require local sample temperatures above 800
°C, temperatures employed in anneals used to precipitate and grow nanocrystals, which
would result in significant microstructural and optical changes in devices during
operation. However, no degradation of EL intensity was observed over 6 hours of device
operation. Moreover, electrical and optical pump powers were similar (0.5 - 5.0 W/cm?)
and were unlikely to result in enough heating to produce visible blackbody emission from
the devices, which were in intimate thermal contact with a 4 cm?® area, 0.4 mm thick Si

substrate.

4.6 Fabrication of Si nanocrystal-based LED.

A similar structure was fabricated containing Si nanocrystals instead of the Ge
nanocrystals. Samples of 1 um thermal SiO, on p-doped Si substrates were implanted
with Si at four different energies and doses, 7.0e16 /cm” at 75 keV, 1.3e17 /cm® at 180
keV, 2.0e17 /cm® at 320 keV, and 2.3e17 /cm® at 500 keV to produce a uniform Si
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concentration profile throughout the oxide film. A 2000 A thick poly-Si top contact was
deposited by MBE and the sample was annealed at 1100 °C for 30 min to precipitate the
nanocrystals. Subsequently photolithography was used to define individual device mesas
which were subsequently etched out using a weak HF:HNO, solution. The individual

device sizes ranged from 0.07 to 1 mm’.

4.7 Experimental procedure.

Fabricated devices were subsequently electrically characterized with Keithley 487
picoammeter and voltage source Electroluminescence was measured with a single
grating spectrometer equipped with a charge-coupled device-based optical multichannel
analyzer detector. Photoluminescence spectra were measured with the same spectrometer
and were pumped with 15 mW of 457.9 nm argon-ion laser line. System response of the
spectrometer was calibrated using a black-body source and all luminescence spectra are
divided by the system response curve. TEM images were acquired using the Phillips 301

Transmission electron microscope.

4.8 Structural characterization.

Figure 4.4 is a bright-field and dark-field cross-sectional TEM micrograph of a
portion of the annealed oxide film. A number of Si nanocrystals are visible in both bright

and dark field.
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4.9 Electrical and optical characterization.

Figure 4.5 shows an [-V characteristic of a typical device. The curve shows a
rectifying behavior with a rather large series resistance. The current shown in the plot
represents the saturation current for a given applied voltage. It took a few seconds for the
device to reach the saturation current for bias voltages over 10 V. Figure 4.6 shows a set
of EL spectra taken at different applied voltages. Again, the spectra were taken at the
saturation current of the device. A luminescence band with a peak at 800 nm
characteristic of Si nanocrystal samples ( chapter 3) appeared in reverse bias at voltages
below -10 V. A similar EL band, although much broader, was observed in partially
oxidized porous Si [13]. We note that the structure visible beyond 950 nm is an artifact
of normalization since the system response at those wavelengths is very low. A PL
spectrum of the device is shown for comparison in Fig. 4.7. The 800 nm band is clearly
visible. At very high reverse bias voltages (below about -120 V) the intensity of the 800
nm band decreased and a strong band appeared centered around 900 nm. This effect often
seemed to be accompanied by irreversible physical changes to the film. The EL efficiency
of the device was 107 at -20 V bias and decreased by over an order of magnitude at -90 V
bias. The highest efficiency observed for these devices was 5x107 at -8 V bias. While
these numbers are two orders of magnitude below those reported for partially oxidized
porous Si [13,16], we attribute the discrepancy to passivation issues. It is well known
that only the (100) Si - oxide interface possesses a low density of interface states. Small
nanocrystals are expected to possess significant effective contributions from other planes
to the surface state density, and thus would not be well passivated. This is supported by
deuterium passivation experiments, where PL was seen to increase by almost two orders
of magnitude upon passivation with deuterium [10].

In forward bias there was a very weak luminescence with an unusual structure.
The bias voltages at which EL was observed correspond to fields of 100 kV/cm for 10 V
bias to 1.5 MV/cm for 150 V bias. Electronic transport in Si-rich SiO, films is fairly well
understood thanks to a significant amount of investigation by DiMaria and others at IBM

[4, 6-9]. They have found that for low fields (below 1 MV/cm), the transport proceeds
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primarily by direct tunneling from nanocrystal to nanocrystal while at higher fields (a
few MV/cm) the carriers are injected into the oxide conduction band by Fowler-
Nordheim tunneling and are subsequently accelerated in the field loosing energy to
phonon resonances and impact ionization. [4,11,12]. For fields below 1<V/cm the
average electron energy is around O - i.e., there are no "hot" electrons [7,12]. Thus our EL
spectra for 10-60 V bias probably correspond to transitions induced by tunneling of
"cool" electrons into nanocrystals. We thus observe a characteristic emission at 800 nm
which we have come to associate with the presence of Si nanocrystals in the SiO, matrix
[10]. At fields above 1.2 MV/cm, we observe a irreversible degradation of the 800 nm
band and a band around 900 nm begins to grow. At these fields we would expect some
"hot" electrons to be present [12]. Thus the 900 nm band is most likely either excited by
impact ionization of luminescent centers in the oxide, or by radiative trapping of "hot"
electrons into nanocrystals. Figure 4.8 shows an EL spectrum taken in the forward
breakdown regime at 300 V forward bias. The luminescence shifts significantly towards
the Si bandedge.

It appears that the presence of hot electrons causes a degradation of the Si
nanocrystal luminescence presumably by creating nonradiative defect states at or near Si
nanocrystal interfaces. It is known that holes created by impact ionization recombining
with injected electrons can lead to creation of interface states [14,15]. These, serving as

nonradiative recombination sites, can lead to quenching of nanocrystal luminescence.
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4.10 Conclusions.

Electroluminescent PIN structures containing both Si and Ge nanocrystals were
fabricated using ion implantation and precipitation by thermal annealing. These
structures exhibited EL in reverse bias spectrally similar to observed PL. At moderate
bias voltages Si containing structures electroluminesced with a characteristic 800 nm
indicating that this luminescence is due to radiative recombination of electrically excited
excitons quantum confined at Si nanocrystals. The origins of luminescence in Ge
nanocrystal containing device are less clear since it was found that majority of the PL
from Ge nanocrystal containing samples originates from defects in the matrix.
Efficiencies of the devices were in the 10°-107 range, and are expected to improve

substantially upon passivation of nanocrystals by hydrogen.
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Chapter 5

Nonlinear Optics of Nanocrystals

5.1 Introduction.

Semiconductor nanocrystals in a dielectric matrix have a potential to exhibit large

optical nonlinearities. Since most of these materials are isotropic on the scale of the

wavelength of light, symmetry demands that the second-order nonlinearity, X(z), be

exactly zero. However, the third-order nonlinearity, X(3) ,can be substantially enhanced

by the presence of nanocrystals. The large enhancement of the cubic nonlinearity is
expected to take place because of local field corrections [1] and of the discreteness of the
electronic density of states. The latter, provided that carrier lifetimes are sufficiently
long, can lead to significant absorption saturation effects which through Kramers-Kronig
relations will translate to intensity-dependent perturbations in the refractive index.

To date, the most thoroughly investigated XO »s in a semiconductor nanocrystal

material have been for II-VI nanocrystallites for which extremely precise control of
nanocrystal size distributions is possible because of the synthesis technique, particularly
for CdS [2] and CdSSe [3,4] nanocrystals in commercially available color glass filters.
For these materials values up to 107 esu have been reported [2].

Fused silica containing metal nanoclusters such as Au, Cu and Pb, produced by

ion implantation and thermal annealing, has received some attention as well [5,6]. For
these materials, surface plasmon resonance enhancement has produced X(3 's as large as
107"° esu.[6].

Nonlinear optical properties of some other nanoclusters in dielectric matrixes have
been investigated as well. In particular a X(3 ) 0f 2.0x10°° esu has been reported for CuCl

nanoclusters [7] and of 1.2x10°® esu for amorphous Phosphorus nanoclusters [8].
In light of theoretical predictions for Group IV semiconductor materials described

in Chapter 3 [9-13], namely that the bandgap should become quasi-direct for small
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enough crystallite sizes, Si and Ge nanocrystals in SiO, may be promising materials for

nonlinear integrated optics applications. In the following sections measurements of the

real part of the cubic optical nonlinearity X(3 ) are described.

S.2 Sample preparation.

Quartz and sapphire plates were implanted with Si an 2 MeV at 4x10"" /cm? and
with Ge at 3 MeV and at 2x10"7 /em®. Table 5.1 summarizes the average implant depths,
implanted layer thickness, and peak atomic concentrations for the four samples. This

data was obtained from TRIMM simulations [14].

Table 5.1 Summary of implantation characteristics.

Sample Average implant Implanted layer Peak atomic
depth (pm) thickness (ptm) concentration (%)

Ge—ALO, 1.25 0.2 3.4

Ge—SiO, 22 03 45

Si—ALO, 1.2 0.15 10

Si—Si0, 2.1 0.2 12

Si -implanted samples were annealed in high vacuum at 1100 °C for 15 minutes

and Ge-implanted samples - at 800 °C for 15 minutes to precipitate nanocrystals out of
the supersaturated solid solution. The X(3) values of the resulting samples were

characterized by z-scan measurement.

5.3 Experimental procedure.

Z-scan is a simple and effective way to characterize the cubic nonlinearity of thin
films [15]. The principle of the method lies in the fact that a cubic nonlinearity can be

though of as an intensity-dependent index perturbation. The schematic of a z-scan setup
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is shown in Fig. 5.1. The sample being characterized is moved through the focus of the

lens.

Detector

Aperture
Detector

Sample on a translation stage

Figure 5.1 Schematic of the z-scan experimental setup.

The incident intensity changes depending on the sample position, and thus a weak
variable lens proportional to the X(3 ) is induced in the sample. This lens causes a weak

focusing or defocusing of the beam which can be detected as variations in intensity in the
far field. This far-field intensity normalized by the incident laser power follows a
characteristic curve as a sample is moved through focus (Fig. 5.2). The peak-to-valley

difference T,, is directly proportional to the intensity-dependent index perturbation,

which in turn is proportional to the X(3 ),
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Figure 5.2 Measuring intensity-dependent index perturbation using z-scan.

5.4 Experimental setup.

The source of radiation used was a Q-switched mode-locked Nd:YAG laser. The
laser was Q-switched at 5 kHz and there were 6 mode-locked pulses per Q-switch pulse
train. The width of each pulse was about 100 Psec. The output of the laser passed
through a half-wave plate and a polarizing beam-splitter, so that the output power could

be varied without changing the lamp current which usually destabilizes the mode-locked
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pulse train due to changes in the thermal lens inside the laser rod. The resulting radiation
was focused by a lens onto a sample. A small aperture was placed in the far-field of the
transmitted beam and the intensity through the aperture was measured by a Si
photodiode. Another photodiode measured the intensity of the incident beam for
normalization. Both intensities were acquired during the scan by an A/D card and stored
in a laboratory computer. The sample was mechanically moved through the focus of the
lens on a motorized micrometer stage having a resolution of 1 micron.

To distinguish between electronic and thermal cubic nonlinearities scans were
performed with the laser operating in CW mode with the same average power. It was
evident that the effect seen in mode-locked Q-switched mode was not the well-known

thermal lens effect.

5.5 Experimental results.

Figures 5.4 and 5.5 show the measured normalized transmittances for Ge and Si
nanocrystal samples, respectively. The measured transmittance changes were on the
order of a few times the noise of the system due to the fact that the nanocrystal-containing
region was extremely thin. Transmittance change on the order of a few percent were
observed at highest possible incident intensities which were about 60-70 % of the damage
threshold of the material. Figure 5.5 is an optical micrograph of a spot on the Ge-
implanted sapphire sample where the damage threshold has been exceeded. The z-scan
curve was characterized by a sharp drop of transmittance by a factor of 3-4. A strong
scattering from the damaged spot was easily visible through the IR viewer.

Table 5.2 summarizes the experimental results for the four samples investigated.
Observed X(3) values were in the 10” - 107 esu range. The uncertainty on these values is

on the order of 20% and stems mainly from the difficulty of determining exactly the peak

laser power.
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Table 5.2 Summary of experimental results.
Sample Average Peak Intensity | T, An 1@ (esu)
laser (GW/em?)
Power(mW)
Ge—>ALO, | 300 277 0.021 0.062 ] 3.0<10°
Ge—SiO, | 250 23.1 0.04 0.078 3.4x10?
Si—>ALO, |500 46.2 0.005 0.020 5.7x10°"
Si—Sio, 400 36.9 -0.016 0.047 -1.3x10°

5.6 Conclusions.

84

Si and Ge nanocrystals have been synthesized in SiO, and Al,O, matrixes. Cubic

optical nonlinearities of the nanocrystal-containing material were measured using the z-
scan technique and found to be in the 10'°-10” range. These materials may be useful as

nonlinear optical elements in integrated optical waveguide devices.
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Chapter 6

Modulated Source Interferometric Imaging

6.1 Introduction.

Interferometry is one of the most basic manifestations of the wave-like nature of
light. It is a broad term for some process or system involving interference of two or more
light beams. The first experimental observations date back to Young double-slit
experiment in 1801. The realizations and applications of this process are innumerable,
and have generally been known for over a hundred years. Most of important and
common ones such as Michelson, Mach-Zender, Fizeau, etc. can be found in any book
on classical optics [1]. However, most of the experiments have been done with CW
sources, and thus the fringe pattern produced as the beams recombine is stationary. A
disadvantage of all CW interferometry schemes is that the fringe pattern is periodic in the
change of path-length difference which is an integer multiple of the center wavelength of
the source (as long as the change is much smaller than the coherence length). Heterodyne
interferometry is an exception, here the two beams are monochromatic beams offset by a
difference frequency, and thus the fringes beat at the difference frequency of the two
beams. The phase of this beating signal is directly related to the optical phase difference
between the two beams. This method finds many uses since it is relatively simple to
measure the phase of RF signals up to100’s of MHz.

Until recently understanding of interferometry with a general spectrum was not

developed apparently for the lack of need of understanding a real system.

6.2 Interferometry with a modulated source.

With the advent of semiconductor lasers, light sources became available with a
spectrum ranging from a single frequency amplitude modulated source to a periodic
source with hundreds of harmonics (such as a modulated semiconductor laser with large

chirp, such as a DFB laser), and so the simple treatment available for understanding
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heterodyne interferometry does not apply since now one must consider tens to thousands
of spectral components. On the other hand, experimental evidence indicates an
interesting dependence of the interferometric signal phase and amplitude on the path
length difference. This effect was recognized for the first time relatively recently [2] as a
result of an interplay of a large number of harmonics. Since treating the system as a
conventional sum of a large number of harmonics was prohibitively bulky, an alternate,
more general approach was developed by the authors to describe interferometry with an
arbitrary spectrum. This approach will be presented in the following sections. It will also
become apparent that for a special case of a periodically modulated laser diode, the result

can be cast into a particularly elegant and simple form.

6.3 Two-beam interferometry of a source with an arbitrary
spectrum.

Let us consider a source with an arbitrary spectrum, S(®). Electric field a distance x

away from the source will be given by
v e]

E - _[ S(o)e®e ™ | 63-1)
—00

Now let us consider a system where the light from this source is split up into two beams
that recombine at a photodetector having traveled a distance X and X + AX

respectively. The fields due to the two beams are
e 8] ve}

E,=A JS((D )ee™ , E,=B IS(w)eim{ik(HAK} (6.3-2)
—00 —00

Here S(®) is the signal spectrum, and A and B, the relative amplitudes of the two

beams, are real constants. This is sufficiently general since any phase can be

accommodated either as a shift of the origin, or as a change in the path length difference

AX . Also, assuming free space propagation we can replace K with % .
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The total field is then E,,=E,+E,, and the detected intensity I; will be E E:ot.

tot

Substituting equations (6.3-2) into the expression for the total intensity we obtain after

some simple algebra
I(t)=A? j j S8 (61 e dodars

B’ J]S(co )S" (o' )ei(m“m')te_é(w—m')mmdmdm'+ (6.3-3)
JAB ”‘S((D)S*(OJ')ei(m—m')te*i(m-m')x e%m'Ax +e-imx dodo'

The first two terms represent the intensity due to the two beams separately, and the third
term is the interference term which will give rise to the effects of interest. We are now

interested in the complex amplitude (amplitude and the phase) of the detected RF signal.

To obtain a complex amplitude we filter [(t) at some frequency M with some filtering

envelope f(t). The complex amplitude at (O is therefore given by

I, = Jlt(t)f(t)eiwftdt (6.3-4)

for the following development we will assume that the integration time is very large, and
thus f(t) can be taken approximately as 1. We note here that strictly speaking this

assumption is only valid for finite and bounded spectra. For a purely periodic modulation
(such as the case of a periodically modulated semiconductor laser) we may obtain
infinities in the integration since we can have a finite power in one spectral component

and an infinite integration time. There it will be necessary to include some arbitrary finite
f(t). We shall see, however that the result changes only by an overall multiplicative

constant, and so our present treatment is sufficient for most applications.
Substituting I, into equation (6.3-4) and carrying out the time integration we

obtain the complex amplitude of the RF signal at the filtering frequency



&9

—-i-f(u)~w')x

I, =A’ J.J‘S(a))s*(co')é‘)((o —0'+0;)e ° dodo'+

—i(m~m')(x+Ax)

B _US(O) S (0")8(0 — o'+, e © dodo'+ (6.3-5)

_},,(m_m x ( To'Ax ~LoAx

2AB J' J'S(co)s*(m')esm—m'mf)e c e e jd(odm'

Carrying out the integration over ®~ and combining terms we obtain our final general

result

@r

ico x+8% %
4ABe¢ f( /2) J-S(oo - %)S (oo + %ij cos(w—AX) do

C

_ 2 %cofo 5 écofx %
[, =|A°+e B |e S(0)S (0 + o, )do +
(6.3-6)

We immediately notice that while the first term depends only on the relative phase shift at
the filtering (RF) frequency, while the interference term is sensitive to relative phase
shifts at optical frequency. In a simple system the filtering frequency will be the
modulation frequency of the source, although in principle one may use arbitrary filtering
frequencies if it is of interest. Also, for a real source with finite coherence length, the
interference term will be multiplied by a fringe visibility function the exact form of which
depends on the nature of the broadening. For a simple phase random walk
Ax

I} .
¢, where /, is the coherence

(homogeneously broadened system) this function will be €
length of the source.
Of more practical interest is the form of the expression (6.3-6) for a periodically

modulated source, such as a semiconductor laser. The spectrum consists of a sum of

discrete frequency bands spaced by the modulation frequency ®,,:

S(0)= Y 2,80 -0, -0,
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M, being the center frequency of the source, and &,’s- the complex band amplitudes.
Substituting this spectrum into equation (6.3-3), setting ¢ =M, and using an arbitrary

filtering function f(t), we obtain after integrating in time:

L. = A’ Hz 2,2,8(0 ~ 0, - nw, )8 (o'-o, -ko (o -o+o,, )e—é(m—ml)xdmdm'+
nk

»«-i-(co”w')(xa-Ax)

B’ -”Z a,2,8(0 — o, ~nw,, ) (0-o, - ko, ) (o - o'+, )e © dodo'+
nk
" ~ —i(cu—m')x i<1)'Ax —imAx
2ABJ-J.Z:anakS(m—ooC -no, )¥(e"-o, -ko, (o -o'+to e © (e“ +e ¢ jdwdm'
n,k

where f(() represents the Fourier transform of the filtering function f(t).
Carrying out the double integration over (0’s, we obtain

i(n—k)comx

I, = AZZ a,a, f((n-k+Do, e
nk

. L (k) (x+4%) 3-
B> 2,2, T((n-k+Do, e Uy (63-7)

nk

5~ »i»(n—k)mmx i(o)c+kcom)Ax -—i(mc-mmm JAx
2ABZanakf((n—k+l)mm)e° ec +e ¢
n,k

If the width of £ (0 ) is much smaller than My, (i.e. the integration time is much longer

than the cycle of the modulation) only terms where K=n+1survive and we obtain our

final result:

i i
2 2 ~0 M AX |~ —0 X *
I, =|A”+B’c f(0)ec E aa. ., +

n

| (6.3-8)
4AB?(O)ecmm(X+A%) Z aa. cos((ooc +(n+ %)a)m)Ax)

n
n

As we expected, the filtering function enters only as an overall multiplicative constant,

and is thus not of major importance.
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6.4 Sinusoidally modulated semiconductor laser.

For a realistic sinusoidally current-modulated semiconductor laser, the field may

be written as B(X,t) =/1—mcos(w t) - Om T Oeite = e m is

the current modulation depth, B3 is the phase modulation depth resuiting from laser chirp,
and ¢ is the phase between them [4]. For reasonably small m we expand the expression

under the square root to second order in m, and the sinusoid in the exponential - as an

infinite sum of Bessel functions.

2 2 ©
E(x,t) = {1 - _rln—6 - %cos(co ) - —lmg cos(20 mt)} Z J_(B)en@nt+dgiotgiks

n=-c0
We are interested in a,'s, the complex band amplitudes of the resulting spectrum.

Substituting sums of complex exponentials for the two cosines and rearranging terms we

can read off the complex coefficients:

l’Il2 in m i(n—1 i(n+1
=[1—§]1n<ﬁ>e B B 4 B -

mZ

35 U2 B 41, (B)e ™)

We can now substitute them into Eq. 6.3-8. We notice that the coefficients always enter

as a an +1» S0 we calculate this expression explicitly. As before, we only keep terms up

to the second power in m.

2
ana'jwl 4 (Jz +Ji+1)+ei¢ _3@2_(21an+1 —Jan—l _Jn+1Jn+2)+

2
ﬂd}{‘! Jn%—l ! rIl6 (_2Jan+l +Jan—1 +Jn+1Jn+2)}

n+1 n" n+3

€~2i¢ ?(JHJMZ +J J )+ e~31¢ 32 (2J Jn+2 d B JH—ZJHH)
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We must now do the sums involving anan +1in Eq. 6.3-8. E a,a, . iseasily

n

evaluated since Bessel functions form an orthogonal and complete set. Only J nJ , and

J

a +1J a1 terms survive in the sum. After some manipulation we find that

Z a, an+] _ M The second sum involving the cosine is a little more difficult to
n

evaluate. Fortunately there are summation formulas for just this form, a product of two

Bessel functions with a sine or a cosine.

Z Jn<B>Jn+N<B> <noc+q>> JN(@ (Nx+<p)

n=—oo

where £ = 23 sin(%) and y = g— g’_ . Using this summation formula, and defining

+0o /2)Ax o _AX .
= (@ ¢ m/ ) and oL = — 2 , we obtain after some algebra

C C

Za anﬂcos(((n +(n+Ho,)A ) —-anJO(C){COS(p+cos((p~oc)}+
! ) (6.3-9)
e*J,(©) %cos(x +@)(1-cosa)+e™J, (Q){cos(x +Q)— —l;—lcos(x +¢)(1- cosoc)} -

2
e, (0 ? {cos(2y + @) +cos(2y + @ +a)} +e7*T,(8) r1n_6 cos(3y, + ¢ +a)(1-cosa)

for o0 <<1 the expression simplifies to

Z a athI cos(noc + (p) = ———-J o(&)coso +e —iey (&) cos(y + o) — ety ,(©) —cos(2x +0)

n

although if we want to use this method for measuring substantial distances, we must use
Eq. 6.3-9. Finally we substitute back into Eq. 6.3-8 to obtain the final result for a

modulated semiconductor laser.
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I, = —(AZ + Bzeimmij?(O)%} +
[ m i m? ]
- ZJo(C){COS(P +cos(p —a)} +e*T; (6) “1—6‘008()( +@)(1-cosa)+
(855 e, (Q{COS(X +@) = = cos(y + 9)(1—cos oc)} -
4ABT(0)ec ™ 72 8

e'sz © %l {cos(ZX +0¢)+cos(2y +¢ + oc)} +

2
e 1,0 % cos(3y + @ +a)(1 - cosar)

It is immediately apparent that the phase and amplitude of the RF signal are sensitive to
the optical phase difference between the two path-lengths ( the presence of ¢ inside the
cosine terms).

It is interesting to point out that a metrology system based on MSI is possible with
no moving parts. A DFB laser wavelength can be shifted slightly by varying the bias
current, and thus scanning the reference arm path length becomes unnecessary. All that is

needed is a static path length difference.

6.5 Interferometric Imaging with a modulated source.

We can use a similar treatment to derive an expression for a far-field time-
dependent intensity of a modulated beam passing through an amplitude/phase “mask”,
and interfering in the far-field with a reference plane wave. The schematic of the setup is

shown in Figure 6.1.
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Figure 6.1 Schematic of the MSI imaging setup.

We use the Sommerfeld diffraction formula to describe the propagation of the
image-bearing beam.

U(P,) = —i— _[ J' UP) S cos(h,f,)ds

Ty
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In our schematic cos(f, ;) becomes c0SO, and we approximate Iy, in the
denominator by R, since we are primarily interested in the complex phase contributions

arising from the exponential in the numerator, and for our condition R >>x .,y ..

correction terms in the denominator will enter in the second order. In the exponential of
the numerator, however, we expand I to first order in X and y. Making these

approximations we obtain after some algebra the formula for the image-bearing beam at

the interference point:

E(x sin® cosd+y sinOsin¢)

+di :
'S(0)e® j A(x,y)e © dxdydo

j‘—ioo cos0 o
_____..__._____e [
2mcR

Here A(X,y) is the complex field intensity at the sample plane formed as a result of

im
reflecting off the sample.

The reference beam is a plane wave that travels an arbitrary distance dr before

interfering with a portion of the far-field of the image-bearing beam, and is given as for

the two beam case by

1(Dd

E_= Bj.ei““e—C "S(0)dw

We combine the two beams as before, and our total detected intensity is

sk

EtotE,tkot - ‘Ereflz +’Eim,2 +E E*Lrn +E Eim

We will ignore the first two terms since they represent intensities of the two beams in

ref ref

absence of interference, and thus can be measured separately and subtracted out is

necessary. The information we are interested in will be contain in the last two terms, the

interference terms. We thus focus on them explicitly using a periodic spectrum for the

source, S(m) = Z a,8(0 -0, —no ) Repeating the treatment for the two-beam
n

interferometry and filtering at an integer multiple of the modulation frequency, ko, we

obtain
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i i
* ~ . icosO «  —S(R+di=d;) —2((+k)(R+d;)-nd,)
E B, = f(O)Znganamke c e ©

(0. +@+K)o,)e

—l(co cHn+K)o ) (xsinBeosd-+ysinBsing)

f IA : x,y)e ¢© dxdy
and

0} i®
i ——E(R+d;—d;) —2((ntk)d,-n(R+d;)
E:efEim = f(O) lCOSGZ:""‘nazjﬁke ¢ e ¢ ( )
n

®. +nw, )e
2mcR ¢ m)

i(m 00 1 )(xsinBcos+ysinBsing)
j A(x, y)e¢ dxdy

We can do the spatial integration since the terms in the integral represent a simple 2-D
Fourier transform of the image intensity.

PeRdi~d;) (k)R +d;)-nd,)
e C

icosO Za o e c
n%n+k
2ncR
n

X ((m ¢ +(M+ K)oy, JsinBeosd (0, +@m+k)oy, )sinesind))

E ot Eim = 1(0) (0c+(n+Ko,)e

b

C C

0 i0
* ~ - lcose % "VC(R'}"di—dr) _m((n+k)dr -n(R-i-di))
ErefEim = f(O) 2mcR zn:ananﬂ(e ¢ e ° O¢ +l‘l(Dm)0

>

7\((@0 + 10, JsinBcosd (0, + nmm)sinﬁsind))

c c

These terms can be deconvoluted to obtain spatial amplitude and phase with
precision exceeding regular imaging by orders of magnitude. The resulting information
can be analytically extended to higher spatial frequencies and thus objects below
diffraction limit can be imaged. This technique may be useful in investigating the

properties of nanostructures, as well as for sub-micron non-contact alignment for deep

UV and x-ray lithography in steppers.
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