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Abstract 

Colloidal semiconductor nanocrystals (NCs) have received considerable attention for 

optoelectronic applications due to their high photoluminescence efficiency and broad 

spectral tunability. The solution processibility of semiconductor NCs permits the 

integration into hybrid light-emitting devices that use organic semiconductors as charge 

transport layers. These devices offer the potential for low-cost manufacture through wet-

coating processes in the future.  While electroluminescence (EL) from group II-VI and 

III-V NCs has been well studied, emission from group IV NCs including silicon (Si) has 

not been characterized as extensively.  

This work focuses on solving the challenges to realizing efficient EL from hybrid 

nanocrystal-organic light-emitting devices (NC-OLEDs) containing organic 

semiconductors and SiNCs that are chemically passivated with ligands. Starting from the 

macroscopic point of view, this work first aims to understand the relationship between 

the surface morphology of SiNCs and device performance using a traditional hybrid 

nanocrystal-organic device design. The inherent bottlenecks of these conventional 

devices are discussed as they relate specifically to EL from SiNCs. Consequently, new 

device architecture is proposed, separately optimizing each functional layer within the 

hybrid device structure, concluding with the establishment of design rules for device 

engineering. Furthermore, efforts are made to address the significant open question of 

how surface passivation impacts device performance. Such discussion provides another 

consideration at NC surface during the hybrid-device design. Finally, an overview for the 

future research direction will be discussed. 
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Chapter 1  Introduction to Light-Emitting Devices and 

Organic Semiconductors 

 

1.1 Introduction to Light-Emitting Devices 

1.1.1 Foreword 

With the rapid growth in world population and hence energy demand, achieving high 

efficiency energy usage in lighting has stood up as one of the most important strategies 

for energy saving and has been intensively investigated over the past few decades. As is 

known, in traditional lighting such as incandescent light bulbs or compact fluorescent 

light bulbs, only around 10% of the electrical energy is converted into light whereas 

almost 90% of the energy is simply wasted in the form of re-adsorption by the lamp or 

dissipation as heat.
1-3

 The resulting energy loss is therefore tremendous, especially with 

the continuous expansion of lighting to more and more application aspects, including 

indoor/outdoor lighting, displays, mobile electronics, etc. Such enormous energy loss 

from lighting applications can raise serious environmental issues such as greenhouse gas 

emissions, worsen the current energy shortage by accelerating resource depletion, and 

thus could impose a significant impact on the world economy. Therefore, additional 

research is essential in order to fully overcome the energy inefficiency in both lighting 

and information display systems. 

Recently, inorganic and organic solid-state light-emitting devices have emerged as one 

of the potential approaches to reducing the energy waste.  As a junction built with p- and 

n-type materials, holes and electrons can travel through the corresponding type of 
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semiconductor with recombination at the junction interface, leading to light emission by 

electroluminescence (EL).  

 

1.1.2 Background 

Since the first observation of EL from a silicon carbide LED by Round et al. in 1907
4, 

5
, there has been substantial and ground-breaking development in inorganic LEDs. To 

date, the technology of inorganic LEDs has already explored emission wavelengths from 

ultra-violet to infrared.
5-7

 

In addition to the “hard” semiconductor materials (inorganic), “soft” semiconductor 

materials (organic) have also received significant attention. Organic semiconductors are 

often highly conjugated. The highly delocalized electrons within the molecules greatly 

improve the optical and electronic properties for device fabrication. Since organic 

semiconductors are bound by weak intermolecular van der Waals interactions, these 

materials are often mechanically compliant for high throughput manufacture. Also, the 

excellent solubility of these materials in organic solvents provides the possibility for low-

cost device fabrication by solution processing. As such, LEDs made with organic 

materials could potentially be used as large-area applications.  

The first breakthough of organic light-emitting devices (OLEDs) was demonstrated by 

Tang et al.
8
 Since then, research has been carried out for achieving better device 

performance.
9, 10

 Recently, a new type of OLED has received significant attention with 

semiconductor NCs as the embedded active materials. Semiconductor-NC materials are 

attractive since the emission wavelength of NCs can be tuned by simply changing the size 
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due to the quantum confinement effect.
11, 12

 These NC materials are often synthesized out 

of colloidal solution and can be successfully integrated within OLEDs.
13, 14

 Such hybrid 

NC-organic LEDs grant more flexibility in material selection for realizing different color 

spectra from visible to infared
15, 16

, and provide an alternative and more convenient 

approach for color targeting and large-area manufacturing. 

 

1.2  Scope of This Dissertation 

The main focus of this dissertation is to develop a strategy for making efficient hybrid 

nanocrystal-OLEDs (NC-OLEDs) with silicon nanocrystals (SiNCs). The rest of this 

chapter will introduce the basics of organic semiconductors and the operation mechanism 

of OLEDs. Chapter 2 will discuss the theory of quantum confinement and progress in 

NC-OLEDs, where the motivation of this dissertation will be addressed. The following 

chapters (Chapter 3 to Chapter 5) will present detailed strategies for efficient SiNC-

OLEDs. Chapter 3 will demonstrate the electroluminescence from hybrid-material device 

made with colloidal SiNCs. Device design and the emission mechanism will be 

discussed. In addition, potential bottlenecks for device performance will be identified in 

this chapter. Chapter 4 will introduce the design framework for highly efficient SiNC-

OLEDs. The perspective of device engineering in device architecture and charge 

confinement provides the possibility in realizing highly efficient EL from SiNCs. In 

addition, efficient EL at different wavelengths will also be demonstrated by using SiNCs 

with different sizes, achieving the tunability of emission wavelength from the same 

emitting material. Chapter 5 will examine the micro-scale aspect of material engineering 
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by understanding the impact of fundamental material properties on the device 

performance. It is proved that the coverage of the surface ligand on SiNCs could 

potentially affect the charge transport and confinement during the device operation, 

which could essentially be a key factor when highly efficient SiNC EL is interested. 

Chapter 6 will introduce a new device fabrication scheme for the next-generation SiNC 

LED fabrication, in which the device is made by a dry, all-gas-phase process. This 

technique has successfully demonstrated that efficient EL can even be realized from 

single-layer SiNC-LEDs where the SiNC layer is sandwiched between two electrodes. 

Chapter 7 will conclude this dissertation and propose future research directions for this 

work.  

 

1.3  Bonding in Organic Solids 

Unlike the strong covalent bonding found in inorganic semiconductors, the interaction 

between organic molecules is mediated by van der Waals interactions. The attraction 

between electrically neutral molecules can result from: (a) Attraction between a 

permanent dipole and an induced dipole (Debye interaction); (b) Attraction between two 

permanent dipoles (Keesom interaction); and (c) Attraction between two induced dipoles 

(London interaction).
17

 Generally, the interaction energy of organic molecules is about 

10
-3

 to 10
-2

 eV, much smaller than that of covalent-type interaction in inorganic 

semiconductors (2-4 eV).
18

 This weak bonding affords organic semiconductors 

advantageous processibility over their inorganic counterparts.  

 



 

 5 

1.4 Organic Semiconductors: Conjugated Systems and Delocalized  

Orbitals 

Conjugated organic materials, i.e., polymers or small molecules with alternating single 

and double bonds along the backbone or the ring of the molecule, exhibit different 

electronic bonding structures than those present in non-conjugated materials, or 

insulators. In addition to a symmetric electron distribution ( bond) arising from sp
3
 

hybridized covalent bonds, conjugated polymers and small molecules also have  bonds, 

stemming from the overlap of pz orbitals as a result of continuous sp
2
 hybridization of 

adjacent carbon atoms along the backbone. This overlap leads to the formation of 

delocalized electron clouds above and below the bonding plane. For example, benzene 

has a conjugated aromatic structure as shown in Figure 1.1 with six-pz-orbital bonding, 

which leads to the well-known delocalized electron density above and below the planar 

aromatic structure.
19

 This delocalization not only stabilizes the electrons in the molecule, 

but also provides additional space for electron conduction.  

 

  

(a) (b)Pz orbital π orbital

 
 

Figure 1.1 The sp
2
 hybridization of the pz orbitals. (a) six pz orbitals, (b) π orbitals. 
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1.5 Molecular Orbital Theory: Energy Levels in Organic 

Semiconductors 

Without a strong covalent bonding interaction between organic molecules, the valance 

and conduction bands of organic semiconductors do not resemble those of their inorganic 

counterparts. Molecular orbital theory, based on a linear combination of atomic orbitals, 

is used to understand the electronic bands in organic semiconductors. As depicted in 

Figure 1.2, when p orbitals of the carbon atoms overlap in a parallel manner, a set of 

bonding () and anti-bonding orbitals (**) can form and the overlapped  orbitals 

of double bonds can result in degeneracy of the molecular orbitals. As the number of the 

conjugated units in the molecule increases, the  and * orbitals of the molecule broaden 

and form a filled and unfilled band, respectively, labeled as the highest occupied 

molecular orbital level (HOMO) and the lowest unoccupied molecular orbital 

 

Figure 1.2 Filled and empty molecular orbitals. Note that the HOMO and LUMO refer to the highest 

occupied molecular orbital level and the lowest occupied molecular orbital level, respectively. 



*

E
n

e
r
g
y

Empty *orbital

(LUMO)

Filled * orbital

(HOMO)

Conjugation
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level (LUMO). The HOMO and LUMO are equivalent to the valance and conduction 

bands in inorganic semiconductors. Typically, the values of HOMO and LUMO for 

organic small molecule thin films are determined by photoelectron spectroscopy (UPS)
20, 

21
 and inverse photoelectron spectroscopy (IPES)

22
, respectively. The HOMO and LUMO 

values of polymer molecules are usually measured by cyclic voltammetry (CV).
23

  

 

1.6 Molecular Excited States 

When an organic semiconductor molecule is optically excited, an electron is promoted 

from its ground state (HOMO) to an excited state with a hole left behind in the ground 

state. The mutual Coulomb attraction between the negatively charged electron and 

positively charged hole creates a bound electron-hole pair, which is referred to as an 

exciton. In this case, the excited molecules remain charge neutral and the exciton is 

usually localized within the molecule. 

In organic materials, the excitons are classed as Frenkel excitons.
24

 Due to the low 

dielectric constant of this class of materials (typically ~1 to 5), the strong Coulomb 

binding interaction usually results in a large exciton binding energy (typically ~ 0.2 to 1.6 

eV)
25

 and a short distance (< 0.5 nm) between the tightly bound electron-hole charges.
24

 

On the contrary, excitons generated in inorganic systems are usually at the other extreme. 

With the high dielectric constant of inorganic materials, the Coulomb interaction between 

bound electron-hole charges is electrostatically screened, resulting in a small exciton 

binding energy and a large distance in between the electron-hole pair. The excitons in this 

limit are called Wannier-Mott excitons, most commonly observed in inorganic crystalline 
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systems. Wannier-Mott excitons typically have a radius of about 4 to 10 nm, and a 

binding energy at the scale of meV. For example, in bulk materials, the exciton binding 

energy is 4.9 meV for GaAs, 5.1 meV for InP, 14.7 meV for Si, 15 meV for CdS, 27 meV 

for CdSe, etc.
26, 27

 Since the binding energy of Frenkel excitons is at least one order of 

magnitude higher than that of Wannier-Mott excitons, the Frenkel exciton states are more 

stable at room temperature, whereas the thermal energy (~25 meV) is often enough to 

dissociate Wannier-Mott excitons. 

 

1.6.1 Singlet and Triplet Excitons  

In the molecular ground state, each orbital has an electronic configuration of two 

paired electrons: one with electron spin up and one with electron spin down. When an 

exciton is created by optical excitation, one of the unpaired electrons is left in the HOMO 

level and the other is promoted to an excited state. Typically, the spin configuration 

before and after the optical excitation follows the spin conservation rule, i.e., the spins of 

the two electrons are paired (one up and one down). This type of exciton state is referred 

to as the “singlet”. However, if the exciton undergoes further process (intersystem 

crossing, which will be discussed shortly) or is formed by electrical excitation, each 

unpaired electron could have an independent electron spin orientation (up or down). This 

process can be visualized by using the vector model as shown in Figure 1.3. This model 

treats the electron spin as a rotating vector with an orbital momentum. The individual 

vectors represent the state of either spin up or spin down. Due to the four possible 

combinations of spin orientations, the exciton can be divided into two types based on 
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their spin degeneracy (S): singlet (S=0) and triplet (S=1). The singlet is one state 

containing two anti-parallel spin vectors, resulting in net spin (S) equal to zero (Figure 

1.3(a)), while the triplet consist of three states with a net spin (S) equal to one (Figure 1.3 

(b) to (d)). Theoretically, models of spin statistics predict that triplet formation via 

electrical excitation is three times as likely as singlet formation.
28-30

 This ratio has been 

proved experimentally in organic small molecules.
31, 32

 As for polymers, the singlet-to-

triplet ratio can range from 1:1 to 1:3.
32-34

 In the ground state, most unexcited molecules 

must have paired spins with opposite orientation occupying the same orbital. Hence, the 

ground state is of singlet character. Typically, the energy state of the lowest triplet is 

lower than that of the singlet due to the minimized electron-electron repulsion at the 

triplet states.
35, 36
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Figure 1.3 Illustration of four possible exciton spin combinations. (a) Singlet S=0; (b), (c), and (d) Triplet 

S=1. (Image reproduced from Reference 35) 
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1.6.2 Luminescence  

Excitons can relax and recombine by either non-radiative or radiative means. Non-

radiative relaxation is usually associated with lattice vibration and phonon emission. 

Luminescence is a radiative transition of the electrons from the excited states to lower 

energy states accompanied with emission of photons. The efficiency of luminescence is 

determined by the rates of both radiative and non-radiative processes, as shown in 

Equation 1.1, where kR and kNR denote the rate constants of radiative and non-radiative 

decay processes, respectively. The intrinsic ability of a material to emit light under 

optical excitation is known as the photoluminescence (PL) efficiency. Note that this 

efficiency is also experimentally defined as the rate of photon emission (np) divided by 

the rate of photon absorption (na) 

  a

p

NRR

R
PL

n

n

kk

k



                                                                                                  (1.1) 

The luminescence is usually affected by non-radiative processes, which can originate 

from bimolecular exciton quenching, defect quenching, or phonon (vibrational) 

relaxation.
35

  

There are two types of luminescence, fluorescence and phosphorescence, depending 

on the nature of the exciton.
37

 The difference between the two kinds of luminescence can 

be illustrated by the energy-level diagram proposed by A. Jablonski (Figure 1.4). After 

light absorption, the electron can be excited to form a higher singlet energy level such as 

S1 or S2. The relaxation from S2 to S1 is called internal conversion. Fluorescence is the 

emission from excitons the lowest excited singlet state to the ground singlet state with 

lifetime near 10
-9

 to 10
-8

 seconds. On the contrary, when the singlet is created, it can be 
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possible converted to triplet state. Such non-radiative transitions from one spin to a 

different spin orientation between excited states is called intersystem crossing. 

Phosphorescence is the radiative relaxation of excitons from the triplet excited states 

(generally the lowest triplet excited state) to the ground singlet state with lifetimes that 

can be as long as milliseconds to seconds.
37

 The typical time scale for the described 

process is summarized in Table 1.1.
38

 Generally, phosphorescence is less common than 

fluorescence because of the following two reasons. First, the intersystem crossing from 

singlet to triplet state is quantum mechanically unfavorable. During the state transition, 

spin flip is required, which does not follow the conservation of spin symmetry. Second, 

the radiative relaxation from triplet to singlet ground state is also forbidden. Instead, the 

triplet state can undergo non-radiative routes before phosphorescence occurs, such as 

triplet-triplet annihilation or triplet-polaron quenching.
39
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Figure 1.4 Jablonski diagram: illustration of absorption, fluorescence, phosphorescence and intersystem 

crossing (Image reproduced from Reference 37). 
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1.6.3 Phosphorescence in Organic Semiconductors: Spin-Orbital Coupling 

Although phosphorescence is a forbidden relaxation process with different spin 

symmetries between the excited state (triplet) and ground state (singlet), the complete 

process, including intersystem crossing from singlet to triplet and triplet relaxation, can 

be allowed by introducing the interaction between the electron orbital motion and the 

corresponding electron spin rotation. Such interaction is referred to as the spin-orbit 

coupling interaction, which induces a magnetic torque within molecules and could 

rephrase or flip the electron spin during the process. Typically, such effect is enhanced as 

the charge of the nucleus Z increases, and is usually seen in heavy metal (d
6
) complex 

which contains third- or second-row elements, such as iridium (III), platinum (II), 

osmium (II), or ruthenium (II).
40, 41

 The change in the orbital momentum (induced 

magnetic torque) could balance the change in the spin momentum, resulting in conserved 

total momentum. Therefore, this process mixes the nature of singlets and triplets, 

removes the spin-forbidden nature in intersystem crossing, and thus allows efficient 

 

Name Time Scale (sec) 

Absorption 10
-15

 

Internal Conversion 10
-12

 to 10
-6

 

Intersystem Crossing (singlet to triplet) 10
-12

 to 10
-6

 

Intersystem Crossing (triplet to singlet) 10
-9

 to 10
-1

 

Vibrational relaxation 10
-13

 to 10
-12

 

Fluorescence 10
-9

 to 10
-7

 

Phosphorescence 10
-6

 to 10
-3

 

 

Table 1.1 Summary of photophysical processes
38 
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phosphorescence.
9, 10, 40, 42

 As a result, the devices utilizing the phosphorescent materials 

have achieved very high efficiency in performance. 

 

1.6.4  Energy Transfer in Organic Semiconductors 

In organic semiconductors, energy can be transferred either radiatively or non-

radiatively. For the radiative mechanism, energy can be transferred into a two-step 

process. The excited molecule (D*) can relax from the higher-energy state to the ground 

state through the emission of photons. The emitted photons can then be absorbed by an 

acceptor molecule (A) which therefore becomes excited: 

hDD *                                                                                                                (1.2) 

*AhA                                                                                                                   (1.3) 

This process is often called cascade or trivial energy transfer, and is useful for energy 

transfer over large distances (>10 nm). A strong overlap between the donor emission and 

the acceptor absorption spectrum is required for this process to occur.  

Energy may also be transferred via non-radiative processes. One such process, Förster 

or resonant energy transfer,
24, 35, 43, 44

 also depends on the overlap between absorption and 

emission spectra. This process is based on the Coulombic interaction, i.e. the dipole-

dipole coupling mechanism, which is shown in Figure 1.5.
35

 The orbital oscillation of the 

electron 1 induces a similar orbital oscillation of election 2. This may cause the inductive 

excitation of electron 2 with relaxation of electron 1, i.e., energy transfer may occur: 

** ADAD  .  
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In other words, Förster energy transfer is the absorptive transition of energy between 

electron 1 and 2 without the occurrence of photon emission. The rate of energy transfer 

by dipole-dipole coupling can be expressed as
24

:  














  


dF

n

c

R
K AD

D

AD )()(
4

311
4

0

4

4

6
,     (1.4) 

where R is the mean separation between donor and acceptor molecules, FD is the 

normalized fluorescence emission spectrum of the donor, A is the normalized acceptor 

absorption cross section, n0 is the index of the refraction of the surrounding medium, c is 

the speed of light, D is the natural lifetime of the donor in the absence of quenchers, and 

integration is over all the angular frequencies (). Note that in this process, the donors 

have to be emissive to serve as donors in energy transfer. Equation 1.4 can be written 

as
2424

: 

6

01










R

R
K

D

AD


,         (1.5) 

where R0 is the critical separation of donor and acceptor at which energy transfer from 

D* to A (or Förster radius) and emission from D* have equal probability. If R>R0, the 

1

2

2

1

D* A D A*

LUMO

HOMO

 
 

 

 

 

Figure 1.5 Förster energy transfer: Note that the solid circles refer to the passive electrons whose 

interactions with other electrons are assumed to be roughly the constant during the process of energy 

transfer. The HO and LU mean the highest occupied electron state and lowest un-occupied electron state 

(Image reproduced from Reference 35) 
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deactivation of D* (emission) dominates. If R<R0, energy transfer dominates. Typical 

values of R0 in organic semiconductors are from 50 to 100 Å.
43

  

Another non-radiative energy transfer mechanism is by electron exchange at short 

range between two molecules. This process can be treated as a collision mechanism 

because the electron clouds of the donor and acceptor need to overlap significantly in 

space, and interpenetrate each other for efficient transfer.
35

 The exchange can happen 

simultaneously between a donor and acceptor, or in several steps via a radical ion pair, or 

even through the formation of chemical bonding in an intermediate species. The 

visualization of the exchange mechanism is shown in Figure 1.5.  

Dexter has shown the rate of the transfer as
24

:  

 dEEFEFK ADDAAD )()(
2 2





,       (1.6) 

where DA  is the exchange energy interaction between donors and acceptors, E is the 

energy, FD(E) and FA(E) are the normalized photoluminescence spectrum of the donor 

and the absorption spectrum of the acceptor, respectively. If the hidden separation and 

concentration dependence in DA  are taken into consideration, then the above rate 

equation can be approximately rewritten into the form as follows
35, 45

: 

)/2exp( LRK DADA  ,            (1.7) 

where K is the specific orbital interaction, RDA is the donor-acceptor separation, and L is 

the van der Waals radius. As shown in this equation, for electron exchange, the rate of 

transfer drops exponentially as RDA increases to more than one or two molecules, 

typically 5 to 10 Å. 
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1.7 Charge Transport in Organic Semiconductors 

Charge transport in semiconductors is usually characterized by the magnitude and the 

temperature dependence of the mobility. Mathematically, the mobility is defined as a 

proportional coefficient which correlates the drift velocity of charges to the applied 

electric field, as shown in Equation 1.8.  

 dv                                                                                                                          (1.8) 

where vd is the drift velocity of the carriers, μ is the mobility in unit of cm
2
/V-s, and E is 

the applied electric field. In inorganic semiconductors, the mobility is commonly 

measured by Hall effect or field-effect.
46

 Typically, in crystalline inorganic 

semiconductors such as Si and GaAs, the electron mobility is commonly observed on the 

order of 10
3
 to 10

4
 cm

2
/V-s.

46
 In organic semiconductors, on the other hand, the mobility 

(a)
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(c)
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 Figure 1.6 Dexter energy transfer: D and A refer to donor and acceptor molecules; HOMO and LUMO 

mean the highest occupied electron state and lowest unoccupied electron state. (a) HOMO to HOMO 

electron exchange; (b) converted (simultaneous) electron exchange; (c) LUMO to LUMO electron 

exchange. Note that open circles refer to the electrons from the donor molecule D. The solid circles refer 

to the electrons from the acceptor molecule A (Image reproduced from Reference 35). 
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is usually measured by various techniques, including time-of-flight
47-50

, charge 

dissipation
51

, transient current
52

, and device configuration
49, 50

. The device configuration 

method involves either a diode or a field effect transistor (FET)
49, 53-55

, where the former 

is usually adopted for characterization of the bulk material mobility using the space-

charge limited current model
26, 56, 57

. The FET is typically employed for determining the 

charge behavior in transport within a very narrow channel at the interface between 

organic semiconductor and the dielectric.
53, 54

 Typical bulk mobility from time-of-flight 

method is on the order of 10
-8

 to 10
-4

 cm
2
/V-s.

58, 59
 However, in organic single-crystal 

systems, electron mobility (measured by FET) larger than 1cm
2
/V-s and hole mobility 

higher than 10 cm
2
/V-s can be observed.

60
  

Charge transport in semiconductors is generally described by two well-known models, 

i.e., the band model and the hopping model. The band-like model applies when charge 

carriers move as a highly delocalized plane wave in a band-like structure, created by the 

periodic lattice potential under Bloch conditions.
24, 61

 On the contrary, the hopping model 

prevails when the charge carriers are highly localized on molecules or defects. In this 

case, the charges are no longer considered as a free-moving plane wave and are instead 

activated by thermal energy to hop from one site to another.
24, 49, 50

 Generally, the charge 

transport mechanism in organic semiconductors is considered as a case in between these 

two extremes.
24

  

The band theory is usually used for explaining the charge transport in crystalline 

systems, including most inorganic semiconductors. In band theory, the energy band for 

charge carrier transport is formed through the periodic lattice interaction. By solving the 
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Schrӧdinger equation for a periodic crystal potential established by the cores, a Bloch 

wavefunction is obtained showing high level of delocalization of the carriers in 

crystalline systems. The carriers move in the material with wide bands and exhibit the 

transport behavior characterized by the temperature dependence of mobility as
24

: 

1,   nT n                                                                                                                  (1.9) 

However, in organic semiconductors, since the molecules are bound together by much 

weaker van der Waals interaction as opposed to the strong covalent coupling in their 

inorganic counterparts, this class of materials typically exist in forms of amorphous or 

polycrystalline solids. As a consequence, the Bloch theorem breaks down in this case as 

the overlap of the wavefunctions between neighboring molecules is significantly smaller, 

giving rise to smaller carrier mean free path than the lattice constant; in other words, the 

charge carriers are highly localized due to the disrupted lattice potential distribution. The 

hopping model, therefore, manifests more validity in describing the charge transport 

behavior in most organic semiconductor systems. 

The hopping model is typically employed to describe disordered systems which have 

the mean free path of the charge carriers comparable to the lattice constant. The material 

system usually has a random potential distribution, such as aforementioned organic 

semiconductors, where the carrier is localized within an energy well, awaiting for 

reception of sufficient thermal activation energy to overcome the potential well to hop 

from one potential well to another. The energy well here is usually created by a defect or 

by the polarization of a lattice site where the charge carrier resides for a certain amount of 

time. In the latter case, the carrier and its associated lattice deformation are defined as a 
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polaron. In hopping theory, the thermal energy to activate the carrier hopping is usually 

provided by the phonon vibration of the system, i.e., the hopping mechanism is phonon-

assisted. The dependence of mobility on temperature in this case is given by
24

: 

)/exp( TkE BA                                                                                                      (1.10) 

where EA is the activation energy, kB is the Boltzmann’s constant, and T is the 

temperature. This dependence is associated with the probability of carriers to hop 

between two sites and follows the exponential relationship from Arrhenius law. 

 

1.8 Recent Progress in Organic Light-Emitting Devices  

Electroluminescence (EL) in organic crystals (anthracene) was first observed by Pope 

et al. and Helfrich et al.
62, 63

  The EL from 10-20 m thick anthracene crystal was first 

found at voltages exceeding about 400 V.
62

 In several following works, the driving 

voltage was reduced but EL was still able to be characterized with external quantum 

efficiency of about 0.05%.
63-67

 In 1987, Tang first reported a vacuum sublimed thin-film 

device with a high external quantum efficiency up to about 1% and a low driving voltage 

of below 10 V.
8
 In 1990, Burroughes et al. reported the first polymer OLED fabricated by 

spin-casting the conjugated polymer PPV [poly(phenylenevinylene)].
68

 

Although the EL efficiency is improved by doping the host polymer with highly 

fluorescent molecules
69

, the internal quantum efficiency of traditional fluorescent OLEDs 

is limited by exciton spin statistics. In most fluorescent materials, only 25% of the 

excitons (singlets) formed under electrical excitation can emit light while the rest 

(triplets) undergo non-radiative recombination.
36, 70

 However, with the development of 
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efficient phosphorescence from organic semiconductors containing heavy metal 

elements
9, 9

, the internal quantum efficiency can approach 100% by doping 

phosphorescent dyes into a wide band-gap host material, leading to almost 20% external 

quantum efficiency.
10

 The emission mechanism in this host-guest system will be 

explained in the following sections. 

 

1.9 Operation Mechanism in OLEDs and External Quantum 

Efficiency 

In OLEDs, the device structures typically are planar structures with the emissive layer 

sandwiched in between the electrodes or charge transport layers (Figure 1.7 (a) and (b)).
 

The emitter materials often have either hole-transporting or electron-transporting charge 

transport characteristics (Figure 1.7 (c) and (d)). The EL occurs through the following 

succession of events: the injection of electrons and holes from cathode and anode, 

respectively, followed by charge transport through the charge transport layers, formation 

of excitons at the emissive layer, and light emission as a result of electron-hole 

recombination (Figure 1.7 (e) and (f)).  

In OLEDs, the external quantum efficiency (EQE) can be defined as the number of 

photons emitted by the device along the forward viewing direction per electron injected 

into the device. In terms of other materials and device parameters, the EQE can be 

defined as
36

:  

OCPLEQE             (1.11) 
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The quantity    is the coefficient of charge balance, which represents the fraction of 

injected carriers that form excitons in the emissive layer.
36, 71

 Due to the barrier for 

charge injection from metal to organic semiconductor and the different carrier mobilities 

for electrons and holes in the charge transport layers, the charge population may not be 

balanced in the emissive region, leading to the possibility of leakage current with a 

reduced exciton formation. The second factor, , is called the spin fraction. Simple spin 

statistics suggest that the ratio of singlets to triplets is 1:3.
31, 32

 Singlet excitons may 

undergo radiative relaxation, while this process is usually forbidden for triplet excitons. 

Therefore, in a typical OLED, 75% of the excitons will be lost in non-radiative processes. 

However, even during the singlet exciton recombination, not all excitons decay 

radiatively, due to the presence of competing non-radiative paths for exciton relaxation. 

This is accounted for in the photoluminescence efficiency ( PL ) of the material and also 

the exciton quenching mechanisms in the structure. Finally, OC  is the outcoupling 
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Figure 1.7 (a)-(d) Illustration of the structure of planar structure of OLEDs and (e)-(f) schematic of their 

operation mechanism. 
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efficiency that accounts for optical losses that may limit the fraction of emitted excitons 

that actually escape into the forward viewing direction.
71, 72

 Figure 1.8 summarizes the 

EL emission process and the sequence of efficiency calculation.
22, 71

 These four factors 

state the possible losses of the external quantum efficiency in devices and provide basic 

directions of minimizing the losses for further performance improvement. 

 

1.9.1 Host-Guest System 

In OLEDs with a host-guest emissive layer, exciton energy transfer from host to guest 

can be via either Förster or Dexter processes
71

, both allowing the singlet-to-singlet 

transitions (Figure 1.9). For fluorescent guests, the doped guests can undergo the 

relaxation from excited state S1 to the ground state S0, leading to fluorescence. As for 

phosphorescent guests, the intersystem crossing happens within the guest materials, 

which converts the energy state of the guest from singlet to triplet. In addition, the triplet 

states in guest molecules can also be achieved by the Dexter transfer from the triplet 

Singlet exciton Triplet exciton

Emission
Thermal

deactvation

Non-radiative 
deactivation

Internal loss
External

emission

hole (h) electron (e)

h-e pair
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Figure 1.8 Various processes available for exciton relaxation. (Image reproduced from Reference 22 and 

71) 
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excited states of the host materials (Figure 1.10). In addition to energy transfer, there 

might be a possibility of carrier trapping, which also forms excitons on the guest 

materials. After the relaxation from triplet excited state T1 to the ground state S0, guest 

phosphorescence could be obtained. 
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 Figure 1.9 Fluorescence, phosphorescence and energy transfer within a host-guest system (Image 

reproduced from Reference 71). 

Figure 1.10 (a) Illustration of the structure of host-guest OLEDs and (b) Schematic of their operation 

mechanism (Image (b) reproduced from Reference 22). 
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1.9.2 State-of-the-Art OLEDs 

While the conventional OLED technology uses either fluorescent or phosphorescent 

RGB (red, green, blue) dopants in multi-layer structures for most applications, a novel 

single-layer device structure with a graded heterojunction has been recently proposed. 

Such device structure eliminates the tedious multi-layer fabrication but still maintains 

good exciton and charge confinement within one-single layer.
73, 74

 White light-emitting 

OLEDs have also been realized either by including separate RGB emission layers within 

the device, multi-layer with host-guest structure, or single layer with blended dopants.
75-79

 

Recently, advanced OLED systems made with II-VI, III-V, or IV-VI inorganic 

semiconductor emitters have drawn significant attention. Such device architecture offers 

another potential approach to combining the optical properties of inorganic 

semiconductors with the electronic properties of organic semiconductors. Due to the 

advantage in wavelength tunability of nano-scale inorganic semiconductors, emission 

wavelength engineering from a single material becomes achievable. Multiple EL from 

such systems have already been demonstrated
11

 and will be introduced in next chapter.   
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Chapter 2  Nanocrystals and Hybrid Light-Emitting Devices 

The previous chapter introduced the basic physics of organic semiconductors and 

organic light-emitting devices (OLEDs). This chapter will cover the fundamental theory 

of colloidal semiconductor nanocrystals (or quantum dots) and their application in hybrid 

OLEDs. 

 

2.1 Nanocrystal (Quantum Dot) 

In a semiconductor nanocrystal (quantum dot) electrons and holes are confined by a 

potential barrier in all directions. Its optoelectric properties depend strongly on particle 

size and deviate from those of the bulk material (Figure 2.1 (a)).
80

 Both the absorption 

energy and emission energy blue shift with a decreasing particle size (Figure 2.1 (b)).
81

 

This size dependence provides an opportunity to tune the emission of the particles by 

controlling their diameter, permitting various applications
11, 82-84

, including in light-

emitting devices
11-13, 85

, solar cells
11, 86-88

, and biological labels.
89-95

  

 

2.2 Quantum Confinement in Nanocrystals 

The size dependence effect of a semiconductor occurs when material dimensions 

become smaller than the excitonic Bohr radius of the bulk materials, defined as
96

: 

oB a
m

m
a

*
 ,                                                                                                                (2.1) 

where     is the dielectric constant of the nanocrystal m* is the effective mass of the NC, m 

is the electron rest mass,  oa  is the Bohr radius of the hydrogen. For example, the 

calculated value for cadmium selenide (CdSe) is ~ 60 Å
96

, and is ~50 Å for silicon.
97, 98
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When the particle size is below this natural length scale of electron-hole pair Ba , the 

exciton will experience confinement by the physical boundaries. This quantum sizing 

feature also forces the energy bands to split into discrete levels, leading to a quantized 

density of states in both bands (Figure 2.2).
99

  

 

2.3 Quantum Mechanical Model of Quantum Confinement 

The quantum confinement effect can be qualitatively explained by a simplified 

example of the classic “particle in a box” problem of quantum mechanics.
100

  

 

2.3.1 Quantum Confinement in Nanocrystals with a Single Charge 

According to the effective-mass approximation proposed by Brus
101, 102

, the 

 

(a) (b)(a) (b)

 

Figure 2.1 The size effect on absorption and photoluminescence of cadmium selenide (CdSe) quantum 

dots. (a) Room-temperature absorption of the CdSe with the size range ~12 to 115 Å in hexane ; (b) 

Photoluminescence spectra of bare (dash curves) and Zinc sulfide (ZnS) coated CdSe quantum dots (solid 

curves). The curve a refers to particle with diameter 23 Å; curve b: 42 Å; curve c: 48 Å; curve d: 55 Å 

*Data Reprinted with permission from Synthesis and characterization of nearly monodisperse CdE (E = 

sulfur, selenium, tellurium) semiconductor nanocrystallites, Copyright (1993) American Chemical 

Society; (CdSe)ZnS Core−Shell Quantum Dots: Synthesis and Characterization of a Size Series of Highly 

Luminescent Nanocrystallites, Copyright (1997) American Chemical Society 

. 
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Hamiltonian of a single-charge spherical nanoparticle with infinite outside potential can 

be written as following: 



 V
m

h
H c

c
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2

2

8
; 0



V  if Rr   or 


V  if Rr  ,         (2.2) 

where mc is the effective mass of the point charge, r is the distance from the center of the 

particle, and R is the radius of the nanoparticle. The Schrödinger equation gives the 

wavefunction and energy in a spherical system as: 
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Equation 2.3 describes the behavior of an electron in a potential box and also 

qualitatively describes the shift in the absorption spectra with size. 
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 Figure 2.2 Density of states of a semiconductor: (a) Comparison of idealized density of states for one band 

of a semiconductor material in 3 dimensions (3d) and in 0 dimensions (0d), with 3d bulk materials showing 

a continuous density of states and 0d case show a molecular like (or discrete) density of states; (b) The 

change of density of states of a semiconductor from bulk to nanoparticle, and then to the atomic limit. Note 

that the energy band gap between HOMO and LUMO increases with the decrease of the size of the material, 

which can be explained by considering analogy to the particle-in-a-box of quantum mechanics (Image 

reproduced from Reference 99). 
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2.3.2 Quantum Confinement in Nanocrystal with an Exciton 

Since the excited state of nanocrystals is actually exciton, three interactions should be 

included in the potential term when constructing the Hamiltonian, namely, the kinetic 

energy of the exciton, the Coulomb attractive interaction in this electron-hole bound state, 

and the polarization interaction at crystalline surface.
102

  

With the effective-mass approximation, the Hamiltonian can be written as following:  

),(
88

2

2

2
2

2

2

heh

h

e

e

SSV
m

h

m

h
H






;                            (2.5) 

polcoul VVV


 ,                                      (2.6) 

 where me and mh are the effective mass of electron and hole, with the positions eS


 and 

hS


, respectively (Figure 3.3). 

 

 

Moreover, Coulomb interaction in the potential term can be expressed as: 
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Figure 2.3 The Schematic expression of a spherical nanoparticle with dielectric constant 2  embedded in 

a medium material with infinite boundary and dielectric constant 1   (Image reproduced from Reference 

102). 
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where  2   is the dielectric constant of the semiconductor material.  

Also, the polarization term can be written as:  
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  , 1  is the dielectric constant of the medium 

surrounding the nanoparticle.  

Therefore, the Schrödinger equation excexc EH   can be shown as: 
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By assuming uncorrelated solution of wave function shown as:  
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and applying the wave function from Equation 3.3 in the previous case for )(
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1
 , the calculated energy of the lowest excited exciton (the energy shift with 

respect to the bulk band gap) is: 
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where the bar in the third term denotes the average of the wavefunction exc . At small R, 

the first term in the solution dominates, which means the sum of kinetic energy of 

electron and hole in the system can be roughly approximated as the internal exciton 

energy. As a result, this energy is an additional energy with respect to the bulk band gap 
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energy for creating exciton in the semiconductor nanoparticle. Thus, the calculated 

energy band gap (or transition energy Etr) is given by: 

exgtr EEE                                               (2.12) 

From Equation 2.12, the smaller the quantum size, the larger the band gap between the 

HOMO and LUMO, as shown in Figure 2.2 (b) when the size of the nanoparticle has 

been decreased toward the atomic limit. The calculated band gap energy for several 

semiconductor quantum dots are plotted in Figure 2.4 (a) and are compared with the 

experimental data in Figure 2.4 (b). A good agreement between the calculated energy and 

the experimental data is found for particles with sizes bigger than 8 nm.
102, 103

  

 

(a) (b)(a) (b)

 
 Figure 2.4 (a) Calculated energy of the lowest excited exciton state as a function of diameter of several 

semiconductor materials by using the effective mass model with Equation 2.11 and 2.12. The short 

horizontal curve is the energy band gap of bulk materials; (b) Comparison of the predicted theoretical value 

of the HOMO and LUMO transition energy (effective band-gap energy) from effective mass model (solid 

line) and the diamonds are the experimental data measured by correlating absorption with TEM analysis 

*Data reprinted with permission from Electron-electron and electron-hole interactions in small 

semiconductor crystallites: The size dependence of the lowest excited electronic state, Copyright (1984) 

American Institute of Physics; The Quantum- Mechanics of Larger Semiconductor Clusters (Quantum 

Dots), Copyright (1990) Annual review of physical chemistry 
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With further modification, this calculation is shown to be in a good agreement with the 

experimental data for several semiconductor materials, such as CdSe, CdS (cadmium 

sulfide), CdTe (cadmium telluride), and InP (indium phosphide).
104

  

 

2.4 Emission Mechanisms in Indirect and Direct Band-gap Materials 

For direct band-gap semiconductor materials, the effective-mass approximation can 

successfully give a quantitative explanation of the size dependence of the band gap and 

thus the blue shift of the radiative recombination with decreased nanoparticle diameter. 

For example, II-VI semiconductor nanoparticles, especially CdSe, provides a good 

demonstration of this quantum-confinement phenomenon (Figure 3.2 (b)). On the other 

hand, in indirect band-gap semiconductor materials, the bulk materials normally have 

weak luminescence while the luminescence in quantum dots can be enhanced and is also 

tunable by quantum confinement effect.
105, 106

  

In indirect semiconductors, a phonon is typically required to fulfill the momentum 

balance in radiative recombination in bulk materials, such as silicon. In a nanoparticle of 

indirect semiconductor, however, since the physical size of the material is small, overlap 

between the tails of wavefunction is likely to occur, responsible for the increase of the 

radiative recombination rate in the nanocrystals.
107

 A further modification of the 

effective-mass approximation
108

 demonstrates that the silicon nanocrystals (SiNCs) have 

quantum confinement effect, implying the tunable energy window for radiative emission 

of this material. 
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2.5 Introduction to Hybrid Nanocrystal-Organic-Light-Emitting 

Devices 

The emission wavelength of inorganic semiconductor nanocrystals can be easily tuned 

by size, while organic phosphorescent materials usually require specific and difficult for 

engineering emission wavelength from each different chemical compound.
11, 81, 109, 110

 

Similar to OLEDs, by utilizing either energy transfer
9, 36, 111

 or charge trapping 

mechanisms
112, 113

, these nanocrystal materials can serve as emissive materials much like 

organic semiconductors. The resultant device is referred to as a hybrid nanocrystal-

organic light-emitting device (NC-OLED). A comparison of the energy band gap, i.e., the 

allowed range of tunable emission energy, of various nanocrystals is summarized in 

Figure 2.5.
109
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Figure 2.5 Emission tunability of quantum dots: Calculated band-gap energy using a simple particle-in-

a-box model. Circles show the band-gap energy of bulk materials. Downward-pointing triangles show 

energies at 3 nm particles diameters, while the upward-pointing triangles show energies for dots at 10 nm. 

(Data reproduced from 

Reference 109) 
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The NC-OLED is attractive for the development of full-color flat-panel displays and 

lighting application, since different emission colors in hybrid OLEDs can be achieved by 

only using a single material. In addition to the ease of wavelength tuning, these inorganic 

semiconductor nanocrystals also show great compatibility with solution processing owing 

to the attached surface ligands, which permits devices to be fabricated using high-

throughput printing and coating based techniques. 
11, 114-121 

The first hybrid OLEDs were created during 1990s with II-VI semiconductor 

nanoparticles of CdSe, with a conjugated polymer, such as poly-(para-

phenylenevinylene) (PPV) or poly-(9-vinylcarbozole) (PVK).
13, 122

 These works initiated 

a tremendous amount of studies with CdSe during these decades.
11, 14-16, 85, 114-129

 The 

external quantum efficiency of devices first observed was only reported as 0.001%.
13

 To 

date, attention has been paid almost exclusively to studies of group II-VI, III-V, and IV-

VI semiconductor nanocrystals. 
11, 14-16, 85, 114-129

 In 2009, light-emitting devices based on 

CdSe/ZnS core-shell nanocrystals have been demonstrated with a high EQE of ~2.7% for 

EL at a wavelength of ~600 nm.
15

 Several works on enhancement of the device 

performance have been proposed. Table 2.1 summarized the up-to-date emissive 

materials used and corresponding device efficiency from literatures.
11

 Meanwhile, 

architectures comprising inorganic transport layers have also been proposed in order to 

introduce device design and attempt of solving the lifetime issue of organic 

semiconductors. However, their performance remains lower than in corresponding hybrid 

structures.
130-134
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In addition to visible emission for displays
117

 and lighting
125

, nanocrystals can also be 

applied to the near infrared region of the spectrum for potential applications in ethernet 

data links, remote control, and communications.
7, 114

 In addition, the infrared spectrum 

within 700-1100 nm possesses low absorbance and scatter in living tissues, which allows 

the potential of integration of active emitter materials for tissue imaging or bio-medical 

device purpose.
91, 92, 94

 

Usually, the near-infrared is defined as the wavelength range between ~750 to ~1500 

nm. Although CdSe (cadmium selenide) is well studied for the visible emission, it cannot 

fulfill the emission in this region due to the limit of its tunable band gap. Therefore, 

several quantum dot nanocrystals are reported as substitutes for CdSe, such as PbS (lead 

sulfide), PbSe (lead selenide), and InAs (indium arsenide). These NCs emit over a 

 

Nanocrystals 

Reported 

Wavelength 

(nm) 

Reported External 

Quantum Efficiency  

Turn-on 

Voltage 

(V) 

Year 

CdSe 580-620  0.001-0.01%  ~4  1994 

CdSe 530-650  0.0005% - 1995 

CdSe/CdS 613  0.22% 4  1997 

CdSe/ZnS 562  0.52% 
Estimated 

~4 
2002 

CdSe/ZnS 540-635  >2% - 2005 

ZnCdS  460  0.4% 
Estimated 

~2.9  
2009 

ZnSe/CdSe/ZnS 545  2.6% 
Estimated 

~2.6  
2009 

ZnCdSe 650  1% 
Estimated 

~ 2.3  
2009 

CdSe/ZnS  600  2.7% 
Estimated 

~2.5  
2009 

 

Table 2.1 Summary of the progress of nanocrystal electroluminescence. 
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wavelength range of =1000-1600 nm, with external quantum efficiencies (ηEQE) ranging 

from 0.001% to 2%.
85, 120, 121, 123, 124, 127, 135, 136

 The first paper on near infrared (NIR) 

hybrid NC-OLEDs was based on the composites of core-shell InAs/ZnSe (indium 

arsenide/zinc selenide) nanocrystals with polymer host, and remarkably high external 

quantum efficiency (EQE) of 0.5% at 15 V was demonstrated.
85

 With the continuous 

development over decade
137, 138

, the highest EQE reported so far has reached 2% at 1.2 V 

in devices using PbS.
121

 Recent studies on PbSe, PbS, and HgTe (mercury telluride) 

nanocrystals are summarized in Table 2.2.  

 

 

 

 

Nanocrystals 

Reported 

Wavelength 

(nm) 

Reported External 

Quantum Efficiency  

Turn-on 

Voltage 

(V) 

Year 

Core-shell 

InAs/ZnSe 
1300  0.5% 15  2002 

PbS 1400  - 3  2003 

PbSe 1495  0.001% 10  2003 

HgTe 1300  0.001% - 2004 

HgTe ~1600  0.02% (at 2.5 V) - 2005 

CdSe/CdS 890  0.02% 7  2007 

PbS 1200  1.15% 1  2008 

PbSe 1280  0.83% 3  2009 

PbS 1050  0.7% 2  2012 

PbS 1054  2.0% 1.2  2012 

 

Table 2.2 Summary of reported near-infrared-nanocrystal electroluminescence. 



 

 36 

2.6 Luminescence from Silicon 

Bulk silicon is well-known as an inefficient emitting material due to its indirect-band 

gap.
107, 139

 In 1990, the first reported red luminescence from Si was obtained in porous 

silicon as a result of the quantum confinement effect.
140

 The photoluminescence 

efficiency of the discovered silicon emission was ~ 1%, which is five orders of 

magnitudes higher than that of bulk silicon.
140, 141

 As a result, research interest in silicon 

luminescence drastically grew during the 1990s.
142-146

 The most popular research focused 

on silicon materials at the nanoscale, especially the zero- dimensional SiNCs.
107, 139

 By 

engineering the size of nanocrystals, the possible emission from ultra-violet to near-

infrared wavelength has demonstrated achievable. In addition, the PL efficiency has 

undergone rapid improvement over decades, from 1% to more than 60%.
147

 Such 

enhancement in PL provides a solid foundation for silicon materials serving as an 

efficient emitter as alternative to II-VI NCs and organic phosphorescent materials, 

providing them a great opportunity for optoelectronic applications in semiconductor 

industry. 

Typically, SiNCs can be synthesized through different routes, categorized by the phase 

of the reactions: liquid or gas phase. The traditional synthesis of SiNCs is through 

electrical etching of bulk silicon in the mixture of HF and H2O2
148, 149

, while another type 

of synthesis of SiNCs is by chemical reduction of silicon based materials.
150

 Luminescent 

SiNCs could be easily prepared by sonicating Si powders within the mixture of HF and 

HNO3.
151

 The solution synthesis of SiNC was first introduced by Heath in 1996.
152, 153

 

Among these liquid-phase methods, the adoption of inverse micelle for SiNC growth 
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matrix serves as a better route in particle size control.
146

 Recently, novel gas-phase 

synthesis of SiNCs has been developed through thermal decomposition of organosilanes 

and a gas-phase plasma process. Such gas-reaction also provides another effective way 

for small SiNC growth with luminescence tunability.
154-158

 Usually, the synthesized 

SiNCs from both methods are passivated by oxide shell or organic ligands in order to 

prevent the further oxidation or aggregation of SiNCs.
147, 159, 160

 The latter passivation 

method can successfully enhance the material photoluminescence efficiency to as high as 

> 60%.
147

  In addition to the PL increase, the organic ligand can also increase the 

solubility of SiNCs in organic solution, allowing the realization of “silicon ink” for 

solution process, such as printing or coating, in device fabrications.
161

 

 

2.7 Motivation: Silicon Nanocrystal-OLEDs 

Silicon nanocrystals exhibit a great potential in both research and applications among 

semiconducting materials. Although the synthesis of II-VI semiconductors, such as CdSe 

quantum dots, has been widely studied
162

, their potential toxicity, lack of natural 

abundance, and incompatibility with the silicon microelectronics industry are three main 

drawbacks of these materials. In contrast, silicon (at least in the bulk), is generally 

believed to be less toxic to the human body than the II-VI counterparts, such as CdSe. 

Also, silicon is of high natural abundance, a significant advantage over other rare earth 

semiconductors. Furthermore, in terms of the microelectronic fabrication, SiNCs are 

compatible with processes currently used in industry, fascilitating the integration of 

silicon-based OLEDs with existing device manufacture.
141

 Thus, SiNCs have been 
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intensively investigated over the past decade as an attractive candidate for application in 

optoelectronics. The first hybrid SiNC-OLEDs were demonstrated by Delgado.
81

  This 

work focused on the use of oxygen passivated-SiNCs cooperating with PVK, which gave 

a blue emission at wavelength of 450 nm. In 2007, Ligman’s work showed a further 

study of this hybrid structure with SiNCs emitting at 640 nm.
163

  

However, it must be emphasized that with the aforementioned impressive 

improvement of SiNC-OLEDs, problems still persist which largely hinder their further 

applications.   First and foremost, the operation mechanism of this type of devices is not 

clearly understood.  A debate over two different emission mechanisms has never ceased, 

namely, the direct injection mechanism and energy transfer mechanism.  In part due to an 

incomplete understanding of the device physics, no systematic studies on device 

efficiency has been reported. Moreover, the previously reported EL is often measured in 

the presence of parasitic emission from the organic charge transport layers included in the 

device architecture with very few examples demonstrating the device with pure emission 

from the active materials. Further issue associated with silicon NC-OLEDs that hampers 

their commercialization is a lack of fabrication technique that is highly compatible with 

solution processing and thus possible to achieve high-through-put mass production.  

This research presented three studies to realize the highly efficient 

electroluminescence from colloidal SiNCs.  The first part investigated relation of surface 

morphology to device performance. The second part introduced the study of device 

structure and the optimized device archetechure for achieving the highly efficient EL 

from SiNCs. The third part engaged the research and open discussion on the impact of 
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surface ligands on the performance SiNC-OLEDs. This work sheds lights on the 

fundamental device physics and provides the guidelines for realizing efficient 

electroluminescence in hybrid SiNC-OLEDs. 
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Chapter 3  Near-infrared Electroluminescence from Silicon 

Nanocrystals 

(This work was previously published in: “Cheng, K., Anthony, R., Kortshagen, U. R. & Holmes, R. J. 

Hybrid Silicon Nanocrystal-Organic Light-Emitting Devices for Infrared Electroluminescence. Nano Lett. 

10, 1154-1157 (2010)”. Copyright 2010 American Chemical Society) 

 

3.1 Overview 

The development of high-yield synthesis routes that utilize non-thermal plasma
164

 has 

led to SiNCs with PL quantum yields as high as 67% at 789 nm.
147, 161

 This makes SiNCs 

as a potential candidate for efficient EL in near infrared. As mentioned in Chapter 2, the 

performance of SiNC-OLEDs has not been fully characterized and operation mechanism 

of SiNC-OLED was still unclear. Therefore, in this chapter, we established a prototype 

SiNC-OLED system and demonstrated the device external quantum efficiency of 0.6% at 

a wavelength of 868 nm. In addition, the morphological surface study at the interface 

between SiNCs and bottom transport organic material suggests that complete coverage of 

the SiNCs on the conjugated polymer hole-transporting layer is required to observe 

efficient EL. Finally, an operational mechanism was proposed for the hybrid SiNC-

OLED sysetm. This chapter describes the first demonstration of efficient EL, originated 

from SiNCs, a result that is further enhanced in Chapter 4. 

 

3.2 Device Design and Material Selection 

Two types of devices have been used in hybrid NC-OLEDs, the host-guest emissive 
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layer architecture
129, 165

 and the neat NC emissive layer architecture
14, 15, 125

, as illustrated 

in Figure 3.1. The host-guest system is often fabricated by mixing a wide energy gap 

transport organic semiconductor (host) with the nanocrystals (guest). The neat NC 

emissive layer architecture does not mix the organic transport layers and the emissive 

inorganic NCs. The host-guest system is usually adopted when there is exciton energy 

transfer from the host to the guest: when the majority of excitons are excited on the host 

molecules, the excitons will be converted into the energy states of the guest materials 

through dipole-dipole interaction. As such, this energy delivery from host to guest allows 

most excitons to recombine within the nanocrystals. However, recent research tends to 

use neat NC emissive layer architecture in the device design to generate excitons either 

by energy transfer from the adjacent organic semiconductors to nanocrystals
15

 or by 

direct charge injection into the nanocrystals.
161

  

 

Figure 3.1 Device architectures for hybrid NC-OLEDs: (a) host-guest mixture and (b) and neat NC 

emissive layer. 

 

The following sections of this chapter will illustrate the first demonstration of hybrid 

NC-OLEDs using colloidal SiNCs synthesized by a nonthermal plasma process. The 

conductive polymer poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
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(PEDOT:PSS) is selected for hole-injection layer in order to facilitate the hole injection 

process and also planarize the substrate surface. The hole-transporting polymer poly[2-

methoxy-5-(2-ethylhexyl-oxy)1,4-phylene-vinylene] (MEH-PPV) is chosen due to the 

ease of processing and good hole conductivity. Organic molecule, bathocuproine (BCP), 

serves as electron transporting layer with deep HOMO level which can confine the hole 

charges within the SiNC layers. Table 3.1 summarizes the name and structure of the 

organic semiconductor polymers and small molecules used in this chapter. 

 

 

 

Name Structure Full name Application 

BCP 

 

Bathocuproine 

Hole blocking 

layer in hybrid 

NC-OLEDs  

MEH-

PPV 

 

Poly[2-methoxy-5- 

(2-ethylhexyl-oxy) 

-1,4-phylene-

vinylene] 

Host for SiNCs 

in hybrid NC-

OLEDs 

PEDOT: 

PSS 

 

poly(3,4-

ethylenedioxythiop

hene):poly(styrenes

ulfonate) 

Hole injection 

layer for hybrid 

NC-OLEDs 

 

Table 3.1 Summary of the name, structure and application of the organic semiconductors used in this 

chapter 
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3.3 Experimental Methods 

In this work, NC-OLEDs are investigated using SiNCs synthesized by a non-thermal 

plasma process, followed by passivation in solution with an organic ligand of 1-

dodecene.
164

 In the reaction, silane in helium (5:95) and argon gases at 12-14 and 25-30 

sccm respectively, are injected into a 9.5 mm O.D. pyrex tube and are dissociated using 

85-100 W of rf input power at a reactor pressure of 1.4 Torr. Nanocrystals are formed in 

the plasma and are collected at the exhaust of the reactor on a stainless steel mesh. Figure 

3.2 (a) shows a transmission electron micrograph of the as-produced SiNCs, with an 

average particle diameter of ~5 nm. The standard deviation of the SiNC size distribution 

is typically ~10-15% of the average particle size.
164

 The inset of Figure 3.2 (a) shows the 

corresponding electron diffraction pattern exhibiting the (111), (220) and (311) 

diffraction rings of diamond-structured silicon, which demonstrates that the SiNCs are in 

fact crystalline. Figure 3.2 (b) shows the thin film absorption and PL of the SiNCs on 

glass, and the thin film PL of the hole-transporting polymer poly[2-methoxy-5-(2-

ethylhexyl-oxy)1,4-phylene-vinylene] (MEH-PPV) on glass. The SiNC thin film is 

excited at =405 nm, and the resulting PL is peaked in the infrared at ~853 nm. The 

solution quantum yield of the SiNCs used in this work is (466)%. The peak emission 

wavelength observed in PL is consistent with a particle diameter of ~5 nm, confirming 

that quantum confinement is observed in these SiNCs.
166
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Surface passivation of the SiNCs is performed by dispersing the particles in a mixture 

of mesitylene and 1-dodecene and boiling at 205°C for 2-3 hours under reflux conditions. 

The result is an ensemble of SiNCs which are surface-terminated with Si-C covalent 
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 Figure 3.2 (a) Transmission electron micrograph of silicon nanocrystals (SiNCs) synthesized by a non-

thermal plasma process. Inset: The corresponding electron diffraction pattern showing the (111), (220), 

and (311) diffraction rings of diamond-structured silicon. (b) Absorption and emission spectra for a SiNC 

thin film on glass. Also shown is the thin film photoluminescence of MEH-PPV on glass. In both cases 

the photoluminescence was collected under excitation at a wavelength of 405 nm. 
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bonds. The chemically bonded passivation increases SiNC solubility in non-polar and 

organic solvents leading to stable colloids of individual, non-agglomerated SiNCs.  The 

functionalization also reduces the tendency of SiNCs to oxidize. The resulting ligand 

length is estimated to be ~1.5 nm.  Passivation leads to high PL quantum yields, and the 

quantum yield is drastically reduced in the absence of the passivating ligand.
147

  

The device design in this work is based on neat NC emissive layer architecture, in 

which the emitting materials are located in between two organic charge transport 

materials (Figure 3.3). Devices were fabricated on indium-tin-oxide (ITO) coated glass 

substrates with a sheet resistance of 15 /. Substrates were degreased with solvents, 

followed by exposure to UV-ozone ambient. The device structure consists of a 43-nm-

thick hole-injecting layer of PEDOT:PSS, followed by a 45-nm-thick hole-transporting 

layer of MEH-PPV. The 43-nm-thick layer of PEDOT:PSS was spun-cast at 3000 rpm 

for 30s, and was baked for 1.5 hours at 150
o
C. The MEH-PPV layer was spun-cast from a 

solution of chloroform (5 mg/mL) at 8000 rpm for 90s. The emissive layer of SiNCs was 

spun cast (2000 rpm, 90s) onto the MEH-PPV film from a solution of chloroform 

containing varying concentrations of 1-dodecene passivated SiNCs. The layers of MEH-

PPV and SiNCs were each separately baked at 150°C for 1 hour. Also, device with 

mixture of MEH-PPV and different concentration of SiNC were spun-cast (3000rpm, 

90sec) on PEDOT and baked for 1hr at 150 
o
C. A 30-nm-thick electron transporting layer 

of bathocuproine (BCP) was thermally evaporated onto the structure (<10
-7

 Torr), 

followed by a cathode consisting of a 0.5-nm-thick layer of LiF and a 50-nm-thick layer 
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of Al. All solution processed layers were spun-cast and baked in a N2 glovebox. The 

thicknesses of the spun-cast layers were measured by atomic force microscopy (AFM).  

 

All measurements of optical response are unfiltered, and are made in the forward-

emitted direction: The optical power was measured as the response to the increased 

voltage applied during the current-voltage characterization and the EL spectra were 

collected at the corresponding applied current. The geometry for the measurements of 

forward-emitted, device external quantum efficiency (EQE) is shown in Figure 3.4. 

Denoted in Figure 3.4 are the light-emitting device, a diaphragm which serves as a 

spacer, and a large-area photodetector (Hamamatsu, S3584-08). The relevant lateral 

dimensions are d1=13 mm, d2=1 mm, d3=6 mm, and d4=28 mm, which are the edge 

length of the device substrate, the diameter of a single light-emitting device, the size of 

the aperture in the diaphragm, and the edge length of the square large-area photodetector, 

respectively. Similarly, the relevant vertical dimensions are t1=200 nm, t2=1.1 mm, and 

t3=0.2 mm, corresponding to the thickness of each component as shown in the figure. 

During device operation, forward-emitted photons are collected through the aperture in 

the diaphragm and measured as optical power by the large-area photodetector. The 

presence of the diaphragm prevents the collection of waveguided light emitted through 

 
 

 
Figure 3.3 Device design for silicon nanocrystal organic light emitting device. 
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the edge of the device substrate. As is standard practice for devices with a broad emission 

spectrum, the responsively of the photodetector is taken as the average value of the 

electroluminescence wavelength weighted by the full emission spectrum of the device.  

  

3.4 Emission Mechanism 

The excitation of the nanocrystals in an NC-OLED can occur either by energy transfer 

from the neighboring polymer layer, or by charge carrier trapping and direct exciton 

formation.
14, 15, 85, 167

 Energy transfer requires significant overlap between the 

fluorescence spectrum of the polymer (exciton donor) and the absorption spectrum of the 

nanocrystal (exciton acceptor).
24, 125, 168

 In this work, non-radiative energy transfer is 

likely not responsible for the efficient EL since there is negligible overlap between the 

SiNC absorption spectrum and the normalized fluorescence of MEH-PPV (Figure 3.2 

(b)). The lack of the necessary overlap suggests that the any observed EL is instead the 

result of carrier trapping directly on the nanocrystals. 

 

t1
t2

t3

d1

d2

d3

d4

Photodetector

Diaphragm

Substrate

Light-emitting device

 
 

Figure 3.4 Arrangement for the measurement of light-emitting device opitcal power output and external 

quantum efficiency. 
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3.5 Device Performance  

3.5.1 Neat NC Emissive Layer Device Performance 

Peak device performance was realized with an emissive layer spun-cast from a 

solution containing 20 mg/mL SiNCs. Figure 3.5 (a) shows the forward-emitted ηEQE 

measured as a function of the drive current density. A peak ηEQE of 0.6% is realized at a 

current density of 7 A/cm
2
.
169

 The current-voltage and optical power-voltage 

characteristics for this device are shown in the Figure 3.5 (b). A maximum optical power 

output of ~85 W/cm
2
 is realized at a current density of ~400 mA/cm

2
.  

 

Figure 3.6 (a) shows EL spectra collected as a function of drive current density as well 

as a proposed energy level diagram (inset) under zero applied bias for the device of 

Figure 3.6 (a). The energy levels of PEDOT:PSS, MEH-PPV, and BCP were taken from 

literature.
170-172

 The valence (VB) and conduction (CB) band energies for the SiNCs were 
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Figure 3.5 (a) External quantum efficiency for a nanocrystal-organic light-emitting device with an 

emissive layer spun-cast from a solution containing 20 mg/mL silicon nanocrystals. (b) Current-voltage 

(closed symbols) and optical power-voltage (open symbols) characteristics for the device in (a). 
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estimated by correcting those of bulk silicon for the quantum confinement effect. With 

SiNC EL observed at ~868 nm (1.43 eV), the confinement energy is estimated to be 

~0.3 eV. Of the total confinement energy, 0.2 eV is assigned to the VB, and 0.1 eV is  
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Figure 3.6 (a) Electroluminescence spectra for the device in Figure 3.5 at current densities of 0.1 mA/cm
2
, 

1 mA/cm
2
, 10 mA/cm

2
, and 100 mA/cm

2
. (b) The proposed energy level diagram for the device under 

applied zero bias. 
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assigned to the CB, giving the energy levels shown in Figure 3.6.
173

 For the proposed 

device structure, both electrons and holes can be injected from the transport layers into 

the SiNC layer.
174

 Energy barriers at the MEH-PPV/SiNC and SiNC/BCP interfaces 

confine injected electrons and holes to the SiNCs, respectively. Electroluminescence 

spectra show SiNC emission at ~868 nm, red-shifted from the peak observed in thin 

film PL. This difference in emission wavelength is likely the result of SiNC exposure to 

air prior to the PL measurement. At low current densities, the SiNC emission peak is 

observed at ~868 nm, with SiNC emission dominating the EL. Only at elevated current 

densities (100 mA/cm
2
) is the EL from MEH-PPV (=600 nm) comparable to that 

originating from the SiNCs. Electroluminescence from MEH-PPV is likely the result of 

poor charge confinement and electron-hole charge balance under high excitation, which 

may widen or shift the exciton recombination zone toward the MEH-PPV layer. The 

observed emission from MEH-PPV is consistent with the thin film PL (Figure 3.2 (b)), 

and with previous reports of EL using similar processing conditions.
175, 176

  

 

3.5.2 Mixed-Layer Device Performance 

For comparison to devices of neat NC emissive layer architecture, devices were also 

constructed with MEH-PPV-SiNC mixture (host-guest device archetecture). Figure 3.7 

(a) illustrates the device EL with the mixture of MEH-PPV (5 mg/mL) and SiNCs (20 

mg/mL). The EL intensity decreases when the applied current density is >2 mA/cm
2
. The 

corresponding device shows poor performance in current density-voltage response and a 

large turn-on voltage of 10.4 V as shown in Figure 3.7 (b) and (c). Here, the turn-on 
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voltage is defined as the voltage leading to an optical power density of 5 nW/cm
2
. 

Compared to the neat NC emissive layer architecture, the mixed structure generally 

shows much lower efficiencies with a maximum external quantum efficiency only 

achieving ~ 0.03% at 1.1 mA/cm
2
. Such poor device performance could be rationalized 

by two reasons. First, the mixture layer thickness was not optimized. Second, less charge 

could be injected into SiNCs embedded in the mixture layer due to the direct current path 

between BCP and MEH-PPV, which is supported by the observation of MEH-PPV 

emission in the following EL performance test (Figure 3.8). In addition, poor device yield 

is observed, which is likely due to the surface non-uniformity of the mixture-layer.  

The EL performance of mixed-layer devices was studied as a function of the weight 

concentration ratio of SiNCs to MEH-PPV, including 4:1, 2:1, 1:1, and 1:5. In this study, 

the MEH-PPV weight concentration is fixed as 5 mg/mL for consistency and only the 

concentration of SiNC solution is varied. In all the cases, the EL from the mixed-layer 

structure shows lower intensity than neat NC emissive layer architecture devices under 

the same applied current density. Notably, emission from MEH-PPV usually appears in 

the EL spectrum even under low applied current density (Figure 3.8). This could 

originate from the following two reasons. First, since both MEH-PPV and SiNCs are 

adjacent to the ETL (BCP) layer, electron injection into both MEH-PPV and SiNCs could 

happen simultaneously, followed by direct electron-hole recombination at both materials. 

This could be further manifested by the extreme case when the devices are made with 

solution of low SiNC concentration (such as 1mg/mL), in which the host molecule MEH-

PPV dominates the EL spectrum (at 600nm). However, as the concentration of SiNCs 
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increases, the emission from SiNCs could be favorable or even dominant if the number of 

SiNCs largely outweighs that of MEH-PPV.  

 

Figure 3.7 (a) Electroluminescence of mixture device with 20 mg/mL SiNC and 5 mg/mL MEH-PPV as a 

function of applied current density, (b) External quantum efficiency and (c) current-voltage (closed 

symbols) and optical power-voltage (open symbols) characteristics for the device in (a). 
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3.6 Device Optimization 

Since neat NC emissive layer architecture shows better device efficiency, the 

performance of devices adopting this structure was further investigated as a function of 

SiNC solution concentration, ranging from 1 mg/mL to 20 mg/mL.  Obvious changes are 

observed in both the current-voltage response (Figure 3.9 (a)) as well as device EL 

(Figure 3.9 (b)). As the SiNC solution concentration is increased, a corresponding 

decrease in current and increase in drive voltage is observed, suggesting that the devices 

become more resistive upon the addition of the SiNCs. Figure 3.9 (b) shows NC-OLED 

EL spectra as a function of SiNC concentration at a current density of 10 mA/cm
2
. As the 
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 Figure 3.8 Electroluminescence of mixture devices made with solution containing different SiNC (guest) 

concentration (20, 10, 5, and 1 mg/mL). The MEH-PPV (host) concentration is fixed as 5 mg/mL. The 

applied current density is 1 mA/cm
2
 for the case of 20, 10, and 1 mg/mL; 5 mA/cm

2
 for the case of 5 

mg/mL. 
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concentration is increased, emission from the SiNCs increases and emission from the 

MEH-PPV is suppressed. In particular, for films spun-cast from a solution of 1 mg/mL, 

emission from MEH-PPV dominates the spectrum, while for films spun-cast from a 

solution of 20 mg/mL, emission from the SiNCs dominates the spectrum. This variation 

may originate from a non-uniform coverage of SiNCs on the polymer film
128, 174

, leading 

to a leaking of electrons into the MEH-PPV layer, or might reflect a non-uniformity in 

the SiNC layer thickness, leading to a varying degree of charge and exciton confinement 

in the emissive layer. 
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 Figure 3.9 (a) Current-voltage characteristics for nanocrystal-organic light-emitting devices having 

emissive layers spun-cast from solutions with varying silicon nanocrystal concentration. (b) 

Electroluminescence spectra for the devices in (a) at an applied current density of 10 mA/cm
2
. The arrow 

denotes the direction of increasing concentration. 
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3.7 Role of Coverage and Thickness of SiNC Layer in Device 

Performance 

In order to clarify the role of surface coverage and emissive layer thickness in 

determining the concentration dependence observed in Figure 3.9, Atomic Force 

Microscopy (AFM) was used to investigate the surface morphology of the SiNCs 

deposited on top of MEH-PPV films. The radius of curvature of the AFM tip is <10 

nm.
177

 The structure investigated by AFM is identical to that described in Figure 3.9 with 

the omission of the BCP and cathode layers. Figure 3.10 shows tapping-mode AFM 

phase images of the films as a function of SiNC solution concentration. In Figure 3.10 

(a), the film made from a solution of 1 mg/mL SiNCs shows incomplete surface coverage 

of SiNCs, with the bright regions corresponding to the SiNCs, and the dark regions 

corresponding to the MEH-PPV. In a device, this incomplete coverage of SiNCs could 

provide a path for electron injection from BCP to MEH-PPV, leading to exciton 

formation directly on the MEH-PPV layer. This scenario is consistent with observations 

of significant polymer emission in devices constructed using 1 mg/mL SiNC solutions. 

Films cast from a solution of 5 mg/mL (Figure 3.10 (b)) show improved SiNC coverage 

(bright regions), which could help block charge carriers and excitons from reaching the 

hole-transporting layer, suppressing EL from MEH-PPV and enhancing emission from 

the SiNCs. At higher concentrations the coverage does not change significantly (Figure 

3.10 (c) and (d)), indicating that SiNC coverage may no longer drastically impact device 

performance. Instead, the thickness of the SiNC layer likely determines the fraction of 

charge carriers trapped in the emissive layer and the magnitude of the driving voltage. 
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The SiNC film thickness was also measured using AFM by creating a step in the film and 

measuring the height of the step. The thickness of the spun-cast SiNC layer increases 

from ~7 nm to ~80 nm, for increasing SiNC solution concentration from 1 mg/mL to 20 

mg/mL, as indicated in Figure 3.10. This is consistent with the observed increase in 

device driving voltage at high concentration (Figure 3.9 (a)). 
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 Figure 3.10 (a)-(d) Atomic force microscopy (AFM) phase images of silicon nanocrystal (SiNC) films 

spun-cast onto MEH-PPV from solutions with varying concentrations of SiNCs. 
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3.8 Discussion and Summary 

Hybrid NC-OLEDs using crystalline SiNCs synthesized by a non-thermal plasma 

process have been demonstrated with EL at a wavelength of 868 nm. A high peak 

external quantum efficiency of ~0.6% is obtained in the forward-emitted direction, with 

the EL originating primarily from the SiNCs up to a current density of 10 mA/cm
2
. 

Excitation of the SiNCs is by direct charge trapping and exciton formation. A strong 

dependence of EL performance on SiNC layer coverage and thickness has been 

investigated for better charge confinement within SiNC materials and improved device 

efficiency. 

Although the demonstration of near-infrared EL from SiNCs is promising for the 

potential application of group IV material in hybrid NC-OLEDs, the important key for 

realizing the next-generation hybrid NC-OLEDs lies in comparable high device 

performance with OLED technology. The poor performance of less than 1% in the device 

containing MEH-PPV/SiNCs could be from the re-dissolving of HTL into SiNCs, which 

possibly introduces electron injection into MEH-PPV layer. This could lead to widen or 

shift the exciton recombination zone from SiNCs toward MEH-PPV layer charge, and 

less charge confinement within SiNCs. In addition, the relatively lower LUMO level of 

MEH-PPV could allow electrons to overcome the energy barrier between the conduction 

band edge of SiNCs (1.1 eV) and the LUMO of MEH-PPV (2.8 eV), under higher 

applied current density, followed by exciton formation and recombination within MEH-

PPV. The device efficiency could be further enhanced by selecting better hole transport 

layer to eliminate the re-dissolving issue between layer interfaces, and by creating higher 
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energy barrier for charge and exciton confinement within SiNC materials. Such 

improvement will be discussed in the following chapter. 
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Chapter 4  Highly Efficient Silicon Nanocrystal Light-Emitting 

Devices 

(This work was previously published in: “Cheng, K., Anthony, R., Kortshagen, U. R. & Holmes, R. J. 

High-Efficiency Silicon Nanocrystal Light-Emitting Devices. Nano Lett. 11, 1952-1956 (2011)”. Copyright 

2011 American Chemical Society) 

 

4.1 Overview 

In Chapter 3, EL from SiNCs was studied by hybrid NC-OLEDs with neat NC 

emissive layer architecture design. Such device architecture opened an opportunity for 

understanding device emission mechanism and identifying the potential bottleneck for 

further improvement of the device efficiency. In this chapter, a breakthrough is achieved 

for highly efficient SiNC electroluminescence with more carefully-designed neat NC 

emissive layer architecture. In such structurally optimized nanocrystal-organic light 

emitting devices (NC-OLEDs), peak external quantum efficiencies of up to 8.6% are 

realized, with emission originating solely from the SiNCs. The high efficiencies reported 

here demonstrate for the first time that, with an appropriate choice of device architecture, 

it is possible to achieve highly efficient electroluminescence from nanocrystals of an 

indirect band-gap semiconductor. 

 

4.2 Device Design and Materials Selection 

In Chapter 3, a prototype SiNC-OLED was demonstrated with a neat NC emissive 

layer architecture. One limitation of the in Chapter 3 on these devices has been the use of 



 

 60 

non-orthogonal solvents for the nanocrystals and polymer transport layers, which leads to 

the re-dissolving of bottom polymer layer (HTL). The previously observed low 

efficiencies for silicon NC-OLEDs could also reflect inefficient charge carrier injection 

and confinement in the SiNC layer.
126, 178

  

In order to achieve high efficiency, the devices discussed in this chapter were 

constructed with a new HTL material. The device still adopts a neat NC emissive layer 

architecture due to its better charge confinement as reported in chapter 3. The device 

structure is shown in Figure 4.1. It is important to note that in this work, a polymer 

poly(N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine (poly-TPD) is selected as the 

hole transport layer (HTL) due to its large energy gap and ability to be cross-linked. This 

layer replaces the MEH-PPV HTL which locates in between the emissive layer (SiNC) 

and the hole injection layer (PEDOT:PSS) of devices as discussed in Chapter 3. (Figure 

4.1) The crosslinkable polymer successfully eliminates the parasitic EL from the HTL by 

preventing the re-dissolving of HTL into the top SiNC layer during the solution 

processing. In addition, in order to achieve better charge confinement within SiNCs, 

various electron transport materials with wide energy band-gap were chosen for the 

electron transport layer (ETL), which locates between the SiNC layer and the cathode 

layer. The use of optimized, wide energy gap HTL and ETL materials creates a double 

heterostructure that ensures the confinement of both charge carriers and excitons to the 

nanocrystal emissive layer. Consequently, a drastic improvement in the NC-OLED 

efficiency is achieved. By adopting this system, we demonstrate EQE values that to our 

knowledge are much larger than any previously reported NC-OLED systems. High 
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efficiency is observed for SiNCs of varying sizes at EL wavelengths ranging from the red 

to the infrared. Moreover, while in most previous studies the organic transport layers are 

chosen to have the largest possible charge carrier mobility, we demonstrate here that 

although the mobility is important for low voltage operation, it is more critical to 

engineer a device architecture that permits effective charge and exciton confinement in 

the nanocrystal layer. 

 

 

4.3 Experimental Methods 

The SiNCs used in this study are synthesized using a non-thermal plasma route.
164

 In 

order to realize different emission wavelengthes, the nanocrystals with diameters of 5 nm 

and 3 nm are selected. The size effect on quantum confinement can lead to corresponding 

peak emission wavelengths of 853 nm and 777 nm (Figure 4.2). After the SiNC 

synthesis, the nanocrystal surfaces are functionalized with ligands of 1-dodecene, as it is 

reported that the passivation ligand could reduce the surface quenching state and thus 

         
 

Figure 4.1 Neat NC emissive layer architecture design used in this chapter. The device contains indium tin 

oxide (ITO) as an anode. The hole-injection, hole-transport, and emissive-mater layers were fabricated 

through solution processing. The electron transport layer and device cathode were deposited by thermal 

evaporation. 
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permits higher material photoluminescence performance. In this study, SiNCs after 

passivation demonstrated ensemble PL values of 45% and 43%, for 5-nm and 3-nm 

SiNCs, respectively.  

 

Devices were constructed on glass slides coated with a 150-nm-thick layer of indium-

tin-oxide (ITO) which serves as a transparent anode. A 30-nm-thick layer of poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was spun-cast (3000 rpm, 

30 seconds) onto the ITO as a hole-injection layer and was baked at 150
o
C for 90 

minutes. A 25-nm-thick cross-linked poly-TPD layer was followed as a hole-transport 

layer (HTL). The poly-TPD was dissolved in chloroform (5 mg/mL) and cross-linked 

after spin-coating (8000 rpm, 90 seconds) by exposure to ultraviolet light (=254 nm, 1.7 

mW/cm
2
) for 80 minutes.

115, 179
 The emissive layer consisted of a 53-nm-thick layer of 
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  Figure 4.2 Nanocrystal photoluminescence and size. (a) Solution photoluminescence for silicon nanocrystals 

chemically passivated with ligands of 1-dodecene in the hydrosilylation solution of 1:5 1-

dodecene:mesitylene. The diameters of the nanocrystals shown are 5 nm (solid line) and 3 nm (broken line), 

with peak emission wavelengths of 853 nm and 777 nm, respectively. For both spectra, the excitation 

wavelength is 395 nm. Transmission electron micrographs of silicon nanocrystals having diameters of (b) 3 

nm and (c) 5 nm. 
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SiNCs was spun-cast from a solution of chloroform (20 mg/mL, 2000 rpm, 90 seconds) 

onto poly-TPD and was baked at 64
o
C for 1 hour. The emissive layer was capped with a 

20-nm-thick ETL consisting of tris-(8-hydroxyquinolinato) aluminum (Alq3), N,N’-

dicarbazolyl-4-4’-biphenyl (CBP), or 4,4′,4″-tris-(N-carbazolyl)-triphenlyamine (TCTA) 

deposited by vacuum thermal sublimation. The device cathode consisted of a 0.5-nm-

thick layer of LiF and a 50-nm-thick layer of Al. Devices were characterized in air 

ambient immediately after fabrication. Table 4.1 and 4.2 summarize all the name, 

structure and application of the chemicals used in this chapter.  

 

 

Name Structure Full name Application 

Poly-

TPD 

 

poly(N,N’-bis(4-

butylphenyl)-

N,N’-

bis(phenyl)benzid

ine 

Hole transport 

layer for SiNCs 

in hybrid NC-

OLEDs 

PEDOT: 

PSS 

 

poly(3,4-

ethylenedioxythio

phene):poly(styre

nesulfonate) 

Hole injection 

layer for hybrid 

NC-OLEDs 

 

 

Table 4.1 Summary of the name, structure and application of the organic polymer semiconductors used in 

this chapter. 
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Name Structure Full name Application 

Alq3 

 

Tris-(8-

hydroxyquinolinato) 

aluminum  

 

Electron 

Transport layer 

in hybrid NC-

OLEDs  

CBP 

 

4,4’-Bis(9-

carbazolyl)-1,1’-

biphenyl 

Electron 

Transport layer 

in hybrid NC-

OLEDs 

mCP 

 

1,3-Bis(carbazol-9-

yl) benzene 

Electron 

Transport layer 

in hybrid NC-

OLEDs 

NPB 

 

N,N’-

Bis(naphthalen-1-

yl)-N,N’-

bis(phenyl)-

benzidene 

Electron 

Transport layer 

in hybrid NC-

OLEDs 

TAZ 

 

3-(Biphenyl-4-yl)-5-

(4-tert-butylphenyl)-

4-phenyl-4H-1,2,4-

triazole 

Electron 

Transport layer 

in hybrid NC-

OLEDs 

TCTA 

 

Tris(4-carbazoyl-9-

ylphenyl) amine 

Electron 

Transport layer 

in hybrid NC-

OLEDs 

 

 

Table 4.2 Summary of the name, structure and application of the organic small-molecule semiconductors 

used in this chapter. 
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4.4 High Efficiency Silicon Nanoscrystal Light-Emitting Devices 

The EL of devices constructed using both 5 nm and 3 nm diameter SiNCs was 

collected as a function of applied current density and is shown in Figure 4.3. Emission 

originating from the SiNCs is clearly observed, with no emission from the adjacent  
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 Figure 4.3 Performance of silicon nanocrystal-organic light-emitting devices (NC-OLEDs).  

Electroluminescence (EL) of NC-OLEDs using nanocrystals with a diameter of (a) 5 nm and (b) 3 nm as 

a function of increasing applied current density (0.1 mA/cm
2
, 1 mA/cm

2
, 10 mA/cm

2
, 100 mA/cm

2
).  

Photographs are taken through the ITO anode and show an array of devices from which one is energized 

and exhibiting EL.  The applied current density is 100 mA/cm
2
 in (a) and 10 mA/cm

2
 in (b).  A night-

vision sensitive camera was used to photograph devices based on the 5 nm silicon nanocrystals. 
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transport layers. The lack of transport layer emission confirms that charge carriers and 

excitons are well-confined to the emissive layer. The inset of the photographs captured 

the light emission during the device operation at 100 mA/cm
2
 in (a) and 10 mA/cm

2
 in 

(b), conducted by the night-vision sensitive camera (for near infrared emission) and the 

commercialized camera (for red emission). 

Interestingly, as shown in Figure 4.3, a blue-shift of the electroluminescence peak is 

observed with increasing applied current density. This spectral change is reversible with 

current density, and may reflect the size dispersion of the SiNCs and the as resulted 

variation of the charge injection and PL efficiency. As the applied field increases, it is 

also likely to excite the smaller nanocrystals which have larger energy band gap. Figure 

4.4 summarizes the emission peak shift as a function of applied current density and  

 

Figure 4.5 shows the reversible spectrum during the device operation. Note that in Figure 

4.5, the order of the color (black, red, blue, olive, and magenta) represents the sequence 

Figure 4.4 Blue shift of peak electroluminescence from SiNC-OLEDs as a function of current density and 

as a function of different size of SiNCs (5 nm and 3 nm). 
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of increased or decreased applied current density. Similar blue shift of the emission peak 

under increased applied field has also been observed in inorganic light-emitting device 

systems.
180, 181

 The reversible spectrum also suggests that severe SiNC-surface oxidation 

during device operation is unlikely. If surface oxidation did occur, the size of the 

nanocrystals would be decreased permanently and the corresponding emission would be 

no longer reversible. 

Figures 4.6 shows the device performance for NC-OLEDs based on SiNCs of varying 

size and PL efficiency, whose corresponding EL is shown in Figure 4.3. A peak EQE of 

8.6% is realized for devices containing SiNCs that are 5 nm in diameter, and the 

efficiency remains >4% up to a current density of ~0.2 mA/cm
2
. These devices exhibit a 

turn-on voltage of ~1.55 V, and a peak optical power output of 0.13 mW/cm
2
, as shown 

in Figure 4.7. Here, the turn-on voltage is defined as the voltage leading to an optical 

power output of ~5 nW/cm
2
.  Devices constructed using SiNCs that are 3 nm in diameter 

show a peak EQE of 6.7%, and the efficiency remains >4% to a current density of 0.3 

mA/cm
2
.  These devices show a turn-on voltage of ~2.30 V, and a peak optical power 

output of 0.27 mW/cm
2
.  

 

4.5 Role of ETL in Device Performance 

In previous NC-OLED works, the rule of selecting organic transport materials with 

highest charge mobility for efficient NC-OLEDs has been proposed.
126

 In this work, in 

order to investigate how the choice of transport layer impacts device efficiency, device 

performance of NC-OLEDs was examined as a function of ETL material. In order to  
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Figure 4.5 (a)-(f) Reversible peak electroluminescence of 5-nm SiNCs under continuous cycled applied 

current densities. Note that the order of color (black, red, blue, olive, magenta) in the figures represents the 

sequence of increased or decreased current densities and the direction of the arrows means the sequence of 

the applied current densities. 
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Figure 4.6 External quantum efficiency characteristics for NC-OLEDs using silicon nanocrystals with a 

diameter of either 5 nm (solid lines) or 3 nm (broken lines). 

Figure 4.7 Current density-voltage (a) and optical power density-voltage (b) characteristics for NC-

OLEDs using silicon nanocrystals with a diameter of either 5 nm (solid lines) or 3 nm (broken lines). 
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determine the role of the electron mobility in device performance, thermally evaporated 

layers of either TCTA or CBP were chosen for comparison with Alq3. Typically used as 

an HTL in organic light-emitting devices, TCTA has a very low electron mobility <10
-8

 

cm
2
/Vs 

179, 182
 and hence offers a useful contrast to Alq3 (~10

-6
 cm

2
/Vs at 0.4 MV/cm).

183
 

In comparison, CBP has an electron mobility of ~3x10
-4

 cm
2
/Vs at 0.5 MV/cm, two 

orders of magnitude larger than that of Alq3.
182, 184

 Energy levels for the corresponding 

device architectures are shown in Figure 4.8 (a). The highest occupied molecular orbital 

(HOMO) energy levels of the transport layers were taken from literature
172, 185

, while the 

lowest unoccupied molecular orbital (LUMO) energy levels were estimated using the 

optical absorption edge.  The HOMO and LUMO levels of poly-TPD were estimated 

from cyclic voltammetry measurements.
186

 For the SiNC layer, the valence and 

conduction band energies were estimated by correcting those of bulk silicon for the 

quantum confinement effect.
173

 The large energy gap and deep HOMO level of each ETL 

material helps to confine excitons and holes to the emissive layer. 

Figures 4.8 (b) and (c) compare the performance of 5-nm SiNCs OLED using Alq3, 

TCTA, or CBP as the ETL material. Surprisingly, replacing Alq3 with TCTA does not 

substantially reduce the efficiency, with the TCTA device showing a peak efficiency of 

7.6%. The dependence of the optical power density on voltage shows a similar brightness 

level when using both ETL materials, with the TCTA device characterized by a larger 

turn-on voltage of 2.05 V. A similar dependence is also observed for the dependence of 

device current on voltage, with the TCTA device again showing a slight reduction in 

current and a larger driving voltage. The increased voltage observed in devices with 
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TCTA as an ETL likely reflects its lower electron mobility relative to Alq3. Nevertheless, 

the ability to realize efficient EL from NC-OLEDs with an ETL consisting of low 

mobility TCTA suggests that for a 20-nm-thick film, the electron mobility does not 

predominantly determine the device performance. 
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Figure 4.8 Impact of the electron-transporting material: (a) Proposed energy level diagram under zero 

applied bias for devices containing silicon nanocrystals with a diameter of 5 nm, and an electron-

transporting layer consisting of either Alq3, TCTA, or CBP. (b) External quantum efficiency versus current 

density for devices containing either Alq3 (solid line), TCTA (broken line), or CBP (dotted line). (c) 

Current density-voltage and optical power density-voltage characteristics for the devices in (b). 
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When CBP is used as an ETL, good device performance is also observed, with a peak 

efficiency of 6.8%.  The turn-on voltage for CBP-based devices (~1.30 V) is comparable 

to that of devices with an ETL of Alq3. Here, the high mobility of CBP permits the 

realization of low-voltage operation but the device efficiency does not see an increase 

compared to Alq3 Similar results are also obtained for a variety of other ETL materials or 

combination of ETL and HTL, the performance of these additional device architectures 

and the electron mobility of the applied ETLs are tabulated in Table 4.3.
179, 182-184, 187, 188

 

The capping layers for efficient SiNC-OLEDs could be 1,3-Bis(carbazol-9-yl) benzene 

(mCP), 3-(Biphenyl-4-yl)-5-(4-tert-butylphenyl)-4-phenyl-4H-1,2,4-triazole (TAZ), or 

the combination of ETL and HTL materials, such as Alq3 and N,N’-Bis(naphthalen-1-yl)-

N,N’-bis(phenyl)-benzidene (NPB). This phenomenon illustrates the flexibility of device 

design with various capping ETL layer with wide range of bulk electron mobility. Such 

results suggest that the electron mobility of thin ETL does not have a strong impact on 

the device efficiency. Instead, the existence of ETL on SiNC layer serves as a hole-

confinement layer with a protection function from cathode quenching.  
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It is interesting that highly efficient devices can be fabricated using materials with 

electron mobilities of such a wide range. This suggests that what is most crucial to high 

efficiency is the presence of a wide energy gap blocking layer to confine charges and 

excitons within the nanocrystal layer and to separate the emissive layer from the 

quenching metallic cathode. This is further evidenced by the fact that for devices with no 

ETL as shown in Figure 4.9, the efficiency drops to 4.4%, almost a 50% reduction from 

what is attainable with appropriate choice of ETL. It is also worth noting that even in an 

unoptimized device architecture (i.e. no ETL), the SiNCs show performance exceeding 

that of state-of-the-art NC-OLEDs based on II-VI or IV-VI semiconductor nanocrystals. 

 

ETL (Thickness) 
Electron Mobility 

(cm
2
/Vs) 

Peak EQE 

Alq3 (20 nm) 

[aluminum tris(8-

hydroxyquinolinato)] 

~10
-6

 at 0.4 

MV/cm 
8.6% at 3 µA/cm

2
 

CBP (20 nm) 

[4,4’-Bis(N-carbazolyl)-1,1’-

biphenyl] 

~3x10
-4

 at 0.5 

MV/cm 
6.8% at 3 µA/cm

2
 

mCP (20 nm) 

[1,3-Bis(carbazol-9-yl) benzene] ~3x10
-4

 at 0.25 

MV/cm 
5.7% at 3 µA/cm

2
 

TAZ (20 nm) 

[3-(Biphenyl-4-yl)-5-(4-tert-

butylphenyl)-4-phenyl-4H-

1,2,4-triazole] 

~10
-6

 at 0.49 

MV/cm 
3.5% at 0.5 µA/cm

2
 

TCTA (20 nm) 

[tris(4-carbazoyl-9-ylphenyl) 

amine] 

<10
-8

  7.6% at 1 µA/cm
2
 

Alq3/NPB (2 nm/18 nm) 

Alq3/[N,N’-Bis(naphthalene-1-

yl)-N,N’-bis(phenyl)-benzidene] 

- 7.4% at 2 µA/cm
2
 

 

Table 4.3 Summary of the silicon NC-OLEDs with various ETL. 
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While the aforementioned discussion suggests that low electron mobility materials 

may be used in NC-OLEDs with optimized charge blocking barriers, it does not remove 

the importance of this parameter. In fact, when the thickness of the ETL is increased to 

40 nm, the low electron mobility of TCTA becomes problematic, reducing the efficiency 

of the NC-OLED by more than one order of magnitude. (Figure 4.10) For NC-OLEDs 

containing an ETL of Alq3, no such significant reduction in performance is observed 

upon increasing the thickness. All device performance is summarized in Figure 4.11. As 

such, the use of high mobility materials is still preferred as it permits the realization of 

relatively low voltage and ensures high efficiency especially in NC-OLEDs with thick 

ETL. The high efficiency obtained with TCTA suggests that low mobility materials may 

also be utilized if the layer thicknesses are kept thin, and electron-hole confinement in the 

nanocrystal layer is optimized. 
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Figure 4.9 Silicon NC-OLEDs with no electron transport layer: (a) electroluminescence, (b) external 

efficiency, (c) current density-voltage and optical power density characteristics. 



 

 75 

 

 

4.6 Role of SiNC Thickness  

As discussed in Chapter 3, the thickness and coverage of SiNC layer are critical to the 

effective confinement of excitons and charges within the active materials, i.e., SiNC. The 

thickness effect of SiNC layer was investigated by fabricating hybrid devices with SiNC 
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Figure 4.10 Silicon NC-OLED with different 40-nm electron transport layer: (a) external quantum 

efficiency, (b) current density-voltage and optical power density characteristics. 

Figure 4.11 Summary of the device efficiency with different electron transport layer as a function of 

thickness. 
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solutions of different concentrations, ranging from 20 mg/mL to 1mg/mL. The thickness 

of the SiNC layer in each device was measured by AFM. The concentration of SiNCs 

solution and the corresponding average thickness of SiNC layer are summarized in Table 

4.4.  

 

Figure 4.12 demonstrates the electroluminescence from NC-OLEDs as a function of 

SiNC solution concentration. In devices with the thickest SiNC layer (53 nm), as shown 

in Figure 4.12 (a), no obvious additional organic transport layer emission was observed at 

peak wavelength 525 nm or lower. As shown in  Figure 4.12 (b), (c) and (d), while the 

thickness of spin-coated SiNC layer is reduced with the decrease of SiNC solution 

concentration, the electroluminescence of the ETL material (Alq3) at 525 nm gradually 

appears in the spectrum under the same applied current density. This result indicates that 

the recombination zone might be shifting from SiNC layer towards the interface between 

SiNC and Alq3. From Chapter 3, incomplete coverage at small thickness of SiNC could 

lead to poor charge and exciton confiment within SiNC layer, and lead to emission from 

adjacent organic layer due to the carrier leakage through SiNCs. Figure 4.13 (a) suggests  

 

Solution Concentration for 

SiNC layer fabrication (mg/mL) 
SiNC Thickness (nm) 

20 53 

10 28 

5 26 

1 9 

 

Table 4.4 Thickness of SiNC layer as a function of the concentration of SiNC solution used in fabrication 

process. 
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that the coverage of SiNCs on poly-TPD is not complete in devices fabricatied with 1 

mg/mL of SiNC solution. Such incomplete coverage could provide a direct path for 

carrier transport from HTL to ETL, leading to exciton formation in Alq3. In addition, 
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Figure 4.12 Device Electroluminescence as a function of SiNC thickness. (a)-(e) represent the EL from the 

NC-OLEDs made with 20, 10, 5, 1 mg/mL, and no SiNC. The peak emission at ~525 nm is attributed to the 

emission from the ETL (Alq3). 
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according to the proposed energy level diagram under zero applied bias (Figure 4.8 (a)), 

the energy barrier for holes (0.5 eV) is smaller than the one for electrons (1.6 eV). 

Therefore, with sufficient electrical excitation, hole carriers are more likely to overcome 

the energy barrier and leak through SiNCs. Those hole carriers could enter the ETL to 

form excitons with electrons, resulting in shift of the exciton recombination region from 

the SiNC layer to the adjacent ETL. On the contrary, improved coverage (as shown in 

Figure 4.13 (b)) at increased SiNC thickness (e.g., 53 nm) could suppress emission from 

Alq3, leading to pure emission from SiNCs. 

 

4.7 Emission Mechanism  

Previous work in Chapter 3 has suggested that devices based on SiNCs operate via 

direct charge trapping on the nanocrystals, and not by excitonic energy transfer from an 

adjacent organic transport layer.
178

 For the 20-nm ETLs examined here, this is also 

expected to be the case since the turn-on voltages for luminescence are much smaller than 

Max

Min
100 nm

(a) (b)

100 nm
 

 

 
Figure 4.13 Atomic force microscopy (AFM) phase image of silicon-nanocrystal (SiNC) films spun-cast 

onto poly-TPD from solutions with SiNC concentration of 1 mg/mL (a) and 20 mg/mL (b). The scan size 

is 500 by 500 nm. 
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the energy gaps of Alq3 (1.55 V vs. 2.7 eV), TCTA (2.05 V vs. 3.3 eV), and CBP (1.30 V 

vs. 3.4 eV). This, along with the significant barrier for hole-injection into each material 

and the lack of ETL luminescence, confirms that excitons are not created on the ETL, and 

that charge carriers are injected directly into the SiNC layer. The direct injection of 

electrons and holes into the nanocrystals is likely facilitated by the fact that ligands of 1-

dodecene only partially cover the nanocrystal surface.
189

 The remaining surface sites are 

hydrogen terminated. In such locations, charge carrier injection into the particle is likely 

more efficient, and clearly permits the realization of high efficiency with low-voltage 

operation. 

 

4.8 Discussion for Design Framework  

As mentioned in the previous sections, the adjacent wide energy-gap transport 

materials with sufficient energy barriers for charge confinement could result in high 

performance of SiNC-OLEDs, provided the cross-linkable HTL material reduces the re-

dissolving of HTL into SiNC layer and ETL is kept thin. These design rules can be tested 

by removing either the ETL or the HTL for comparison of device performance. When the 

top ETL is removed, the device efficiency is reduced to 4.4% due to the exciton 

quenching from the metallic cathode. (Figure 4.14(a)) On the contrary, when the bottom 

HTL is absent, the efficiency of the devices containing 20 nm CBP decreases from 6.8% 

to 2.9%. (Figure 4.14 (b)) This efficiency reduction could originate from the electron 

leakage during the device operation, since there is no sufficient energy barrier blocking 

electrons. However,  
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the absolute efficiency drop might not be as significant as ~4% considering the 

contribution from the thinner SiNC layer; the fabrication condition (the speed of spin 

coating) for SiNC in this case is changed from 2000 to 3000 rpm in order to maintain the 

uniform coverage on HIL (PEDOT:PSS). These comparisons confirm the importance of 

the adjacent transport layers for charge confinement in the SiNCs and dictate the 
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Figure 4.14 (a) Comparison for device efficiency of the full device with 20-nm Alq3 as ETL, device with 

no ETL, device with no HIL (PEDOT:PSS), and device with MoO3 as a HIL, (b) Comparison for device 

efficiency of the full device with 20-nm CBP and the same device structure with no HTL (poly-TPD). 
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contribution of each layer in the device performance. All the device performance is 

summarized in Figure 4.15 for clear comparison.  

In addition, the importance of hole injection layer (HIL) has also been studied. The 

HIL could planarize the surface of ITO and potentially enhance the wetting for the 

incoming spin-coating solution.
190

 The preliminary result indicates that the device 

efficiency could be reduced to ~2.5% if the HIL (PEDOT:PSS, in this work) is absent. 

Such efficiency reduction could result from the insufficient hole injection and the surface 

roughness
191

, or morphology change due to the different interaction between ITO and 

HTL (poly-TPD) or between HIL and HTL. The final morphology could be altered due to 

such interfacial interaction, leading to the change of carrier injection or variation of 

charge-and-exciton confinement. Interestingly, when replacing PEDOT:PSS with 5-nm 

MoO3 (HOMO: 9.7 eV, LUMO: 6.7 eV) as HIL in the device
192

, the device efficiency of 

only 3.6% is achieved. This low efficiency is indeed predictably since the adoption of the 

thin MoO3 could potentially lead to incomplete layer and likely cause high roughness for 

the spin-coated HTL.  

 

4.9 Summary 

In this chapter, the silicon NC-OLEDs demonstrated the peak external quantum 

efficiencies of up to 8.6% for electroluminescence at a wavelength of 853 nm. With a 

series of investigations in this work, the guidelines for the design framework in 

fabrication of highly efficient hybrid silicon NC-OLEDs are as follows: 
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1. Presence of hole injection layer (HIL): HIL planarizes the ITO surface and 

provide a better spin-coating platform for incoming organic layer fabrication, in 

which the surface roughness is reduced and the morphology of the top organic 

layer could be uniform due to the better wetting. 

2. Energy barriers for the confinement of charges: wide band-gap organic 

semiconductors creates significant energy barriers to prevent hole-and-electron 

leakage. 

3. Cross-linkable hole transport layer (HTL): UV-curable polymer creates a surface 

orthogonal to the incoming solution of SiNCs, effectively preventing the re-

dissolving of HTL into SiNC layer during the device fabrication. 

4. Optimized thickness of emissive material layer: optimized thickness of the layer 

efficiently confines charges and excitons within the SiNC layer. 

5. Thin electron transport layer (ETL): thin ETL serves as a capping layer for 

SiNCs, preventing cathode quenching and further direct exposure of SiNCs to the 

air. 

The aforementioned discussion indicates that this device performance is enabled by 

the optimized confinement of electrons and holes in the nanocrystal layer. High 

efficiency operation is observed for a variety of ETL materials, suggesting that the EL 

potential of the silicon nanocrystals is very robust. 
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Chapter 5  Role of Surface Ligand Passivation in Hybrid 

Silicon Nanocrystal Organic Light-Emitting Devices 

(Contributing Authors: Kai-Yuan Cheng, Rebecca Anothiny, Ting Chen, Uwe R. Kortshagen, and Russell 

J. Holmes.) 

 

5.1 Overview 

As the high device efficiency was demonstrated in the previous chapter, it is important 

to further understand the effect of SiNC material properties on the device behavior. 

Therefore, this chapter investigated the relationship between the surface ligand coverage 

on SiNCs and the corresponding device performance in hybrid SiNC-OLEDs. The device 

efficiency is observed to vary substantially with the ligand density on SiNC surface, 

despite the fact that a much smaller variation is observed in the photoluminescence 

efficiency of the SiNCs. The lack of correspondence between changes in the photo- and 

electro-luminescence efficiencies suggests that the passivation density strongly impacts 

the charge injection and exciton formation efficiencies under electrical excitation. Here, 

we show that the hole transport within the device is related to the ligand coverage. These 

results suggest the design rules for the optimization of ligand coverage on SiNCs for 

application in highly efficient SiNC-OLEDs. 

 

5.2 Introduction to Surface Ligands for Silicon Nanocrystals 

In collodidal NC systems, surface passivation was introduced after the NC synthesis 

for the purpose of stabilization of colloidal solution, minimization of NC aggregation, 
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and reduction of non-radiative recombination.
11

 Typically, in II-VI or III-V NC systems, 

organic molecules trioctylphosphine (TOP) or trioctylphosphine oxide (TOPO) are 

usually used as surface ligands. In colloidal SiNCs, the nanocrystal surface is usually 

capped with organic surface ligands.
16, 189, 193

 These surfactant-like molecules form an 

organic shell over the core material, preventing the oxidation and aggregation of 

individual nanocrystals. Surface functionalization is often realized using alkene 

hydrosilylation, in which unsaturated carbon-carbon bonds replace an existing surface 

silicon-hydride group.
160, 194-196

 The formation of robust Si-C bonds reduces the density of 

dangling bonds on surface and prevents oxidation of the nanocrystals, enabling the 

observation of high PL efficiencies.
147

 This ligand-attachment approach can be achieved 

in either liquid or gas phase after material synthesis, allowing for material dispersion in 

non-polar solvent systems, permitting the realization of printable or coatable inks that can 

be used for device fabrication.
197

 As already noted in Chapter 3 and 4, hybrid 

nanocrystal-organic light emitting devices (NC-OLEDs) integrating colloidal SiNCs and 

organic semiconductor charge transport layers have been used to demonstrate efficient 

SiNC electroluminescence (EL) over a wide range of electromagnetic spectrum.
198, 199

  

Although the role of SiNC surface functionalization has been previously examined in 

the context of enhanced PL and material solubility, the correlation between surface ligand 

coverage and the device efficiency in NC-OLEDs has not been well characterized. 

Previous work in Chapter 3 has suggested that the electrical excitation of the exciton 

comes via the direct injection of charge into SiNCs.
198, 199

 As such, the degree of the 

ligand grafting is expected to strongly impact both charge injection and confinement in 
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SiNCs. By quantifying the 1-dodecene ligand density on the SiNC surface, the 

dependence of device performance on the degree of ligand grafting is studied, providing 

insight into surface-ligand effects on charge carrier transport in the device.  

 

5.3 Experimental Methods 

5.3.1 Silicon Nanocrystal Synthesis and Passivation 

Silicon nanocrystals used in this research was synthesized by the nonthermal plasma 

process using procedures described from the reference.
197

 Silane (5% in He) was injected 

into the reactor tube with an Ar carrier gas at flow rates of 12 sccm and 30 sccm, 

respectively. The reactant gas was dissociated with 85 W of rf power at reactor pressure 

of 1.4 torr. The SiNCs were formed from silane fragments in the plasma and collected on 

a fine steel mesh downstream of the reactor. After the SiNC synthesis, the surface 

functionalization of SiNCs was performed in N2 in a hydrosilylation solution with various 

volume ratios of 1-dodecene to mesitylene. (In this chapter 1:5 and 1:2000 were selected) 

The stock solution was heated to 215
o
C and kept for 2 hours under reflux condition. 

 

5.3.2 Characterization of Silicon Nanocrystal Photoluminescence and 

Ligands 

The photoluminescence of the colloidal SiNC solution and thin film was collected 

within an integrating sphere coupled with a spectrometer (Ocean optics, Inc. USB2000 

and HR4000). The samples were excited by a UV light emitting diode at peak 

wavelength of 395 nm. The PL efficiency of the SiNC solution was calculated as a ratio 
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of the integrated area of emission peak and absorption peak under the excitation of UV-

LED.
147

 

The surface ligand was conducted by using a Fourier Transform Infrared (FTIR) 

spectrometer with a diffuse reflectance unit (DRIFTS) from Bruker Optics Inc. The 

samples were prepared by drop-casting the solution of functionalized silicon nanocrystals 

on a gold-coated silicon wafer. The sample preparation and the data collection were 

performed within the glovebox in order to reduce the possibility of oxidation. 

The Thermogravimetric analysis (TGA) measurement was carried out by using a 

Diamond TG/DTA (Perkins Elmers Inc.). The colloidal SiNC samples were compressed 

onto an aluminum pan. The measurement was performed under the nitrogen environment 

with the heating rate of 10
o
C/min. The data points before 110

o
C was disregarded in order 

to prevent over-estimation from solvent and moisture. 

 

5.3.3  Device Fabrication and Characterization of SiNC-OLEDs  

The devices studied in this chapter were constructed on indium-tin oxide (ITO) coated 

glass slides. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT: PSS) 

with the thickness of (36±5) nm was spin-coated (spin condition: 3000 rpm for 30 sec) on 

ITO as a hole injection layer. The layer was baked at 150
o
C for 90 minutes, followed by 

spin-coating a (28±4) nm layer of poly(N,N’-bis(4-butylphenyl)-N,N’-

bis(phenyl)benzidine (poly-TPD) from a 5 mg/mL solution in chloroform (spin condition: 

8000 rpm for 90 sec). Further UV-curing of poly-TPD film was performed at wavelength 

of 254 nm for 80 min.
115, 179, 199

 The SiNC layer was spin-coated from 20 mg/mL SiNC 
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solution in chloroform and baked at 64
o
C for 1 hour. The SiNC thin films was capped by 

a 20-nm electron transport layer, tris-(8-hydroxyquinolinato) aluminum (Alq3), followed 

by a device cathode containing 0.5 nm LiF and 100 nm Al. The electron transport layer 

and the device cathode were deposited by thermal evaporation in a vacuum of 5x10
-7

 

Torr. The thickness of spin-coated layers was measured by atomic force microscopy 

(Veeco Nanoscope IIIA atomic force microscope) The EL collection was conducted as 

described in Chapter 3. 

 

5.4 Optical Properties of Silicon Nanocrystals and Surface Ligand 

Characterization  

In this work, SiNCs with a diameter of 5 nm were synthesized using a non-thermal 

plasma process, followed by thermal hydrosilylation with organic ligands of 1-dodecene. 

147, 197
 In order to study the difference in ligand coverage on the SiNC surface, the volume 

ratio of 1-dodecene to the reaction solvent, mesitylene, is varied in the hydrosilylation 

solution. The ligand-to-solvent ratio of 1 to 5 and 1 to 2000 were selected in this study, 

allowing the investigation of how surface ligand density impacts the device efficiency. 

Here, the samples made from the solutions with dilution ratio of 1:5 and 1:2000 are 

referred as high-ligand sample (SiNCs with high ligand coverage) and low-ligand sample 

(SiNCs with low ligand coverage) 

It is noted that, the photoluminescence (PL) properties of the SiNC solutions do not 

vary significantly when changing the ligand coverage on SiNCs. The peak of solution PL 

for the high-ligand sample is 839 nm with the PL efficiency of (493)%, while the one 
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from low-ligand sample is at 860 nm with the PL efficiency as (512)% (Figure 5.1 (a)). 

The high PL efficiency from the low-ligand sample suggests that very few surface defect 

states exist, given the fact that the exciton formation under photo-excitation is similar in 

both materials even when different ligand coverage presents. 

 

The covalent bonding of ligands on SiNC surface is confirmed by the Fourier 

Transform Infrared Spectroscopy (FTIR) measurement. All the samples are compressed 

onto gold-coated silicon wafers as thin films for FTIR measurement. Figure 5.1 (b) shows 

the FTIR spectra of high-ligand sample, low-ligand sample, and neat film of dried 1-

dodecene. The absence of C=C signal in ligand passivated SiNCs at 1640 cm
-1

 confirms 

that most 1-dodecene chains are chemically bonded to the surface after the reaction. The 
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Figure 5.1 Material Characterization of silicon nanocrystals with different surface-ligand coverage: (a) 

normalized photoluminescence of high-ligand sample (functionalized with the volume ratio of 1-

dodecene ligands to mesitylene as 1:5) and low-ligand sample (volume ratio of 1:2000), the spectra are 

normalized at the peak emission; (b) Fourier transform infrared spectra for low-ligand SiNC sample, 

high-ligand SiNC sample, and dried 1-dodecene thin films prepared from compressing samples on gold-

coated silicon wafers; (c) Thermogravimetric analysis for the corresponding SiNC samples showed in (a) 

and (b). The mass is normalized at 110 
o
C to eliminate the over-estimation of solvent (chloroform) and 

moisture. 
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FTIR spectra of all the passivated-SiNCs show additional strong peaks at 2800~3000 cm
-

1
 corresponding to the -CHx stretching mode, and peaks at 1380 cm

-1
, and at 1450 cm

-1
 

corresponding to the deformation modes of -CH3 and -CH2, respectively. Each FTIR 

spectrum is normalized individually to the peak at 2924 cm
-1

 (-CHx mode) for internal 

comparison between –CHx and –SiH peak intensity in each sample. This relative ratio 

between two-peak intensities would qualitatively reveal the degree of ligand grafting on 

the SiNC surface. As shown in Figure 5.1 (b), the FTIR peak intensity of –CHx mode is 

observed higher than the one of –SiH mode in the high-ligand sample, suggesting the 

presence of more ligands on SiNC surface. On the contrast, the relatively equivalent 

signal intensities between –CHx and –SiH peaks indicate the lower ligand coverage on 

SiNC surface. However, it is difficult to systematically quantify the amount of ligands on 

SiNCs by calculating the ratio between the integrated areas of the –CHx and –SiH peak 

signals, as the FTIR signal is also sensitive to the film thickness which inevitably varies 

from one sample to the other.  

In order to quantitatively determine the ligand coverage on the SiNC surface, 

thermogravimetric analysis (TGA) was carried out on the SiNC samples with varied 

degree of passivation.
196

 During the heating process occurred in nitrogen atmosphere, 

ligands were removed from the SiNC surface by thermal energy and the evaporated 

organic molecules were further carried away by nitrogen gas, characterized as weight loss 

of the samples. The total ligand mass on SiNCs could therefore be quantified according 

to the measured weight loss and ligand density was thus determined by dividing the total 

ligand mass by the surface area of SiNCs. As shown in Figure 5.1 (b), the TGA data were 
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normalized at 110
o
C in order to eliminate the weight loss contributed by any solvent 

(chloroform) and moisture from the calculation. A clear difference in the weight loss is 

observed from the TGA data with 43% weight loss for high-ligand sample and 31% for 

the low-ligand sample, which corresponds to estimated ligand coverage of 5 ligands/nm
2
 

and 3 lignad/nm
2
; respectively. To be noted, the calculation was carried out assuming 

spherical SiNCs with a diameter of 5 nm and that all the organics were removed at 

sufficiently high temperature with negligible oxidation during the process.
196

 This 

quantification can serve as a standard index to identify surface ligand density and thus 

facilitate further study of the corresponding device performance.  

 

5.5 Impact of Surface Ligand Coverage on SiNC-OLED Performance 

In order to connect the measured ligand density to device efficiency, the SiNC-OLEDs 

were fabricated using high-ligand and low-ligand samples. The devices were constructed 

on indium-tin oxide (ITO) substrate with a ~36-nm hole-injection layer poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), followed by a ~28-nm 

cross-linked hole transport layer poly(N,N’-bis(4-butylphenyl)-N,N’-

bis(phenyl)benzidine (poly-TPD). The SiNC layer was spin-casted on top of the cured 

poly-TPD layer (2000 rpm, 90sec) and was capped with a 20-nm electron transport layer, 

tris-(8-hydroxyquinolinato) aluminum (Alq3). The device cathode was consisted of a 0.5-

nm LiF and a 100-nm Al layer. The thickness of the SiNC layers in all devices was fixed 

~100 nm. 
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Figure 5.2 (a) shows the performance for NC-OLEDs constructed using nanocrystals 

from high-ligand sample (5 ligands/nm
2
) and low-ligand sample (3 ligands/nm

2
), 

respectively. The current density-voltage character is collected by semiconductor 

parameter analyzer, while the optical power of the electroluminescence is measured by a 

large-area photodiode with a diaphragm.
199

 The device containing high-ligand sample 

realized a peak forward-emitted, external quantum efficiency (EQE) as 7.9% at 1.2 

A/cm
2
, while the device containing low-ligand sample shows a significant reduction in 

device performance with an EQE of only 1% at 5.4 A/cm
2
. Interestingly, in Figure 5.2 

(b), the current density-voltage characteristics of the NC-OLED containing SiNCs with 

the coverage of 3 ligands/nm
2
 has an order of magnitude larger in current density than the 

identical device using SiNCs with ligand coverage of 5 ligands/nm
2
. Despite this 

difference in current, the measured optical-power-output values from both devices are 

very similar. (Figure 5.2 (c)) 

Since both the PL efficiencies of two materials and the maximum optical power 

capacity of the corresponding devices are similar, the optical behavior of the materials is 

likely not responsible for the observed reduction in the device external quantum 

efficiency. Therefore, the observed variation in device efficiency could lie in the change 
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 Figure 5.2 Performance of SiNC-OLEDs using nanocrystals from high-ligand and low-ligand samples: 

(a) External quantum efficiency, (b) current density-voltage response, and (c) optical power density output 

of SiNC-OLEDs using high-ligand sample (solid line) and low-ligand sample (dash line). 
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of charge transport, since the current density is by an order of magnitude higher in the 

device containing low-ligand samples. Such information indicates a substantial leakage 

of charge carriers through the device without leading to exciton formation. The influence 

of ligand density on charge injection into the nanocrystals would further affect the 

balance between the hole and electron population for radiative recombination in SiNCs. 

As shown in the normalized electroluminescence collected as a function of applied 

current density (Figure 5.3), the device containing low-ligand sample presents noticeable  
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Figure 5.3 Normalized electroluminescence (EL) of silicon nanocrystals as a function of increasing 

applied current density for (a) hybrid silicon nanocrystal-organic light emitting device (SiNC-OLEDs) 

with high-ligand sample, and for (b) hybrid SiNC-OLED with low-ligand sample. Each spectrum is 

normalized at the peak of EL. 
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emission from the ETL (Alq3) at the applied current density exceeding 10 mA/cm
2
, while 

no ETL emission is observed in the device consisting high-ligand sample. The plausible 

explanation for the additional ETL emission is that the device is hole-rich, suggesting that 

the hole confinement is poor and more sensitive to ligand density than that of electrons, 

when lower surface-ligand density presents. Imbalanced population between electrons 

and holes induced by reduced hole confinement within SiNCs is likely to shift the region 

of exciton formation/recombination toward the interface between SiNCs and Alq3. The 

hole-only device fabricated with gold as a device cathode also demonstrated the higher 

current when using low-ligand samples, supporting the hole-leakage phenomena 

observed in the corresponding NC-OLED performance. (Figure 5.4) Therefore, 

controlling the surface ligand density offers an effective approach to manipulating the 

charge balance and thus improving the device efficiency. 

 

(a) (b)

5.8 eV

3.1 eV

ITO

4.7 eV

PEDOT:PSS

5.2 eV

Poly-TPD

2.3 eV

5.1 eV Au

5.1 eV

SiNC

3.9 eV

5.3 eV

Alq3

0.00 0.02 0.04
10

-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

 High-ligand sample

 Low-ligandsample

 

C
u

rr
e

n
t 
D

e
n

s
it
y
 (

m
A

/c
m

2
)

Field (V/nm)

 
Figure 5.4 Impact of ligand coverage on hole current performance and single-carrier-device behavior. (a) 

Proposed energy level diagram of hybrid hole-only device with 5 nm SiNCs and a gold cathode for 

allowing the hole-only current transport. Note that the ligand barrier surrounding SiNCs is not included 

within the figure; (b) preliminary hole-only current behavior for high-ligand and low-ligand samples in 

hybrid structure; (c) hole and (d) electron current for single-carrier devices containing high-ligand and low-

ligand samples. 
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5.6 Contribution of Physically Adsorbed Ligands to Device 

Performance 

The contribution of physically and chemically bonded ligands is investigated in this 

work. During the drying of hydrosilylation solution, the un-reacted 1-dodecene molecules 

could be physically adsorbed onto the SiNC surface or trapped by other grafted ligands. 

In order to confirm whether the physically absorbed 1-dodecene molecules would 

significantly affect the device behavior, devices containing washed and un-washed SiNCs 

were fabricated for comparison. The SiNC solution was washed with acetonitrile in order 

to remove the trapped 1-dodecene residue. The acetonitrile could disturb the SiNC 

dispersion equilibrium in choloroform solution and separate the trapped ligands from the 

particle surface. The precipitated nanocrystals were further centrifuged at 3500 rpm for 

11.5 minutes followed by drying in vacuum. Similar procedure has been developed in the 

synthesis of II-VI semiconductor nanocrystals to separate the reactant residue.
80

 The 

dried sample was re-dispersed into chloroform for device fabrication. Figure 5.5 shows 

the comparison of the NC-OLEDs using samples before and after wash. In Figure 5.5 (a), 

the device made by washed SiNCs presents a slight drop in efficiency but still maintain a 

peak EQE > 4%, which is not as significant decrease as that observed in the low-ligand 

density device. Also, similar current-voltage and optical power-voltage characteristics are 

observed in Figure 5.5 (b), suggesting that the physically adsorbed ligands are not as 

significantly dominating the device performance as the contribution from the ligand 

coverage.  
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5.7 Correlation between Surface Ligand Density and Device 

Performance 

By varying the ligand density, the impact of ligand coverage on the material 

photoluminescence and the device efficiency can be summarized in Figure 5.6. Figure 5.6 

(a) shows the solution PL efficiency of the SiNC samples as a function of weight loss, 

which characterizes the ligand density as illustrated in previous discussion. No significant 

difference in PL is observed across the range of the studied degree of passivation. 

However, the device efficiency exhibits a significant dependence on weight loss, i.e., 

ligand coverage on SiNCs. In the region of low weight loss (< 35%), the device 

efficiency is low and also similar to the one reported in Figure 5.2. As the volume ratio is 

changed to 1:5, more weight loss from the samples is observed in TGA as mentioned 
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 Figure 5.5 Investigation of device performance with SiNCs before and after washing with acetonitrile: 

(a) External quantum efficiency for the devices containing before (solid) and after (dash) SiNC 

washing; (b) current-voltage and optical power density characteristics for the devices in (a). 
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earlier, indicative of higher ligand density; also higher efficiency is obtained in the 

corresponding devices. In the high-device-efficiency region, the same volume ratio (1:5) 

sometimes results in certain degree of change in surface grafting, as indicated by the 

variation of weight loss from 41 to 52%, leading to some variation in the device 

efficiency correspondingly. However, all device efficiencies fall into the high device 

efficiency region, i.e., > 4.5% and no device efficiency as low as 1% is reported in this 

region. (Figure 5.6 (b)) 

The ligand coverage could potentially affect the applied field for achieving the same 

charge injection. A value of ligand density greater than 5 ligands/nm
2
 could result in a 

large difference in applied field. In Figure 5.6 (c), the applied voltage required for current 

density of 0.1 mA/cm
2
 is plotted as a function of estimated ligand density. The required 

applied voltage to acheive 0.1 mA/cm
2
 is much higher when device contains SiNCs with 

higher ligand density. This could be attributed to either the different ligand configuration 

on SiNC surface or the larger separation between nanocrystals in solid-state films. 

Although it may require larger field to inject charges to the highly-passivated SiNCs, the 

charges could be much better confined within the nanocrystals and thus reflect more 

efficient exciton formation and recombination. This result suggests that the efficient NC-

OLEDs might be achieved with the optimized surface ligand density. 
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Figure 5.6 Impact of ligand coverage: (a) Solution-photoluminescence efficiency for the SiNC samples 

with different degree of ligand grafting; (b) External quantum efficiency of devices using the SiNC 

samples described in (a); (c)Voltage response from the devices in (b) as a function of surface ligand 

density. The voltage data are selected at current density of 0.1 mA/cm
2
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5.8 Summary and Conclusion 

In conclusion, the electroluminescence efficiency of silicon NC-OLEDs is highly 

sensitive to the ligand density on SiNCs surfaces, while no strong impact of ligands is 

observed in the corresponding material photoluminescence performance. Decreased 

ligand density is believed to be associated with less hole confinement. Such influence 

will cause charge imbalance between holes and electrons and thus results in poor device 

performance. The work described in this chapter provides an insight for understanding 

the impact of surface ligand on the device performance, offering guidelines for highly-

efficient silicon NC-OLEDs fabrication. 
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Chapter 6  All-Gas-Phase Approach for Manufacturing Light 

Emitting Devices 

(This work was previously published in: “Anthony, R. J., Cheng, K., Holman, Z. C., Holmes, R. J. & 

Kortshagen, U. R. An All-Gas-Phase Approach for the Fabrication of Silicon Nanocrystal Light-Emitting 

Devices. Nano Lett. 12, 2822-2825 (2012)”. Copyright 2012 American Chemical Society) 

 

6.1 Overview 

Although the multi-layer device design could provide efficient nanocrystal (NC) 

electroluminescence (EL)
14, 15, 115-117, 122, 123, 125-127, 135, 178, 198, 199

, the devices are usually  

fabricated by solution process.  In general, there are serval potential challenges associated 

with solution processing. First, solution-processable NC/organic materials have to be 

used, which limited the options for material selection. Second, solvent compatibility 

between adecent layers has to be carefully considered to prevent re-dissolving issues at 

the interfaces.  Third, minimum energy-and-time waste is required in annealing treatment 

during the post-processing. These issues will be the obstacles for integrating the device 

fabrication into the streamline of the traditional semiconductor manufacture for the 

scalable high-through-put mass production in the future.  

An all-gas-phase manufacture of light-emitting device (LEDs) could potentially solve 

the aforementioned inconvenient difficulties and realize the possibility for next-

generation NC-based LED applications. As the number of processing steps is reduced for 

fabrication in the absence of liquid-phase treatment, it is possible to develop a simple 

route for dry device fabrication leading to realization of SiNC EL. However, to date, very 
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few experiments have explored in NC-LEDs using an all-gas-phase method.  

In this chapter, an innovative all-gas phase method to make luminescent SiNC thin 

films is described, allowing the creation of dense films of luminescent nano-materials 

without adopting any solution process steps. Such method provides the possibility for 

integration of the device fabrication with conventional capital semiconductor 

equipment/process, conservative material usage, and possible deposition for different 

types of nanomaterials which is unsuitable for solution processing. The un-optimized 

SiNC-LED made with this approach can successfully demonstrate EL from single SiNC 

layer, with the peak device efficiency ~0.02%. 

 

6.2 All-Gas-Phase Method for Single-Layer SiNC-LED Fabrication 

In Chapter 4, the fabrication of highly efficient SiNC-OLEDs was described, and 

included multiple solution processes, annealing conditions, and careful selection of the 

compatible material and solvent systems. It would be ideal for the next generation of 

device fabrication if the thin-film deposition of the emissive layer could be made from 

the gas phase in absence of adopting liquid phase solution. Such a dry process could 

potentially eliminate all the steps for introduction and removal of solvents, which could 

be more suitable for integration of the luminescent thin-film fabrication into the current 

semiconductor technology. Here, an innovative approach for luminescent thin-film 

deposition has been proposed.
200

 The system integrated the SiNC synthesis, in-flight 

surface ligand passivation, and luminescent-nanocrystal thin-film deposition within one 

single streamline fabrication process. 
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Such a technique was first invented by Holman and Kortshagen, exploiting a non-

thermal plasma reactor for a gas-phase impaction process to deposit germanium 

nanocrystal thin films.
201

 The infrastructure includes a flow-through non-thermal plasma 

reactor with a slit-shape orifice at the downstream of the gas flow, which allows control 

over the NC gas-phase impaction and patterning parameters (Figure 6.1). In the present 

work, an additional precursor container is attached to the reactor for afterglow surface 

passivation before the downstream gas flow into the orifice. This gas-phase plasma-

afterglow-initiated reaction could covalently attach the alkene molecules (1-dodecene in 

this work) to the SiNC surface, which has been demonstrated in the literature.
197

 This 

surface passivation could potentially reduce the surface defect of SiNCs and enhance the 

solubility of NC in the nonpolar solvents. 

 

In the process, a mixture of silane and helium (5:95) is injected into the non-thermal 

plasma reactor at a flow rate of 13 standard cubic centimeters per minute (sccm) with 

argon gas flow varied from 35 to 100 sccm. The reactor pressure was measured as 180 

Figure 6.1 Schematics of all-gas-phase SiNC synthesis (a), functionalization (b), and impaction (c) 

scheme. 
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Pa. A non-thermal plasma zone was excited by a pair of electrode rings attached to the 

reactor using a radiofrequency 13.56 MHz at a nominal power of 80 W (Figure 6.1 (a)). 

At the afterglow region of plasma, the precursor vapor of 1-dodecene was introduced 

with a hydrogen gas flow at 100 sccm (Figure 6.1 (b)). With the sufficient energy in the 

afterglow zone in the plasma, the surface passivation was initiated within the gas phase 

after the SiNC synthesis. After the synthesis and surface passivation of SiNCs, the SiNCs 

pass through a slit-shaped poly-tetrafluoroethylene (PTFE) orifice. (Figure 6.1 (c))  The 

downstream pressure after the orifice is reduced to ~ 32 Pa, due to the expansion of the 

gas flow. The substrates were attached to a stainless-steel pushrod and located < 1cm 

below the orifice opening. The SiNCs were inertially impacted straight to the substrates, 

such as glasses coated with indium tin oxide as electrode for LEDs, or the ITO substrate 

coated with aluminum for thickness examination. The thin-film samples after thin-film 

deposition were sealed in vacuum before removal of the pushrod and immediately 

transferred into a nitrogen-purged glovebox for further cathode deposition or FTIR 

analysis. Again, it is very important that, from the SiNC synthesis, surface passivation, 

thin-film deposition to cathode processing, the overall manufacture of light-emitting 

device is based on gas-phase processing with no liquid phase involved in any step. 

 

6.3 Thin Film Characterization 

The thickness of the SiNC layer was studied by using a sample deposited on a 100-nm 

aluminum coated ITO substrate and coated with 3-nm platinum for improving the 

contrast under scanning electron microscopy (SEM). As the SEM cross-section picture 
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shown in Figure 6.2 (a), a 30-raster passes will provide ~ 425 nm thick SiNC layer. Such 

a value suggests that each pass forms 2-3 monolayers of SiNCs on the 

substrates,assuming the average size of the nanocrystal as ~4 nm. Figure 6.2 (b) shows 

the corresponding top-view of the SiNC thin film in Figure 6.2 (a), indicating the intrinsic 

nature of the gas-phase deposition process could potentially cause some roughness and 

random rifts during the film formation. 

 

In order to confirm the chemical attachment of surface ligands, FTIR spectroscopy is 

employed. The FTIR samples were collected by depositing about 1-2 m SiNC thin film 

SiNCs

aluminum

ITO-on-glass

a

b

(a)

(b)

200 nm

200 nm

 
 

Figure 6.2 SEM images of SiNC films.  (a) Cross-sectional image of a SiNC layer, deposited on 

aluminum-coated ITO-on-glass, coated with 30 Ǻ of platinum to improve contrast.  (b) Top-down view of 

the same SiNC film, demonstrating layer uniformity. 
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on a gold-coated silicon wafer. The FTIR measurement was performed within the 

nitrogen-purged glovebox using a Bruker Alpha FTIR operated in diffuse reflectance 

mode (DRIFTS). For comparison, the SiNC thin films were prepared with and without 

ligand passivation. The FTIR spectra of neat 1-dodecene and the SiNC thin films with 

and without the ligand passivation are shown in Figure 6.3. The SiNC thin film without 

passivation demonstrates peaks of Si-Hx at ~ 2100 cm
-1

 and 800-900 cm
-1

.
197, 202

 The 

same peaks display lower signal in the relative scale to the additional C-Hx stretching 

vibration peak observed at ~ 2900 cm
-1

, which is due to the presence of carbon chain in1-

dodecene molecules. The absence of the peaks associated with C=C and CH2 (at 1640 

cm
-1

 and 3080 cm
-1

, respectively) confirms the reaction of surface hydrosilylation is 

accomplished with the ligand chemically bonded to the SiNC surface.
197

  

The thin-film photoluminescence (PL) of the gas-phase-passivated SiNCs is measured 

in an integrating sphere which is fiber-coupled to a spectrometer (Ocean Optics, Inc. 

USB 2000+). The ~1 m-thick SiNC film was deposited on a glass substrate and was 

excited by an ultraviolet LED at wavelength of 395 nm in the integrating sphere. The 

collected PL spectrum is shown in Figure 6.4 (a), whose full width at half maximum 

(FWHM) is comparable to the previously reported thin-film PL.
178

 The NC size is 

calculated as ~ 4.4 nm based on the corresponding thin-film XRD data (see Appendix) 

with Scherrer broadening estimation, accounting the assumption of spherical shape of 

NCs.  
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To verify the quantum confinement effect on SiNC PL, SiNCs of different size of 

SiNCs were synthesized by varying the argon flow rate through the non-thermal plasma 

reactor. Meanwhile, the width of the slit-shape orifice was increased to keep the pressure 

in the reactor close to 180 Pa, regardless of total gas-flow rate. As shown in Figure 6.4 
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Figure 6.3 FTIR spectra from bare and gas-phase-functionalized SiNC films, with neat 1-dodecene also 

shown. The sharp peaks from the unsaturated carbon bond near 3080 cm
-1

, 1640 cm
-1

, and between 900–

1000 cm
-1

 in the neat 1-dodecene spectrum are not present in the functionalized SiNC film, although –CHx 

and C-Hx peaks are present.  This indicates reaction of the 1-dodecene with the SiNCs in the gas-phase 

plasma-afterglow-initiated functionalization step. 

Figure 6.4 (a) PL spectrum with long integration time from a gas-phase-functionalized impacted SiNC 

film; (d) PL spectra from gas-phase-functionalized impacted films of different SiNC sizes, normalized to 

emission peak. From right to left, the PL peak wavelengths of these films are 900 nm, 817 nm, and 707 nm, 

with SiNC diameters of 5.1, 4.1, and 3.1 nm. 
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(b), the PL peak is blue shifted from 900, 817, to 707 nm, as the SiNC size is decreased 

from 5.1, 4.1, to 3.1 nm. Such blue-shifting in PL confirms the quantum confinement 

effect in SiNCs, allowing tunable emission wavelength through engineering the SiNC 

size.  

 

6.4 Device Performance  

The single-layer SiNC-LEDs were realized through deposition of an 80-nm-thick layer 

of SiNCs in between the ITO-coated glass as anode and a capping cathode consisting of 

0.5-nm LiF and 50-nm Al. The device shows SiNC EL at a peak wavelength of 836 nm 

for an applied current density of 100 mA/cm
2
 (Figure 6.5). The slight red shift of the EL  

 

from the PL shown in Figure 6.4 (a) is likely due to the sample-to-sample variation. A 

low peak device EQE of 0.02% is observed in Figure 6.6 (a), which falls below the 

reported value from the devices using multi-layer heterojunction structures. This 

reduction in efficiency likely comes due to the absence of adjacent charge blocking 
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 Figure 6.5 Device electroluminescence spectrums at a current density of 100 mA/cm

2
. 



 

 108 

layers, leading to significant carrier leakage (Figure 6.6 (b)). In addition, the surface-

ligand passivation in the gas phase might be less efficient than the one processed in the 

liquid phase. 

 

6.5 Summary and Discussion 

In this chapter, an all-gas-phase method for fabrication of NC-LED is proposed. The 

approach integrates nanocrystal synthesis, surface passivation, and film formation within 

a streamlined deposition in the absence of liquid phase processes, providing an 

innovative thin-film deposition scheme for versatile nanomaterials and substrates. The 

prototype single-layer SiNC-LED fabricated by this method demonstrates the SiNC EL, 

with device efficiency ~0.02%. Further optimized device efficiency would be possible by 

adding adjacent organic charge blocking layers into the device design or increasing the 

efficiency of the surface passivation. 
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Figure 6.6 Device characteristics for an all-gas-phase SiNC LED. (a) External quantum efficiency and (b) 

current density and optical power density as a function of voltage. 
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Chapter 7  Conclusions and Future Work 

The main focus of this work is to develop novel device architectures for highly 

efficient hybrid silicon nanocrystal-organic light-emitting devices (SiNC-OLEDs) and to 

investigate the device physics and engineering for further improvement of the device 

performance. A design framework has been proposed for high efficiency devices and a 

promising result has been presented. More investigation are still necessary in the future to 

understand the origin of high PL and EL efficiency of SiNCs and to elucidate the charge 

transport mechanism within the materials. A thorough understanding of these key issues 

will be beneficial to future device engineering and manufacture, and thus advance the 

pace of NC-OLEDSs towards commercialization. This chapter will summarize the result 

achieved so far and propose the direction for the future research. 

 

7.1 Conclusions 

This dissertation has examined the design, performance, and physics of novel hybrid 

inorganic NC-OLEDs by exploiting silicon nanocrystals (SiNCs) as the emitting 

materials. Chapter 3 demonstrates the first efficient electroluminescence (EL) from 

colloidal SiNCs. The device external quantum efficiency of 0.6% is achieved in the 

forward emitting direction. Direct charge trapping and exciton formation on SiNCs is 

suggested as the major excitation mechanism of SiNCs. Additionally, this chapter also 

investigated the connection between the SiNC EL performance and the corresponding 

film coverage and thickness. Better charge and exciton confinement is obtained in 

devices containing thicker SiNC layer completely covered on the conjugated transport 
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polymer layer.  

Chapter 4 concludes the design framework for constructing a highly-efficient hybrid 

SiNC-OLEDs through engineering the charge and exciton confinement within the 

emissive layer. By introduction of the cross-linkable hole-transport layer (HTL) into the 

device design, it not only suppressed the re-dissolving of HTL into SiNCs, but also 

enhances the electron confinement within SiNCs due to the higher energy barrier for 

electrons. As a result, high peak device efficiency as 8.6% at wavelength of 853 nm is 

obtained through this optimized device structure. Such efficiency is, to our knowledge, 

the highest reported in the studies of hybrid NC-OLEDs to date. High efficiency 

operation is also observed within devices using various ETLs, suggesting that robust EL 

is achievable from SiNCs. Additionally, tunable efficient EL is tested by exploiting the 

SiNCs with smaller diameter (3 nm), offering the potential of realizing visible EL from 

SiNCs in future.  

Chapter 5 investigates the connection between the surface ligand coverage on SiNC 

and the corresponding SiNC-OLED performance. Ligand coverage analysis shows that 

the surface ligand density could be changed from 5 to 3/nm
2
 when the volume ratio of 

ligand to solvent is varied from 1:5 to 1:2000 in the reaction solutions. The device 

efficiency is reduced when the device contains the SiNCs with less ligand coverage. The 

corresponding device showed higher current density and EL from the ETL, suggesting 

that the charge confinement is altered when fewer ligands are present on the SiNC 

surface. Further hole-only device confirms that hole leakage occurs while the number of 

ligands at the surface is reduced. As a result, hole leakage would be suppressed when 
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more ligands are attached to SiNC surface, leading to balanced hole-and-electron charge 

transport/confinement, and hence higher device efficiency. The results from Chapter 3, 4, 

to 5 have demonstrated the device engineering for solution processed SiNC-OLEDs, from 

the macroscopic prospective in the studies of each layer in devices to the microscopic 

point of view in the investigation of surface ligand coverage on SiNCs. The overall 

conclusion for the design framework could be summarized as follows: 

1. Presence of hole injection layer (HIL): HIL planarizes the ITO surface and 

provide a better spin-coating platform for incoming organic layer fabrication, in 

which the surface roughness is reduced and the morphology of the top organic 

layer could be more uniform due to the better wetting (Chapter 4) 

2. Energy barriers for the confinement of charges: wide band-gap organic 

semiconductors builds the significant energy barriers to prevent hole-and-electron 

leakage (Chapter 3 and 4) 

3. Cross-linkable hole transport layer (HTL): UV-curable polymer creates a surface 

orthogonal to the incoming solution of SiNC, preventing the re-dissolving of HTL 

into SiNC layer during the device fabrication (Chapter 4) 

4. Full coverage and optimized thickness of emissive material layer: full coverage of 

SiNCs and optimized thickness of the layer efficiently confine charge and exciton 

within SiNCs. (Chapter 3 and 4) 

5. Thin electron transport layer (ETL): A thin ETL could serve as a capping layer for 

SiNC, preventing cathode quenching or further direct exposure of SiNCs to the 
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air. The bulk electron mobility would not affect the device performance 

significantly when the capping ETL remains as thick as 20 nm. (Chapter 4) 

6. Sufficient ligand coverage on SiNCs: ligand coverage could affect the hole-carrier 

confinement within SiNCs, While more ligand present on the SiNCs, the hole 

leakage will be suppressed, leading to the balanced hole-and-electron charge 

transport and confinement, and hence the better device efficiency. (Chapter 5) 

Device fabrication using all-gas-phase fabrication is introduced in Chapter 6. Such 

technique integrates the material synthesis, material-surface passivation, and thin film 

formation in the absence of liquid phase processing, providing potential compatibility 

with current semiconductor manufacturing technology. Promising SiNC EL is observed 

from single-layer SiNC-LEDs fabricated through the all-gas-phase method. Further 

device efficiency improvement by enhancing the ligand attachment efficiency and by 

adopting the organic charge-blocking layers in order to enhance the PL efficiency of 

SiNCs and charge/exciton confinement within SiNCs, respectively. 

 

7.2 Future Work 

As high efficiency in SiNC-OLEDs is achieved, it is important to further understand 

the fundamental physics behind the device performance and to rationalize the unique 

electrical and optical properties in SiNCs. The in-depth exploration of the correlation 

between the material and device physics will benefit the future design of SiNC-based 

devices. Therefore, the proposed future direction lies in first finding the origin of the high 

efficiency and the roll-off in device efficiency under higher electrical excitation. Besides 
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the device science, the investigation of the charge transport mechanism as a function of 

surface ligand length and coverage is also necessary, as it provides more information on 

the electrical properties of SiNCs for the next-generation SiNC material and surface 

ligand engineering. All of these knowledge is critical for serving as solid guidance for 

developing future highly efficient SiNC-OLEDs with red, green, blue, and white 

electroluminescence. 

 

7.2.1 Origin of High Efficiency: Exciton Spin Fraction 

The first step of understanding the origin of the high efficiency in SiNC-OLEDs lies in 

understanding the fraction of the electrical excited exciton states that can radiatively 

decay. Typically the allowed emitting fraction for fluorescent exciton states in an organic 

emitter is ~25% from singlet exciton recombination. In phosphorescent materials, due to 

the spin-orbit interaction, the triplet states (the portion of the rest of 75% excitons) are 

permitted to radiatively recombine. 
203, 204

 To date, few studies have been conducted to 

define and confirm spin statistics of the exciton states in SiNCs. 

With the high external quantum efficiency demonstrated in chapter 4 and 5, it is 

possible that more than 25% of the exciton states could contribute to the SiNC EL. When 

the electrical excitation of excitons occurs, the general device external quantum 

efficiency could be a function of spin fraction factor for excitons forming singlets, charge 

balance factor, material photoluminescence efficiency, and out-coupling efficiency. If the 

out-coupling efficiency is ~20% in forward emitting direction for devices on planar 

substrates,
72

 and the solid-state PL efficiency is similar to the one of SiNC solution (~ 
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45%), then the upper limit of the product of charge balance and spin fraction for singlets 

() will be close to one as indicated in Equation 7.1.
205

  

OCPL

EQE







 ,               (7.1) 

where EQE is external quantum efficiency, PL is the photoluminescence efficiency of 

the emitter material, OC is the out-coupling efficiency,  is the charge balance factor, and 

is the spin fraction for the singlet excitons. 

According to the high device efficiency close to 9% is reported in Chapter 4 and 5, the 

product of charge balance and spin fraction for singlets () in SiNC-OLEDs could be 

estimated by using Equation 7.1, considering the PL efficiency (~45%) and the out-

coupling efficiency (~20%). Since the charge confinement is well-established with the 

optimized device structure, the hole and electron charges are likely balanced while high 

efficiency is achieved. As such, the spin fraction for allowed radiative decay could be 

roughly estimated close to 1, suggesting that most of the exciton states in SiNCs (singlets 

and triplets) contribute to the radiative recombination. Although Calcott et al. proposed 

that the mixture of singlet nature into the triplet states is weakly allowed due to the spin-

orbit interaction within Si nano-materials
206

, it is more surprising that the device 

performance demonstrated such a high efficiency, proving more than 25% of exciton 

radiative emission. Therefore, the mixed states of singlet and triplet excitons could be 

responsible for the radiative recombination upon excitation and it relies on more 

investigation on the fundamental study in the future.  

M. Segal et al. developed a method for probing the upper limit of the excitonic singlet-
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triplet statistics by measuring the reversed-bias PL from the fluorescent OLEDs 

containing small organic molecule or polymer.
207, 208

 Such value could provide the 

information of the available radiative exciton states. The system is summarized in Figure 

7.1. A laser is employed to excite the device PL. The lens is adopted to focus the laser 

onto 1-mm-diameter area and is aligned with the device cathode. The excited PL is 

collected by a silicon photodiode through a second lens with the excitation laser filtered 

out by a 550-nm optical filter. By measuring the differential PL power and photocurrent, 

the system allows the determination of the “out-coupled PL efficiency” as indicated in 

Equation 7.2 and hence the estimation of the product of charge balance factor and the 

spin fraction factor.  (see the derivation in Appendix) 

ph

PL
OCPL

I

P

h

q 



                         (7.2) 

 

, where q is the electronic charge, h is Planck’s constant,  is the frequency of the 

radiated photons,  PPL is differential photoluminescence power, and Iph is the 

Lens
Neutral Density Filter 

Laser Diode (405 nm) Laser reflection

Lens

Filter (cut-off below  550 nm)

Detector or 

Optic Fiber

Device

Cathode

Device

 
 

Figure 7.1 The experimental setup of the reversed-bias PL measurement (continuous wave): PL from 

device is excited with a laser diode at wavelength 405 nm and is collected with a silicon photodiode. An 

optical filter is used to eliminate any reflection of laser into the photodiode. A reversed-bias is applied 

during the measurement in order to obtain the photocurrent. 
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photocurrent detected from the photodiode.  

In order to efficiently excite the SiNC PL and to minimize the organic emission, the 

laser wavelength is picked at ~405 nm. The corresponding device design is modified due 

to the absorption at the excitation wavelength of 405 nm for materials of Poly-TPD and 

Alq3 (Figure 7.2). The modified device, as shown in Figure 7.3, demonstrated a device 

efficiency of ~3%, which could serve as an initial device condition for testing the 

reversed-bias PL. Figure 7.4 plots the differential photoluminescence power as a function 

of the reversed bias. The slope of the differential PL power as a function of photo-current 

is changed around 4.5 V (~ 0.5A) under reversed bias, which could be attributed to the 

leakage current.
207

 Therefore, the slope fitted for the experimental data is taken before 0.5 

A. The corresponding upper limit of  is estimated to be 36-56% due to the device-

to-device variation, and the poor harvesting of the EL power. Table 7.1 summarizes the 

key results of coupled PL efficiency and external quantum efficiency obtained from the 

initial trial.  

300 400 500 600 700 800 900

 PolyTPD

 Alq
3

 

A
b

s
o

rb
a

n
c
e

 (
a

.u
.)

Wavelength (nm)
 

Figure 7.2 Absorbance of thin-film PolyTPD and Alq3 on glass substrates. The vertical dash line indicates 

that both materials absorb at the excitation wavelength of laser diode (405 nm). 
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Figure 7.3 (a) Modified device for reversed-bias PL measurement, (b) external quantum efficiency and (c) 

current density-voltage and optical power density characteristics of the device in (a). 

Figure 7.4 Preliminary result for the relationship between differential PL power and device photocurrent 

collected under the reversed bias. The slope of the fitted curve could potentially give out the value of out-

coupled efficiency. 
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Although the preliminary estimation of is lower than the expected value (~1), the 

results remain interesting and indicate that more than 25% of the excitons would be 

allowed for radiative decay. This is promising for explaining the origin of the high 

efficiency of the SiNC-OLEDs, since not only the singlet but also the triplet excitons 

could undergo radiative recombination. Such emission mechanism is similar to the 

phosphorescent-OLED operation.
203, 204

 However, the presented values of are still 

considerably low and it could originate from poor electron confinement (poor charge 

balance,  ) in SiNCs since there is no electron-blocking layer to prevent electron 

leakage through the hole injection layer. Therefore, the next steps for precisely 

confirming relies on the following experimental improvement: first, to improve the 

optics for better light collection and consistent device power detection. Improved light 

harvesting could increase the signal intensity for accurate measurements. Second, find a 

wide-band-gap electron-blocking layer which is not absorbing at the laser excitation 

wavelength (405 nm). This additional layer could potentially confine the electrons within 

SiNCs and improve the device efficiency. As such, the charge balance factor would be 

closer to 1, revealing the true value of the spin statistics for the SiNC excitons. In 

addition, the preliminary results were measured with continuous wave illumination. The 

 

External quantum 

efficiency in vertical setup 
Out-coupled PL efficiency Upper limit of  

0.0065% 0.018% 35% 

0.01% 0.018% 56% 

 

Table 7.1 Preliminary results for measuring the upper limit of the product between charge balance factor 

and the spin fraction factor for the available radiative exciton states. Note that the EQE is measured based 

on the same vertical geometry as shown in Figure 7.1. 
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discontinuity in slope of differential power-photocurrent due to leakage current is 

observed in dc PL measurement, which increases the noise in the photocurrent detection. 

In order to reduce the uncertainty and inconsistency of the measurements, lock-in 

amplifiers are required for monitoring the photocurrent and eliminating the noise signal 

in the collection of synchronous differential PL power and photocurrent.
207, 208

  

The mechanism of the non-radiative exciton recombination in SiNC thin films is also 

the other key to understand the origin of the high-efficiency in SiNC-OLEDs. It is 

reported that SiNCs, in general, have longer PL lifetime
142, 209-212

 (at the scale of tens of 

s) than the typical direct band-gap semiconductor NCs
213

 (at the scale of ns). Such long-

lived excitons could have more opportunity to undergo the radiative recombination. 

However, the rates of radiative and non-radiative decay of excitons in ligand-passivated-

SiNC thin films are still not well studied. The non-radiative recombination is usually 

associated and sensitive to the temperature change. More experiments in thin-film PL 

lifetime as a function of temperatures are required to understand the non-radiative 

recombination mechanisms. 

 

7.2.2 Efficiency Roll-off in SiNCs 

Although the high efficiency performance is observed in hybrid SiNC-OLEDs, the 

next-generation SiNC-OLEDs require high efficiency at higher applied current density in 

order to fulfill the high-power operation. In Figure 4.11, the device efficiency exhibits a 

decrease under the higher electrical excitation. To date, the origin of reduction still 

remains unknown. Further understanding of the mechanisms in the efficiency reduction is 
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very important for future material and device design of SiNC-OLEDs.  

The first step is to identify whether the efficiency roll-off originates from the nature of 

the SiNCs. Interestingly, from Figure 7.5, the comparison of device efficiency among the 

full multi-layer device, device without ETL, and single-layer device (see Appendix) 

shows similar efficiency roll-off trend (slope) at higher applied current density. Such a 

result might suggest that efficiency roll-off has a weak dependence on the device 

structures. Therefore, the hypothesis could be made that the efficiency reduction stems 

from the intrinsic nature of SiNCs under high electrical excitation. 

 

 

Reineke et al. reported that the triplet-triplet annihilation (TTA), triplet-polaron 

quenching (TPQ), or field-induced triplet-exciton quenching could contribute to the 

efficiency decay process of phosphorescent OLEDs.
39, 214213

 In the previous section, the 

preliminary result of reversed-bias PL demonstrates the possibility of triplet contribution 

to radiative recombination process. In addition, according to previous works, the lifetime 

of SiNCs has been reported in the time scale of micro-seconds. 
142, 209-212

 Such long-lived 
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Figure 7.5 External quantum efficiency for the full structure hybrid SiNC-OLEDs, the device without 

ETL, and single-layer SiNC-LED. 
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excitons is similar to the triplet character and potentially possess similar annihilation 

processes as phosphorescent materials, leading to the efficiency roll-off during the SiNC-

OLED operation. Therefore, the time-resolved measurement will be necessary for further 

investigation of TTA mechanism. According to the theory
39, 214

, under the short-pulse 

laser excitation, the triplet exciton population could be expressed as a function of time: 

2/)]0([}2/)]0([1{

)0(
)(

/  
TTex

t

TTex knekn

L
tL


           (8.2) 

, where L(t) is the luminescent intensity at time t, kTT is the rate constant for TTA, t is the 

phosphorescent lifetime, nex(0) is the concentration of the excited states. By measuring 

the different luminescent intensities as a function of time and knowing the initial exciton 

states, the TTA rate constant and the radiative lifetime could be determined from the 

experimental data. 

On the contrary, the study of TPQ requires the information of charge-carrier density, 

trap states, and transport mechanisms for the construction of exciton rate equation.
39, 214

 

More investigation and experimental designs are required for understanding the charge 

transport within the SiNCs/device in order to confirm the validibility of TPQ study. As 

for the field-induced triplet quenching, the transient reversed-bias PL and transient EL 

measurements coupled with an oscilloscope are required for further realizing the behavior 

of the luminescence decay under the effect of electrical field.
39

 Note that such transient 

EL is excited with the forward-bias pulse followed by a negative value while measuring 

the exciton decay under the applied electrical field. Figure 7.6 demonstrates the 

preliminary result of the transient EL measurement with hybrid SiNC-LEDs. The 

forward-bias pulse remains for 50 ns at 6.6 V and was switched to a reversed-bias at 1 V. 
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The decay lifetime is fitted as ~ 20 sec with the single exponential decay model. 

However, more work is required to explore the field dependence of EL decay process, 

such as variation of the applied field during the decay process, and the adjustment of 

experimental setting to increase the signal-to-noise ratio and thus the measurement 

accuracy. Additional measurements of the temperature dependence will also be necessary 

for characterization of the kinetics as a function of temperature in all the exciton decay 

mechanisms.
215, 216

  

                 

 

 

7.2.3  Device Performance Study through Surface Engineering of SiNCs: 

Ligand length and the Corresponding Coverage on SiNCs 

Chapter 5 indicates the surface-ligand coverage plays an important role in the 

enhancement of charge confinement and hence the device performance. It is also 
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Figure 7.6 Preliminary result of the transient electroluminescence for the hybrid SiNC-OLEDs. The EL 

was excited by a forward-bias pulse at 6.6 V for 50 ns, followed by a reversed-bias voltage at -1 V during 

the decay process. 
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essential to study the device performance with the SiNCs containing different types of 

surface ligands. It is proposed that using conjugated ligands for II-VI NC passivation may 

increase the charge transport due to better electron coupling between NCs.
217, 218

 As for 

SiNC passivation, conjugated ligand molecule has been proposed for improving the 

conductivity of SiNC thin films.
219, 220

 However, if the conduction would likely occur 

only along the ligands, the charge injection into NCs or the charge confinement within 

NCs would be in questions, likely leading to poor device performance. In addition, 

careful ligand molecule selection is necessary to prevent any emission from the ligand 

molecules. 

In the present work, alkene passivation with different lengths is proposed due to the 

well-developed surface hydrosilylation method developed by D. Jurberg et al.
147

 and L. 

Mangolini et al.
220

 Non-conjugated alkyl systems provide a simple route to control the 

charge transport mechanism as a function of the particle-to-particle distance. The analysis 

could allow the focus on charge transport in NCs. It is believed that the charge transport 

in the NC thin film is related to the distance between two particles. Therefore, switching 

the ligands from 1-dodecene to shorter alkyl chains might lower the barrier for charges to 

reach the SiNC surface, leading more charge carrier injection into the emitting materials. 

From the previous work, Bakueva et al. reported the improvement of EL efficiency by 

reducing the length from C18 ligands to C8 ligands.
135

 Table 7.2 summarizes the 

preliminary results of peak device efficiency from the SiNC-OLEDs containing ligands 

of 1-hexene, 1-dodecene, or 1-octadecene. (See Appendix) The longer ligands might 

separate the SiNCs for approx. >2nm away from each other, leading to insufficient 
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charge injection into SiNCs and inefficient charge transport which therefore result in poor 

device performance. It is expected that the charge injection would be improved by 

attaching the shorter ligands (approximately ~0.7 nm) on SiNCs. Surprisingly, from our 

preliminary attempt, the device performance was not enhanced by the usage of shorter 

ligands. Such poor device performance could originate from the lower PL efficiency of 

SiNCs. (Table 7.2) It is possible that the incomplete surface ligand coverage on SiNCs 

would lead to the surface defects and results in the reduction of the SiNC PL 

efficiency.
147, 200

 Since similar reaction temperature in 1-dodecene surface reaction was 

adopted for 1-hexene hydrosilylation, it is likely that the low-boiling-point 1-hexene (b.p. 

~ 64
o
C) escaped through the reactor during the high temperature process (~ 200-215

o
C). 

As such, excess 1-hexene in the reaction solution is required in order to obtain high 

reaction yield, or consecutive double-phase passivation (gas phase and liquid phase) is 

necessary to increase the degree of passivation of 1-hexene ligands. In addition, more 

device studies and TGA measurements should be coupled with the reaction study in order 

to optimize the surface ligand coverage for high device efficiency. Therefore, by  

 

 

 

Ligand Name Structure 
Solution PL 

efficiency 

Preliminary Device 

Efficiency 

1-hexene H3C-(CH2)3-CH=CH2 12%* 1.5% 

1-dodecene H3C-(CH2)9-CH=CH2 45% 8.6% 

1-octadecene H3C-(CH2)15-CH=CH2 35% 0.3% 

* Through gas-phase passivation with post-annealing in mestylene. 

Table 7.2 Summary of the preliminary performance for the device using SiNC with different surface 

ligands. 
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systematically varying the ligand length, a thorough understanding of charge transport as 

a function of ligand length could be obtained, which would be benefical for futher device 

performance optimization. 

 

7.2.4 Charge Transport Mechanisms in SiNCs 

In the previous studies
221

, it has been proposed that the space charge limited current 

and tunneling mechanism were responsible for the charge conduction among the SiNCs 

prepared by the pulsed laser ablation. To date, very few studies have been reported to 

elucidate the impact of ligands on the transport in thin films made from colloidal 

SiNCs.
222

 As discussed in Chapter 5, the surface ligand plays a significant role in 

determining the electrical transport within SiNCs and thus the device performance. The 

device current and performance has a strong dependence on the surface ligand coverage 

on SiNCs. In addition, from the previous section, different type of ligands on SiNCs 

could also lead to different device performance. As such, it is very likely that the ligand 

coverage and ligand length would significantly affect the charge injection due to the 

distance between particles and the energy barrier created by the ligands.
217, 218

 Therefore, 

systematic study on the effect of ligand coverage and length on charge transport has 

important implications for understanding the transport mechanism within SiNC thin 

films, and thus provides effective ways to formulate strategies for device optimization. 

The proposed future research direction will lie in the investigation of conductivity and 

mobility as a function of surface ligand coverage and ligand length. Such study relies on 

the temperature dependence measurements on the single-carrier devices with different 
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ligand design. Furthermore, it has been reported that the size of the NCs could also affect 

the aforementioned charge transport properties in CdSe and PbSe thin films.
223, 224

 

Similarly, recent theoretical study
225

 and experimental research
226

 demonstrated that 

charge injection and transport in SiNCs possess a size dependence relationship. The 

investigation of the size dependence of charge injection and transport would also provide 

additional dimension for understanding the fundamental physics in electrical-operation 

mechanism in SiNC thin films. 

 

7.2.5 Visible Electroluminescence from SiNC-OLEDs and Device Lifetime 

This work has demonstrated the highly-efficient SiNC-OLEDs with near infrared (IR) 

and red emission. The ultimate goal of this work is to realize the full-color EL emission 

and to increase the device lifetime. Recent works have already realized the full-spectrum 

PL emission from colloidal SiNCs. Those particles contain surface ligands with high 

solubility in either organic or aqueous solvents, providing more flexibility for solution 

processing in device fabrication. The reported PL and the corresponding particle size are 

summarized in Table 7.3.
147, 211, 227-239

 Since different emission wavelength can be 

produced by controlling the size of the nanocrysals, it is possible to realize the high 

efficiency SiNC-OLEDs in red, green, blue or white color through the careful device 

design and selection of organic transport materials for charge/exciton confinement.  

Although the robust EL from SiNCs has already been demonstrated in this work, more 

investigation is still required for understanding the device lifetime under a different 

emission wavelength (particle size). Longer operational hours are necessary for realizing 
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the ultimate application of SiNC-OLED in future displays and lighting. Therefore, 

selecting multiple testing conditions including various temperatures and applied current 

densities, and setting up the suitable testing equipment are essential for device lifetime 

study. 

 

 

7.2.6 Afterword 

Hybrid inorganic nanocrystal-organic light-emitting devices integrate the advantages 

 

Wavelength 

(nm) 
Ligand 

Solution PL 

Efficiency  

Size 

(nm) 
Year 

283 Alkyl Group 13-22% 1.6 2008 

310 Alkyl Group - 1 2006 

313 Alkyl Group 20% 1.8 2010 

335 Alkyl Group - 1.8 2005 

340-350 Alkyl Group - 2-5 1999 

360 Alkyl Group 11% 2-4 2010 

455 Bare in DSMO - 2-5 2012 

456 Alkyl Group - 2 2009 

570 Alkyl Group 20% 2-3 2010 

650 Alkyl Group - 5 2005 

665 Alkyl Group 7-19% 2.6 2008 

718 Alkyl Group 8% 2.7 2012 

760 Allylbenzene 43% 2-5 2012 

789 Alkyl Group 60% 3 2006 

860 Alkyl Group 45% 5 2009 

 

Table 7.3 Summary of recent research in colloidal SiNCs with tunable emission as a function of 

nanocrystal size. 
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of both inorganic and organic materials, allowing simple material synthesis route to 

obtain different wavelengthes and low-cost solution processes for device manufacture. A 

close look at the evolution of device external quantum efficiency over the past decade 

reveals a significant breakthrough from 0.001%
11, 13, 15, 16, 115, 125, 240

 to 8.6%
199

 to date 

(Figure 7.7 (a)).  In this work, by exploring SiNC-based NC-OLEDs, a deeper 

understanding of device physics is obtained, which enables the realization of robust 

devices with the highest EQE to date as shown in Figure 7.7 (b).
11, 15, 16, 125, 178, 199, 240

 

Such novel device architectures exploiting the novel Si-based emitter could open another 

opportunity for the next-generation LED and display technology.  More research is 

needed to be done to better understand the fundamental SiNC photo physics and the 

charge transport mechanism, and to realize of long-lifetime device performance for future 

commercialization of full-color-emission optoelectronics. 
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Figure 7.7 (a) Evolution of NC-OLED efficiency over the past decade, (b) Comparison of device 

efficiency as a function of wavelength. The close box indicates the near infrared region where fewer 

studies of NC-OLEDs were performed. 
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Appendix 

A.1 X-ray Diffraction Data (XRD) for SiNC thin film reported in 

Chapter 6  

The NC size is calculated as ~4.4 nm based on the corresponding thin-film XRD data 

indicated in Figure A.1. The sample is prepared by gas-phase deposition on glass 

substrate for XRD measurement. The size of the SiNCs was Scherrer broadening 

estimation, accounting the assumption of spherical shape of NCs.
241-243

 The estimation is 

expressed as Equation A.1 

)cos((
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d ,                                                                                                           (A.1) 

 

, where d is the grain size (SiNC size);   is the wavelength of the radiation (0.154 nm for 

Cu K-alpha x-rays, Bruker-AXS Microdiffractometer with 2.2 kW Sealed Cu-Xray 

Source);  is the width on a 2 angle (full width at half maximum of the strongest (1 1 1) 

peak in this work); and  is the angle of considered Bragg reflection.  
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Figure A.1 X-ray diffraction pattern for the SiNC thin film deposited on the glass substrate. 
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A.2 Derivation in the Reversed Bias Measurement of PL intensities 

This derivation is aiming to find the maximum value of Sby measuring CPL 

through experiment parameters, which is indicated in Equation  (1.7) : 

PLCSEL                                                                                                               (A.2) 

where S is the spin fraction of singlets;  is the charge balance factor; C is the out-

coupling efficiency; and PL is the photoluminescence efficiency of the emitting 

materials. The product of CPL can be determined by the photocurrent under reversed 

bias, when exciting the luminescent thin film within the OLED devices. The reversed 

electric field will dissociate the excitons into charges and reduce the intensity of the 

material PL. As such, the ratio of the change in PL intensity to the collected photocurrent 

will give CPL. Theoretically, the PL power emitted by the optically excited thin film 

can be expressed as  


QNRR

R
CPL

kkk

k
hP


 ,                                                                                        (A.3)                           

where h is Plank’s constant;  is the frequency of the radiated photons; kR is the radiative 

exciton recombination rate; kNR is the non-radiative decay rate; kQ is the rate of electric 

field-induced quenching. For weak field-induced quenching, kQ is far smaller than 

kR+kNR, the decrease in PL power could be expressed as Equation A.4, when the PL 

efficiency is under no applied-field, (i.e. PL = kR/(kR+kNR). 
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In addition, the photocurrent from the field-induced dissociation of excitons can be 

expressed as: 


QNRR

R
ph

kkk

k
qI


                                                                                                  (A.5) 

where q is the electronic charge. If the condition that kQ is far smaller than kR+kNR is 

valid, then Equation (A.4) and (A.5) could give 
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                                                                                                     (A.6) 

From the definition of external quantum efficiency, the PL can be obtained as 

ELinj

PL
hqI 


1

                                                                                                           (A.7) 

where Iinj is the current injected into device (device current). Therefore, by using (A.2), 

the product of spin statistic factor and charge balance factor can be written as  

ph

PL
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PLC
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                                                                                                 (A.8) 

Therefore, the spin statistics can be obtained from EL and the ratio of differential PL 

power to photocurrent Iph. 

 

A.3 Single Layer SiNC-LED 

A.3.1 Device Fabrication of Single layer SiNC-LEDs 

This solution processed single-layer device is aimed to reduce the fabrication steps in 

order to simplify the device structure and to understand the behavior of the SiNCs under 
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the electrical excitation without any influence by organic semiconductors. In this case, 

the true performance of SiNCs could be studied by isolating the SiNC from the other 

materials, allowing explorations of efficiency and charge-transport comparison between 

different type of SiNCs or among different design of device structures.  

The single layer SiNC-LEDs were fabricated on indium-tin-oxide (ITO) coated glass 

substrates with a sheet resistance of 15 /. Substrates were degreased with solvents, 

followed by exposure to UV-ozone ambient. The SiNC layer was spin-coated by 

exploiting the 20 mg/mL SiNC in chloroform. (2000 rpm for 90sec), followed by thermal 

annealing at 150
o
C for 1 hour in nitrogen environment. (Oxygen <0.1 ppm, and Moisure 

< 0.1ppm) The thickness of SiNC layer is ~ 100 nm for SiNCs, confirmed by AFM. 

Finally, the SiNC layer was capped by 0.5 nm LiF/ 50 nm Al as device cathode. Devices 

were immediately tested in the ambient environment after the fabrication. 

 

A.3.2 Device Characterization of Single-layer SiNC-LEDs 

The single-layer SiNC-LED demonstrates the EL from the SiNC, as shown in Figure 

A.2 (a). The similar peak EL blue shift is also observed as the applied current density 

increased. However, the EL intensity under higher current starts to decay, which could be 

due to the charge imbalance or the decay of the thin device under high electrical field. 

Surprisingly, the preliminary data show that the peak efficiency can be achieved as 2.3% 

at 0.03 mA/cm
2
. (Figure A.2 (b)) Such un-optimized device structure could be obtained 

as > 2% in device efficiency, even without the assistance of the organic charge blocking 

layers. This could, again, suggests the robust luminescence property of SiNCs. The 
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corresponding turn-on voltage is ~ 2.9 V as shown in Figure A.2 (c), which could 

originate from the higher resistance of thicker layer of SiNCs. Therefore, further device 

optimization with higher device efficiency and low turn-on voltage could be achieved by 

reducing the SiNC thickness.  

 

A.4 Ligand Length Dependence of Device Performance   

The devices with different ligand length were fabricated with the same conditions as 

the ones addressed in Chapter 4, where the concentration of SiNC solution (20 mg/mL), 

spin coating speed, and annealing time were maintained the same. The preliminary results 

of the devices for the ligand length dependence were summarized in Figure A.3, in which 

the efficiency performance was generally lower. Note that the performance of the devices 

made with SiNCs containing 1-hexene or 1-octadacene ligands were not fully optimized 

in terms of photoluminescence efficiency (in 1-hexene case) and thickness (in 1-

octadecene case). More device studies are required in order to achieve thorough study 

with higher device efficiencies. 
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Figure A.2 Device Characteristics for single-layer SiNC-LED (a) Electroluminescence as a function of 

applied current density; (b) current density and (c) power density as a function of voltage. 
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Figure A.3 Summary of Device Performance containing different ligand length. (a) External quantum 

efficiency of the devices containing 1-hexene (black), 1-dodecene (red), and 1-octadecene (blue); (b) 

Current-density and (c) power density of the corresponding devices in (a). 
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