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Abstract
As the demands on the high efficiency light emitting devices continue to grow,
alternative materials such as Si nanocrystals are attracting more and more attention from
both academic and industry. To date, quite a few Si nanocrystal fabrication techniques
have been developed targeting for high photo generated quantum efficiency. However,
the devices made of Si nanocrystals do not exhibit the expected quantum efficiency
mostly due to the lack of effective surface passivating of nanocrystals. Furthermore, the
optical properties of Si nanocrystals cannot be preserved during the device fabrication
process. Therefore, the surface treatment of bare Si nanocrystals is a prerequisite for
solution-based device fabrication and eventually high efficiency LEDs.
In this thesis, the non-thermal plasma synthesized Si nanocrystals were
hydrosilylated with reactive alkenes and the resulting functionalized Si nanocrystals
maintained relatively high quantum efficiency up to 20%; the surface functional groups
such as hexene, octene and dodecene not only prevented attacking from oxygen and
water, but also facilitated the solution process with polymers and organic solvents.
These formed Si nanocrystals in toluene can be readily dispersed into PMMA toluene
solution without any precipitation. Thin films of Si nanocrystals embedded into PMMA
matrix can be obtained on ITOs by simple spin-coating.
The device structure studied was composed of Al/Si nanocrystals PMMA/ITO.
The film of Si nanocrystal/PMMA was formed by spin-coating onto the pre-cleaned
ITO and Al was deposited by thermal evaporation. Three devices made of hexene,
octene and dodecene Si nanocrystals were fabricated. Among the different aliphatic
molecules, octene was chosen for further study as it was found to be the shortest ligand
ii

which fully passivated the Si nanocrystals but still prevented liquid phase
agglomeration.
The conduction mechanism of the fabricated LEDs was then studied. Two
conduction regimes were clearly seen on the fabricated devices. At low field, the
behavior follows space charge limited current with a weak temperature dependence.
Evidence suggests that the small energy barrier we measure may be due to the size
distribution of the nanocrystals. The low field behavior was also used to extract the Si
nanocrystal density. The trap density is in reasonable agreement with the nanocrystal
density suggesting that each trap is one nanocrystal. At high field, trap assisted
tunneling was observed. An estimate of the electron tunneling effective mass was found
to be 0.23mo. Although tunneling has been observed in epitaxially grown nanocrystals
and in 2D arrays of metal nanoparticles, this is the first time that tunneling between
nanocrystals has been seen in an electroluminescent composite film. This could be an
important step toward making low cost nanocrystal based light emitting devices since
the conduction mechanism appears to be on the nanocrystals, eliminating the need to
transfer charge or excitons from the matrix to the nanocrystals.
The efficiency of the LED of simple device structure was determined to be
relatively low at the operational voltages. One reason for the relatively low device
efficiency is believed to be the direct contact of the Al electrode to the Si
nanocrystal/PMMA film. The fact that the majority of the electron/hole recombination
events are non-radiative may also be due to the imbalance of electrons and holes
injected into the composite film.
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To improve the LED efficiency, it’s necessary to incorporate metal oxides as
charge transporting layers. Therefore, the ZnO and MoO3 were chosen for this purpose
as electron and hole transporting layers, respectively. A thorough material
characterization of ALD ZnO was discussed by utilizing techniques such as XRD,
Auger, XPS, and RBS as a function of deposition temperature. A literature review on
MoO3 was also included.
The fabrication process used to synthesize the devices which incorporated ZnO
and MoO3 was discussed in detail. The band alignment of the device indicated that
electron and hole recombination was thermodynamically favored. The emission
intensity as a function of device current was also discussed between the device of
simple structure and the device with metal oxides. The device incorporated with metaloxide transport layers exhibited improved emission intensity at lower currents than that
of the device with simple structure. Improved device efficiency was also observed on
metal-oxides Si nanocrystal/PMMA LEDs. However, both devices still showed low
device efficiency. Further improvement is needed to balance the electron and hole
densities at Si nanocrystals.
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Chapter 1: Introduction
1.1 Semiconductor Nanocrystals
Nano materials are materials with the morphological features on the nanoscale,
especially those that have material properties (electrical, optical, etc.) stemming from
their nanoscale dimensions. Nanoscale is usually defined as smaller than a one tenth of
a micrometer in at least one dimension[1]. Based on the material crystallinity, nano
materials can be categorized into amorphous nano materials and nanocrystals.
Semiconductor nanocrystals, also known as quantum dots are heavily studied materials
as their bulk counterparts are widely being explored by researchers and commercially
applied in the industries. It is generally acknowledged that unique properties occur
when the size of the quantum dots approaches that of Bohr radius of bulk materials (For
silicon this occurs around 2.5 nm). Thus, as the size of the quantum dots decreases, the
energy levels of quantum dots become more discrete, leading to an effective increase in
the bandgap. The resulting effect, referred as quantum confinement, has inspired
considerable interest in fabrication because it is feasible to synthesize a material, which
has the same composition and crystal structure, but has different properties solely based
on its physical size[2].
The first report of the semiconductor nanocrystals was from H.P. Rocksby in
1930’s[3]. It was observed that the color was changed in some silicate glasses dispersed
with CdS or CdS nanocrystals[4]. However, the phenomena were not well understood at
the time. In the mid 80s the research community came to realize that a zero dimensional
structure could produce better physical/optical properties compared to two dimensional
1

quantum wells and one dimensional nanowires[5]. The advance of this theory was aided
by the development of solution phase synthesis processes for preparation of II-VI
semiconductor nanocrystals.The relatively simple synthesis technique made possible
high quality nanocrystals that were readily available to the research community. From
that followed lasers, LEDs, and PV devices were made from nanocrystals[6-7].

1.2 Synthesis of Compound Semiconductor Nanocrystals
The crystallinity of nanocrystals directly governs their electrical, optical, and
mechanical properties.It is generally desirable to synthesize defect-free, mono-dispersed,
and inert nanocrystals in a friendly environment. One of the well established syntheses
techniques is organometallic chemistry process. This can be roughly divided into two
steps: nucleation and subsequent growth[ 8 ]. Nucleation only starts when a rapid
addition of reagents to the reaction vessel raises the precursor concentration above the
nucleation threshold. The resulting supersaturation can be relieved by a nucleation
burst process[9]. With the consumption of precursor, the decreased concentration can
slow and even stop the nucleation process; some experimental parameters such as
temperature or pH can also be used. The remaining precursor then will fuel the growth
of the already formed crystals. The size of nanocrystals is primarily determined by this
initial nucleation event[10]. If the monomer concentration is high but still below the
nucleation threshold, the smaller particles, due to the higher surface to volume ratio,
grow faster compared to the larger particles. This process is referred as “focusing” of
size distribution[11]. On the hand, at low concentration, the system has a second,
distinctive growth phase, called “Ostwald ripening”, which is a “defocus” process,
2

opposite to the focusing growth. In this process, the high surface energy of smallest
particles promotes their dissolution; the resulting material is re-deposited onto the larger
particles[12].
The requisite supersaturation and subsequent nucleation can be achieved by
rapid injection of organometallic precursors into a vigorously stirred hot coordinating
solvent, in a process called the hot-injection procedure[13]. The temperature must be
sufficient to decompose the precursors, leading to the supersaturation as the start of
nucleation. The commonly used CdSe nanocrystal synthesis process is a good example
to demonstrate the technique. A mixture of elemental selenium and dimethylcadmium
dissolved in trioctylphosphine(TOP) is quickly injected into a solution of
trioctylphosphine oxide (TOPO) and hexadecylamine (HDA). The solution is
maintained at 300 ᵒC to facilitate the decomposition of the precursors. Following the
injection step, the mixture is allowed to drop to a desired growth temperature. The
growth temperature, precursor concentration, and reaction duration are controlling
parameters for the final CdSe nanocrystal size. Typically the as-synthesized
nanocrystals are Se rich to achieve higher luminescence quantum yield. TOPO used in
the system is believed to serve several purposes: firstly, it’s used to control the crystal
growth and allow the cores to anneal for better crystallinity. Secondly, the ligand
provides steric stabilization which can prevent agglomeration. Finally, many of the
electronic surface states are passivated, therefore luminescent nanocrystals can be
obtained[14].
Hot injection techniques have been widely applied in the synthesis of II-VI
(CdSe, ZnS), III-V (GaAs, InP), IV-VI (PbS, PbSe) and group IV (Si, Ge)
3

semiconductors. As most of the precursors are susceptible to the oxygen and water
vapor, the hot-injection synthesis is usually performed in an inert environment.
Typically, the as-synthesized nanocrystals can’t meet device requirements. The first
problem is the size distribution. A size-selective precipitation technique can be
employed to address this problem. In this technique, a polar solvent such as methanol is
slowly added to the mixture of non-polar solvent and nanocrystals, due to the solubility
change, the larger nanocrystals become insoluble in the solution and precipitate. The
solid can be re-dispersed into a non-polar solvent such as hexane. After several cycles,
the standard deviation of the size distribution can be reduced. Typical values are about 5%
of the mean size[15]. Another aspect of the post-synthesis treatment is the exchange of
ligands, which is used to control the surface properties of nanocrystals, such as water
solubility, inter-particle spacing, or the addition of some functional groups onto the
nanocrystals. The introduction of ligands to the solution and following precipitation will
allow a partial ligand exchange on the surface of the nanocrystals. Repeating the
process can help to push the equilibrium to the completion of ligand exchange.
Sometimes, a unique solvent may be used instead of ligand exchange process to
improve luminescence quantum yield or optimize process conditions. Mikulec produced
CdTe

nanocrystals

with

much

higher

luminescence

efficiencies

by

using

alkylphosphoramide-tellurium precursors[ 16 ]. Similarly, Guyot-Sionnest and coworkers found that using alkylamines as the coordinating solvent greatly enhanced the
growth rate of ZnSnanocrystals[17]. Some process variations were also seen in the
research community. For example, the surface of the nanocrystal can be coated with
another inorganic shell like ZnSe, a wider band gap material. This process was found to
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increase the photoluminescence (PL) quantum yield, and chemical stability[18]. Doping
of Cu into the CdSe nanocrystals has also been reported to improve the device
efficiency[19].
Compound semiconductor nanocrystals have been extensively explored and
have found applications such as light-emitting diodes (LEDs)[ 20 ], single electron
transistors[ 21 ], solar cells[ 22 ], and fluorescent labeling[ 23 ]. However, they are
intrinsically electrochemically reactive and potentially toxic to human beings[ 24 ].
Being non-toxic to humans and friendly to the environment, Si nanocrystals then draw a
lot of attention from the research community. Tremendous efforts have been devoted to
develop simple synthesis techniques with decent mass yield and exact control of the
crystal properties such as size, shape, crystal structure, and surface chemistry[25].

1.3 Synthesis of Si Nanocrystals
Solution synthesis remains the most investigated technique for Si nanocrystal
synthesis. It has been helped by advances in organometallic silicon compounds. They
hold the promise of affording control of particle size and surface chemistry while also
providing relatively large sample sizes[26]. One of the earliest strategies reported in
1992 by Heath used a heterogeneous reaction mixture containing a sodium dispersion to
simultaneously reduce SiCl4 and RSiCl3 (R = H and n-octyl) at 385 °C and >100 atm in
a high-pressure bomb reactor for 3 to 7 days. The resulting product contained
polydispersed particles (d = 2–9 nm). Electron diffraction measurements on some
samples showed the characteristic reflection of diamond lattice Si.Infrared spectroscopy
confirmed Si–O, Si–Cl and Si–H surface termination[27]. The product was successfully
5

isolated by filtration and freed from the only reaction byproduct, NaCl, upon washing
with water. A notable improvement of this alkali metal reduction was reported by
Dhaset al. who employed sonication to simulate high pressure bomb conditions to
reduce tetraethyl orthosilicate using colloidal sodium dispersion in toluene at -70 °C.
The as-synthesized grey powder was annealed at 400 °C to afford highly agglomerated
diamond lattice silicon nanocrystals with diameters of 2-5 nm[28].
Phosphorus “doped” Si nanocrystals have been reported by Baldwin et al. who prepared
phosphorus containing, alkyl surface terminated Si nanocrystals (d = 2–12 nm) via the
co-reduction of a silicon precursor in the presence of phosphorus trichloride by finely
divided magnesium powder. The suspension chemistry produced doped Si nanocrystals,
which were then melted to prepare n-doped Si films[29].In addition to reactive metals,
the commonly used Zintl salts, (ASi; A = Na, K, Mg) obtained from the high
temperature reaction of metals with elemental silicon, have found application in the
synthesis of Si nanocrystals. Bleyet al. reported the use of KSi as the reducing
agent[30]. The as-synthesized black powder was primarily amorphous material which
contained diamond lattice silicon nanocrystals and was found to be “somewhat sensitive
to air and moisture”[31]. The nanocrystals were believed to have chlorine termination
during the reduction reaction. Subsequent reactions render the surface with methoxy
groups. To have a better control on the nanocrystal size, less reactive Mg2Si can be used
to yield photoluminescent silicon nanocrystals that were readily freed from
MgCl2impurities[ 32 ].Polydispersed Si nanocrystals are generally produced in the
heterogeneous solution reaction due to the limited control on the reaction occurring at
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the solid/liquid interface.
Homogeneous solution chemistries were later developed for monodispersed Si
nanocrystals. Tilley et al. used a solution mixture of SiCl4 with LiAlH4 to prepare small
quantities of monodispersed Si nanocrystals (d = 1.8 ± 0.2 nm)[33].Sodium naphthalide
has also proven useful in preparing Si nanocrystals of varied sizes[34,35] and surface
chemistry[36].This method is among the few that can claim particle shape control. The
general synthetic approach is to reduce SiCl4 with sodium naphthalide in glyme to yield
a dark brown solution containing Si nanocrystals. The reaction is then quenched by the
addition of anhydrous methanol or octanol. Excess naphthalene and solvent were
readily removed in a vacuum. The isolated alkoxy surface functionalized Si
nanocrystals with a narrow size distribution are obtained from this reaction.
Solution and gas phase precursor decomposition are attractive methods for
preparing semiconductor nanocrystals. In theory, the Si precursor can be decomposed,
and deposited on top of the device or substrate surface. However, the number of reports
of solution phase Si nanocrystal synthesis via precursor thermal decomposition falls far
short of those of II–VI and III–V semiconductors[37,38]. This is due to the numerous
factors including the high temperature requirement to decompose suitable precursors as
well as the high reactivity of the Si surface toward solution-borne reagents.
Korgel and coworkers, in 2001, reported the preparation of alkoxyfunctionalized Si nanocrystals via thermal degradation of diphenylsilane in supercritical
solvent mixtures of octanol and hexane.The octanol: Si ratio was used to control the
size of the nanocrystals[39]. Still, the deposit materials had a bimodal size distribution.
The smallest particles reported (i.e., d = 1.5 nm) were found to be monodisperse,
7

whereas larger particles exhibited a much broader size distribution. It was also
concluded that the surfaces of Si nanocrystals prepared this way were robustly
passivated and effectively isolated. The versatility of the super critical solution-based
approach was further explored by the reported preparation of other silicon
nanomaterials including single crystalline nanowires[40] and amorphous colloids[41].
Gas phase precursor decomposition has also been studied for Si nanocrystal
synthesis. The application of high temperature aerosol decomposition of SiH4 to yield
large (ca. d = 30–80 nm) octahedral Si single crystals was reported by Murthy et
al[42].Later, Bruset al. used a variation of this method to control the size of oxide
capped Si nanocrystals and subsequently provided significant insight into the optical
properties of silicon nanocrystals[43]. In 1982, Cannon et al[44]developed another
variation of the silane pyrolysis process. They used a CO2 laser to decompose the
silicon precursor. Huiskenet al. reported significant PL response upon etching their
product with HF for the first time[ 45 ]. Ten years after the first report of silane
decomposition, Swihart and coworkers reported the use of laser induced SiH4 pyrolysis
as an efficient method for preparing large quantities of Si nanocrystals at rates of 20–
200 mg h−1. The as-collected Si nanocrystals obtained from of this procedure had
particle dimensions of ca. 5 nm. These crystals exhibited tunable photoluminescence
spanning the visible spectrum upon controlled etching with HNO3–HF[46,47]. However,
the PL intensity decreased with increased exposure of the Si nanocrystals to air. The
growing oxide shell was believed to be in some way responsible for the PL loss.
Commercially available hydrogen silsesquioxine (HSQ) has been found by Hesselet al.
to quantitatively decompose thermally to yield oxygen rich Si particles[48]. It was
8

believed that the cage structure collapsed, producing two SiH4 molecules for every HSQ
unit at ca. 410 °C. During rapid heating, the liberated silane became trapped in the
rapidly forming Si–O matrix and decomposed at 450 °C to form nanocrystals.
Some physical methods are also found in the literature for Si nanocrystal
synthesis. Perhaps the widely studied Si-based nanostructure is porous silicon (pSi)[ 49 ].In addition, Si nanocrystals prepared by pulverizing and sonicating was
reported[50,51].
With the fast improvement on the Si nanocrystal synthesis, there is a need to
stabilize the Si nanocrystals by passivating the Si surfaces. One well-known method is
to

attach

alkyl

ligands

to

the

Si

nanocrystal

surfaces

by

using

the

hydrosilylationtechnique[52,53]. Such hydrosilylated Si nanocrystals have significantly
enhanced quantum yield as they passivate dangling surface bonds with strong and stable
Si-C bonds[54]. Furthermore, the resulting Si nanocrystals have a hydrophobic surface,
which can be readily dispersed into non-polar solvents. However, ab-initio calculations
by Reboredo and Galli suggested that Si-C bonds reduced the Si nanocrystal electron
affinity. As shown in Figure 1.1, this shift does not alter the bandgap of the Si
nanocrystals, but complicates electron injection into the hydrosilylated Si nanocrystals.
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(a)

(b)

Figure 1.1. (a) Band energy gap of Si nps for specified sizes as a function of the alkyl
surface passivation. (b) Electron affinity of Si nps for specified sizes as a function of the
alkyl surface passivation [Adapted from ref 9].

Ultra violet (UV) assisted photooxidation is another approach to decorate the Si
nanocrystal surfaces. The process can initiate and grow a thin oxide shell on planar Si
10

wafers and Si nanocrystals[55]. In comparison to the native oxide that forms when the
nanocrystals are exposed to the air, the UV emission photocleaves surface Si–H bonds
creating activated Si surface sites that react with oxygen species in the surrounding
environment following the mechanism shown in Figure 1.2[55,56].Although the oxide
passivation is readily formed and may potentially ease device fabrication, previous
studies on porous Si nanocrystals have shown that nanocrystal PL degrades and red
shifts upon exposure to UV and O2[56,57,58]. The reduced PL is attributed to the
dangling bonds generated by the removal of hydrogen that are not re-passivated with
oxygen. Even though full visible spectrum emission from Si nanocrystals is highly
desirable, the oxide shell process produces stable Si nanocrystals with optical properties
suitable for preliminary scientific investigations.

11

Figure 1.2. UV assisted photooxidation process mechanism for an initially Si–H
terminated surface[Adapted from ref 30].

1.4 Compound Semiconductor Nanocrystal LED Devices
The development of semiconductor nanocrystal LED devices is a pursuit of
higher external quantum efficiency of LED devices. Similar to the organic LEDs based
on the phosphorescent molecules, nanocrystal based LED devices do not suffer from the
spin statistics that limit the internal quantum efficiency of fluorescent OLEDs.
Furthermore, there is often speculation that the inorganic nanocrystals will be more
tolerant of high current densities than organic light emitting compounds. The first
demonstration of semiconductor nanocrystal LED devices was realized by the
Bawendiet. alI[59].The pre-synthesized monodispersedCdSe nanocrystals were mixed
with a photostable hole conducting polymer, PVK (polyvinylcarbazole) and an electron
conducting polymer, t-Bu-PBD (an oxadiazole derivative). A drop cast composite film
with CdSe 5-10% by volume was tested.It was found that the efficiency decreased with
the increased test temperature. The first reported external quantum efficiency at room
temperature from semiconductor nanocrystal LED devices was around 0.0005%. The
efficiency reported could be improved with optimized processes in the nanocrystal
synthesis or device fabrication.
A more sophisticated device was then reported, in which the CdSe nanocrystals
were closely packed onto the ITO or PPV surfaces. Two device structures were
constructed to compare the electroluminescence performance, shown inFigure
12

1.3.ITO/CdSe/PPV/Mg and ITO/PPV/CdSe/Mg showed totally different device
behaviors. With a forward bias, the device with PPV next to Mg only showed the green
PPV emission. The lack of nanocrystal emission indicated that the recombination of
electrons and holes occurred in the PPV region. The current-voltage characteristicswere
similar to pure PPV, a typical diode behavior. The other structure showed the
characteristic nanocrystal emission with a small forward bias. As the bias is smaller
than those of PPV, the electron affinity of nanocrystals was greater than that of PPV.
This posed an energy penalty at the interface of CdSe and PPV for electrons. As
observed for the heterojunctions in multilayer polymer structures, confined carriers help
the electroluminescent process by bringing the recombination zone away from the
electrodes and by creating larger electric fields at the heterojunction which enhances
thetunneling of the electrons into the PPV and holes into the CdSe nanocrystals. The
external quantum efficiency reported was around 0.01%. This improved efficiency may
be due to the several improvements in device design.First, the CdSe nanocrystals form a
separate conduction layer instead of a component of mixture. Second, PPV is used to
block the electron transport and facilitate hole transport to the CdSenanocrystals[60].
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Figure 1.3 The device Energy disgrams for ITO/CdSe/PPV/Mg and
ITO/PPV/CdSe/Mg [Adapted from ref 60].

In addition to the device design improvement, there were also some efforts to
tailor the nanocrystals. Allivtor [61] reported bilayer light emitting diodes made with
organically capped CdSe/CdS core/shell type semiconductor nanocrystals and
semiconducting polymer PPV. The device achieved an external quantum efficiency of
0.22% at brightness of 600 cd/m2 and current densities of 1 A/cm2. The device lifetime
extended to hundreds of hours with constant current flow. The core/shell nanocrystals
were believed to contribute the improved LED performance. The relative stability of
CdSe/CdS nanocrystals compared to CdSe was drawn from the energetic offsets
between the core and shell valence bands, shown in Figure 1.4. The present CdS shell
structure effectively decreases the probability that a hole on the nanocrystal escapes to
the surface. Likely, they are confined to the core where they can recombine with
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electrons. Analogously, the small potential barrier between the core and shell
conduction bands also helps to localize the electrons for recombination.

Figure 1.4 CdSe/CdS core/shell energy diagram[Adapted from ref 61].

The efficiency was improved dramatically along with the report of a new
nanocrystal deposition technique, called phase separation. This technique can produce
large area ordered monolayer of nanocrystals. The monolayer nanocrystal is formed by
spin-coating of a solution of aromatic organic small molecules or polymers and
aliphaticallymonodispersed nanocrystals. Upon the solvent drying, the two different
materials phase separate, and nanocrystals assemble into hexagonally close-packed
crystalline domains. The demonstrated device consisted of TPD, a hole transport layer,
monodispersed nanocrystals, and CBP, a electron transport layer, showed an external
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quantum efficiency of 2%. The high efficiency relies on the device structure, in which
holes and electrons are delivered to the nanocrystal layer to create excitons which
recombine in the core of nanocrystals. However, the technique requires tight control
over the nanocrystal concentration, underlayer concentration, and choice of solvent.
The deposition technique unavoidably leaves some point defects and nanocrystal
dislocations, which may prevent the even higher quantum efficiency[62].
The electroluminescence from this work depends on the recombination of hole
and electrons in the core of nanocrystals, which means that the holes and electrons need
to overcome the potential barrier posed by the organic ligands on the surfaces of
nanocrystals. Jen reported external quantum efficiency of 2.1% by annealing the
nanocrystals after the nanocrystal deposition. It was believed that the improved EL
performance resulting from the thermal annealing occurred in spite of the fact that the
nanocrystal emissive layer actually experienced a decrease in PL efficiency when
annealed. Electrical, spectroscopic, morphological, thermogravitational and massspectrographic analyses indicated that although annealing resulted in the loss of some of
the nanocrystal surface ligands, annealing also significantly improved the morphology
of the nanocrystal film to form closer packed, more ordered nanocrystal layers on top of
the substrate. In addition, the ligand loss lead to increased current densities at lower
drive voltages, as a result of a combination of improved film morphology, and
improved charge transport and injection into the nanocrystal layer. Therefore, shorter
and more conductive ligandsare preferred for charge transfer; however, longer chain
ligands can more effectively stabilize the individual nanocrystal, preventing
agglomerates during solution-based device fabrication processes[63].
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1.5 Si Nanocrystal LED Devices
Most research in Si nanocrystals has been focused on the development of novel
synthesis techniques and the characterization of nanocrystals. Little work has been done
in the area of Si nanocrystal based EL devices. Most Si nanocrystal based EL device are
based on Si nanocrystal embedded in a dielectric matrix such as SiNx, SiOx, or a-Si.
However, these devices suffer from a poor control over the size and the shape of the
embedded nanocrystals. The most efficient device demonstrated by an embedded
technique was 1.6%[64].
Hybrid devices that incorporate Si nanocrystals in single layer devices have
been briefly investigated following the compound semiconductor nanocrystal hybrid
device results. However, the results of these two independent investigations were
inconclusive as in the first investigation the Si nanocrystal emission spectrum fell
within the polymer host emission spectrum such that the two were indistinguishable[65].
In the second investigation the Si nanocrystals were passivated with hydrogen such that
polymer only emission was obtained from the hybrid device due to the lack of a stable
Si nanocrystal surface passivation shell[66].
Later, Ligman[67]demonstrated Si nanocrystal EL shown in Figure 1.5 (a). It
was a simple sandwich based architecture where ITO and Ag/Mg acted as the hole and
electron injection electrodes. Figure 1.5 (b) shows the PL and EL spectra from the
device. Both PL and EL were observed from the nanocrystals embedded in the PVK. It
is believed that the utilization of stable passivating shell and Si nanocrystals with
emission spectrum sufficiently different from host emission will be necessary for
demonstrating EL from Si nanocrystals incorporated in OLED devices. However, the
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majority of the polymer hosts are air-sensitive.It is desirable to have a stable and
emission-free polymer host for well-passivated Si nanocrystals.

Figure 1.5 (a) Device structure of Si nanocrystals dispersed in PVK. (b) PL and EL of
Si nanocrystals in PVK[Adapted from ref 67].

1.6 Thesis outline
The work contained in this thesis focused on hybrid organic Si nanocrystal
devices, one of the most promising candidates for the generation of high efficiency EL.
Chapter 2 discusses the Si nanocrystal nonthermal-plasma fabrication and surface
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passivation by alkenes. The nonthermal-plasma technique produces highly crystalline Si
nanocrystals with a narrow size distribution.The subsequent hydrosilylation forms
stable red-orange emitting Si nanocrystals. Chapter 3 presents experimental
investigations of light emitting Si nanocrystals incorporated in a PMMA host. Such
devices are tested and charge transport mechanism was proposed. Chapter 4 presents
the deposition of ZnO and MoO3. These materials were used as electron and hole
transporting layers for the Si nanocrystal based LEDs. Improved device efficiency was
observed. Chapter 5 summarizes this thesis work and provides suggestions and
preliminary results for future work.
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Chapter Two: Hydrosilylation of Si Nanocrystals
2.1 Introduction
The choice of Si nanocrystals over the compound semiconductor nanocrystals
for the nanocrystal LEDs is a result of the fact that the materials used in compound
nanocrystals are not environmentally friendly and often are toxic to human beings.
Despite the fast synthesis development of Si nanocrystals[68,69,70,71], there are still
not many mature techniques available, which can produce monodispered, stable Si
nanocrystals with benign synthesis conditions and a decent material yield. The nonthermal plasma synthesis, developed by Professor Kortshagen,meets many of these
criteria. It was used to provide Si nanocrystals for the experiments described in this
thesis[72]. Details will be given in the next section.
The surface treatment of as-synthesized Si nanocrystals is critical to the device
fabrication and final device performance. Ideally, the surface treatment renders stable
and “soluble” Si nanocrystals for solution-based device process. The energetics of the
modified surface layer is a delicate balance. The surface coating must provide barriers
to both electrons and holes to achieve quantum confinement and they must not absorb
photons. However if these barriers are too high, they can impede current injection[73].
The most common surface treatment is natural oxidation. However, due to its large
band offsets in both conduction and valence bands for SiO2 coated Si nanocrystals, the
oxide shell greatly impedes charge injection. Alternatively, long linear carbon chains
have been used for surface passivation[74]. This approach substantially reduces the
agglomeration of the nanocrystals when they are processed in solution. Therefore, the
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hydrosilylation of hydrogen-terminated Si nanocrystals with alkenes immediately after
nanocrystal formation is a feasible strategy to improve both the nanocrystals’ stability to
oxidation and PL efficiency[ 75 ].Work from Jurbergs, et. al. demonstrated Si
nanocrystals hydrosilylated with dodecene exhibited a PL efficiency of approximately
60%[76].
In this chapter, an innovative Si nanocrystal synthesis technique will be
presented and hydrosilylation chemistry will be described in detail. The resulting
nanocrystals will characterized by TEM, TGA, FTIR and NMR. The stability of formed
Si nanocrystals is also studied.

2.2 Non-thermal Plasma Synthesis of Si nanocrystals
The non-thermal plasma synthesis is a newly developed Si nanocrystal synthesis
technique that uses the dissociation of silane molecules in the presence of plasma[77].
In this process, monodispersed, hydrogen-terminated Si nanocrystals can be obtained
with the size ranging from 3 to 5 nm depending on the composition ratio of silane to
hydrogen. The synthesis equipment consists of a 3/8” OD, 1/4” ID quartz tube with two
additional ports, gas delivery system, RF power, pressure controller, nanocrystal
collector and exhaust. The complete setup is shown in Figure 2.1. 12 sccmsilane (5%
diluted in Ar) is introduced to the quartz tube along with the 95 sccm H2 through one
additional port. The downstream H2 is used to limit the extension of the plasma in the
axial direction, and to quench particle growth. The other port is connected with the
pressure controller. Generally, the pressure is set as 1.3 +/- 0.1 torr. It has been
confirmed that Si nanocrystals can be produced with pressures as high as 15 Torr.
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However,1.3torrwas found to achieve the best yield. During the synthesis, the ignited
plasma can be roughly divided into two regions. In the part upstream of the electrodes,
the optical emission appears weaker than in the region downstream of the two
electrodes. In addition, significant growth of a silicon film in the reactor tube can
always be seen upstream of the electrodes, while the growth is much less significant
downstream of the ring electrodes. This suggests that very fast nucleation and precursor
consumption occurs upstream of the electrodes. The plasma power is fed into the
system through two ring electrodes spaced by 1/4”. The plasma power plays a crucial
role in this process. Operating at too little power generally leads to the production of
amorphous particles, while extremely high power dramatically decreases nanocrystal
mass yield. The intense discharge is believed to induce evaporation of small
clusters.The precursor might then be effectively lost as a film is deposited on the reactor
walls. The optimum power is determined as 80W for all the following synthesis
experiments. A filter placed downstream of the discharge collects the nanocrystals
produced in the plasma. The filter is made of a fine stainless steel mesh (≈400
wires/inch).A few minutes of deposition is enough to completely coat the mesh. The
mass yield of the system is typically between 10 and 15 mg/hour for typical production
parameters.Higher yield can be achieved by running with a larger flow rate of silane.
With the constant hydrogen flow, the plasma-dissociated Si nanocrystals are terminated
with hydrogen. TEM images have confirmed the crystalline structure. (Figure. 2.1)
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Figure 2. 1 The non-thermal plasma setup, and TEM images of resulting Si
nanocrystals.
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2.3 Hydrosilylation of Hydrogen-terminated Si nanocrystals
The as-synthesized Si nanocrystals, along with the mesh, are carefully
transferred under a nitrogen atmosphere and ultrasonicated in a 4ml mixture solution of
1 mol/ml alkene (octene, hexene, or dodecene) and solvent xylene with a boiling point
of 140°C. The mixture solution is pre-treated with molecular sieves followed by
bubbling with ultra high purity dry nitrogen for 30 minutes. This treatment will repel
the oxygen and water absorbed in the mixture solution and prevents any side
reactionswith the hydrogen-terminated Si nanocrystals. Upon the sonication, a cloudy
suspension is formed as the Si nanocrystals can’t be welldispersed in the solution. After
the removal of the mesh, the suspension is transferred into a 10 ml closed reaction
reactor under an inert atmosphere. The reactor temperature is then raised to 180°C to
initiate the hydrosilylation reaction. The solvent along with the alkene are vaporized at
this high temperature. Essentially, the reaction occurring in the closed reactor is a high
temperature/pressure reaction. The high temperature/pressure condition can help to
move the reaction equilibrium to completion. Furthermore, the alkenes of lower boiling
points can’t escape from the reaction system. It has been confirmed that the
hydrosilylation reaction will not occur between hydrogen-terminated Si nanocrystals
and hexane or octane when heated undera normal atmosphere. Under high pressure, the
suspension solution gradually turns clear, which indicates that the hydrosilylation
reaction has occurred and the Si nanocrystals are now separated by the ligands attached.
Generally, the longer chain the alkene, the shorter time required for the solution to
become clear. It only takes 4 to 5 mins for the dodecene solution to become clear,
however, 30 mins is required for hexene. This phenomenon is due to the effectiveness
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of stabilization provided by the alkene carbon chain to the individual Si nanocrystals in
xylene.
The chemical reaction is carried out under an excess of alkenes, therefore the
following reaction mechanism is proposed: the Si-H bond is partially cleaved with the
applied heat, and the carbon double bond is inserted to form a meta-stable intermediate
with a four atom ring. The Si-H starts to break and the final hydrosilylated product
forms, as illustrated in Figure 2.2[78,79].

Figure2.2 Chemical Reaction of Si nanocrystals and alkenes.
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The as-hydrosilylated Si nanocrystals, with a broad size distribution, are still
mixed with excess alkene and hydrophobic solvent xylene. Therefore, a size-selective
precipitation technique is employed to further purify the nanocrystals. This method was
adapted from the well established technique for the purification of CdSe or
CdSnanocrystals[80,81]. Hydrophilic methanol is slowly added to the Si nanocrystal
solution, and then a cloudy mixture is formed due to the solubility change of Si
nanocrystal in response to the increased methanol content. A centrifuge is used to
separate the precipitate from the solution. The speed is set to 2000 rpm and a 10 minute
centrifuge is run. The top solution is discarded and the Si nanocrystal precipitate is then
re-dispersed by adding the hydrophobic solvent hexane. The process is repeated three
times.The size distribution can be improved to have a size standard deviation of
5%.Finally the Si nanocrystals along small amount of hexane can be dried under
vacuum and re-dispersed in toluene for device fabrication. Figure 2. 3 is shown to
demonstratethis technique.

Figure 2.3 Cartoon for Si nanocrystal purification.
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2.4 Characterization of hydrosilylated Si nanocrystals.
FTIR was utilized to understand the hydrosilylation chemistry occurring on
these non-thermal plasma synthesized Si nanocrystals[82].Figure 2.4 displays the FTIR
spectra (taken from a Nicolet Magna-IR 750 FTIR Spectrometer) from untreated Si
nanocrystals and alkene treated Si nanocrystals. The spectra were obtained by mixing
around 5 mg nanocrystals with 0.5 g KBr and pressing the mixture into pellets. The
spectrum of bare Si nanocrystals was collected immediately after nanocrystal synthesis
to avoid excess oxidation when exposed to the atmosphere. Examining the three FTIR
spectra one notices several similarities and differences.

Figure2.4 FTIR spectra of Bare Si nanocrystals and hydrosilylated-Si nanocrystals.
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All of the four spectrums have peaks near 1070 cm-1. These peaks are due to the
stretching mode of Si-O-Si[83], indicating that in both cases the nanocrystals have been
oxidized due to exposure to oxygen[84,85,86,87,88]. Both the bare Si nanocrystals and
hydrosilylated nanocrystals also exhibit SiHx stretches. This is not surprising given the
synthesis method in a SiH4 plasma. With respect to the bare Si nanocrystals, the band
near 2110 cm-1, associated with Si-H stretch in SiH2, is the most intense peak in the
spectra followed by bands attributed to SiH3 (≈ 2136 cm-1) and SiH (2095 cm-1)[89].
The SiHx stretch of the hydrosilylated Si nanocrystals is dramatically reduced in
intensity. Only a small peak was observed in the octane treated sample. This is a good
indication of hydrosilylation chemistry.
There are also some notable differences within the three FTIR spectra of
hydrosilylated Si nanocrystals. Unsurprisingly, the intensity of the broad peaks around
2950 cm-1 corresponding to the C-H stretch decreaseswith ligand length following the
sequence ofdodecene, octene, and hexene. The peaks around 1250 cm-1 follow the same
trend.
The FTIR confirmed the presence of alkyl groups in the Si nanocrystals.
Furthermore, NMR was then used to prove the chemical attachment of alkene to the Si
surfaces. All the spectra were collected on the Varian Unity 300, which is a 300 MHz
machine. The samples were dried under vacuum for 30 minutes, and then re-dissolved
in deuterated chloroform for the NMR test. The alkene molecules can be attached to the
Si nanocrystals through two configurations as shown in Figure 2.5.
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Figure 2.5 NMR of hydrosilylated Si nanocrystals.

These labeled a and b are at the standard positions for methylene (-CH2-) and
methyl (-CH3) groups, respectively. For the hydrogens labeled c and d, the position
assignment is not obvious and one must follow the established NMR spectra from
known molecular silanes. In molecular silane such as trihexylsilane, methyl group
protons adjacent to a silicon atom exhibit a smaller chemical shift at 0.58 ppm[90].The
peak position can also be found in other tri- and tetraalkylsilanes[91].Similarly, in
triisopropysilane, the proton on the tertiary carbon adjacent to silicon is 1.07 ppm, while
protons on tertiary carbons in branched alkanes typically show even higher shiftat

29

around 1.5-1.8 ppm. Therefore, the signals from the hydrogens labeled c and d in Figure
2.5 can be expected to be near 1.1 and 0.5 ppm[92].
The peak labeled “d” occurs at a chemical shift typical of a hydrogen atom on a
tertiary carbon in an alkene, rather than at a chemical shift typical of a hydrogen atom
on a carbon bound to two other carbons and a silicon in a molecular silane. This gives
indirect evidence that the hydrogens on the carbon adjacent to the silicon surface have
chemical shifts closer to those of hydrogens in alkanes than hydrogens on carbons
adjacent to silicon in a molecular tri- or tert-alkylsilane. Based on these observations,
this assignment seems to provide the most consistent explanation. In hydrosilylation
reactions, it is often assumed that the monomer attaches at the terminal carbon atom.
However, the heat-initialized reaction makes the attachment at either end of the double
bond possible[93]. The attachment selectivity may be determined by the specific alkene
molecules used in the chemical reaction[94,95].
Thermogravimetric analysis was used on the octene-treated Si nanocrystals
toestimate the composition of Si nanocrystal core to the organic ligands. The analysis
was performed under nitrogen atmosphere, and the sample temperature was increased
from room temperature to 500 °C. The graph is shown in Figure 2.6. One can observe
that the attached octene starts to decompose at 150°C, and above 375°C, the
decomposition achieves and eventually stops at 500°C. The DSC chart shows the
thermo energy change associated during the sample temperature increase. The positive
stands for ex-thermal process, indicating that the heat is released from the sample. It
started with 1 uv/mg at around 150°C, and continued to increase until it reached the
peak at 375 °C with 4.5 uv/mg. Continuing with the temperature increase, the ex30

thermal went down to around 4 uv/mg until 500°C. The massfraction of the organic
component of the grafted nanocrystals was obtained directly from TGA, assuming that
the organic component is decomposed completely at the high temperature of 500 °C. By
taking the molecular weights into account, the atom ratio of octene to Si is 1:15. To
have a simple model, the as-synthesized Si nanocrystal, having a 4 nm each side, thus
has 3260 Si atoms, with 230 octene molecules attached. The diamond cubic crystal
structure will be used to predict the surface atoms on a cubic Si nanocrystal. There are
around 310 surface atoms, with around 75% are attached with octene molecules. The
incomplete Si double bond consumption might be explained by the steric hindrance of
the surface chemistry. In addition, the FT-IR of the octene-treated Si nanocrystals
showed traces of hydrogen peaks.

Figure 2.6.Thermogravimetric analysis of octene-treated Si nanocrystals.
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2.5 Stability of Si nanocrystals:
The stability of alkene treated Si nanocrystals was also studied. The
hydrosilylation step is believed to grow a dense organic shell around the nanocrystals.
However, oxidation still occurs when stored in toluene. Typically, the as-synthesized Si
nanocrystals do not have any photo luminescence(PL) due to nonradiative
recombination associated with dangling bonds on the crystal surfaces. With the surface
treatment, the majority double bonds are saturated by the hydrosilylation with the
alkenes. However, due to the nature of surface reaction, not all the dangling bonds will
be consumed. The unpassivated states and the hydrogen terminated sites become the
reaction sites with the oxygen and water in the air. This phenomenon was confirmed by
the PL study as a function of sample storage time.
The Si nanocrystal emission from 1mL samples was excited using a UV-LED
source centered at 365nm, collected within a 2” integrating sphere, and measured with
an OceanOptics USB2000 spectrometer. These samples contained 10.0% Si
nanocrystals dispersed in toluene which were stored in solution ranging from one week
to seven weeks. The emission peak position was determined by the average of three
measurements. The typical range between each measurement is less than 2 nm.
As shown in Figure 2.7, strong emission at 745 nm was observed for the freshly
synthesized nanocrystal samples. The quantum yields for dodecene and octene treated
samples are around 20%, the hexene treated sample is slightly lower at 16%.The initial
peaks are at 744 nm, 748 nm and 743 nm for dodecene, octene and hexene samples,
respectively. As discussed earlier, exposure to oxygen or water allows the oxide growth
by deprotonating un-reacted hydrogen from the Si np, exposing Si surface bonds that
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subsequently react with oxygen and water in the surrounding environment. Since in
general the emission peaks of all samples decrease as a function of increasing oxide
thickness, non-radiative decay states must be formed during the oxide shell growth, and
therefore the effective Si nanocrystal size decreases. After around seven weeks, the
emission peaks leveled off and the change in the peak emission wavelength was about
35 nm, corresponding to a 0.2 nm size reduction[96]. This phenomena was illustrated in
Figure 2.8.

Figure 2.7.PL of Alkene treated samples.
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Figure 2.8PL peak positions as a function of storage time.

Due to the fact that most of semiconductor compound nanocrystals are toxic, Si
nanocrystal is an ideal candidate for the LEDs. Despite all kinds of synthesis methods,
the non-thermal plasma synthesis of Si nanocrystal, involved the dissociation of silane
gas in the hydrogen environment, can provide monodispersed nanocrystals with a
decent yield. In addition, the TEM images of synthesized particles confirmed the
crystalline structures. The crystal size can be tuned by adjusting the ratio of silane to
hydrogen.
The as-formed Si nanocrystals are mixed with alkenes in xylene, and the
chemical reaction occurs in the closed reaction container under high temperature and
high pressure. Such conditions can help to move the reaction equilibrium to completion.
The hydrosilylated Si nanocrystals were characterized by FTIR and NRM. The organic
34

carbon chains were successfully attached to the crystal surfaces. The stability of
hydrosilylated Si nanocrystals was studied as a function of storage time. The un-reacted
Si-H sites can still be attacked by the oxygen or water in the solvent, however, the oxide
layer growth is relatively small.
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Chapter Three: Device Fabrication and Physics
3.1 Introduction
Silicon nanocrystals have been heavily researched due to their possible
application in optoelectronics[ 97 , 98 ],photovoltaics[ 99 , 100 ], biomedical devices[ 101 ],
and electronic structures such as coulomb blockade devices[ 102 ], single electron
transistors[103], and non-volatile memory[104,105]. Charge transport is critical to many
of these applications. The vast majority of this work has looked at the conduction of Si
nanocrystals in SiO2 using phase segregated SiOx[ 106 ], oxidized amorphous silicon
[107,108], and particles formed by laser ablation followed by native oxide formation
[109,110]. Since the particles in all of these studies are very polydisperse and have a
poorly controlled interface within the matrix, it is not surprising that the reported
conduction mechanisms vary widely. Rafiq, et.al. deposited well controlled Si
nanocrystals, but passivated them with a native oxide[ 111 , 112 ]. All of this work is
problematic since the interface is poorly controlled. States associated with the nano
particle surface can significantly change the conduction and must be controlled to
develop a more general result.
A reasonable measure of the degree of surface passivation is the
photoluminescent (PL) quantum yield (QY). Surface states typically contribute
nonradiative pathways for recombination [ 113,114] and so reduce the PL efficiency.
Free-standing Si nanocrystals typically exhibit no initial PL. Allowing the nanocrystals
to completely oxidize increases the PL efficiency, but the quantum yield typically
saturates at no more than 10%[115, 116]. Many devices are far less efficient, with some
unable to produce observable PL. Functionalization of the surface of free-standing Si
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nanocrystalswith carbon chains is well known to passivate the surface. This has led to
the formation of colloidal Si nanocrystals that exhibit a QY as high as 60% [ 117 ].
Commonly used alkenes include long aliphatic molecules such as dodecene
(CH2=CH(CH2)9CH3), tri-n-octylphosphineoxide ((C8H17)3PO or TOPO) or oleic
acid(CH3(CH2)7CH:CH(CH2)7COOH). However, similar to a SiO2 shell, long aliphatic
molecules severely degrade electron transport to the Si nanocrystals[22].This effect is
believed to be a significant contributor to the poor performance of nonepitaxial
electroluminescent Si nanocrystal based devices where electroluminescent efficiencies
are typically less than 1% even though photoluminescent efficiencies are often much
larger[23-25].
This chapter explores the conductivity of composite films consisting of Si
nanocrystalswith various passivating ligands suspended in a highly insulating matrix
material. By packing a high concentration of nanocrystals in a very wide bandgap
insulator, one can attempt to force carrier transport through the nanocrystals in the film.
This approach changes the charge transfer problem since, ideally, the charge carrier
never occupies a state associated with the matrix material. Charge transfer between the
matrix and the nanocrystal is not a serious concern. As a result, such a structure could
be an attractive way to approach the fabrication of efficient nanocrystal LEDs. Among
the different aliphatic molecules, octene was chosen as it was found to be the shortest
ligand which fully passivated the Si nanocrystals but still prevented liquid phase
agglomeration. PMMA was chosen as the insulating material rather than SiO2 since
organically passivated Si nanocrystals do not tolerate the elevated temperature required
for the deposition of high quality SiO2. PMMA is a large band gap insulating polymer,
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and can transmit 92% visible light.(up to 3 mm thickness). Therefore, PMMA was
chosen as the matrix for all the following experiments. Figure 3.1 shows the PMMA
molecular structure.

Figure 3.1 the molecular structure of PMMA.

3.2 Fabrication of Si nanocrystal based LEDs
The synthesis and functionalization of the Si nanocrystals used in this study was
presented from some literature and described in previous chapter[121,122].Initially, the
suspension of freshly synthesized bare Si nanocrystals in toluene appeared cloudy.
Following ultrasonication, the suspension was transferred into a flask filled with
reactive alkene via cannula transfer and then refluxed under N2 flow at a temperature of
180˚C for 30 minutes. During this step the cloudy suspension became clear. Following
the hydrosilylation process, the suspension was mixed with methanol and centrifuged to
purify the Si nanocrystal suspension from excess chemical reagents. The clear portion
was poured off. Hexane was added to the precipitates, once again making the solution
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clear. This process was repeated three times. After this the excess hexane was removed
by evaporation in a vacuum and the nanocrystals were weighed. Next, the nanocrystals
were redispersed into toluene and mixed with a PMMA (also in toluene) to obtain the
desired concentration of nanocrystals embedded in the PMMA matrix.

No

agglomeration was observed when preparing these solutions as the solutions remained
clear and nothing was found after passing solutions through an Acrodisc Syringe Filter
(200 nm) with a PTFE membrane.
The fabrication of Si nanocrystals/PMMA films used in this study can be
divided into several steps. Initially, PMMA and Si nanocrystals were independently
dispersed in toluene, each at 20 mg/ml. These two suspensions were then mixed in
several weight ratios. Since the two suspensions were dilute, the weight ratio of the
suspension is a good indicator of the final material weight ratio. Figure 3. 2 showed the
mixture solutions of hexne-treated Si nanocrystals/PMMA, octene-treated Si
nanocrystals/PMMA and dodecene-treated Si nanocrystals/PMMA. The solution of
hexane samples usually show some precipitates after one day storage at room
temperature. This was due to the short ligand, having the least stability against phase
agglomeration. Octene and dodecene treated Si nanocrystals/PMMA composite
solutions can be stored for 30 days without any noticeable precipitates. As mentioned in
the previous chapter, the oxidation process slowly undergoes, making the PL peak
position move toward to the lower wavelength.
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Figure 3.2the mixture solutions of hexne-treated Si nanocrystals/PMMA(left), octenetreated Si nanocrystals/PMMA(center) and dodecene-treated Si
nanocrystals/PMMA(right)

After the mixing step, the solution was spin-coated onto clean [123] indium-tin
oxide coated glass substrates (Delta Technologies). Immediately after coating, the films
were baked in a N2 ambient at 100˚C for 30 minutes to remove any remaining solvent.
Finally, the top cathode (200 nm of Al) was thermally evaporated through a stencil
mask creating devices with areas ranging from 1.76 to 12.56 mm2. The resulting device
structure was shown in Figure 3.3.

Figure 3.3 Cartoon of Si nanocrystal/PMMA composite device. From top to bottom,
the Al cathode, Si nanocrystal/PMMA, and ITO.
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The octene-treated Si nanocrystals/PMMA composite films were firstly studied
by the TEM. The KBr pellet was used as the substrate, and the mixture solution (Si
nanocrystal to PMMA 5:1) was spun on with a spin speed of 5000 rpm. The resulting
film along with KBr pellet was then dissolved in the DI water. Then drops of the
solution containing pieces of composite film were spread on the carbon grid for TEM.
Dark field images have been collected to show the dispersion of Si nanocrystals in the
PMMA matrix. 0, 90, 180 and 270 ᵒC conditions are shown, respectively. (shown in
Figure 3.4) One can conclude that the Si nanocrystals in the film are closely packed if
the TEM images from all the angles are overlapped.

Figure 3.4 Dark field TEM images of Si nanocrystal PMMA composite films from
0,90, 180 and 270º.

41

Electrical measurements (IV) characteristics were performed with an Agilent
5146 parameter analyzer. The photoluminescence (excited at 392 nm by a UV LED)
and electroluminescence spectra of the nanocrystal:PMMA composite films were
investigated by an Ocean Optics USB2000 spectrometer. All of the PL and EL spectra
presented in this work were corrected with respect to the spectral response of the
system. The light intensity was measured using a silicon photodiode (Newport, Model
818) and optical power meter (Newport, Model 1830-C).

3.3 Electrical Analysis of LEDs
The photoluminescence (PL) and electroluminescence (EL) of the functionalized
Si nanocrystals were compared. The hexene-treated samples, have PL around 20%
lower thanthose of octene- or dodecene-treated samples. Suspensions of hexene-treated
samples were often found to turn cloudy during device fabrication, suggesting
agglomeration and precipitation. Little or no visible emission was observed in devices
made from these suspensions. For the octene-treated and dodecene-treated samples, the
addition of PMMA to the Si nanocrystals did not change the PL positions. However,
the octene-treated Si nanocrystal/PMMA composite device showed much higher current
and corresponding higher light intensity compared to dodecene-treated Si/PMMA
device. Figure 3.5 showed the current densities between these two devices, which were
prepared with the same film thickness. Octene device has a current density of 300
mA/cm2 at voltage of 11 V, however, at the same operating voltage, dodecene device
only gives a current density of less than 50 mA/cm2. As a result, the light intensities
produced by these two devices were quite different, seen in Figure 3. 5. In the dark
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room, no light was observed from dodecene device; however, the light was visible from
octene device. Figure 3.6 showed the red light from octene device operated in the air.
The different device behavior was thought to be a result of ligand length. As the octene
device showed the best performance among three alkene devices, we will focus on the
octene device to study the carrier transfer mechanism.
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Figure 3.5 Current densities and light intensities of octene and dodecene treated
Si/PMMADevices.

Figure 3.6 red light emission from the octene treated Si/PPMA device.
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The emission peak of the octene-treated Si nanocrystal/PMMA film was
approximately 750 nm, suggesting a bare Si nanocrystal diameter close to 4 nm. For a
suspension of 4 nm spherical particles the measured thermogravimetric mass loss
corresponds to 2.5x1015 octene molecules/cm2. This is slightly higher than the average
areal silicon surface density (~9x1014 molecules/cm2), however it is unlikely that the Si
nanocrystals are perfect spheres and so the actual area surface density of the Si
nanocrystals is larger than that of spheres. Thus, the thermogravimetric result suggests
that the surface is saturated or nearly saturated with octene.
Figure 3.7 provides a simple band diagram of the device structure of octenetreated Si nanocrystals. The energy difference between the vacuum level and the
LUMO level of PMMA is estimated to be about 0.5eV[ 124 ]. The energy gap is
estimated at 5.6 eV from optical absorption[125]. PMMA also contains a high density
of traps, particularly near the LUMO level, which dramatically reduces conduction
[126]. It is therefore expected that, at a low nanocrystals density, the composite film will
act as an insulator. The nanocrystal band positions were estimated using the results of
Zunger and Wang[ 127 ] and the measured PL data. The electron affinity of Si
nanocrystals is known to depend on bonding states on the surface. Figure 3.7 reflects
the results of Reboredo and Galli who studied the effect of carbon termination on Si
nanocrystals [128]. Their calculations showed that a carbon surface bond reduces the
electron affinity by about 1.6 eV for particles approaching 4 nm in diameter. From
Figure 3.3, if the nanocrystal loading in the film is high enough, it may be possible to
see conduction through the Si nanocrystals, but any conduction involving transport
through the PMMA is unlikely both because the barriers to injection are very high and
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because the molecular structure consists of only localized states. Similarly, the alkene
passivation on the surface of the nanocrystals contains only localized states and should
not significantly improve conduction.

Figure 3.7the bandgaps for device materials

A small blue shift of 10 nm was observed when comparing the PL to EL spectra
as illustrated in Figure 3.8 on the octene treated sample. This was believed to result
from the slight oxidation during the film process. Importantly, the as-processed
nanocrystals do not show a red shift which could be associated with the loss of
confinement that would be seen if the ligands were too short to suppress agglomeration.
For a 50 nm thick film, the EL intensity of Sinanocrystals:PMMA films increased
sharply at a threshold of about 6V, saturating near 8V (Figure 3.9)). At high voltage the
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intensity appeared to fall off due to irreversible damage of the electrodes. The device to
device variation in the I-V characteristics was typically less than 10%. The current
density was found to be independent of device area over the range of devices tested
(2x10-3 cm2 to 3x10-2 cm2), suggesting good uniformity of the spin-coated films. This
was shown in Figure 3.10.

Figure 3.8 PL of Si nanocrystal solution, Si/PMMA film, and EL of Si/PMMA
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Figure 3.9 Current density and light intensity as a function of voltage on a device of 50
nm octene-treated Si nanocrystals/PMMA.
400
350

r=0.2 cm
r=0.1 cm
r=0.075 cm

300

2

J (mA/cm )

250
200
150
100
50
0
0

2

4

6

8

10

Voltage (v)

Figure 3.10 Electrical current vs voltage with different device areas.
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The film thickness was then varied by adjusting the spin speed. The results for
50 nm and 18 nm films are shown in Fig.3.11. Control devices fabricated with PMMA
but no Si nanocrystals exhibited noise limited leakage currents of a few pA for biases
up to 10V. Although the magnitude of the current and the exact position of the
transition region shift, the slopes for both low and high field are invariant. For average
fields less than about 1.5 MV/cm, the current density is independent of film thickness
suggesting that nearly all of the voltage is dropped across the composite film, not the
contacts, in this voltage range. At moderate average fields (1 to 2 MV/cm), a clear kink
is seen in the I-V characteristics. After this point, the field required to drive a fixed
current is no longer constant, but depends on the film thickness. Thus there are two
distinct operating regions. Neither the optical emission turn-on nor the saturation of the
emission corresponded to the inflection point in the I-V characteristics, suggesting that
the transition in the I-V characteristics was not related to the onset of emission.
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Figure 3.11 Electrical current vs voltage as a function of film thicknesses. And data
fitting of the data.

To clarify the conduction mechanisms, the device I-V characteristics were
measured at several temperatures between 77˚K and 200˚K. The result is shown in
Figure 3.12, where the current through the 50 nm thick layer is plotted as a function of
the inverse voltage. The low voltage regime shows an increase in current with
increasing temperature while the high voltage regime is nearly temperature
independent.
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0.15

At low fields, the room temperature I-V characteristics can be well fit by trapfree SCLC [ 129 ] as first described by Mott and Gurney [ 130 ] and demonstrated
experimentally [131] as a VL+1 dependence of current on voltage. An L of one indicates
free charge.This has been observed in other nanocrystal composite films [132].If L is
one, SCLC should be temperature independent. Our films can be fit by an L value of
about 1.4, suggesting shallow traps. When L>1, one expects a critical voltage (Vc) at
which the current is temperature independent. Alternatively, a distribution of trap
energies near the band edge could explain the temperature dependence, but not the
square law [ 133 ]. Two-carrier SCLC with recombination as discussed by Neumann
[134] is also inconsistent with these results.
If the low current conduction were due to classical SCLC, one would expect to
see a critical voltage (Vc) at which the current is temperature independent. This is
indeed seen in the experimental data at ~8V. Then the density of traps can then be
extracted as [135].
𝑁𝑇 =

2𝜀𝑉𝐶
𝑞𝑑 2

(1)

where d is the thickness of the film. Taking the dielectric constant of PMMA to
be 2.5, this gives a trap density of 8.8x1017 cm-3, more than an order of magnitude less
than the Si nanocrystal density. However, this analysis is misleading. The electric field
in a composite film is not uniform. It is the field in the PMMA that limits current flow.
Taking into account the mass densities of Si (2.33 gm/cm3) and PMMA (1.18
gm/cm3), and the octene mass fraction, it is straightforward to show that a 5:1 mass
ratio corresponds to passivated Si nanocrystals occupying 72% of the volume fraction
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of the composite (the actual silicon occupies 68%). We note that this is only slightly
less than the HCP limit of 74%, suggesting that the spacing between nanocrystals is
very small. Assuming spherical particles, the volume of silicon in the sample
4
𝑉𝑆𝑖 = 0.68 ∗ 𝑉 = 𝑁 𝜋𝑟 3
3

(2)

where V is the total volume of the composite, r is the radius of the
unpassivatednanocrystals, and N is the number of Si nanocrystals in the sample. For a
nanocrystal with a diameter of about 4 nm confirmed by the PL peak of the sample, this
corresponds to a density of 2x1019 cm-3.
𝜌𝑆𝑖 =

𝑁
0.68
=
𝑉 4 𝜋𝑟 3
3

(3)

If we consider the silicon to be spheres of radius r, separated by spacing s, and
are arranged in a regular 3D structure, one can show that
𝑠=𝑟

4
1
𝜋
−1
3 𝑉𝑆𝑖 𝑉

(4)

This analysis gives a spacing of 2 nm, corresponding to a center to center
distance of 6 nm.
Given a particle diameter of 4 nm and a spacing of 2 nm, along with the
permittivities of PMMA and Si, a simple 1D analysis suggests that the thickness of the
PMMA is a third of the total film thickness but the voltage dropped across the PMMA
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is 70% of the total voltage. Making this adjustment to Vc and d, the trap density is about
6x1018 cm-3, a value reasonably close to the calculated Si nanocrystal density.
We are left with understanding the nature of these shallow traps. SCLC theory
was developed for band conduction. For nanocrystal composite films, however, carriers
do not have access to a quasi-continuum of states. Instead, only adjacent Si nanocrystals
with vacant levels below the occupied level are available for tunneling at zero
temperature. As a result, a weak temperature dependence may be appropriate. In that
case, a distribution of trap energies near the band edge could explain the temperature
dependence.
For SCLC with a trap density that decays exponentially from the band edge,
𝐽=

𝜇𝑁𝑇 𝑞
𝐸𝑇
𝑉𝐶
𝑉𝑒𝑥𝑝 −
𝑙𝑛
2𝑑
𝑘𝑇
𝑉

(5)

whereµ is the effective mobility, Nt is the trap density, ET is the characteristic
energy for the exponential decrease of the trap density, and VC is the critical voltage.
The low voltage data is plotted in Fig. 3.12(a).
From Equation 5 one can show that
𝑑 𝑙𝑛(𝐽)
𝐸𝑇
=1+
𝑑 𝑙𝑛(𝑉)
𝑘𝑇

(6)

The insert of Figure3.12 (a) shows a plot of this slope versus 1/T. As expected,
a straight line is obtained. From the slope of this line one infers characteristic decay
energy of 34 meV. Typically one relates this to a characteristic trap temperature Tcas 30
meV/kB where kB is the Boltzmann constant. This gives a Tc of 348 K. Since L=Tc/T, L
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is calculated as 1.2 at room temperature reasonably close to the value obtained from the
fitting.
If the small barrier is due to energy differences between nanocrystals due to size
variations, it would be natural to believe that this value could be compared to the width
of the PL curve (Figure 3.8). The half width half maximum (HWHM) of this curve is
about 140 meV. The discrepancy is primarily the result of the simplistic assumption that
the width of the PL curve primarily represents a size distribution. Calcottet. al. suggests
that one must also take into account the fact that the luminescent excitonic states are
split into a singlet state and a triplet state with a splitting energy ΔE due to the exchange
interaction [136]. Ori, et. al. measured a room temperature PL HWHM of 110 meV for
silicon nanocrystals that were size-selected using a using a differential mobility
analyzer and found that the data fit this model well [137]. The excess width (~30 meV)
of our measurements may be due to size dispersion and so could reasonably be
compared to the SCLC measurement results (ET). We note, however, that due to the
process required to extract the HWHM, there is considerable uncertainty in this number.
We can only say that the result is consistent with what one would expect.
At higher fields, the dependence of current on voltage is substantially larger,
while the temperature dependence is very weak. This makes Schottky emission from
the contacts very unlikely as the limiting factor. The data can be fit by a power law with
I~V5, although the power law plot is not perfectly linear. Of course, a fit of the
experimental data does not prove SCLC. The near independence on temperature
suggests that the current may be limited by a tunneling mechanism. Furthermore, the
temperature dependence indicates an increase of current with decreasing temperature,
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contrary to typical hopping mechanisms. The onset of the temperature independent
region corresponds to the point at which the current saturates in Figure 3.9 (around 8V).
Dedigamuwa has seen similar transport effects in free-standing PbSe nanocrystals
formed using a laser assisted spray process to remove the oleic acid surfactant, but these
crystals were not sufficiently passivated to exhibit luminescence [138].
Trap assisted tunneling current can be calculated on the basis of a onedimensional model as [139]:
(7)
4 2𝑞𝑚∗ (𝜙𝐵 )3
𝐽𝑇𝐴𝑇 = 𝐴 exp −
3ℏ𝐸𝑃𝑀𝑀𝐴
where A is a constant, ᴪB is the potential of the trap, EPMMA is the effective
tunneling field, and m* is the tunneling effective mass. As previously discussed, at this
particle loading, the field in the PMMA is 0.7/.33 or 2.1 times that of the average field
of the film. Figure 3.12 (b) shows the relevant plot. We note that the slope is indeed
temperature independent although there does appear to be a small dependence of the
prefactor on temperature with lower temperatures giving slightly higher current. From
the slope, and using the PMMA field as the relevant tunneling field one can extract:
𝑑 ln 𝐽
4 2𝑞𝑚∗ 𝜙𝐵
=
3ℏ
𝑑 1𝑉
𝑚∗ 𝜙𝐵

3

3

=

50 𝑛𝑚
≈ 160𝑉
2.1

(8)

≈ 9.3 ∗ 10−14 𝑘𝑔 − 𝑉 3/2

As stated in the band diagram discussion, the barrier heights have to be
considered uncertain, since they have not been verified experimentally and depend on
the detailed nature of the surface passivation. If one assumes that Figure 3.2 is correct,
however, and that the dominant barrier (1.8V) is that of electrons, one can calculate a
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tunneling effective mass of m=2.1x10-31 kg. or 0.23mo. As a point of reference, the
effective mass of electrons tunneling through SiO2 assuming a parabolic band is 0.3mo
[140].Furthermore, it is unlikely that the nanocrystal spacing is perfectly uniform. It is
far more likely that a range of spacings exist and that the current is dominated by some
percolation paths made up of closely spaced nanocrystals. The value of the tunneling
effective mass obtained here should therefore only be considered an estimate.
This analysis, however, is further complicated by the fact that in the high field
region the current is a function of film thickness (Figure 3.11). The slope is constant,
but the prefactor (A in Eq. 7) increases with decreasing film thickness as
𝜋 2 𝑞 2 𝑚∗ 𝐸𝑀𝑑𝑁𝑇
𝐴=
 2 𝜑𝑏

(9)

where M is a tunneling matrix element and d is the tunneling distance. As
predicted by Equation 9, the prefactor of the data in Figure 3.11 scales with the film
thickness.
The Si nanocrystal/PMMA composite films were fabricated onto the ITO
glasses. The film composition can be controlled by varying the Si nanocrystal: PMMA
ratio in the solution, and the film thickness from 18 nm to 54 nm can be varied by the
spin speed. The AFM scan confirmed smooth films formed by the solution spun
method, and TEM indicated the close packing of Si nanocrystals in PMMA films. The
film uniformity was tested with the current density vs voltage as a function of device
areas.
Two conduction regimes were clearly seen. At low field, the behavior follows
space charge limited current with weak temperature dependence. Evidence suggests that
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the small energy barrier we measure may be due to the size distribution of the Si
nanocrystals.The low field behavior was also used to extract the Si nanocrystal density.
The trap density is in reasonable agreement with the nanocrystal density suggesting that
each trap is one nanocrystal. At high field trap assisted tunneling was observed. An
estimate of the electron tunneling effective mass was found to be 0.23mo. Although
tunneling has been observed in epitaxially grown Si nanocrystals and in 2D arrays of
metal nanoparticles, this is the first time that tunneling between dots has been seen in an
electroluminescent composite film. This could be an important step toward making low
cost Si nanocrystal light emitters since the conduction mechanism appears to be on the
Si nanocrystals, eliminating the need to transfer charge or excitons from the matrix to
the nanocrystals.
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Chapter Four
Exploring Device Efficiency
4.1 Introduction
This chapter will explore the device efficiency of Si nanocrystal based LEDs. In
order to discuss the composite nanocrystal LEDs described later in this section, we first
need to define various efficiencies employed in evaluating the emission properties of
LEDs. By far, the most accepted efficiency definition is external quantum efficiency
(ηext), which is the ratio of the number of photons emitted by the device into the viewing
direction to the number of electrons injected. Similar to this definition, the internal
quantum efficiency (ηint) can be defined as the ratio of total number of photons
generated within the device to the number of electrons injected. As a large fraction of
light can be directed out of the edge of the substrate and be absorbed by the device
structure itself, the internal quantum efficiency can be up to four times larger than the
external quantum efficiency[141]. Other efficiency terms were introduced such as
radiant

efficiency,

power

efficiency

(wall

plug)

and

luminous

power

efficiency[142].These definitions are primarily used for characterizing display devices
by taking the human eye response into account. These light-emitting devices are
emerging from the stage of academic research and are transitioning toward practical
applications. This chapter will focus on the external quantum efficiencies of our Si
based LEDs. We can divide the chapter into three sections. The first section will discuss
the fabrication of octane Si nanocrystal/PMMA composite film devices and describe the
efficiency measurements taken on this simple device. In the second section, the
fabrication of transport layers (ZnO and MoO3) for Si based LEDs will be presented.
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Specifically, the improved process conditions will be experimentally determined based
on the characterization results. Several different techniques were used to study the
surface chemistry, bulk composition and crystallinity of ZnO. Finally, the integration of
these films into novel device architecture will be discussed. The device design and the
fabrication procedure will be highlighted. The external quantum efficiency of such a
device is calculated.

4.2 Efficiency test on the simple device structure
To prepare the films for device integration, the octene-treated Si nanocrystals
and PMMA of 10 mg/ml in toluene were mixed in 5:1 as mass ratio, then spin-coated
on clean indium tin oxide coated glass substrates. Immediately after coating, the films
were baked under N2 at 100°C for 30 min. The top cathode, 200 nm of Al, was
deposited through a shadow mask by thermal evaporation; producing devices of 3 mm
in diameter. Electrical characterization was performed with an Agilent 5146 parameter
analyzer. The light intensity was measured using a silicon photodiode (Newport, Model
818) with an optical fiber placed underneath the device. The light intensity was
recorded on the pre-calibrated photodiode in a dark room. Figure 4.1 provides a device
schematic and Figure 4.2 shows in detail the band diagram of the device. The electrons
will be driven from the Al cathode to the octene-treated Si nanocrystals by the applied
field, as the work function of Al is 4.28 eV while the conduction band of the Si
nanocrystal is ≈ 3.9 eV. On the other hand, the holes will move from the ITO (3.5 eV
work function) to the valance band of the Si nanocrystals. Finally red light will be
emitted as the electrons and holes combine at the Si nanocrystals.
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Figure 4.3

quantitively shows the light intensity (in nW) as a function of the applied voltage. Light
can be detected (by the photodiode) at around 4V. The light intensity continues to
increase with an increase in the applied bias. It reaches a peak intensity of 220 nW at
around 9V, then decreases with increasing voltage.

Figure 4.1 Cartoon for the device structure of simple device.

Figure 4.2 Band gap of simple Si based device
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Figure 4.3.the light intensity as a function of voltage.

Because the device is emitting in the red portion of the visible spectrum, the
assumption is made that we only have light emission at ≈ 750 nm. This was determined
by the peak position of electroluminescence spectrum. Therefore, the external quantum
efficiency equation can be simplified as (ignoring any stray light which is not captured
by the photodiode):
𝑞

λ𝐼det (λ)dλ

𝜂ext = 𝑐𝑓𝐼𝐿𝐸𝐷

R(λ)dλ

𝑞λ𝐼

= 𝑐𝐼𝐿𝐸𝐷

(1)

Figure 4.4 shows the efficiency (EQE) of this simple device as a function of
current. From the graph, one observes the fact that the highest light efficiency is found
at low current levels. As the current is increased, the efficiency drops off by almost
80%. The efficiency of this simple Si nanocrystal based LED is low at the measured
voltages. One reason for the relatively low device efficiency is believed to be the direct
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contact of the Al electrode to the Si nanocrystal/PMMA film. The fact that the majority
of the electron/hole recombination events are non-radiative may also be due to the
imbalance of electron and hole injected into the composite film.
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Figure 4.4 Light intensity as a function of current density:

To improve the device efficiency, we need to improve the device architecture by
adding electron and hole transport layers, so that the electrons and holes can be
effectively recombined at the nanocrystals and isolate the carriers from the contacts. To
date, the key challenges preventing Si nanocrystal LEDs from being adopted for
commercial applications is the device stability and efficiency[ 143 ]. One recent
approach is to use inorganic metal oxide films as charge-injection layers[144]. Metal
oxides have been reported as hole and electron injection layers in polymer
LEDs[145].ZnO in particular has been extensively investigated as electron transport
layer as it has a high electron mobility and a low work function[146].In the device
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structure discussed below, we will use atomic layer deposited (ALD) ZnO as an
electron transport layer. For the hole transport layer, molybdenum trioxide (MoO3) will
be used since it has been reported to improve the efficiency of polymer-based
LEDs[147,148]. When choosing the metal oxides to be used as charge transport layers,
careful attention must be paid to the relative band alignment of the device layers. This
will be covered in Section 4.7. In the next section, we will describe the fabrication
process for ZnO and MoO3. ZnO was deposited by ALD and MoO3 was deposited by
thermal evaporation.

4.3 Brief Review on ALD deposition on ZnO
Atomic Layer Deposition (ALD) is a heavily utilized deposition technique in
which a chemical reaction occurs in a layer by layer manner during the precursor gas
pulses. This deposition technique was first recognized by the research and industrial
community in the 1970’s. TuomoSuntola first demonstrated the ALD process while
developing electroluminescent flat panel displays[149,150].The ALD process relies on
sequential introduction into the reactor of two gases which have the following
properties: (1) at least one of the precursors (in this case one of the gases) will saturate
once a monolayer has formed on the sample’s surface (thus preventing any further
growth) and (2) the other precursors will react with the as-deposited precursor, forming
a few atomic layers on the substrate[151]. To avoid gas-phase reactions between the
two precursors, the ALD system can be either purged between cycles to remove access
reactant vapor or it can be accompanied by a continuous inert nitrogen flow through the
chamber at all times to flush the unreacted precursor materials.
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A common ALD deposition process is illustrated in Figure 4.5:
I. Pulse precursor species A
II. Purge ALD chamber to remove access precursor A
III. Pulse precursor material B
IV. Purge ALD chamber to remove unreacted precursor B
V. Repeat Steps I-IV as needed

Figure 4.5 Sequence of ALD process.
(http://www.cambridgenanotech.com/ald/)

Due to the nature of the layer by layer deposition process, the ALD film
thickness is directly proportional to the number of deposition cycles. The growth
temperature is an important parameter for an ALD process. Kim [152] found that a
growth window must exist for ALD deposition.

Figure 4.6 illustrates the growth

window for ALD. For low temperatures, the growth rate follows the Arrhenius
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equation, and so is a strong function of temperature. For an ALD process, a further
increase in the temperature leads to a plateau, where the growth rate is independent of
temperature. Continuing to increase the temperature typically leads to an increase in the
growth rate due to thermal deposition of the precursors. At this point,the process is no
longer ALD but rather a chemical vapor deposition process. Occasionally, surface
decomposition may result in a drop on the growth rate[153].

Figure 4.6 Growth window for ALD process

Atomic layer deposition has several advantages over other similar techniques
due to the actual mechanism used to deposit films. ALD is also quite effective at
coating ultra high aspect ratio substrates or substrates that would be difficult to coat
with other thin film techniques. Several unique properties of this deposition technique
are summarized below. First of all, the film thickness can be accurately controlled to the
atomic level by depositing the film one atomic layer at a time. Second, ALD films
typically have low defect densities. Usually, pinhole-free films can be formed over
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very large areas. Third, standard recipes exist for a large variety of oxides, nitrides,
metals, and semiconductors (amorphous or crystalline) which can be deposited over a
range of substrate temperatures.
In industry, ALD is used for 3D conformal coating as it has 100% step coverage.
It is capable of forming uniform coatings on flat substrates, inside pores and around
particle samples. Usually this atomic flat and smooth coating can strictly “copy” the
substrate shape. Due to its large area thickness uniformity, batch processing is usually
implemented in industrial fabrication labs.
ALD typically has a low deposition temperature, making it suitable for sensitive
substrates, such as polymers or organic materials. Due to its chemical bonding at the
first layer, it shows excellent adhesion on a large variety of materials including Teflon.
As this process can be viewed as a molecular self-assembly, the resulting films usually
show lower stress compared with films formed by other deposition techniques.
There are several limitations to the process which may hinder widespread use of
the technology. The major problem with ALD is the low throughput. The process is
relatively slow. For example, the ALD NiO used in the Nanofabrication Lab deposits
only 0.4Ǻ/cycle where 1 cycle takes around 1 minute to complete. Therefore, to deposit
20 nm, one would have to deposit for 500 minutes (≈ 8 hours). Another major concern
is the possible incorporation of impurities (or contamination) into the deposited film
from unwanted or incomplete reactions during the ALD process. This can result in films
that are unacceptable for some applications. A third issue with the ALD process is the
low material usage efficiency. The precursor materials which are pulsed into the reactor
are not totally consumed during the process. As a result, a significant amount of
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precursor material is wasted. This problem is magnified when an expensive precursor is
used during a long deposition[154,155].

4.4 Fabrication and Characterization of ZnO:
4.4.1 ALD deposition of ZnO
The ALD deposition of ZnO has been investigated extensively over the past 10
years[156,157].The Atomic Layer Deposition system for ZnO used in this project is a
Savannah series from Cambridge Nano Tech Inc. of Cambridge, MA. The process
consists of alternating pulses of diethylzinc (DEZ, (C2H5)2Zn) and H2O[158, 159 ].
Figure 4.7 presents the results from a growth study of ZnO films in the Savannah ALD
Reactor. In this study the following ALD process was used:
Step 1. Set N2 background flow rate of 50 sccm
Step 2. Wait 60 seconds
Step 3. Pulse H2O for 0.018 seconds
Step 4. Wait 5 seconds
Step 5. Pulse DEZ for 0.02 seconds
Step 6. Wait 10 seconds
Step 7. Repeat Loop 300 times (cycles) starting at step 2
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Figure 4.7 ZnO ALD deposition rate as a function of ALD temperature.

The deposition rate given in nm/cycle as a function of reaction temperature is
plotted in Figure 4.7. The deposition rate ranges from 0.1 to 0.2 nm/cycle depending on
the ALD temperature. Each cycle takes about 15 seconds and therefore 300 cycles takes
just over 75 minutes to complete. One modification to the standard process is that we
include additional final H2O double pulse after the main deposition process (Step 2 –
Step 7) as there is a concern that a Zinc terminated surface may present some metallic
behavior when in contact with the Si nanocrystals. This may degrade the device
performance[ 160 , 161 ].The introduction of double pulse ensures the top layer of
deposited ZnO film is saturated with oxygen ensuring that any metallic zinc on the
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surface will be passivated. The ZnO film thickness is controlled to be 15 nm at a
deposition temperature of 160°C for the device preparation.

4.4.2 Characterization of ZnO

The characterization on the metal-oxide thin films involved in the final device
fabrication will be discussed below. Several techniques including X-ray Photoelectron
Spectroscopy (XPS), Rutherford Backscattering Spectrometry (RBS), X-ray Diffraction
(XRD) and Auger Electron Spectroscopy (AES) were performed on ALD deposited
ZnO. A weak temperature dependence of film properties is observed. As MoO3 is
thermally evaporated, the film properties were mainly based on literature.

4.4.2.1 Auger and Depth Profiling of ZnO

Auger was used for the film composition analysis, shown in Figure 4.8. The
elemental analysis showed the peaks corresponding to C, O, Cl and Zn. The presence of
C can be explained by the deposition technique itself. The incorporation of carbon
impurities is from either the unwanted or incomplete reactions during the ALD process.
It is possible that large quantities of carbon coming from organometallic precursor may
be trapped in the film, resulting in degraded film properties such as a lower resistivity.
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Figure 4.8 Auger Spectrum of ALD ZnO

In our ALD process, the carbon content is maintained at around 2%. Itis still
unclear why the film contains a low level of Cl, which is not present in any precursors.
The atomic ratio of Zn to O can be obtained by comparing the Zn and O peaks. The
relative percentage of oxygen and zinc are 46.5% and 49.9%, respectively. The
molecular formula can be written as ZnO0.91, indicating a slight oxygen deficiency.

In addition to the surface Auger analysis, a depth profile was performed
determine the bulk composition of the film. Figure 4.9 presents the depth profile taken
from ALD deposited ZnO at a temperature of 160°C. The spectrum shows the atomic
composition as a function of sputtering cycle used to remove surface materials. Clearly,
the stoichiometry of the material does not change throughout the film thickness. After
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eight cycles, the deposited ZnO film was complete removed, therefore Zn and O signals
dropped, while the Si substrate signal increased dramatically, indicating that the process
had reached the substrate.

Figure 4.9 Auger Depth profile of ALD ZnO

4.4.2.2. XPS of ALD Deposited ZnO

XPS was used to study the surface composition of ALD deposited ZnO. Figure
4.10 provides the XPS survey spectra of ZnO films deposited at 160°C. Based on the
survey spectra, the carbon content is about 50%. As XPS is a surface technique,
typically analyzing 3 to 4 nm of the film, it is not surprising to see carbon in the
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spectrum as air exposure typically leads to carbon contamination of the sample surface.
To further analyze the chemical bonding of carbon in the ZnO sample, a high resolution
XPS scan was performed. The large peak near 285 eV is related to C-C bonds, while the
other 2 peaks are C-O related[162].Due to the reason stated above, the carbon HR

Zn 2p3

spectrum was excluded for the structure analysis of the ALD ZnO thin film.
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Figure 4.11 XPS survey at 160°C

Figures 4.12 also showed the HR XPS spectra for both Zn 2p3 and O 1s regions.
Scanning from 1010 eV to 1030 eV revealed only one peak centered at 1021 eV. This
peak was believed to be related to ZnO[ 163]. This may indicate that there is no
measurable partially reacted Zn precursor in the film. The oxygen spectrum has two
peaks after curve fitting. One peak near 530 eV, is related to ZnO[164]. The higher
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energy peak at around 531.5 eV corresponds to O-H bonding[165]. The stoichiometry
can be estimated by integrating both Zn peak and O peak at lower energy and including
the elemental sensitivity factors:

The equation for the O to Zn ratio is shown below:
𝑂
𝑍𝑛

𝑆𝑜
= 𝛼𝑜

𝑆𝑧𝑛
𝛼𝑧𝑛

(2)

Where αZn = 18.92 and αO = 2.93 are elemental sensitivity factors, respectively.
The Zn to O ratio is found to be 0.45, which is much smaller than the Auger results. The
AES data indicated a ratio close to one. This discrepancy can be explained that the
adsorbed material on the surface is thick enough that the buried Zn was not detected. As
mentioned before, the XPS is a surface analysis technique, which may not reveal the
composition of the ZnO bulk film. Despite the difference observed between the AES
and XPS data (at the ZnO surface), it is clear that bulk of the ALD deposited film is
close to ZnO.
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Figure 4.12 High resolution of C, Zn and O

4.4.2.3 RBS of ALD Deposited ZnO

RBS is another technique which can be used for composition analysis. Figure
4.13 provides an RBS spectrum from ALD-deposited ZnO deposited at 160°C. The
spectrum was obtained using a 2 MeV He2+ beam. Following the data collection, the
results were analyzed using Hydra software. The ratio obtained from RBS is close to 1,
which reasonably agrees with the result from AES. Examining the results obtained from
XPS, AES and RBS one can claim that the ALD-deposited ZnO has a stoichiometry
close to that of ZnO.
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Figure 4.13 RBS spectrum of ALD ZnO

4.4.2.4 XRD analysis of ALD DespositedZnO

In addition to the film composition, the film crystallinity also needs to be
investigated. Ideally, the film used for transporting charge carriers needs to be smooth
and preferably amorphous to prevent grain boundaries which can concentrate
filamentary currents.

77

XRD measurements were performed by using a Siemens D5005 diffractometer
on ALD ZnO films deposited on a Si substrate. Figure 4.14 showed the XRD spectrum
of ALD ZnO film. The scan started at 20 to 75 for 2 theta. The largest peak, which
occurred near at 69°C, is related to the Si substrate (Si (400)). To study the diffraction
patterns of ZnO, the XRD was re-plotted from 20 to 60 degrees. The peak at around
34.4°is noticeable, may be ZnO (002). The other peak at around 46°could be due to
ZnO (102), as reported from the oxidation of metallic Zn[166]. No other ZnO related
peaks[167,168,169].
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Figure 4. 14 XRD of ALD deposited ZnO. The film is about 40 nm thick.

78

Even though some ZnO-related peaks appeared in the XRD scans, these peaks
are are very small compared to those related to the Si substrate. Therefore it is likely
that the ZnO sample is mostly amorphous, or contains very small grains.

The characterization on ZnO deposited at various temperatures indicated that
there is no significant composition or crystallinity difference for temperatures of 80 to
300°C. To speed up the growth process, a process of 160°C was chosen for the
deposition.

4.5 Thermal Evaporation of MoO3
MoO3 will be used as the hole transport layer for the Si based LEDs. MoO3 was
thermally evaporated onto the Si nanocrystal/PMMA surface with a base pressure lower
than 10-6Pa. In the beginning of deposition process, a low deposition rate of 0.1 A/sec
was maintained to avoid any thermal damage to the Si/PMMA layer. The film thickness
used in this study is 15 nm. Since all of the deposition parameters are fixed, the
structure properties of MoO3 formed by thermal evaporation will be based on literature
results as summarized below.

Torres confirmed that evaporated MoO3 maintained the chemical composition as
the MoO3 powder by using XPS. The reproduced XPS is shown in Figure 4.15.
Continuous line shows the XPS spectrum characteristic of MoO3 powder, while XPS
spectra of films prepared at substrate temperature of 200°C and 100°C were shown in
dotted line and dashes line, respectively. The left side shows the binding energies of Mo
3p photoelectron peaks, corresponding to two main peaks located at 398.4 eV and 415.8
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eV. Peak positions are in good agreement with the oxidation state of Mo+6, suggesting
the presence of MoO3 in the as-prepared films[170,171]. The right side shows the
photoelectron peaks of O 1s corresponding to MoO3 in powder and the same films
described. Due to moisture incorporation, the O photoelectron peaks are complicated
involving the adsorbed H2O and OH bonding[172].

Figure 4.15 XPS of evaporated MoO3 film (substrate temp of 100ᵒC and 200ᵒC) and
MoO3pwoder. Mo 3p (left side) and O 1s (right side) XPS binding energy regions for
Mo3 powder (continuous line) andthin films prepared at substrates temperatures of 373
K (dashed line) and 473 K (dotted line),reproduced [173].

In addition to the surface chemical composition, the XRD spectra of thermally
evaporated MoO3 indicates that the crystallinity of deposited material is dependent on
the substrate temperature. When the substrate temperature was above 300°C,

the

obtained film exhibited predominately (010) orientations corresponding to the
orthorhombic structure of α-MoO3. With the increased temperature above 350°C, the
spectra indicated the α-β mixed phases of MoO3. For substrate temperatures below of
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250°C, the films show a XRD-spectrum proper of a completely amorphous
material[174].

4.6 Fabrication of Si Based LEDs with transport layers
After a thorough investigation of the properties of the ALD deposited metaloxide thin films, we integrated them into Si nanocrystal based LEDs. This integration
will be discussed in this section. The device substrates were prepared by ALD ZnOon
top of pre-cleaned ITO glass slides. The ITO coated glass substrates of 5 to 15
ohms/square sheet resistance were purchased from Delta Technologies LTD and
thoroughly cleaned in a subsequence of ultrasonically agitated baths of acetone,
methanol and isopropanol. The ITO substrates were then thoroughly rinsed with
deionized (DI) water and dried with clean N2. Then the cleaned ITO slides were placed
in the ALD chamber. Diethylzinc and water vapor were introduced into the chamber
separately. A 15 nm ZnO film was deposited at 160°C. The octene-Si/PMMA mixture
solution was then spin-coated onto the ZnO films. The mixture of Si nanocrystals and
PMMA was prepared in several steps. Initially, PMMA and octene-Si nanocrystals were
independently dispersed in toluene, each at 20 mg/ml. These two suspensions were then
mixed in a weight ratio of 5:1. The mixture solution remained clear and nothing was
found after passing solutions through an Acrodisc Syringe Filter (200 nm) with a PTFE
membrane. After applying the solution, the films were transferred to the oven, and
temperature was maintained at 100°C for 30 min under constant nitrogen flow to
remove any residual solvent. After drying, the film thickness was measured to be
approximately 18 nm by profilometry. Then the shadow mask with open area of
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3.14mm2 was carefully placed on top of the Si/PMMA film. MoO3, purchased from
Sigma Aldrich and used as received, was deposited on ocetene-Si/PMMA films by
thermal evaporation. To ensure optimal evaporation conditions the thermal evaporation
chamber was initially pumped down to 2 x 10-7 torr and did not exceed 5x10-7 torr
during the evaporation. The crucible was prebaked at 100°C to remove water and other
low temperature contaminates. The substrate temperature was maintained at 30°C
during the deposition using a water-cooled substrate. The MoO3 was evaporated slowly
at 0.1 to 0.2 Å /sec to avoid any damage to the Si/PMMA films and ensure the
formation of low defect interface between deposited film and Si/PMMA film. The
deposition rates and thickness were measured in-situ with a quartz crystal monitor and
carefully maintained during the deposition. The substrates and crucible were given
ample time to sufficiently cool to room temperature prior to extraction from the
chamber. The top electrode Au was sputtered on the MoO3 film. The final device
structure is provided in Figure 4.16.

Au
MoO3
Si NPs/PMMA
ZnO
ITO
Figure 4. 16 The hybrid device structure of Si/PMMA with metal oxides
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4.7 Device efficiency of Si Based LED with transporting layers
The theoretical band alignments of the device materials are illustrated in Figure
4.17. The HOMO/LUMO levels in ZnO and MoO3 align with the Si/PMMA such that
holes and electrons’ combination within the Si nanocrystals is thermodynamically
favored. However, the energetics is different from the simple Si/PMMA device due to
the relatively low work function of Au to that of ITO. With the incorporation of metaloxides, the holes are injected from the top Au electrode, and travel through the MoO3
layer and reach the Si nanocrystals. As the ZnO valence band is 7 eV below the vacuum
level, it poses a large potential barrier for holes. On the other hand, the electrons will be
transported from the ITO to the ZnO, and likely to remain near the Si nanocrystals as
the MoO3 conduction band is 1.6 eV higher than that of the Si nanocrystals. This carrier
confinement increases the possibility of electron and hole recombination on the Si
nanocrystals.

Figure 4.17 Band alignment of hybrid device structure of Si/PMMA with metal
oxides.The narrow barriers represent the surface passivation of the Si nanocrystals.
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Figure 4.18 showed the EL of the simple device and the device with the metal
oxide transport layers. Both devices have the same Si/PMMA film of 18 nm and the
same concentration of nanocrystals. They both emit at around 760 cm-1, which indicates
that the particle size of the octene-treated Si nanocrystals has not been impacted by the
incorporation of ZnO and MoO3 layers. Figure 4.19 presents the I-V characteristics of
the two devices.

Unsurprisingly, the integration of the metal-oxides introduces

additional resistance to the device. The voltage is dropped across both metal-oxides and
Si/PMMA layer. With the metal oxides incorporated into the device architecture, the
breakdown voltage increases to nearly15 V.
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Figure 4.18 EL of ITO/SI PMMA/Al and ITO/ZnO/Si PMMA/MoO3/Au.
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Figure 4.19 I-V characteristics of ITO/Si PMMA/Al and ITO/ZnO/Si PMMA/MoO3/Au

Figure 4.20plots the light intensity of two devices as a function of current
density. The current intensity was obtained by usingthe pre-calibrated photodiode. It’s
clear that at low current, they follow the same trend until the current density reaches160
mA/cm2. After that, the device with metal-oxide transport layers exhibited a much
higher intensity compared to the simple device. Above 220mA/cm2, the emission
continues to increase, while the current density drops. There was no permanent damage
to the device as the I-V characteristics did not change even after several scans up to 11
V. This phenomenon may indicate that the charges were still not balanced, and the
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charge accumulation forced the current to spread out. The incorporation of metal oxides
reduced the electrical conduction and therefore, it has a lower maximum current density
compared to that of the simple device. However, the device with metal-oxides showed
improved emission intensity. Next, the device efficiency was studied as a function of
emission intensity. Figure 4.21provides the device efficiency of both devices. Clearly,
one can observe that the device efficiency is dependent on the emission intensity. Both
devices had a similar trend,the device efficiency decreased with the increased emission
intensity. The device with metal-oxides showed lower efficiency at relatively low
emission.However, with the increased emission intensity above 120 nW, the efficiency
remained higher than the simple device. For practical purposes, the device needs to be
operated at least ~160 nW.Therefore, the device with the incorporated metaloxidesexhibited improved efficiency over the simple device. However, both devices
have low efficiencies (~0.01 %) compared to reported EQE of 0.09% from similar
device structures[175]. This was still believed to be due to the imbalance of hole and
electrondensities at the Si nanocrystals. Also, a significant portion of the light was lost
to total internal reflection in the glass substrate which caused the light to be emitted
from the edges of the slide. Further work may need to address the charge balance issues,
specifically transport, in order to improve the device efficiency.
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Figure 4.20 Emission intensity as a function of current density of both devices
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Figure 4.21 Device efficiency as a function of emission intensity
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To improve theLED efficiency, it’s necessary toincorporate metal oxides as
charge transporting layers. Therefore, the ZnO and MoO3 were chosen for this purpose
as electron and hole transporting layers, respectively. A thorough material
characterization of ALD ZnO was discussed by utilizing techniques such as XRD,
Auger, XPS, and RBS as a function of deposition temperature. A literature review on
MoO3 was also included.
The fabrication process used to synthesize the deviceswhich incorporated ZnO
and MoO3was discussed in detail. The band alignment of the device indicated that
electron and holerecombination was thermodynamically favored. Then, the I-V curves
ofthe simple and the metal-oxide devicewere presented. The emission intensity as a
function of device current was also discussed for both architectures. The device
whichused metal-oxide transport layers exhibitedimproved emission intensity at lower
currents than the simple structure. Improved device efficiency was observed on metaloxides Si nanocrystal LEDs. However, both devices still showed relatively low device
efficiency. Further improvement is needed to balance the electron and hole densities at
Si nanocrystals.
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Chapter 5 Conclusions and Future Work
5.1 Conclusions
As the demands on the high efficiency light emitting devices continue to grow,
alternative materials such as Si nanocrystals are attracting more and more attention from
both academic institutions and industry. To date, quite a few Si nanocrystal fabrication
techniques have been developed targeting for high photo generated quantum efficiency.
However, the devices made of Si nanocrystals do not exhibit the expected quantum
efficiency mostly due to the lack of effective surface passivation of nanocrystals.
Furthermore, the optical properties of Si nanocrystals cannot be preservedduring the
device fabrication process. Therefore, the surface treatment ofbare Si nanocrystals is a
prerequisite for solution-based device fabrication. The energetics of the modified
surface layer is considered as a delicate balance. The surface coating must provide
barriers to both electrons and holes to achieve quantum confinement. The most common
surface treatment so far is natural oxidation. However, due to its large band offsets in
both conduction and valence bands, the oxide shell greatly impedes charge injection.
Alternatively, long linear carbon chains have been used for surface passivation, but also
tend to block charge transfer. This approach substantially reduces the agglomeration of
the nanocrystals when they are processed in solution. In this thesis, non-thermal plasma
synthesized Si nanocrystals were treated with reactive alkenes at elevated temperature
(above 150°C). The resulting functionalized Si nanocrystals maintained relatively high
quantum efficiency up to 20%; the surface functional groups not only prevented attack
from oxygen and water, but also facilitated solution processing with polymers and
organic solvents. Si nanocrystals in toluene can readily be dispersed into a PMMA
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toluene solution without any measurable precipitation. Thin films of Si nanocrystals
embedded in a PMMA matrix can be obtained by spin-coating. The resulting film
thickness can be varied depending on spin speed and concentration of the stock
solution.
The device structure studied was composed of Al/Si nano PMMA/ITO. The film
of Si nanocrystal/PMMA was formed by spin-coating onto the pre-cleaned ITO. Al was
deposited by thermal evaporation. Three devices made of hexane, octene and dodocene
Si nanocrystals were fabricated. Among the different aliphatic molecules, octene was
chosen for further study as it was found to be the shortest ligand which fully passivated
the Si nanocrystals but still prevented liquid phase agglomeration.
Two conduction regimes were clearly seen on the fabricated devices. At low
field, the behavior follows space charge limited current with weak temperature
dependence. Evidence suggests that the small energy barrier we measure may be due to
the size distribution of the nanocrystals. The low field behavior was also used to extract
the Si nanocrystal density. The trap density is in reasonable agreement with the
nanocrystal density suggesting that each trap is one quantum dot. At high field, trap
assisted tunneling was observed. An estimate of the electron tunneling effective mass
was found to be 0.23mo. Although tunneling has been observed in epitaxially grown
nanocrystals and in 2D arrays of metal nanoparticles, this is the first time that tunneling
between nanocrystals has been seen in an electroluminescent composite film. This could
be an important step toward making low cost nanocrystal light emitters since the
conduction mechanism appears to be on the nanocrystals, eliminating the need to
transfer charge or excitons from the matrix to the nanocrystals.
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The efficiency of this simple Si nanocrystal based LED was determined
relatively low at the operational voltages. One reason for the relatively low device
efficiency is believed to be the direct contact of the Al electrode to the Si
nanocrystal/PMMA film. Thefact that the majority of the electron/hole recombination
events are non-radiative may also be due to the imbalance of electrons and holes
injected into the composite film.
To improve theLED efficiency, it’s necessary toincorporate charge transport
layers. ZnO and MoO3 were chosen as electron and hole transport layers, respectively.
A thorough material characterization of ALD ZnO was done utilizing techniques such
as XRD, Auger, XPS, and RBS as a function of deposition temperature. A literature
review on MoO3 was also included.
The fabrication process used to synthesize the deviceswhich incorporated ZnO
and MoO3was discussed in detail. The band alignment of the device indicated that
electron and holerecombination was thermodynamically favored. The emission intensity
as a function of device current was also discussed between the simple device and device
with metal oxides. The device incorporated with metal-oxide transport layers
exhibitedimproved emission intensity at lower currents than the simple structure.
Improved device efficiency was also observed on metal-oxides Si nanocrystal/PMMA
LEDs. However, both devices still showed low device efficiency. Further improvement
is needed to balance the electron and hole densities at Si nanocrystals.
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5.2 Future Work
The future work will continue to improve the device efficiency of alkenefunctionalized Si nanocrystal based LEDs. Currently, we are estimating the EV and EC
of the alkene-treated Si nanocrystals from theoretical models. The values may be
questionable due to the fact that the EV and EC depend on fabrication methods of Si
nanocrystals. During this thesis work, it was found that the alkene-functionalized Si
nanocrystals were still slowly oxidized during the device fabrication process, which was
confirmed by FTIR. Even though the surface functionalization can significantly impede
oxidation from oxygen and water, the oxidation still exists and more or less the thin
native oxide layer forms outside the core of Si nanocrystals. This may bring more
uncertainty to the EV and EC of alkene-treated Si nanocrystals. Therefore, the
experimental ultraviolet photoelectron spectroscopy (UPS) study is critical to
understand the band alignment of our alkene-treated Si nanocrystals. The measurement
can be performed on Si nanocrystals with varied nanocrystal sizes and different alkene
functional groups. More importantly, EVand EC as a function of oxidation process can
be experimentally monitored. In addition to the Si nanocrystals, the metal oxide charge
transporting layers can also be characterized by similar measurements. Accurately
measured EV and ECof the entire device components will lead to a better charge balance
and eventually improved device efficiency. Charge injection from various metals into
the transport layers can be measured to select a pair of electrodes that will provide a
balanced charge injection. Finally, light extraction techniques can be used to improve
external quantum efficiency.
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