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Abstract

A series of systematic studies has been carried out on the mechanism of
visible light emission from optoelectronic silicon thin films, i.e. hydrogenated
amorphous silicon (a-Si:H) and nanocrystalline Si (nc-Si).

Electroluminescence (EL) in a-Si:H at a high electric field has been
investigated employing ac-driven double insulating EL devices. EL emission
involving a spectral component above the optical energy gap has been observed at
the internal electric field in a-Si:H over 1 MV/cm. Intraband transitions of hot-
electrons in conduction bands are the most acceptable mechanism for the EL.
emission. The lucky drift model based on the phonon scattering process leads to
the estimated mean free path of 1.0 nm. The average electron energy of 0.13 eV is
estimated at the electric field in a-Si:H of 1 MV/cm. Utilizing the electroabsorption
(EA) technique, the internal electric field in a-Si:H of the ac-driven double insulating
EL devices has been found to saturate at the electric fields of 1.2-1.5 MV/cm with
an increase in the applied voltage. Assuming the field distortion due to generation
of the transferred charge, the estimated transferred charge is found to rise sharply
above the threshold fields of 1.2-1.5 MV/cm. The experimental results have
revealed one of the most important results, i.e. electron avalanche multiplication
would occur in g-Si:H at an electric field over 1 MV/cm.

The extended investigations have been carried out for both the EL and EA



measurements concerning with the temperature dependence and the alloy-induced
effects. The mean free paths deduced from the EL spectrum and the ionization
rate show the similar temperature dependence. With an increase in the temperature
from 130 K to 300 K, the mean free paths gradually decrease in accordance with
the theoretical line based on the optical phonon scattering process. In contrast, the
mean free paths turn to rise at the higher temperatures up to 400 K. The mean free
paths of a-Si; xCy:H alloys (x < 0.3) evaluated from the EL spectra tend to decrease
with increasing the optical energy gaps, and this tendency on the optical energy
gap is consistent with that observed by the polarized EA measurements at low
electric fields. These results imply that the structural-disorder-induced effects might
affect on the high energetic electron transport in a-Si:H as well as the phonon
scattering process.

The red-band photoluminescence (PL) from electrochemically anodized nc-
Si and the blue-band PL from rapidly grown nc-Si have been studied. The red-
band emitting nc-Si thin films were fabricated from ic-Si prepared by plasma
chemical vapor deposition (CVD). The nc-Si thin films exhibit the PL emission
with a peak energy of 1.6-1.8 eV at room temperature and the PL properties are
changed corresponding to the fabrication conditions including the anodizing current
density, the anodizing time, the initial thickness and the crystalline volume fraction
in Lic-Si before anodization. The Raman scattering and PL results indicate that the
emission model based on the amorphous-like passivating layer is unlikely to explain
the PL emission, while quantum confinement effects and the surface states models
would be responsible for the visible light emission. The crystallite size of 2.4—
3.8 nm depends mainly on the deposition conditions of plasma CVD for uc-Si
before anodization, while the surface states on the crystallites may be activated for
the light emission due to anodization.

The blue-band emitting nc-Si thin films were fabricated by solid phase growth
employing the rapid thermal annealing (RTA) method at 800~1200°C for 1-5 min
in vacuum from a-Si:H. The PL occurs at room temperature with a peak energy of
2.5-2.7 eV, which is almost independent of the RTA temperature and time. By
contrast, the PL intensity depends on the RTA conditions. The nc-Si possesses
structural features distinguished from blue-band emitting Si in literature, i.e. the
nc-Si consists of crystallites with a grain size as large as 50-100 nm and little
amount of Si-Ox bonds. Therefore the emission models based on nc-Si embedded
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in SiOx matrix including quantum confinement effects can not be adopted for this
case. The differential optical transmittance spectrum of the nc-Si thin films exhibits
three spectral features at 2.6-2.7 eV, 3.0-3.1 ¢V and 3.4 eV. Since the first feature
corresponds to the PL peak energy of the film, the optical transition, which may be
associated with the localized states on the boundary of nc-Si crystallites, is the
most likely origin for the PL emission. The latter two spectral features would
correspond to the optical transitions in the quasi three dimensional energy band
structure in crystalline Si (c-Si).

Applying the acquired film properties, a-Si:H/c-Si heterojunction
photodiodes and nc-Si-based thin film light emitting diodes (TFLEDs) have been
developed. Various photocurrent properties in a heterojunction structure consisting
of plasma-CVD-deposited n-type uc-Si (10 nm) and undoped a-Si:H (1.0 pm)
layers on a p*-type ion-implanted region in an n-type c-Si substrate have been
investigated. The photocurrent multiplication factor over 30 and the signal-to-
noise ratio of around 170 have been achieved without any marked increase in the
dark current at the reverse bias voltage around 35 V. The entirely solid state TFLED
has fabricated on a SnO,-coated glass substrate using electrochemically anodized
p-type nc-Si as a light emitting active layer. The TFLED, of which p-i-n structure
consists of the nc-Si and amorphous layers, exhibits clear rectifying J-V
characteristics, while the visible EL emission is observed with applying the negative
bias voltage on the SnO; electrode. The EL emission peak energy locates at 1.8 eV

and observed emission color is orange-red.
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Chapter 1

Introduction

1.1. Historical Background

The eye of the human being can detect electro-magnetic wave with a
wavelength in the range from ~380 nm to ~720 nm, i.e. the human being can see
due to “visible light”. The human being thereby gains a large amount of information
reflected by the visible light via the eye. Then he has been naturally fascinated by
the light emission and made great endeavors to acquire the light source instead of
the sun light for thousands years. Today, we have obtained one of the ideal sources
for the visible light, i.e. light emitting diodes (LEDs) and laser diodes due to great
advances of the science and technologies centered upon compound semiconductors
represented by AlGaAs. However the desire for a novel light source still continues.

Silicon is the dominant material in the semiconductor science as well as the
microelectronics industry, and is likely to remain so for many years to come. [1]
First industrial success has achieved on bulk crystalline Si (¢-Si) which is applied
toward micro-devices including microprocessors, memories and light detectors.
Second industrial evolution has carried out due to the synthesis of optoelectronic
Si thin films being representative of hydrogenated amorphous silicon (a-Si:H). [2]
Remarkable advances have been made in the science and technology of the “giant-
microelectronic” a-Si:H devices (i.e. large area devices composed by a great number
of microelectronic elements) involving thin film transistors (TFTs) for active matrix
liquid crystal displays (AMLCDs) [3] and two dimensional image sensor arrays.

(4]



In contrast, as for the visible light emission, Si possesses a poor property due
to the indirect energy band structure, that means that direct, radiative, band-to-
band transitions are forbidden by the k-conservation selection rule. Therefore the
light emission from Si has been almost centered upon the infrared light emission
at low temperatures with an interest for the exciton or phonon behaviors.
Nevertheless, two exceptions have been found in conjunction with the visible light
emission from Si at room temperature; one is electroluminescence (EL) from ¢-Si
devices at high electric fields and the other is luminescence from the low dimensional
Si.

Visible light emission from bulk Si at high electric field has been already
found in 1955. Breakdown radiation from “red-spot”, or micro-plasmas, in Si p-n
junctions was first reported by Newman et al. [5] and since then many papers have
been devoted to the phenomenon until early 1960’s. [6,7] The authors have been
interested in the Juminescence as a precursor of the nonlinear carrier transport
phenomenon at high electric fields, i.e. hot-carrier-induced avalanche multiplication.
[8,9] In 1981, Child et al. have re-focused upon the hot—carrier—induced EL. [10]
They have reported the EL in miniaturized metal-oxide-semiconductor field-effect
transistors (MOSFETs), and since then the large efforts have been performed on
the analysis of the luminescence in MOSFETs related to the device degradation.
[11-13] In submicrometer MOSFETs, the hot carrier injection limits the device
reliability. [14] Consequently, the visible EL from c-Si at high electric fields is
playing a role as a probe getting the physical information with repect to behaviors
of hot carriers as well as aquiring the technological information on device
performances.

Visible luminescence from low dimensional Si, in which the k-conservation
selection rule will be relaxed, is one of the most exciting topics in recent several
Jyears. [15] The study has carried out on various Si systems, for example, Si/SiGe
superlattice as the two dimensional system, [16] Si wire etched by ion beam as the
one dimensional system, [17] and Si nano-sized particle as the zero dimensional
system. {18] The most widely studied material is electrochemically anodized Si,
L.e. porous Si as one or zero dimensional system. In 1990, the two groups have
reported independently on the strong photoluminescence (PL) including visible
light from porous Si at room temperature. [19,20] Canham has described that
quantum confinement effects at quantum wires incorporated into porous Si are
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responsible for the strong PL at room temperature. [19]

Since their reports, the PL from Si fabricated by various techniques have
tremendously examined, then the spectral range of the PL has widely covered
from infrared to ultraviolet. [21,22] The mainly studied PL is in the far-red to
orange-yellow region, which we shall denote simply as the “red-band” PL in this
article. In addition, PL in the green to violet region is studied due to some chemical
treatments or synthetic fabrication techniques, which we shall denote as the “blue-
band” PL. Canham has assorted the PL from the viewpoint of decay time, i.e. he
denotes the S-band (slow-band) PL corresponding to the red-band PL, and denotes -
F-band (fast-band) corresponding to the blue-band PL. [21]

Since the first observation of the visible PL, alternative efforts have extensively
carried out to develop a novel LED based on porous Si. As the results of the
improvement employing various LED structures, such as Schottky barrier diodes
[22,23] and p-n junction diodes {24], the emission color extends over most of the
visible spectral region (including blue [25]) and the external quantum efficiency
can reach about 0.2%. [26] The nc-Si LED technology would take advantage of a
mature Si technology to combine optical and electronic components on a single

substrate.

1.2.  Purpose of This Work

The purpose of this thesis work is to study the visible light emission from
optoelectronic Si thin films with an emphasis on a physical interest centered upon
the emission mechanism. The study is composed by two parts: one is visible EL
from a-Si:H at a high electric field (Chapter IT) which is extended to the study on
the high electric field effects on the carrier transport (Chapter III) [27-30], the
other is PL from nc-Si in red-band (Chapter IV) and in blue-band (Chapter V)
[31-33]. Also aimed in this thesis work is a technological application toward two
dimensional matrix optoelectronic devices, especially, a high-gain photodiode
utilizing the high electric field effects in a-Si:H [34] and a solid state thin film light
emitting diode (TFLED) (Chapter VI) employing nc-Si as a light emitting active
layer [31,32].

In Chapter II, we first describe visible electroluminescence (EL) from a-
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Si:H employing the ac driven double insulating EL device structure. The EL
emission has been observed at room temperature with a high electric field more
than 1 MV/cm, being indicative of hot-electron-induced EL mechanism. This thesis
work demonstrates the first observation of the hot-electron-induced visible light
emission from a-Si:H. From an analysis of the EL spectrum, the hot electron
properties including the mean free path and the average energy are estimated.
Furthermore, the temperature dependence and the alloy-induced effects for the
mean free path are discussed.

In Chapter III, we present the experimental results on the internal electric
field at a-Si:H in the EL device structure utilizing an electroabsorption (EA)
technique. The electric field saturation in a-Si:H at an electric field higher than
1 MV/cm is found and interpreted as the field distortion due to the transferred
charge multiplication. On the experimental grounds involving the existence of
hot-electrons evidenced in Chapter II, the transferred charge multiplication is
concluded to be due to electron avalanche multiplication. From an analysis of the
electric field dependence of the electron impact ionization rate, the electron mean
free path are evaluated. Furthermore, the temperature dependence and the alloy-
induced effects for the impact ionization rate with a comparison with the results of
the EL spectrum in Chapter II.

In Chapter IV, we describe red-band photoluminescence (PL) from rnc-Si
fabricated by electrochemical anodization from microcrystalline Si (tc-Si). Red-
band PL is related to the fabrication conditions including an anodizing current
density, an initial thickness and crystallinity before anodization. From structural
studies, in particular, an analysis of a Raman scattering spectrum performed on the
nc-S1, the average crystallite size is evaluated. Comparing PL and Raman results,
the emission mechanism with an emphasis on the relation to the quantum
confinement effects is discussed.

In Chapter V, we present blue-band PL from nc-Si fabricated from a-Si:H
employing solid phase growth by a rapid thermal annealing technique. Blue-band
PL is discussed in relation with the annealing time and temperature. From structural
studies incorporating x-ray diffraction and atomic force microscope measurements,
the average crystallite size is estimated to be several tens nanometers. The
differential transparent spectrum obtained by photo-induced thermoabsorption
spectroscopy (TAS) is indicative of a formation of a quasi three dimensional energy
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band structure in the nc-Si. The TAS spectrum also reveals optical transitions
corresponding to PL energies.

In Chapter VI, we describe the application to an a-Si:H-based photodiode
founded on our new results associated with the avalanche multiplication in
Chapter 1II. We have developed an a-Si:H/c-S1 heterostructure as an alternative
structure of the double insulating EL device structure in order to achieve high
electric field in a-Si:H and to extract the photogenerated carrier in a-Si:H to external
electrodes. Next, we present development of the TFLED employing the
electrochemically formed nc-Si described in Chapter IV as a light emitting active
layer. We have observed visible light emission from the nc-Si based TFLED for
the first time as an entirely solid state Si-based thin film light emitting devices.

In the final chapter, the main conclusions obtained through this thesis work
are summarized.
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Chapter II

Hot-Electron-Induced Electroluminescence from
Hydrogenated Amorphous Silicon

2.1. Introduction

In the next two chapters, we shall introduce to the study on the optical and
electrical properties of hydrogenated amorphous silicon (a-Si:H) at high electric
field above 1 MV/cm. We describe hot-electron-induced visible electroluminescent
(EL) phenomena in Chapter II and electron avalanche multiplication in Chapter III.
We note that these phenomena have never observed in a-Si:H with certain grounds
before our experimental results. [1-4] We believed that the study on the a-Si:H
properties at the high electric fields open up novel a-Si:H-based optoelectronic
devices, in particular, a fast high-gain photodiode as an application of the avalanche
multiplication.

In recent years, there have appeared several reports concerning “high-gain”
photodiodes based on a-Si:H, in which the gain determined by the ratio from input
light photon flux to output photocurrent exceeds unity upon deeply biased in the
reverse direction. [5-8] The a-Si:H/a-SiN:H heterostructure photodiode in one of
the earliest study [5] exhibits large gain of 10, whereas the time response is quite
slow of the order milli-seconds. The photocurrent multiplication is interpreted as
an alternative mechanism rather than the avalanche multiplication, that is, the
interband tunneling injection process. Then the photodiode based on the avalanche
multiplication mechanism has been believed to be the most promised candidate to
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achieve simultaneously both high gain and fast response.

The other studies [6-8] have dealt with the photocurrent multiplication as
the avalanche multiplication, although any firm ground has not been given for the
avalanche multiplication mechanism, except for only few phenomenological
grounds: dependence on a wavelength of incident light, [7] linearity between input-
light and output-current. [8] In these previous studies the photocurrent
characteristics has been performed at the electric fields on the order of 10° V/cm,
since the dark current tends to grow sharply above the electric fields. [6-8] By
contrast, as the results of steady-state photocurrent measurements [9] or time-of-
flight (TOF) measurements, [10] no current increase has been observed until electric
field of 5 x 10° V/cm.

A fundamental question then arises whether carriers become sufficient “hot”
to induce impact ionization required for avalanche muitiplication at the electric
fields at the level of 10° V/cm in a-Si:H. Hot-electrons have been dynamically
observed in a-Si:H in the femtosecond optical studies. [11,12] The optical
absorption spectrum for the high energy photons of ~6 eV implies the existence of
the photon-induced hot-carriers. [13] Regarding the electric-field-induced hot-
carriers, Juska et al. have carried out the TOF measurements in associated with
dependence of drift mobility on both electric fields and measurement temperatures.
They have suggested that electrons are likely to become hot with an energy of
0.14 eV at electric field of 5 x 10° V/cm, whereas any carrier multiplication has
not been observed in their experiments [10]. Therefore there has been no excellent
experimental technique monitoring current in a-Si:H to reveal clearly the existence
of the electric-field-induced hot-carrier.

With respect to crystalline semiconductors, hot-carriers has been directly
observed since the 1950°s [14] as EL emission under high electric field and the EL
emission is one of the precursor for avalanche multiplication. For crystalline Si
(c-S1), hot-carrier-induced EL emission has been observed from several devices
such as deeply reverse-biased p-n junction diodes [14] or metal-oxide-
semiconductor field-effect-transistors (MOSFETs). [15-17] For wide band-gap
II-VI compound semiconductors represented by ZnS, it is well known that the
visible hot-electron-induced EL emission has been observed employing the double
insulating EL devices and applied to flat panel displays for the last 20 years. [18]
The EL device structure is quite simple consisting basically of an insulator/a light
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active layer/an insulator, so that various materials have applied to the light active
layer. We have already applied wide energy gap amorphous semiconductors (i.e.
hydrogenated amorphous silicon carbide alloys (a-SiC:H) and hydrogenated
amorphous carbon (a-C:H)) seeking for the application to the displays [19-21] or
light-converters. [22] We have achieved the visible EL emission, although the
photoluminescence-(PL)-emission-like radiative recombination is suggested for
the emission mechanism.

In this chapter, EL emission characteristics is described employing the EL
device structure. From the EL emission features, the emission mechanism is
discussed from the temperature and electric field dependence. Furthermore,
discussion on the electron energy distribution, which should reflect the EL spectrum,
reveals the electron mean free path.

2.2. Experimental Details

2.2.1. Sample Preparation

a-SiN:H

The double insulating EL devices, a-Si:H
the structure shown in Fig. 2.1 was a-SiN:H v
fabricated on a glass substrate coated by = ITO/SnO, A
stacked transparent conductive oxide Glass g é
(TCO) films: indium tin oxide (ITO) and ;v emission light
SnO; films. Amorphous layers in the EL
devices were deposited by a cross-field Fig. 2.1. Cross-sectional
plasma chemical vapor deposition (CVD) view of an ac-driven double
method employing the apparatus insulating EL device.

displayed in Fig. 2.2. The deposition
conditions for a-Si:H as summarized in Table. 2.1 were given by those in the
optoelectronic devices such as solar cells [23] or photosensors [5]. Also summarized
in Table 2.1, the deposition conditions for insulating near-stoichiometric a-SiN:H
layers deposited from a mixture of SiH, and NHj3 gasses were determined according
to those in a-C:H-based blue light emitting EL devices. [19-21] Source gasses of
SiH4 and NH3 were diluted in Hj, the parts of the volume of SiH4 and NH3 were
9
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Fig. 2.2. Schematic diagram of plasma CVD apparatus. All of
the Si thin films including amorphous or microcrystalline Si thin
films elucidated in this thesis were fabricated employing this
system. The source gases were diluted by H; into 10%.
Table 2.1.  Deposition conditions of plasma CVD for a-Si:H and a-SiN:H.
a-Si:H a-SiN:H
Substrate Temperature 180°C
Pressure 133 Pa (1.0 Torr)
r.f. Power 45w
SiH, Gas Flow Rate 20 sccm 5 secm
NH; Gas Flow Rate 70 sccm
Thickness 100-500 nm

10%. The aluminum top electrode with an area of 0.033 cm? was evaporated at
room temperature. The dielectric constants of a-Si:H and a-SiN:H were estimated

to be about 12 and 6, respectively, from the measurements of capacitance of the

EL devices with changing the thicknesses of the a-Si:H layer.
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2.2.2. EL Characterization

Optical Dewar

Chopper

e ——

Photomultiplier
8 I
L Sig. Ref.
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Amplifier Scanning LOCK-.".‘
Controller Amplifier
D | i [
[—=1<
Personal Computer
Fig. 2.3. Illustration of EL spectrum measurement apparatus. The

EL emission was mechanically chopped with a frequency of about
820 Hz and its monochromated light was monitored by the cooled

photomultiplier and the conventional lock-in amplifier system.

The EL devices were operated by a sinusoidal ac voltage at a frequency of
5 kHz. In this article, both an applied voltage and an electric field are represented
by the values at zero-to-peak, namely the maximum height of the wave.

The integrated EL intensity was monitored by a cooled GaAs(Cs)
photomultiplier (Hamamatsu Photonics R943-02) and a picoammeter (HP 4140B),
thus the EL intensity is limited for the spectral region from 300 nm to 850 nm by
the photomultiplier.

The EL spectrum measured by the conventional apparatus as illustrated in
Fig 2.3. The EL devices were set in the optical dewar for the control of the
measurement temperature ranging from 100 K to 400 K. The emission light was
dispersed by a 20-cm monochromator (Jobin Yvon H-20IR) with 600-lines/mm
500-nm brazed grating. The detected signal of the dispersed light by the cooled
GaAs(Cs) photomultiplier was amplified by a current amplifier and monitored by
a double phase lock-in amplifier (NF Circuit Block 5610B), reference frequency
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of which given by a mechanical chopper was about 820 Hz. The measured spectra
were corrected for the wavelength dependence of the optical system as well as the

optical absorption in a-Si:H.

2.3. Electroluminescence at High Electric Field

2.3.1 Experimental Results

The typical EL intensity characteristics at room temperature are plotted against
applied voltage with changing of a-Si:H thicknesses as shown in Fig. 2.4. As with
the a-C:H-based EL devices, the EL emission becomes detectable abruptly above
the threshold voltage of 150 V at any a-Si:H thickness. At the threshold voltage,
the electric field in a-Si:H measured by an electroabsorption (EA) method reaches
about 1 MV/cm. [1,2] The detail interpretation associated with the electric field in
terms of the EA method is discussed in Chapter III. The result of EL intensity

characteristics indicates two features being different from interband photo emission

5T T T T ]
dg; o ]
w4 o 100nm gy
e O 200nm =N
3 a 300nm @és ]
S 5L :
e
E) g%o:
= n@@é@é) Fig.24. EL intensity -
0 oo
S 2r & 2L ] applied voltage characteristics
- A
£ S 1 at room temperature as a
ﬁ 1 i ] function of a-Si:H thickness
i ’ (ds;). [ds;: 100 nm, O ;
293K 200 nm, O; 300 nm, A].
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features of a-Si:H as observed in PL emission [24] or EL emission due to injection
current in a p-i-n diode [25]:
i) The EL emission is detectable even at room temperature under a high electric
field about 1 MV/cm.
ii) Considering the measurable spectral range of the EL intensity, the EL emission
has a spectral component being shorter than a wavelength of 850 nm.

On the first term the occurrence of the EL emission only at an electric field
above the threshold voltage was clarified in Fig. 2.5 which compares the applied
voltage with the EL emission in time domain.

The second term is confirmed in the EL spectra as displayed in Fig. 2.6
measured at different the applied voltages with changing thicknesses of a-Si:H to
be 200 nm (Fig. 2.6(a)) and 400 nm (Fig. 2.6(b)). The measured EL intensity was
converted to the number of emission photons per unit energy, nph, after division by
the photon energy at every wavelength. The broad-band spectra decay near-
exponential even above the optical energy gap E, of 1.79 eV derived from Tauc’s
plots. [26] Since they include almost the whole visible region, the light emission
is detected by the naked eye, although it is fairly weak being necessary for the
observer’s patient. The oscillation superposed on the near-exponential spectral
decay is to be due to the optical interference which is confirmed by the dependence
of the oscillation period on the a-Si:H thicknesses.
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Fig. 2.6. Spectra of emission photon number per unit energy (np) at
different applied voltages (V,) [V,: 240V, 0;212V, 0; 184V, A ;
156 V 1. The a-Si:H thicknesses (ds;) are 200 nm (a) and 400 nm
(b). Solid lines are fitting lines calculated from the electron distribution
function of Eq. (2.1). [A@w=50 meV; A =1.0 nm.] The fitting requires
the value of the internal field of a-Si:H which is obtained by Fig. 3.3.
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2.3.2 EL Emission Mechanism

The results in Figs. 2.4-2.6 imply that the mechanism for the EL emission is

different from the interband recombination like PL emission. Alternatively,

intraband transition in conduction bands of electrons is the most likely emission

mechanism in a-Si:H. Let us enumerate the reasons:

i)

i1)

Radiative electron-hole recombination like PL emission is almost impossible.
It has been reported that PL emission is almost completely quenched due to
thermal activation of the generated electron-hole pare at room temperature
even without applying any electric field, and that is also quenched due to
electrical activation above an electric field of 10° V/cm even at low
temperature. [27-28]

Intraband electron transition process in conduction bands is proposed in
experimental [14—17] and theoretical [29-31] studies about EL emission from
¢-Si employing a reversely biased p-n diode or a MOSFET in which electric
field of c-Si exceeds 10° V/cm. The EL emission from c-Si is observed at
room temperature with a spectrum decaying near-exponentially from energy
gap of 1.1 eV to around 3.0 eV.

Therefore, in the following discussion, we consider that intraband transition

dominates the EL emission in a-Si:H at higher electric field than 1 MV/cm.

24.

Mean Free Path

2.4.1. Evaluation from EL Spectrum

In the case of intraband transition, the decay of the luminescence spectra in

Fig. 2.6 should reflect the electron energy distribution. According to the lucky-

drift model [32-35] in which parabolic bands and energy-independent mean free

path are assumed, the number of electrons per unit energy n(E), which is normalized

by the total number of electrons, is approximately expressed by [35]
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Fig. 2.7. The electron energy distribution n(E) calculated from
Egs. (2.1) and (2.2) as a function of the electric field in a-Si:H
from 1.15 MV/cmto 1.45 MV/cm. Inset shows the logarithmic
plot of n(E) at the spectral region of the measured EL spectrum.

f(E) - N(E)
[} 7By NE)E

n(E) =

_ exp(-E/ eFsihg) —exp(—E/eFs\)
eFsi(Ag — Q) ’ @D

where f(E) denotes the electron distribution, N(E) the density of states in the
conduction band, E the electron energy, F&; the internal electric field in a-Si:H, e
the electronic charge, Ag the energy relaxation length and A the mean free path (or
the momentum relaxation length; assuming A is energy-independent in this model).
Ag is given by
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where fiw denotes the optical phonon energy, kg the Boltzman constant and T the
lattice temperature. Figure 2.7 exhibits a calculated result of the electron energy
distribution n(E) employing Eqgs. (2.1) and (2.2) as a function of the electric field
in a-Si:H. The inset of Fig. 2.7 is the logarithmic plot of n(E) at the energetic
region for the measured EL spectra. It is clearly found that the electron energy
distribution decays almost exponentially. In this high energies, the electron energy
distribution n(E) is approximately expressed by

n(E) = exp(—E/ eFs;\g) . (2.3)

Therefore, the EL spectrum decays more steeply with decreasing in Fs; or A or
with increasing the measurement temperature.

The solid lines in Fig. 2.6 are plotted in accordance with Eq. (2.1), in which
the mean free path of 1.0 nm is used as the fitting parameter for the spectra at
electric fields ranging from 1.0 MV/cm to 1.5 MV/cm. The optical phonon energy
of 50 meV is given for the fitting because 50 meV is used as the optical phonon
energy of ¢-Si [33] and the mean value of the longitudinal optical (1.O) phonon
energy of 38 meV and the transverse optical (TO) phonon energy of 60 meV which
are revealed by Raman scattering measurements. [36] These parameters lead to an
approximate average energy Eayg = eFsiAg of 0.13 eV at a threshold field of the
light emission Fg; = 1.0 MV/cm.

For amorphous semiconductors, the carrier mean free path near the band
edge, namely, the mean free path corresponding to the low electric field carrier
transport, has been believed to be very close to the averaged atomic spacing; i.e.
around 0.23 nm for ¢-Si:H and its alloys. However, the magnitude on the order of
1 nm has been proven to be still consistent with well-known experimental
observations on optical and transport properties including “famous” anomalous
Hall sign (for example, Mott [37], Okamoto et al. [38] & Tsutsumi et al. [39]).
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Fig. 2.8. The calculated electron energy distribution n(E) as a
function of the temperature ranging from 100 K to 400 K.

The elastic scattering mean free path 1is basically determined by the product
of the velocity of carriers and the scattering time. The latter is proportional to the
inverse of the density-of-states at the specific energy, that is, the velocity of carriers
(if the quadratic E - k dispersion is assumed for the unperturbed reference system),
so that the carrier mean free path might have no appreciable “energy dependence”
for above-mobility-edge states, being around 1 nm even for high energy carriers.
This kind of argument has been made in detail by Economou et al. [40], Yonezawa
et al. [41] and Hattori er al. [42] within the context of the tight-binding coherent
potential approximation.

Juska et al. [10] has lead the similar magnitude of the carrier mean free path
for a-Si:H from the analysis of “high-field” time-of-flight measurements, and
claimed that the absence of avalanche multiplication at the electric fields less than
0.5 MV/cm is due to such a small high energy carrier mean free path as well as the
effect of inelastic (phonon) scattering.

We therefore believe that the magnitude of the carrier mean free path at high
fields, around 1 nm, concluded in this work does not contradict with any current
understanding of charge carrier transport in amorphous semiconductors from the
theoretical and experimental points of view.

The lucky-drift model leads to the momentum relaxation time, 7,,(E), the
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energy momentum relaxation time, 7g(E), and the saturation drift velocity, vgs, in
the following equations: [32-34]

rm(E)=\/g A (2.4)

E ho
Tg(E)=—-—coth T (E
e(E) P (2kBT) m(E) (2.5)
Vv —M— Eg)_tanh h(l)

where m” is the effective mass of electron (= 0.3 mg). [43] At the average energy
Eag =0.13 eV (Fsi= 1 MV/cm), Ty =2 X 1015 sec, 75 = 9 x 10" sec and
vgs = 1.5 x 107 cm/sec are evaluated. The saturation drift velocity, vgs, of a-Si:H
is close to that of ¢-Si although almost the one order of magnitude larger field is
necessary to saturate the electron velocity.

2.4.2. Temperature Dependence

As found from Eq. (2.3), the decay line of the EL spectrum changes as a
function of the measurement temperatures. Figure 2.8 shows a calculated result
for the electron distribution function n(E) varying the temperature from 100 K to
400 K. The exponential decay is monotonously flattened with an increase in the
temperature.

The EL spectrum has been measured at different temperatures ranging in
133-385 K as shown in Fig. 2.9. The EL spectra were measured at an applied
voltage fixed to be 130 V which corresponds to the internal electric field in a-Si:H
of 1.4-1.5 MV/cm (the electric field increases gradually with an increase in the
temperature). The exponential decay of the EL spectrum changes with increasing

the temperature, however, the change of the decay is not monotonous as shown in
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Fig.2.9.  Temperature dependence of the EL spectrum at different temperatures
(D) [T: 385K, 0;365K, 0;293K, A;225K <; 133K, v]. The EL
spectra were measured at a applied voltage fixed to be 130 V which corresponds
to the internal electric field in a-Si:H of 1.4-1.5 MV/cm. Inset shows the
decay of the EL spectra plotted against the measurement temperatures.

the inset of Fig. 2.9.

In Fig. 2.10, the electron mean free paths deduced from the decay of the EL
spectra according to Eq. (2.3) are plotted against the measurement temperatures,
T, at different thicknesses of a-Si:H, ds;, and different internal electric fields of a-
Si:H, Fys;, (the applied voltage was fixed to be 130 V). The mean free paths are
independent of the thicknesses and the internal electric fields of a-Si:H, which is
consistent of the results shown in Fig. 2.6. In the lower temperatures from 130 K
to 300 K, the mean free paths decrease with an increase in the measurement

temperatures. The dashed line is a calculated line for the temperature dependence
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Fig.2.10.  The temperature dependence of the mean free path obtained from
the decay of the EL spectra in Fig. 2.9 employing Eq. (2.3). The mean
free paths are measured at the different thicknesses of a-Si (ds;) and the
internal electric fields at a-Si:H (Fy;) [ds;: 200 nm, Fs;: 1.4-1.5 MV/cm,
®; dg;: 300 nm, Fg;: 1.3-1.4 MV/cm, B ; dg;: 400 nm, Fg;: 1.2-1.3 MV/
cm, A]. The dashed line is calculated by Eq. (2.7) which is based on the
optical phonon scattering. The dotted line 1s in accordance with the
modified model given by Eq. (2.15) including the effect on the structural
disorder [Ty = 28 K, a = 0.00001 in Eq. (2.13)].

of the mean free path (we shall now denote 4 as 4,) in a crystalline semiconductor
based on the optical-phonon scattering: [33]

ha
;LP = lpo tanh( ZkBTJ , .7

where Ap is the mean free path at 0 K. The calculated line would explain the
decrease in the experimental data on the mean free path. This implies that in the
low temperatures the optical phonon scattering would dominate the mean free
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path in a-Si:H as well as that in crystalline semiconductors.

On the contrary, elevating the temperature up to 400 K, the mean free paths
turn to rise. This cannot be explained by the model based on the optical phonon
scattering. Let us now modify the carrier transport model including effects of
disorder in amorphous materials. According to Economou ef al., the conductivity
can be written as [40]

o =[dE O'(E)(— dz—?) = [dE en(E)N(E)f(E), (2.9)

where O0(E) is the energy-dependent conductivity. The microscopic mobility of
electrons 1in states of energy E, u(E), is expressed as

1 do(E)
eN(E) dE - (2.10)

MWE) =

Considering the potential fluctuation due to the disorder, we shall define the

conductivity near the mobility edge as

o(E)=———3g, (2.11)

where A is the mean free path in terms of the disorder. The dimensionless

conductance, g, is given by the solution of the following equations:

g(C.U)g(C.U)-U+1] =C-U, (2.12a)
U=EI/E,, (2.12b)
C=(A/LY, (2.12¢)
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where E. denotes the mobility edge (= 0.1 eV for a-Si:H). Since the average energy
of the hot electrons in a-Si:H has estimated to be ~0.13 eV, U is to be almost unity.
Let us now approximate the coherence length (or inelastic diffusion length), L;, at
high temperatures as (44]

L. o< T_3 = A
’ J1+aexp(T/T,)

(T> 3OOK)’ 2.13)

where Tj is the characteristic temperature, and a is the constant.

Furthermore we shall express the observed mean free path, Agys, as

2 2
;bx = ZE#(E)TW . (2 14)

Employing Eqgs. (2.5), (2.11)—-(2.14), and assuming the parabolic band, i.e.
N(E) o< JE, we finally find

do(E) Jdo(E)
2, oc?(@-rm)oc—aTap, (2.15)

In Fig. 2.10, the dotted line is the calculated mean free path given by
Eq. (2.15). The good agreement between the experimental and the theoretical
results implies that the structural disorder in a-Si:H might affect even on the high
electric field carrier transport.

2.4.3. Alloy-Induced Effect in a-SiC:H

Substituting a-SiC:H for a-Si:H in the EL device, the hot-electron-induced
EL emission has been also observed in a-SiC:H deposited from a mixture of SiHy
and CHy4 gasses. [3—4] The carbon concentration in a-SiC:H was systematically
changed by changing the deposition conditions, i.e. the substrate temperature and
the source gas ratio as summarized in Table 2.2. The optical energy gaps obtained
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Table 2.2.  Substrate temperatures (Tyyp) , source gas flow ratio ((CHy4)
/ ([SiH4] + [CH4)) ), and optical energy gap (E,) of a-SiC:H.

CH,

Tsub °©)  SiH,+cH, (*)  EjleV)
280 66.7 1.93
280 83.3 2.04
280 91.7 2.42
180 66.7 2.00
180 83.3 2.13
180 91.7 2.20

from Tauc’s plot increases due to an increase in the carbon content which is roughly
estimated to be 10-30 at.%. [45]

Figure 2.11 shows the EL emission spectra from a-SiC:H layers with different
optical energy gaps measured at room temperature with changing the applied
voltages V,. The optical energy gap E, of a-SiC:H in Fig. 2.11(a) is 1.93 eV and
that in Fig. 2.11(b) is 2.42 eV. The electric fields are ranging in 1.4-1.6 MV/cm
(Fig. 2.11(a)), 1.9-2.3 MV/cm (Fig. 2.11(b)), respectively. The interference fringes
superposed on the spectra become smaller with decreasing the difference of the
refractive indices between a-SiC:H and a-SiN:H.

The equal experimental features are found in the EL emission on a-SiC:H as
found the emission on a-Si:H. The EL emission is observed at room temperature
and high electric field above 1.4 MV/cm at which PL emission is almost quenched.
The broadband spectra show near exponential curves tailing into the energies above
the optical energy gap of the a-SiC:H layer. Therefore, the features lead us the
same EL emission mechanism for a-SiC:H as that for a-Si:H, i.e. the hot-electron-
induced intraband transitions.

The solid lines in Fig. 2.11 are plotted in accordance with Egs. (2.1) and
(2.2), in which the electron mean free paths and the optical phonon are used as the
fitting parameters for the EL spectra as enumerated in Table 2.2. The optical phonon
energy might be reduced for a-SiC:H with carbon content exceeding over 20 at.%
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Fig.2.11.  Spectra of emission photon number per unit energy () at
various applied voltages (V,) [V,: 226V, 0; 198V, O0; 170V, A;
141V, ©]. The optical energy gaps of a-SiC:H (E,) are 1.93 eV (a)
and 2.42 eV (b). Solid lines are fitted lines calculated from the electron
distribution function of Eq. (2.1) [A = 0.85 nm, (a); A = 0.56 nm, (b)].

due to the relaxation of local strain, which is exhibited as broadening of the TO
phonon band and the increase of the LO phonon band in Raman scattering spectra.
[46] Therefore for two samples with E, = 2.29 eV and E, = 2.42 ¢V, in which
carbon content is estimated to exceed 20 at.%, the optical phonon energies were
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Fig. 2.12.  Electron mean free paths in a-SiC:H ( ®) and a-Si:H(A) plotted
against optical energy gap estimated from the decay of EL spectra.
Optical energy gap is changed by changing the fabrication conditions of
a-SiC:H; the source gas ratio and substrate temperature. Open symbols
are the electron mean free paths at low electric fields derived from the
polarized EA measurements in ref. 39 [a-SiC:H, O; a-Si:H, A].

assumed as 45 meV, while for the rest samples with the lower optical energy gaps
than 2.2 eV, the optical phonon energies of 50 meV, the same value as a-Si:H, are
adopted.

The electron mean free paths estimated from the fits to the EL spectra
according to Egs. (2.1) and (2.2) are plotted against the optical energy gaps of a-
SiC:H in Fig. 2.12. The closed triangle symbols represent the mean free path of a-
Si:H estimated in Figs. 2.6 and 2.10. The mean free path tends to decrease with an
increase in the optical energy gap, while it depends rather weakly on the substrate
temperatures. The reduction of the mean free path with an increase in the optical
energy gap is in good agreement with the experimental results on the polarized EA
measurement. The polarized EA measurement has been carried out at lower electric
fields of ~10* V/cm, so that senses the effect of structural disorder at the band
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edge states. [39] The similar trend of the mean free path observed in both

experiments is likely to indicate that the effect of alloy-induced structural disorder

extends over electron states far away from the mobility edge.

2.5.

II.

III.

Iv.

Conclusions

High electric field EL emission in a-Si:H has been investigated employing
ac-driven double insulating EL devices at various thicknesses of a-Si:H
ranging from 100 nm to 500 nm. EL emission involving a spectral component
above the optical energy gap has been observed at the internal electric field
in a-Si:H over 1 MV/cm.

On two grounds: i) the observed conditions for EL emission including the
electric field more than 1 MV/cm and the room temperature, ii) exponential
spectral shape tailing into energies higher than the optical energy gap of a-
Si:H, the intraband transitions of the hot-electrons in the conduction bands
are most likely mechanism for the EL emission at the high electric fields.
The hot-electron-induced EL spectrum reflects the electron energy
distribution. The lucky-drift model leads to the estimated mean free path of
1.0 nm and the average electron energy of 0.13 eV at the electric field in a-
Si:H of 1 MV/cm, respectively. The estimated values are consistent with the
expected values from the experiments at the electric fields within 0.5 MV/cm.
The temperature dependence of the mean free path deduced from the
exponential decay of the EL spectrum has been presented. With an increase
in the temperature from 130 K to 300 K, the mean free path decreases
gradually in accordance with the theoretical line based on the optical phonon
scattering process. In contrast, the mean free path turns to rise in the higher
temperatures up to 400 K. This result implies the influence of the structural
disorder to the carrier transport even at the high electric fields.

The visible EL emission at the high electric field has been observed from a-
Si1xCx:H (x < 0.3) alloys as well as a-Si:H. Since the EL emission exhibits
the identical features with the EL emission from a-Si:H, the EL emission in
a-SiC:H would be induced by hot-electrons.
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The mean free paths of a-SiC:H evaluated from the EL spectra tend to decrease
with increasing the optical energy gaps as evaluated from the polarized EA
results at low electric fields. This implies that the effect of alloy-induced
structural disorder extends over electron states far away from the mobility
edge.
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Chapter I11

Avalanche Multiplication in Hydrogenated
Amorphous Silicon

3.1. Introduction

In Chapter II, we have elucidated visible electroluminescent (EL) emission
at high electric field from hydrogenated amorphous silicon (a-Si:H), and concluded
that the most likely mechanism for the EL emission is hot-electron induced intraband
transitions. In the case of crystalline semiconductors, hot-electron-induced EL
emission is one of the precursors for avalanche multiplication. In associated with
amorphous semiconductors, Tanioka et al. have reported the observation of
photocurrent multiplication in amorphous selenium (a-Se) as the avalanche
multiplication. They have also succeeded in the development of a novel high-gain
image pick-up tube as the application device. [1] This has highly stimulated the
researchers studying a-Si:H with expectation for the avalanche multiplication in
a-Si:H and application to a high-gain photodiode.

In this chapter, we mention experimental results on the electric field in a-
Si:H monitored by the electroabsorption (EA) method and on the transferred electron
multiplication in a-Si:H as the extended experimental results. Furthermore we

examine that the transferred electron multiplication is avalanche multiplication in
a-Si:H. [2-5]
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3.2. Electroabsorption

3.2.1. Experimental Configuration

The electric field in a-Si:H layer Fg; has been measured on the actual EL
device by the EA technique. [6,7] Figure 3.1 illustrates the setup of the EA
measurement apparatus. The EA measurement was carried out at a reflection
geometry. Probe light was applied on the EL device from the glass side and reflected
by the rear side Al electrode. The reflection light was monitored by a Si photodiode.
The wavelength of the probe light was chosen as 660 nm using a light emitting
diode or monochromatic tungsten lamp. The EA signal is thereby reflected only
for the change in the a-Si:H layer, while the signal due to the a-SiN:H layers does
not appear in this wavelength range. Therefore the “reflection” signal dominantly
reflects the electric field induced change in the optical absorption in the a-Si:H
layer. The incident photon flux is roughly estimated to be 10'# photons/cm? sec.

Lamp | Monochromator ' ' =l —%—»

Voltage
Scanning Amplifier
Controlier | l
[} Function ac Volt-
. Generator ameter
Photodiode “
AR(2f)
Current FATATAVANG Ret
Ampilifier ek
P R ®
dc Volt- Lock-in
Computer ameter Amplifier
— ! i
Fig.3.1.  Schematic diagram of EA measurement configuration.
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The electric field was modulated at the same frequency of 5 kHz as the EL spectrum
measurement in Chapter II, whereas the modulation component of the reflection
light was detected at twice frequency by a double phase lock-in amplifier (NF
Circuit Block, 5610B) because the absorption coefficient in a-Si:H is distorted in
accordance with absolute electric field in a-Si:H. From the modulation component
AR and the dc component R, which was monitored simultaneously by a digital
multimeter, the EA signal AS = AR/R was obtained.

3.2.2. Translation from EA Signal to Electric Field

A typical experimental data is shown in Fig. 3.2, in which the axis of Fy; is
scaled by the following procedure. Under alow (Fs; « 108 V/em), uniform electric
field, the EA signal AS is given by

AS < Ao, o Fg2. (3.1)

where Ao denotes as the field-induced change
in the absorption coefficient in a-Si:H layer. F
[6,7] As displayed in Fig. 3.2, the square root
of the EA signal is proportional to the total
voltage applied across the EL devices (V,) less
than several tens volts (the linear region is

AS1/2

changed due to the EL device structures such
as a-Si:H and a-SiN:H thicknesses). In this

linear region, the EL device can be modeled as

Voltage
capacitors in series; i.e. an a-Si:H capacitor and

an a-SiN:H one (consisting of the two ¢-SiN:H ~ Fig- 3.2.  The square of EA

layers). Thereby the electric field in the a-Si:H signal plotted against the
layer is expressed by applied voltage.
Fy = Csiv
L a
dSi(CSi + CSiN) : (3.2)
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where Cs; and Csin denote the capacitance per unit area which are given by gy&si/
dsi and &yesin/2dsiN, respectively. €s; and Esin denote the dielectric constants, dg;
and ds;n the thicknesses. The indexes for C, €, and d refer to the corresponding
layers. Employing Eqgs. (3.1) and (3.2), the EA signals are translated into the internal
electric field in a-Si:H, F;.

3.3. Avalanche Multiplication

3.3.1. Electric Field in a-Si:H

Figure 3.3 shows electric field in a-Si:H plotted against applied voltage, V,,
as a function of the a-Si:H thicknesses of 200-500 nm measured at room
temperature. At any thickness of a-Si:H, the electric fields in a-Si:H tend to saturate
above the applied voltage of about 150 V, and the saturation fields exceed 1 MV/
cm. The saturation fields decrease with increasing the a-Si:H thicknesses. In

1-6 _l LELLS l LI I LELER 3L I LR I rrri l LI ) I-
[ 293K ]
1.4 - .
£ - ]
é 1.2 — —
‘.’_ 1.0 '_ 3 Fig. 3.3. Electric field of a-
u? - Si:H (Fs;) — applied voltage
0.8 t@‘% ] o :
% [ Eég i characteristics as a function of
- 0.6 DE;%V ds, h a-Si:H thickness (ds;). [ds;:
.g - % o 200nm 5 200 nm, S ; 300 nm, A ;
§ 0.4 - & 300nm ] 400 nm, <; 500 nm, V]. Fg;
w 0.2 Z ¢ 400nm | is translated by Egs. (3.1), (3.2)
E v 500nm ] from the EA signal.
0ﬁ..l....|....|....|....|....'
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comparison with Fig. 2.4 which displays the EL intensity characteristics as a
function of the applied voltage at various thicknesses of a-Si:H, the light emission
becomes detectable when electric field in a-Si:H reaches nearby 1 MV/cm, just
below the saturation field.

3.3.2. Transferred Charge

We shall analyze the field saturation
phenomenon observed in Fig. 3.3. As

described previously, under an operating
voltage less than about 150 V, the electric

Fsi

field in a-Si:H, F;, is proportional to the
applied voltage, V,. However, Fyg;
saturates where V, exceeds about 150 V

as shown in Fig. 3.3. We assume that the

electric field distortion shown

schematically in Fig. 3.4 is caused by the

transferred charge per unit area, Oy, which i o ] ]
Fig.34.  Electric field distortion

is accumulated at the interface between ) .
in Fg;—V, characteristics. We

a-Si:H and a-SiN:H, is swept out by the
electric field in ¢-Si:H and transferred to

assume the distortion due to the

counter electric field caused by the
the a-Si:H/a-SiN:H interface locating at transferred charge (electron).

the opposite side across the a-Si:H layer.
(8,91
Now, O, is written by

Or = €o€siFsi —€oesinFsin - (3.3)

Since V, is expressed by V, = Fs;ds; + Fgindsiy, Eq. (3.2) is reformed as

F = CsinVa + O 34
dsi(Csi + Csin)° 3.4
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Fig. 3.5. Transferred electron (Q,) characteristics as a function of electric

field of a-Si:H (F&s;). This figure is replotted from Fig. 3.3 according to
Eq. (3.5). [dsi: 200 nm, O; 300 nm, 4; 400 nm, <; 500 nm, V].

Equation (3.4) directly leads to

O: = dsi(Cs; + Csin ) Fsi — Csin V.- (3.5)

Figure 3.5 shows the relation between the transferred charges, Q;, and the
electric fields in a-Si:H (Fg;) as a function of the thickness of a-Si:H layer, which
is replotted from Fig. 3.3 in accordance with Eq. (3.5). We claim that electrons
would dominate the transferred charge. The transferred electrons increase sharply
at any thickness of a-Si:H with two features:

1) The increase of the transferred electrons occurs when the electric field exceeds
1.2-1.5 MV/cm.

11)  Atthe same electric field above 1.2 MV/cm, the transferred electrons increases
with an increase in the thickness of a-Si:H layer.
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3.3.2. Mechanism for Carrier Multiplication

Two mechanisms for the multiplication have been proposed: one is the
electric-field-induced electron injection from the external electrodes or charge
emission from deep level states at a-Si:H/a-SiN:H interface, and the other is the
avalanche multiplication.

To exclude the occurrence of the current injection or the charge emission,
the alternative EA measurement was performed. In the EA measurement, the a-
Si:H thickness was fixed at 200 nm, whereas the thicknesses of two a-SiN:H layers
in the EL device were simultaneously changed from 200 nm to 500 nm. Figure 3.6
shows the transferred electrons plotted against the electric fields in a-Si:H at different
thicknesses of a-SiN:H. In Fig. 3.6, the electron multiplication occurs at almost
the same electric field in a-Si:H. As lead from Eq. (3.4), electric field in a-SiN:H
decreases with an increase in the a-SiN:H thickness when the electric field in a-
Si:H reaches at an equal field. Therefore the electron multiplication is independent
of the electric field in the a-SiN:H layers. If the transferred electrons in a-Si:H

Transferred Charge Q, (uC/cm?)

Electric Field Fg; (MV/cm)

Fig. 3.6. Transferred electron (Q,) characteristics plotted against internal
electric field in a-Si:H (Fs;) at various thicknesses of a-SiN:H (dgin).
[dsin: 200 nm, O ; 300 nm, & ; 400 nm, <; 500 nm, V]
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increase due to the electron injction (i.e. field-induced tunneling injection or field-
assisted thermal emission), the amount of transferred electrons depends on the
electric field in a-SiN:H. Consequently, the result in Fig. 3.6 leads that the electron
injection from external electrodes or a-Si:H/a-SiN:H interface states is negligible.

On the other hand, two electron multiplication features in Fig. 3.5 imply that
the multiplication mechanism should dominate avalanche multiplication. The onset
electric fields of 1.2—-1.5 MV/cm for the electron multiplication is consist with the
EL results mentioned in Chapter II, i.e. the onset electric fields are almost equivalent
or slightly larger comparing with those of the hot-electron-induced EL in a-Si:H.
As mentioned previously, the hot-electron-induced EL is a precursor of the
avalanche multiplication in crystalline semiconductors.

In addition, the onset electric field of 1.2-1.5 MV/cm is good agreement
with the expectation in the study of the reversely biased a-Si:H p-i-n junction
photodiode. [10] In the study the electron multiplication has not monitored at the
electric field in a-Si:H up to 0.8 MV/cm, although Chévrier and Equer have claimed
that the 50-um-thick undoped a-Si:H layer in the photodiode is to be sufficient for
that the electron energy gains the threshold energy for the avalanche multiplication
if the electric field in a-Si:H exceeds 1 MV/cm.

Juska et al. have not observed the carrier multiplication in their time-of-
flight (TOF) measurements employing the a-Si:H p-i-n junction photodiode in
which undoped a-Si:H layer was 50-um thick. [11] They have estimated that the
threshold energy for the avalanche multiplication to be larger than 0.14 eV from
their experiments. The average electron energy at 1.2 MV/cm is estimated to be
0.16 €V being almost equivalent to the Juska’s estimation.

On the second feature of the electron multiplication in Fig. 3.5, the dependence
of the electron multiplication on the ¢-Si:H thicknesses is indicative that the
transferred electron increases with increasing the electron transit distance, namely,
the transferred electron increases with increasing the average electron energy
obtained by the electric field. Tanioka et al. have reported the dependence of the
photocurrent multiplication on the thickness of a-Se and they claim the photocurrent
multiplication due to the avalanche multiplication in a-Se using the thickness
dependence as one of the grounds. [1]

Consequently, the avalanche multiplication is the most acceptable for the

mechanism associated with the transferred electron multiplication observed in
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Fig. 3.5.

3.4. Impact Ionization Rate

3.4.1. Estimation from EA Results

From Fig. 3.5, the electron ionization rate is estimated. In general, the relation

between multiplication factor, My, and the ionization rate is expressed as [12]

- Min = : : oceXp[—J;(Ot - B)dX‘}dX, (3.5)

where o denotes the electron ionization rate, f the hole ionization rate, ds; the a-

Fg, (MVicm)

2.0 1.4 1.2 1.0

106 T | T

§ Q,, = -0.005,C/cm?]
'g I Fig.3.7.  Electron impact
;105-5- — ionization rate («)
o - 1 characteristics plotted against
g [ ’ the inverse of the square of the
e - dg, _ internal electric field in a-Si:H
-g sL o 200nm ) (Fgi"%) for different
_g 10 . o 300nm ] thicknesses of a-Si:H (ds;).
_g E A 400nm ' [dsi: 200 nm, O; 300 nm, A;

- ¢ 500nm . 400 nm, <; 500 nm, V1.

i 293K

I I B SR B

0.2 0.4 0.6 08 1.0 1.2
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39



Si:H thickness. Since the hole drift mobility in a-Si:H is much smaller than the
electron drift mobility by two orders of magnitude at the electric field within
5% 10° V/cm, we shall neglect hole transport in a-Si:H in the high electric field
transport above 1 MV/cm. Namely we shall assume that § is much smaller than o
Furthermore, we consider that the multiplication takes place uniformly thfough
out the a-Si:H layer. Thus Eq. (3.5) is reduced to

1
o=—7InM,
ds, n. (3.6)

Letting M, = Q/Qy and the initial transferred electron, Qy, to be —0.005 pC/cm?,
the ionization rate, @, is evaluated from Fig. 3.5 as shown in Fig. 3.7. In Fig. 3.7,
the electron ionization rate is found to be expressed as a function of the inverse of
the square of the internal electric field in a-Si:H, Fs;? being independent of a-
Si:H thicknesses. According to the lucky drift model, [12—15] which successfully
explains the EL spectrum in Chapter II, the electron ionization rate is written as
[14]

g L exp(=lo/Ahg)= (M Ag)exp(-l/A)
AE [1_eXp(—lo/xE)]‘(k/KE)z[l—exp(——lo/k)]’ (3.7

where A denotes the mean free path. The energy relaxation length, Ag, is given by
Eq. (2.2). The minimum distance, [y, to gain the ionization threshold energy, E;, at
F; is expressed by

lo = E,' /eFS,-. (38)

Neglecting A relative to Ag in Eq. (3.7) we find

1
= —Eexp(-—Ei /eFsihg), (3.9)
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or

E.
0= ——exp(~E; / 2eF5AE). (3.10)
eFSi

As found from Egs. (3.7) and (3.10), the impact ionization rate decays exponentially
as a function of the inverse of the square of the internal electric field in a-Si:H,
Fsi?2. The mean free path is evaluated from Fig. 3.7 employing Eq. (3.10) to be
1.0 nm at the impact ionization threshold energy, E;, of 1.8 eV. The mean free path

of 1.0 nm is consistent with that deduced from the decay of the EL spectrum in
Chapter II.

3.4.2. Temperature Dependence

Figure 3.8 is a calculated result on the temperature dependence of the electron
ionization rate employing Eq. (3.10). Elevating the measurement temperature, the
ionization rate at the same electric field decreases due to an increase in the optical-

phonon scattering rate, and the slope of the ionization rate becomes monotonously

10°

£

g

3

28

€ 105

5 s Fig. 3.8. Calculated result
= on the temperature
N

'g dependence of electron
- impact ionization rate

calculated \ . employing Eq. (3.10).
4 s bevortorelsvaedpaaabananlyagd

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Fg 2 (cm/MV)?

41



lonization Rate o (cm™)

Fg; (MV/icm)

1.81.6 1.4

1.2

1.0

108 — |

Q,, = -0.005.C/cm? ]

105 |

Fig. 3.9. field

dependence of electron impact

Electric

ionization rate () at different
measurement temperatures (7).
[T:385K, 0;293K, 0;133K,

Al
104 AR TR ERNTE NEARE ERNTE NSRS R
0.30.40.50.60.70.80.91.0
FSi'2 (cm/MV)?
2-0 LB DALY BELREL L L BRLNL L LN IO
E = -
< | ]
< 1.5+ -
m - -
Q L i
-

e T Rl - y
Pt B — -~ ® 4
= 1.0f -2 *
: - -~ — ~ - -
© 5 -~ 4
[T}

= | ]

0.5 PR S T [T TN T WO [N T TAT T W (NN SNV INAN SHF TG Y SN N ST S DO HA S WK
100 150 200 250 300 350 400
Temperature (K)
Fig. 3.10. Temperature dependence of the electron mean free

path deduced from Fig. 3.8 employing Eq. (3.10). The dotted
line is theoretical line calculated by Eq. (2.15).

42



steep.

As shown in Fig. 3.9, the electron impact ionization rate has derived at
different temperatures from the EA results according to the experimental procedure
in this chapter. With an increase in the temperatures, the magnitude of the ionization
rate increases, which is unexpectable on the basis of the phonon scattering process.

In Fig. 3.10, the electron mean free paths deduced from the decay of the
electron ionization rate according to Eq. (3.10) are plotted against the measurement
temperatures. In this case, we shall neglect the temperature dependence of the
impact ionization threshold energy, E; (assuming E; = 1.8 eV at any temperatures).
With increasing the temperature up to 300 K, the mean free paths gradually decrease,
while the mean free paths tend to rise in higher temperatures between 300 K and
400 K. This behavior is good agreement with the result in Fig. 2.10 in which the
electron mean free paths are obtained from the decay of the hot-electron-induced
EL spectrum. The dotted line in Fig 3.10 is the theoretical line based both on the
optical phonon scattering and the structural-disorder-induced effect as discussed
in Chapter II in detail.

Keldish showed that for semiconductors with large dielectric constants, the
probability per unit time of electron-initiated impact ionization, 1/7;, can be
approximated near threshold by [12,16]

1 1 E-EY
P -P-(———’), (3.11)

where 1/7,p(E;) is the phonon-scattering rate of the electron at threshold energy,
E;, and P is the dimensionless constant (often assumed P » 1). In Chapter II, we
have suggested that the electron mean free path in a-Si:H at high energies of ~0.1 eV
would be determined by both phonon scattering process and structural-disorder-
induced scattering process. The temperature dependence of the electron mean
free path in Fig. 3.10 is thereby indicative that the term of 1/7pn(E;) in Eq. (3.11)
should be modified by the model including the structural-disorder-induced scattering
for the impact ionization in a-Si:H as well as the hot-electron-induced EL.
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3.4.3. Alloy Induced Effect in a-SiC:H

The electron multiplication in a-SiC:H has been also observed by the EA
measurements. The samples were the same as those enumerated in Table 2.2, thus
the optical energy gaps of a-SiC:H were varied from 1.93 eV to 2.42 eV. The
wavelength of the monochromatic probe light was also varied from 510 nm to
640 nm. Then the photon energy of the probe light exceeds the optical energy gap
of a-SiC:H by about 0.1 eV. Thus the EA signal reflects only the field-induced
change in the absorption coefficient of the a-SiC:H layer. According to the same
procedure applied for a-Si:H, the EA signals are converted into the electric fields,
the transferred electrons and the electron ionization rate in a-SiC:H.

As shown in Fig. 3.11, the transferred electrons in a-SiC:H at the different
optical energy gaps arise sharply at the threshold electric fields of 1.4-1.9 MV/cm
as those in a-Si:H. The same features on the multiplication, from which the electron
multiplication is identified to be the avalanche multiplication, are also found in a-

Q, (uC/cm?)

1.0 1.5 2.0 2.5
Fgic (MV/icm)

Fig.3.11.  Transferred electron (Q;) characteristics plotted against internal
electric field in a-SiC:H (Fg;c) at various optical energy gaps of a-SiC:H (E,).
[Ey:242¢€V, 0;2.04eV, O0;1.93¢eV, A].
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SiC:H as in a-Si:H:
i)  The electron multiplication depends on the thickness of a-SiC:H; the
transferred electron increases with increasing the thickness of a-SiC:H.
ii)  The electric field reaches a strength sufficient to generate hot-electrons just
before the threshold of the multiplication as revealed from the results of
the EL emission study.
Concluded by them, avalanche multiplication would dominate the electron
multiplication in a-SiC:H shown in Fig. 3.11 as that in ¢-Si:H shown in Fig. 3.5.
The dependence on the optical energy gap is clearly found in electron
ionization rate in a-SiC:H as a function of the inverse of the square of the internal
electric field in a-SiC:H, Fg;c?, as displayed in Fig. 3.12. The electron ionization
rate at an equal electric field tends to decrease with an increase in the optical
energy gap of a-SiC:H. This tendency would be equivalent with the relation
between the ionization rate and the band gap of crystalline semiconductors
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Conclusions

Employing the EA technique, the internal electric field in a-Si:H has been
measured with the use of the ac-driven double insulating EL devices at various
thicknesses of a-Si:H ranging from 100 nm to 500 nm. The internal electric
field saturates at the fields of 1.2-1.5 MV/cm and the saturation field decreases
with an increase in the a-Si:H thickness.

Assuming the field distortion due to the transferred charge swept out from
the a-S1:H/a-SiN:H interface to the counter a-Si:H/a-SiN:H interface, the
transferred charge has been estimated. The transferred charge rises sharply
above the threshold fields of 1.2-1.5 MV/cm.

Supported by three reasons: i) the dependence of the increase in the transferred
charge on the electric field in a-Si:H as well as the thickeness of a-Si:H, ii)
the observation of the hot-electron-induced EL emission, iii) independent of
the electric fields in a-SiN:H layers, the avalanche multiplication mechanism
is the most acceptable explanation for the carrier multiplication.

The electron impact ionization rate is found to depend on the inverse of the
square of the electric field in a-Si:H being independent of the a-Si:H
thicknesses. The luck-drift model leads from the electron ionization rate to
the estimated mean free path of 1.0 nm at the ionization threshold energy of
1.8 eV.

The temperature dependence of the mean free path evaluated from the electron
ionization rate is good agreement with that evaluated from the EL spectrum;
1.e. with an increase in the temperature from 130 K to 300 K, the mean free
path gradually decreases in accordance with the theoretical line based on the
optical phonon scattering process, while the mean free path tends to increase
at the higher temperatures up to 400 K.

The avalanche multiplication has been observed on a-Si;.xCx:H (x < 0.3)
alloys. The electron ionization rate decreases with an increase in the optical

energy gap as generally found in crystalline semiconductors.
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Chapter IV

Red-Band Luminescence from Electrochemically
Anodized Nanocrystalline Silicon

4.1. Introduction

In the next two chapters, let us introduce to the description in associated
with visible light emission from nanocrystalline silicon (n¢-Si) thin films with
their optical and structural properties to discuss their emission mechanism. We
elucidate two kinds of nc-Si thin films; electrochemically anodized nc-Si emitting
red-band luminescence ranging in 1.7-2.0 eV in Chapter IV [1,2] and rapidly grown
nc-Si exhibiting blue-band luminescence ranging in 2.5-2.8 €V in Chapter V. [3]

Red-band light emission from nc-Si has been intensively studied since the
first report concerning with strong photoluminescence (PL) from porous Si and its
relation to the quantum confinement effects as a low dimensional material. [4,5].
Most of the previous reports have centered upon porous Si employing crystalline
Si (c-Si) substrates. [5,7] On the other hand, several authors have reported red-
band light emission from nc-Si thin films with various fabrication techniques;
sputtering at low temperature of ~100 K, [8] co-sputtering [9] or laser ablation
[10] with the use of Si and SiO, target, solid phase growth by laser annealing [11]
and thermally oxidization [12] or electrochemically anodization [13] from
microcrystalline Si (tc-Si) prepared by plasma chemical vapor deposition (CVD).

Table 4.1 summarizes the emission models which have proposed in literature.
We shall categorize the emission models to three groups: a) the quantum
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Table 4.1.  Proposed origins for red-band PL.

a) quantum confinement effects

¢-Si quantum wire [4].
¢-Si quantum dot [14].
b) surface states on nc-Si
strain-induced surface states in nc-Si [15].
molecules on internal surface [16].
structurally relaxed interfacial layer [17].
defects outside or at boundary of nc-Si [18].
near surface region of nc-Si [19].
c¢) passivating materials
SiH, complexes [201.
siloxen (SigO3Hj3) derivatives [21].
hydride-polysilane (SiH,) complexes [22].
a-Si phase [23].

confinement effects, [4,14] b) the surface defects [15-19] and c) the passivating
materials. [20-23] We note that the proposed model in Table 4.1 is not completely
competitive for each other. In particular, one of the second origin in associated
with the surface defects has proposed as the smart quantum confinement model by
Koch er al. [17] which incorporates a realistic spectrum of surface states along
with confinements. In this model, the dominant absorption characteristics are those
of quantum confinement, but the red-band PL occurs via boundary states on the
relaxed and reconfigured outermost layers of Si nanocrystallites.

In this chapter, we elucidate red-band PL from the nc-Si thin film formed by
anodization from plasma-CVD-deposited uc-Si. In particular, we mention the
dependence of the emission intensity on the crystallinity of nc-Si thin films
comparing with PL and Raman results. From these experimental results, we discuss
the emission model with the emphasis on the relation to the quantum confinement
effects.
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4.2. Experimental Details

4.2.1. Sample Fabrication

The p-type nc-Si thin film was electrochemically formed on a SnO;-coated
glass substrate from boron-doped p-type pc-Si. The uc-Si was deposited by the rf
plasma CVD method with a low deposition temperature of 180°C. The rf power
was roughly 2.5 times higher than that for an g-Si film. The thicknesses of the Lic-
Si were varied from 0.2 pm to 1.5 ym. A mixture of SiHy, BoHg and H; gases was
used as a source gas. The BoHg/SiHy flow rate ratio was varied in the range from
0.1 to 2.5 vol.% to change the crystalline volume fraction in the film. The SiH4/H;
flow rate ratio was set to be less than about 3 vol.%. The deposition conditions for
the tic-Si thin films are summarized in Table 4.2.

Electrochemical anodization was performed in HF aqueous solution. A 50%
HF solution was further diluted by H,O into 1/20-1/50. The anodizing current
density and time were changed in the range of 1.4-9.7 mA/cm? and 0.5-5 min,
respectively. In this experiment, bias illumination was not employed during the
anodization. The anodizing conditions for the nc-Si thin films are summarized in
Table 4.3. Anodization is quickly completed with a lower HF concentration and a
lower current density in comparison with the formation of conventional porous Si.
[3.4]

In addition, the thickness of uc-Si before anodization is found to play a crucial

Table 4.2. Deposition Conditions for uc-Si.

Substrate Temperature 180°C

Pressure 133 Pa (1.0 Torr)
r.f. Power 135-210 W
B,H./SiH

276 =M 0.1-2.5 vol.%

GasFlow Rate Ratio

Initial Thickness 0.2-1.5 ym
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Table 4.3.  Anodizing conditions for  Teflon®

nc-Si. Anodization is quickly HE
completed with a lower HF /solution
concentration and a lower current _ O
density in comparison with the O-rm\g\
formation of conventional porous Si.
Current density 1.4-32.5 m;!\lcm2 Sample
Time 0.5-2.5 min
HF solution Fig. 4.1. Experimental setup for
50%HF:H,0 = 1:20-1:50 anodization. The setup is almost
equivalent to the conventional setup
Area 1.54 cm?

as used in the formation of porous Si.

role for the formation of the nc-Si thin film. In Fig. 4.2, the formation region of
the nc-Si is schematically displayed as a function of the initial thickness at different
anodizing current densities for the anodizing time of 1 min. We shall call the
thickness of uc-Si before anodization as the initial thickness of nc-Si.

4.2.2. Film Characterization

PL spectrum measurements were performed excited by ultraviolet light with
a wavelength of 325 nm using a He-Cd laser (Omnichrome 3074). Since ultraviolet
light was used as the excitation source, we shall consider that the excitation light is
almost completely absorbed into the rc-Si thin films with any initial thicknesses.
Therefore PL intensity would reflect simply the external emission efficiency. The
excitation light power was roughly estimated to be 40 mW. The PL spectra were
measured at room temperature with the use of the conventional lock-in detection
system: the monochromator, the cooled GaAs(Cs) photomultiplier and the lock-in
- amplifier (see Chapter II). The laser light was mechanically chopped with a
frequency of 820 Hz. The PL spectra were corrected by the spectral response of
the optical system.
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Fig.4.2. Map for formation of the nc-Si plotted against the initial
thickness at different anodizing current densities for anodizing time of 1 min.
The diameter of the open circle schematically exhibits the PL peak intensity
obtained from the nc-Si samples. At the cross symbols, the Si thin films
were lifted off from the substrate. The left upper gray region thereby means
that it is impossible to form the nc-Si due to the removing off at these
conditions. The PL is unexpected to be detectable after anodization with a

low anodizing current density within the below gradation area.

As structural characterization, Raman scattering measurement wére carried
out employing a microprobe system (JEOL JRS-SYSTEM 1000) including an Ar*
laser with a wavelength of 514.5 nm. Raman scattering was measured upon an
area with a diameter of about 100 um, and incident light is perpendicular to
polarization of light. The x-ray diffraction (XRD) system (Rigaku Rad-B) and the
high resolution field emission scanning electron microscope (SEM) system (JEOL
JSM 6020F) were employed for the characterization.
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4.3. Red-Band Photoluminescehce

The typical PL emission spectra are displayed in Fig. 4.3. The nc-Si samples
in Fig. 4.3 were anodized with different anodizing current densities for 1 min. The
initial thickness was set to be 0.2 um. The red-band PL was detected from the
anodized nc-Si thin films at room temperature except for the sample anodized at
1.4 mA/cm? of which the Raman spectrum is almost unchanged from that before
anodization. The PL intensity increases gradually with an increase in anodizing
current density. ,

In addition PL properties are found to depend on the initial thickness of the
nc-Si thin films as exhibited in Fig. 4.4. The nc-Si samples with the different
initial thicknesses ranging in 0.2-1.5 pm were anodized at 9.7 mA/cm? for 1 min.
In Fig. 4.4, he PL peak energy shifts down and the PL intensity increases with an
increase in the initial thickness.

Gaussian broadband spectral shape with peak energies of 1.6-1.8 eV and

293K

0.5vol.% Fig. 4.3. PL spectra from the nc-

1:50,1min Si excited by a He-Cd laser

© (Aexc = 325 nm) at room
mA/cm?

9.7 temperature. The samples were

anodized at different anodizing
current densities [9.7 mA/cm?, O;
7.2 mA/cm?, O; 3.6 mA/em?, 4
1.4 mA/cm?, <] for 1 min. The
initial thickness was set to be

3.6

PL Intensity (relative units)

0.2 um. The lines are fitting

1.4
Wm"%%oomm results to the Gaussian form.

1.4 1.6 1.8 2.0 2.2 2.4
Photon Energy (eV)
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full width at half-maximums (FWHMs) as large as 0.2-0.3 eV are similar to the
PL spectrum observed in porous Si and some other low-dimensional Si materials.
[4,6-7] Blue shift and broadening of the PL spectrum with an increase in the
anodizing current density are found as done in porous Si. [24] Regarding porous
Si, the porosity of porous Si increases with increasing anodizing current density.
Therefore the blue shift of PL spectrum with increasing anodizing current density
is believed to be provided the first important evidence that quantum confinement
effects could be playing a role. Additionally the correlation between the PL
properties and the porosity has been found in the depth profile in porous Si, i.e.
with increase in the distance from the porous Si surface, the porosity decreases
and the PL peak energy and the PL intensity also decrease. The depth profile in
porous Si would be induced by the difference of the anodizing time. Thus the
depth dependence of porous Si cannot be directly applied to the initial thickness
dependence of the nc-Si which was anodized for constant time. However the
correlation between PL properties and the crystallite size is expectable to be applied
to the case of the nc-Si.

LI L B R R B NN L By ML L

2
293K 4 9.7mA/cm Fig. 4.4.
0.5vol.%

PL spectra from the nc-
Si as a function of the initial
thickness (dini) [dini: 1.5 pm, O
1.0 ym, O; 0.5 um, A; 0.2 um,
< 1. The lines are fitting results
to the Gaussian form. The
spectrum in Fig. 4.4 (<) and the
spectrum in Fig. 4.3 (O ) are
measured on different samples

Normalized PLIntensity

with the same anodizing
conditions ‘and the different

deposition conditions for pc-Si

| I - I - L | L L1 I L L) I Il

14 1.6 1.8 2.0 2.2 2.4 before anodization.
Photon Energy (eV)
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4.4. Structural Characterization

4.4.1. Surface Morphology

Let us discuss the structural properties through SEM, XRD and Raman
scattering results with a stress on crystallite size of the nc-Si comparing with the
results of porous Si in literature.

Figure 4.5 shows the surface morphology of the Si thin films taken by the
SEM comparing the surface before anodization (Fig. 4.5(a)) with that of after
anodization (Fig. 4.5(b)). The sample in Fig. 4.5(b) anodized at an anodizing current
density of 9.7 mA/cm? exhibited a visible light emission. Before anodization,
several small Si crystallites seem to form on large SnO; polycrystallites with a
diameter ranging in 200-300 nm. After anodization, the grain of nc-Si is not clearly
identified within the present SEM resolving power even in Fig. 4.5(c) in which the
further enlarged surface image of the sample in Fig. 4.5(b) is displayed. However,
the nc-Si seems to be formed on the grains as an overcoating tissue. The pore can
not be found anywhere on the surface after the anodization unlike the conventional
porous Si surface. Therefore increasing PL intensity as shown in Fig. 4.3 with
increasing an anodizing' current density is impossible to be explained due to
increasing with the porosity as done in porous Si. The differences in the porosity
of porous Si are believed to reflect those in the dimensions of Si nanocrystallites
within porous Si. Thus there arises a question concerning with light emission
from our nc-Si based on the quantum confinement effects due to the dimensional
change of Si nanocrystallites within the thin films.

4.4.2. Crystallite Size

An attempt to determine the average grain size due to the conventional way
utilizing the XRD pattern has been done for the Si thin films. In Fig. 4.6, the XRD
pattern of the Si thin film before anodization (Fig. 4.6(a)) is compared with that
after anodization (Fig. 4.6(b)). The initial thickness was set to be 0.5 um. The
solid lines are a smoothing line of the original data as exhibited by gray lines. The
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(a)

(c)

Fig. 4.5. Surface SEM image of the Si thin films before anodization (a)
after anodization (b), and the enlarged image of the surface after
anodization (c). The Si thin film was fabricated on SnO»/glass substrates.
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film before anodization was fabricated on a glass substrate (Corning #7059), while
the film after anodization was fabricated on a SnO; coated glass substrate. Therefore
several intense sharp peaks due to SnO; polycrystallites are superposed on the line
of the nc-Si thin film after anodization. The XRD patterns for both samples before
and after anodization draw the quite broadband spectra near 28° corresponding to

400
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0

LU I L AL M L AL N N SR N L L I L Y LR N M R

(a) before
on #7059

Intensity (cps)
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(b) after
350 on SnO,/glass
300
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100
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10 20 30 40 50 60 70 80
20 (degrees)

Intensity (cps)

Fig. 4.6.  XRD pattern of the Si thin film before anodization (a) on
a glass (Corning #7059) substrate and that after anodization on a
SnOy/glass substrate (b). Solid thick lines are smoothing results
evaluated from original data represented by gray thin lines. Sharp
gray peaks in Fig. 4.6 (b) occur due to SnO, polycrystallites.
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(111) plane. In addition, the FWHM of the peak at 28° for the sample after
anodization becomes slightly broader than that for the sample before anodization.

The average crystallite size, L, is estimated from the FWHM by means of the
Scherrer’s formula: [25] |

p=F*
I'cos®

4.1)

where A denotes the wavelength of x-ray (CuKa, 0.15418 nm), I"the FWHM of
the XRD peak, © the peak angle of XRD pattern,  the collection coefficient
(B=0.9). The estimated diameters for both samples before and after anodization
are only ~2 nm. However Igbal et al. have reported a crystallite size of ~3 nm as
the lower limit of the stability of the crystalline diamond lattice of Si from the
experimental results on uc-Si. [26] They have claimed that below a crystallite size
of ~3 nm the yc-Si is unstable and transforms discontinuously into the amorphous
phase which is confirmed by x-ray diffraction. In the x-ray amorphous phase the
crystalline component corresponding to the I'zs phonon disappears and only the
Raman feature corresponding to the amorphous-like component persists. By
contrast, Kanemitsu et al. has estimated the average diameter of Si nanocrystallites
within porous Si to be 2 nm by transparent electron microscope (TEM) analysis.
[19]

To accurately examine the average grain diameter of the nc-Si, Raman
scattering measurements have been performed. Figure 4.7 displays the Raman
spectra due to transverse optical (TO) phonon scattering on the nc-Si thin films, of
which PL spectra are shown in Fig. 4.3, for various anodizing current densities.
As previously mentioned, the Raman spectrum of the sample anodized at 1.4 mA/
cm? is almost unchanged from that for as-deposited (before anodization) pc-Si.
For the samples anodized at 3.6-9.7 mA/cm?, the Raman spectrum becomes twofold
lying at the peak of ~510 cm'! corresponding to crystalline component and at the
peak of ~480 cm™! corresponding to amorphous-like component. [27] With an
increase in anodizing current density, the crystalline/amorphous-like component
ratio decreases. Comparing the PL result in Fig. 4.3, with decreasing the crystalline
fraction, PL intensity increases and PL peak energy slightly shifts to blue. The
decrease in the crystalline fraction in the Raman spectrum is likely to indicate the
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reduction of the crystallite size.

Figure 4.8 shows the Raman spectra on the nc-Si thin films, of which PL
spectra are shown in Fig. 4.4, for the various initial thicknesses. Also shown in
Fig. 4.8 are Raman spectra on the pic-Si before anodization. With increasing the
initial thickness of the nc-Si, the amorphous-like component at the peak of
~480 cm! almost disappears. Concerning with the samples except for the thinnest
one, the spectral change between before and after anodization is markedly small.
The spectral shape is asymmetry with a lower central frequency by ~10 cm! and
broader spectral width of 3040 cm! comparing with the spectrum in ¢-Si.

The asymmetry Raman spectrum in Si nanocrystallites has been induced
due to the reduction of the crystallite size. [28] Richer et al. have interpreted the
Raman signal from pic-Si (and nc-Si) is described in terms of a relaxation in the g
vector selection rule for the excitation of the Raman active optical phonon. [29]
Following Richer’s work, Campbell and Fauchet have demonstrated that a Gaussian
phonon confinement function with a rigid boundary yields consistent experimental
results for Si crystallites. [30] According to Campbell and Fauchet, the first order
Raman spectrum I(®) is given by

60



Tritr ] ryrtjrrreoprert

|
293K

before

um

I
,l
A
A

Fig.4.8. Raman scattering
spectra for the nc-Si samples in
Fig. 4.4 as a function of the initial
thickness ranging from 0.2 um to
1.5 pm. The solid lines represent

Normalized Intensity

the spectra on the samples after
anodization and the dotted lines
denote the spectra on the samples

before anodization.

400 450 500 550 600
Raman Shift (cm-)

212 1 da?
I(co)=f1 exp(—q2L* /4a?) -

- w(q)]2 +(Iy/2) Z, (4.2)

where g is expressed in units of 27t/a, a is the lattice constant (= 0.54 nm), and I
is the natural linewidth (= 3.6 cm™! for c-Si at room temperature). Let us express
analytically the phonon dispersion as [31]

(q)=A-Bg?, 4.3)

with A = 520.5 cm’! and B = 120 cm™! which reproduces approximately the
dispersion relation for TO phonons along with [001] in Si for L » a. In Fig. 4.9,
the experimental Raman spectrum is compared with the theoretical line shape
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obtained from Egs. (4.2) and (4.3).

The down-shifts of the measured Raman spectra on the rc-Si are plotted
against the broadening in Fig. 4.10 in comparison with the theoretical line calculated
by Egs. (4.2) and (4.3). The plotted data in Fig. 4.10 are derived from the spectra
almost consisting of the crystalline component, and the spectral shape was changed
by the anodizing current density and the initial thickness. The right axis in Fig. 4.10
represents the crystallite size for the calculation. Also shown in Fig. 4.10 is the
experimental result on porous Si in literature. [31] Figure 4.10 implies that the
Raman results on the nc-Si would be expressed by the phonon confinement as well
as porous Si and give the average size of nanocrystallites incorporated in the nc-Si
thin films to be 2.4-3.8 nm.

~ In addition, we have found that the amorphous-like component in the Raman
spectrum markedly appears for the Raman spectrum with I'> 60 cm™l. We believe
that structural phase transition from crystal to amorphous in the nanocrystallites
occurs within the threshold crystallite size of ~2.4 nm which is slightly less than
the size of ~3 nm evaluated by Igbal et al. [26] Apart from powder consisting of
nano-sized particles, [32] the crystallites with a size of ~2.0 nm are unlikely to be
stable in the passivating materials to form thin films.

4.5. Light Emission Mechanism

Let us now discuss the light emission mechanism with the described and
extended results on Raman and PL. measurements. As the prime concern, we shall
prove whether the third term of the proposed origins in Table 4.1, i.e. amorphous-
like passivating materials are responsible for the red-band PL from the nc-Si thin
films or not.

We have performed Raman and PL measurements on the nc-Si with changing
the crystalline volume fraction before anodization due to the gas phase boron doping
ratio. The crystalline volume fraction in the uc-Si before anodization is shown in
Fig. 4.11 as a function of B,Hg/SiH, flow rate ratio. Also shown is the PL intensity
at the photon energy of 1.7 eV after the anodization with various anodizing current
densities.

From the Raman spectrum consisting of the crystal and the amorphous-like
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components, the crystalline volume fraction (F) is estimated by [33]

where F, = 1. /(1. + 1), I. and I, are the integrated Raman intensity for crystalline

and amorphous-like components, respectively. We used y = 0.88, the ratio of the

integrated Raman cross section for a-Si:H to ¢-Si, and separated both components
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Fig. 4.10. Crystalline volume fraction ( @) in the tic-Si before the anodization
evaluated from Raman scattering measurements and PL intensity after
the anodization plotted against BoH¢/SiH, flow rate ratio. PL
measurements were performed on the samples processed with various
anodizing current densities [9.7 mA/cm?2, O ; 7.2 mA/cm?, O ;
3.6 mA/cm?, A; 1.4 mA/em?, &]. The lines are a guide for the eye.
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simply assuming to be Lorentzian lineshape.

A comparison between both results indicates that stronger PL emission occurs
on the samples possessing the larger volume fraction before the anodization. In
the nc-Si samples from which PL emission is well observed, the crystalline phase
of the Raman scattering spectrum remains after anodization. On the other hand,
for the samples represented as the 0% volume fraction, namely, entirely a-Si:H
thin film before the anodization, PL emission was not detected after the anodization
at any anodizing current unlike the previous report [34,35] concerning with PL
emission from anodized a-Si:H. This implies that the luminescence in associated
with the amorphous-like component, i.e. the passivating materials as proposed in
literature enumerated in Table 4.1 would be inefficient comparing with the emission
due to the crystalline component. If the light-emission is mainly attributed to the
passivating layer, it should occur in both microcrystalline and amorphous samples,
because the anodization process would identically affect on both the microcrystalline
and amorphous Si. Therefore the quantum confinement and/or the surface states
are likely to make a prime contribution for the emission mechanism.

Next, let us consider the correlation between the Raman and PL results on
the case of the nc-Si with the initial thickness larger than ~0.5 um for which the
average crystallite size has obtained. Figure 4.11 shows PL properties plotted
against FWHMs of the Raman spectrum, I', at different initial thicknesses of the
nc-Si. The top axes represent the average crystallite size estimated from the
calculation in Eqgs. (4.2) and (4.3). As clearly found in Fig. 4.11(a), the PL peak
intensities increase with an increase in I, i.e. with a decrease in the average size of
nanocrystallites with in the nc-Si thin films. By contrast, as shown in Fig. 4.11(b),
the PL peak energies are almost unchanged at any crystallite size.

The behavior on the PL intensity against the crystallite size intensely implies
that the quantum confinement effects are the prime mechanism for the red-band
PL in the nc-Si. Nevertheless, as decried in associated with Fig. 4.8, the Raman
spectrum of the nc-Si with the large initial thickness of 0.5-1.5 yum is almost
unchanged from the spectrum of pic-Si before anodization. This indicates that the
average crystallite size of uc-Si would be almost equal to the crystallite size of the
nc-Si, although visible light emission is not detectable from pc-Si at room
temperature. This is indicative that the crystallite size of the nc-Si is almost
determined by the size of [ic-Si, i.e. the deposition conditions for pc-Si including
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substrate temperatures, rf power, hydrogen dilution and gas phase boron doping
ratio. Besides anodization might play a role as activation of the surface states on
the nc-Si into the luminescent center rather than for the reduction of the crystallite
size.

Tsybeskov and Fauchet have shown that there is a “universal” curve relating
the red PL peak energy to the ratio of the number of Si-O and Si-H bonds, as
determined from infrared spectroscopy. [36] The red PL shifts to the blue with
increasing Si-O/Si-H bond number ratio. They have elucidated that the PL is
produced by recombination involving surface states and comprises a combination
of some luminescent bands due to different species. On the basis of this model,
the results shown in Fig. 4.11 are can be interpreted that the PL intensity increases
probably due to an increase in the number of Si-O and Si-H bonds, whereas the PL
peak energy is almost unchanged probably due to a roughly constant Si-O/Si-H
bond number ratio.

4.6. Conclusions

I.  We have performed optical and structural studies on electrochemically formed
nc-Si thin films exhibiting red-band PL emission at room temperature. The
formation depends on the initial thickness and the anodizing conditions.

II. The PL properties are found to change due to the fabrication conditions
including the anodizing current density, the anodizing time, the initial
thickness and the crystalline volume fraction in yc-Si before anodization.

III. From the experimental and theoretical results on the Raman spectrum, the
Raman spectrum in the nc-Si would be expressed by the phonon confinement
as well as porous Si and give the average size of nanocrystallites incorporated
in the nc-Si thin films to be 2.4-3.8 nm.

IV. The Raman scattering and PL measurements of the nc-Si have revealed the
correlation between the crystalline volume fraction of yc-Si before anodization
and the PL emission, indicating that the passivating materials are unlikely to
contribute to the light emission.

V.  The correlation between the Raman and PL results has also revealed that

with decreasing the crystallite size, the PL intensity increases, while the PL
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peak energy is insensitive, indicating that the light emission from the nc-Si
would be induced by both the quantum confinement effects and the surface
states on the nc-Si.

The crystallite size mainly depends on the deposition conditions for uc-Si
before anodization, while the surface states on the crystallites might be

activated for the light emission due to anodization.
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Chapter V

Blue-Band Photoluminescence from Rapidly Grown
Nanocrystalline Si

5.1. Introduction

Investigations for visible strong photoluminescence (PL) at room temperature
from nanocrystalline silicon (nc-Si) have been extended from those for red-band
PL as mentioned the last chapter to those for blue-band PL. [1-3] Several authors
have reported blue-band PL in further oxidized porous Si by some ways: by rapid
thermal oxidization at high temperatures of 800-1200°C, [4,5] or by exposure to
methanol [6] or boiling water. [7] In addition, blue-band PL is also observed from
spark-eroded crystalline Si (c-Si) surface [8] and a nc-Si thin film fabricated by
co-sputtering [9] grown from amorphous Si (a-Si:H) by RTA in nitrogen ambience.
[10] In these cases, nc-Si is unexceptionally embedded in oxidized Si matrix,
which is evidenced by infrared (IR) absorption spectra derived from Fourier-
transform infrared (FTIR) measurements.

Table 5.1 summarizes the emission models which have proposed in literature.
We shall assort the emission models for blue-band PL into three major groups in
accordance with the category for red-band PL summarized in Table. 4.1 : a) quantum
confinement effects, b) the surface defects, and c¢) the passivating materials.
Furthermore the mechanism of blue-band PL has been modeled on the presence of
the oxidized Si, i.e. three categories are also expressed as: a) quantum confinement
effects induced by Si nanocrystallites in SiO,, [7-11] b) Si/SiO, interface states,
[4-6] and c) defects in SiO,, [12-14] although the mechanism still remains
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Table 5.1.  Proposed origins for blue-band PL.

a) quantum confinement effects

quantum wires 7.

quantum dots [9,10].

bound excitons f11]
b) surface states on nc-Si

surface states in nc-Si [41.

near surface region of nc-Si [5].

c) passivating materials
OH groups adsorbed on defects in Si02  [12].
siloxen like cluster {13].
carbon or halogen related defects in SiO2 [14].

controversial.

In this chapter, we report blue-band PL emission from nc-Si thin films grown
in vacuum by an RTA technique. [15] Characterization of structural properties
including IR absorption due to Si-O vibration mode and crystalline size indicates
that the above mechanism for the blue-band emission cannot apply to our case. A
drastic change in the optical absorption spectrum upon the RTA-processed nc-Si is
observed by a temperature modulation technique in the luminescence spectral range,
which is discussed in association with the blue-band emission.

5.2. Experimental Details

5.2.1. Sample Fabrication
The fabrication process of the nc-Si thin film on a ¢-Si or a fused quartz
substrate mainly consists of two steps; deposition of undoped a-Si:H by a plasma

chemical vapor deposition method and solid-phase crystal growth from the ¢-Si:H
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Table 5.2. Deposition conditions for a-Si:H

Substrate Temperature
Pressure

r.f. Power

90%SiH,/10%H, Flow Rate

Thickness

280°C
133Pa (1.0 Torr)

20 sccm
200 nm

Diffusion
pump

Thermocouple

SiC Susceptor
(b)
T, A .
t,=1-5 min
1200 20°C/sec -—
5 1 <
E 800
% for dehydrogenation
g_ 500 fr-cnsemseereneas
E
Q
-
H H -
0 60 120
Time (min)
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Fig. 5.1.

Quartz tube

Cross sectional
view of the RTA furnace (a)
and temperature control
against time for formation of
the nc-Si by RTA (b). Whole
annealing process including
dehydrogenation was done in
vacuum on the order of
107 Torr.



by an RTA method. The deposition conditions are summarized in Table 5.2. The
relatively high temperature of 280°C was held during the deposition to achieve
low hydrogen incorporation in a-Si:H. After the first annealing for further
dehydrogenation of the a-Si:H at 500°C for 1 h, the RTA was subsequently carried
out employing an IR-lamp annealing furnace as illustrated in Fig 5.1(a). Both
annealing processes were performed in vacuum with a pressure on the order of 10-
> Torr. The whole heating sequence was automatically controlled; ramp rate of
20°C/sec was kept from the dehydrogenation up to the growth temperature without
overshooting of the temperature. The annealing time and temperature monitored
at the SiC susceptor were varied in the range of 1-5 min and 800-1200°C,
respectively. After the annealing process, the furnace was naturally cooled down.
The time chart for the annealing process involving dehydrogenation and film growth
are demonstrated in Fig. 5.1(b).

5.2.2. Film Characterization

As structural characterization, x-ray diffraction (XRD) (Rigaku RINT2000)
and an atomic force microscope (AFM) (Digital Instrument NanoScope II)
measurements were carried out. Raman scattering spectrum was measured with
the use of a microprobe system including a 514.5-nm Ar* laser (JEOL JRS-
SYSTEM1000). The local vibration mode in the material was analyzed by IR
transmittance spectra using a FTIR measurement system (JASCO FT/IR-3).

As optical characterization, PL and optical absorption measurements were
carried out. The PL was induced from the resulting nc-Si thin film with the use of
the equipment as described in Chapter IV. Transmittance measurements were
performed with the use of the optical spectrometer (Shimadzu, UV-3100PC).

Light-induced thermal modulation technique was utilized for the
thermoabsorption spectroscopy (TAS) measurement. [16] As illustrated in Fig. 5.2,
IR light of the wavelength above about 760 nm was mechanically modulated by an
optical chopper at a frequency of 80 Hz and applied to the sample with a different
angle from the probe light for the temperature modulation. A tungsten lamp light
was normally applied on the sample as a probe light and its transmission light was
dispersed by a monochromator (Jobin Yvon, H-20UV). Finally after detected by a
Si photodiode (Hamamatsu Photonics, S1336-8BQ) and amplified by a current
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Fig.5.2. TAS measurements apparatus.

amplifier, the transmittance component, 7, and modulation component, AT, were
simultaneously measured by a dc voltage meter and a lock-in amplifier (NF Circuit
Block, 5610B), respectively. TAS measurements were performed at room
temperature.

Employing the TAS technique, the changes in optical absorption can be
monitored due to following principle. Modulation spectroscopy including TAS is
a derivative technique which emphasizes most rapid changes in a spectrum. The
TAS signal, —~AT/T, reflects the change in the absorption coefficient, Ao, according
to the following principle. [17] Let us consider light transmission through the thin
film with a thickness of d and with an optical absorption coefficient of o. If we
can assume that the extinction coefficient, k, is much smaller than the refractive
index, n, in the spectral domain for the measurement (this generally applies in the
region where transmission measurements are possible), the average transmission,
T, is given by

(1-R)

T=(e°‘d—R2e‘“d)’ k « n (5.1)
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where R denotes the average reflectivity. Multiple reflections in the thin film have

been taken account in this formula. For €°* » R*, T is simply reduced to
T=(1-R)*e . . (5.2)
For the modulation transmission we find

AT 2AR
— =——— - Ad - dAc
T 1-R ’ (5-3)

by differentiation of Eq. (5.2). The first and the second terms on the right side
should be neglected because AR and a are small in the spectral region for the
transmission measurement. Therefore the third term is usually the leading term so
that the modulation signal, —AT/T, is proportional to the change in the absorption
coefficient, A, related to the temperature change: ’

AT
-—=dAo
T . (5.4)

5.3. Blue-Band Photoluminescence

Visible PL emission is observed from the nc-Si thin film grown by the RTA
process. Figure 5.3(a) demonstrates the PL spectra of the nc-Si grown at 1200°C
as a function of the annealing time. Apart from the emission intensity, the overall
feature of the blue-band emission spectra appears to be less sensitive to the annealing
time than expected, that is, the peak energy lies at 2.7 eV for 5 min and at about
2.5 eV for 3 min and 1 min, respectively. In contrast, PL intensity is increased by
about one order of magnitude with increasing in the annealing time from 1 min to
5 min. Similar behavior is observed for the samples annealed for 5 min with various
annealing temperatures as shown in Fig 5.3(b). The PL peak energy is kept almost
constant, while the PL intensity is enhanced with an increase in the temperatures
from 1000°C to 1200°C. The samples annealed at 800°C did not exhibit observable

76



20 (T T T T T T
;;j : T,=1200°C s, t, (@ :
515 S AA 5min 7
. [ A A ]
o [ A :
= i A ]
= 1.0 AA T
-"'3" [ a |
5=3, 0.5 ! AA 3min ]
c 0.5 ]
i I igﬁwﬁpﬂpﬂm@%ﬂm ]
o I QR FTIFA00000 56 1mi|n ]

1.5 2.0 2.5 3.0 3.5 4.0
Photon Energy (eV)

2.0 —I T 1 T l T T T T ] L T L) T I L] L] 1 T I T T T I-
.’g t,=5 min sy, T, (o))
S1.5 F L %A 1200°C
. i A A 7
© - A ]
= I A ]
- 1.0 | Iy -
= 8 o 7
2 B A C :
o ' 1000° i
€05 $ Dﬂﬂmﬂu .
£ - Lyl 0 ]
e~ C M 0 ]
o L e o0 800°C ]

L Sy J 8 |OOOOODO PR SRS N T T T 1

0 1
1.5 2.0 2.5 3.0 3.5 4.0
Photon Energy (eV)

Fig. 5.3.  PL spectra of the nc-Si annealed at T, = 1200°C with changing of
the annealing time 7, = 1-5 min (a) annealed for 7, = 5 min with T, = 800-
1200°C (b). PL measurements were carried out at room temperature employing
325.0-nm line of He-Cd ultraviolet laser as an excitation source.

emission within the annealing time of 5 min. The PL dependence on both annealing
time and temperature is summarized in Fig. 5.4.
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against the annealing time. The nc-Si samples were
processed at T, = 1200°C (circles) and 1000°C (squares).

5.4. Structural Characteristics
5.4.1. Local Bond Vibration

As previously mentioned, the blue-band light emission observed from nc-Si,
which is fabricated by various techniques, is interpreted within the context of three
different models. Namely, the emission is ascribed to Si/SiO, interface states,
defects in SiO; or quantum confinement effects on the basis of strongly oxidized
nc-Si as summarized in Table 5.2.

On the contrary, IR transmittance spectra from our nc-Si exhibit no marked
absorption associated with Si-O vibration mode. As shown in Fig. 5.5, the Si-O
mode absorption at around 1100 cm™! is not clearly found even in the sample
annealed by the identical conditions for the blue-band light emission as displayed
in Fig. 5.3. No substantial incorporation of SiOx would be in good agreement with
our annealing environment, namely, a vacuum condition. Furthermore, no
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Fig. 5.5. IR transmission spectra of the nc-Si annealed at 1200°C and 800°C
in comparison with that of a-Si:H as deposited. Dotted lines correspond to
the vibration mode due to Si-H, bonds (~630 cm’!, ~2000 cm™!), Si-Oy bonds
(~1100 cm!) and unassigned absorption in the substrate (~790 cm™!).

pronounced absorption arising from Si-Hy at 630 cm! or 2000 cm™! and Si-OH
mode at around 3500 cm! is also observed in RTA-processed samples as found in
Fig. 5.5. [18] A very strong absorption located at 790 cm™! appearing only from
the sample annealed at 1200°C is the absorption in the c¢-Si substrate since the
absorption is also observable from the substrate annealed at 1200°C without film
deposition. The result of IR absorption spectra implies that the blue-band PL may
occur from the nc-Si1 without strong oxidization. The possibility of the light emission
associated with Si/SiO; interface states or defects in SiO; should be excluded in

the present case.
5.4.2. Crystallite Size

If the grain size of the RTA-processed nc-Si is sufficiently small, the possibility
to explain the blue-band PL in conjunction with quantum confinement effects on

Si crystallites embedded in unknown dielectric silicide still remains. Thus the
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Fig.5.6.  XRD patterns for the nc-Si grown at 1200°C
as a function of the annealing time. The bottom pattern
was derived from a-Si:H before RTA process.

grain size of the nc-Si was estimated by means of both XRD and AFM
measurements. As exhibited in Fig 5.6 regarding the nc-Si samples processed
with various annealing time, the XRD pattern reveals growth of the nc-Si which is
almost oriented to the <111> axis and slightly oriented to the <111> and <311>
axes. According to the Schererr formula (see Eq. (4.1) in Chapter IV), [19]
employing a full width at half maximum (FWHM) of the diffraction peak of the
<111> axis, the average grain size of the nc-Si annealed at 1200°C for 5 min, from
which blue-band emission is observed, is roughly estimated to be about 80 nm.
The grain size can be directly measured by the AFM surface image. Figure 5.7
displays the surface morphology of the blue-band light emitting nc-Si annealed
for 1 min (Fig. 5.7(a)) and 5 min (Fig. 5.7(b)). The grains are clearly observed as
ellipsoidal sphere-like shape. The diameter and height are estimated to be 50-
100 nm and ~30 nm. The grain size from the surface view by AFM images is
almost unchanged according to the annealing time and temperatures. Thus both
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Fig.5.7. AFM images of the nc-Si surface
annealed at 1200°C for 1min (a) and 5 min (b).

XRD and AFM results indicate that the grain of the present nc-Si is as large as in
tens-nanometer.

The PL with a peak energy of 2.7 eV as shown in Fig. 5.3 can be derived
from the material at least with the band gap as large as the peak energy, if the
carriers excited at both bands directly recombine. According to the calculations of
the band gap on the quantum dot or quantum wire consisting of Si embedded in
several materials, [2] the grain size should have a diameter less than 2 nm in order

to enhance the band gap as high as the PL peak energy.

5.4.3. Correlation between Raman and PL Results

Furthermore, the relation between the grain size and PL properties are
confirmed from a result of Raman scattering. As displayed in Fig. 5.8(a), the down-
shift of the central frequency of transverse optical (TO) phonon mode with respect
to ¢-Si increases with FWHM of the Raman spectrum. It is also found that the PL
peak energy exhibits less sensitive against the Raman spectrum broadening in
Fig. 5.8(b), while the PL emission intensity from the nc-Si decreases with the
broadening in Fig. 5.8(c).

The increase in the Raman peak shift is found to be correlated the decrease in
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the crystal grain size because the shift and slight broadening of the Raman line
have been explained as a result of phonon confinement in low dimensional material
as mentioned in Chapter IV. [20] Thus the PL intensity tends to increase with the
grain size of the nc-Si, while the PL peak energy is almost independent of the size.
This tendency in the present nc-Si does not agree with the relation between PL and
Raman spectra observed in porous Si. [21] These observations are almost impossible
to be explained on the basis of the quantum confinements, so that the quantum size
effects would be excluded from the key emission mechanism associated with the
present nc-Si.

5.5. Optical Transition

5.5.1. Optical Transmittance

Any existing models for the blue-band PL emission cannot apply to our nc-
Si thin films which contains little Si-O bonds and Si crystallites of which grain
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10° | 5 min

AN — — -3 min ]
| Fig.5.9.  Optical transmittance
bd spectra of the nc-Si annealed at
_§ 1200°C as a function of the
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spectrum of the a-Si:H before
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size is relatively large. To seek for an alternative possibility, extended optical
measurements were performed. Figure 5.9 displays transmittance spectra derived
from the nc-Si thin films as a function of the annealing time, #,. Also shown in
Fig. 5.9 is the transmittance spectrum of a-Si:H before the RTA process with the
large oscillation due to Fabry-Pérot interference. Any transmittance spectrum for
the nc-Si is quite different from the spectrum for a-Si:H. The optical absorption
edge of the nc-Si thin films seems to shift to blue with increasing the annealing
time. In addition, the transmittance spectra of the nc-Si thin films involve the
spectral features, i.e. the changes in the transmittance are found at the photon
energies of ~1.1 eV, 2.4-2.6 eV and ~3.1 eV for any spectra of the nc-Si. In
particular, the absorption at 2.4-2.6 eV seems to correspond to the PL emission
band of the nc-Si.

5.5.2. Differential Optical Transmittance

In Fig. 5.10, TAS signals, —AT/T, are plotted against the photon energy in the
spectral region covering the observed PL band. The signals of the nc-Si annealed
at 1200°C for various annealing time Fig. 5.10(a) and for 5 min at various annealing
temperatures Fig. 5.10 (b), for which PL spectra are already shown in Fig. 5.3, are
compared with that of a-Si:H as deposited. Above 2.8 eV, all of the TAS signals
for the nc-Si markedly increase, while that of a-Si:H steeply rises at an energy of
2.1 eV near its optical energy gap. The signal rising onset is almost equivalent at
around 2.8 eV for any annealing time. On the other hand, as displayed in
Fig. 5.10(b), the onset energy shifts to higher energies with an increase in the
annealing temperatures. The TAS signals sharply rise at 2.4 and 2.7 eV for the
samples annealed at 800°C and 1000°C, respectively.

Since the modulated transmission, ~AT/7, is proportional to the change in
the absorption coefficient, Ac, against the temperature change, the onset of the
TAS signal rising should reflect the rapid increase in the absorption coefficient.
The blue shift of the onset energy from a-Si:H to the nc-Si would be interpreted as
the shift of the optical absorption edge, depending on the annealing temperatures.
Furthermore, the increase in the onset energy agrees with the decrease in the volume
fraction of amorphous tissue in the films, which was evidenced by the Raman

scattering spectra. The amorphous volume fraction almost disappears in nc-Si
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Fig. 5.10.  TAS spectra of the nc-Si annealed at 7, = 1200°C with changing
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1200°C (b) in comparison with that of a-Si:H as deposited. The labels
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features, at E; edge, E ¢ edge and localized states (L), respectively.
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annealed at 1200°C. Thus the absorption in the remaining amorphous phase would
make the lowest absorption edge, while the absorption in the crystallites should be
related to the TAS signal rising with the onset energy of 2.8 eV appearing on the
1200-°C annealed samples which almost entirely consist of crystallites. In addition,
the PL emission is hardly observed from the sample showing the onset energy
below 2.7 eV. This implies the absorption due to amorphous phase might weaken
blue-band emission.

The TAS signals on the 1200-°C annealed rnc-Si in Fig. 5.10(a) also exhibit
staircase structures at 3.0-3.1 eV and 3.4 eV. The staircase structures at 3.4 eV
could be assigned to the L3-,—L; optical transition at the E{ edge, and the structures
at 3.0-3.1 eV are close to the transition at the E'g edge in energy bands of a bulk c-
Si [22]. Therefore the optical transition I'y5,~I"js. at the E g edge is likely to form
the Jowest absorption edge which could be responsible for the blue-band emission.

The TAS signals also appear with the small peaks at 2.4 eV and 2.5 eV for
the nc-Si annealed for 1 min and 3 min, respectively, and with the quite sma_ll
structure at 2.6 eV for the 5-min annealed sample. The energetic location for the
small structures is close to their PL peak energies. Furthermore, the other signal
structures at lower energies of 2.4-2.6 eV observed on the 1200-°C annealed
samples might be related to the absorption due to localized states found at the
grain boundary region. If carriers recombine unradiationally through these localized
states, the observation can be well accounted for that the smaller TAS signal intensity
at 2.4-2.6 eV, the greater the PL intensity becomes.

5.6 Conclusions

L Optical and structural properties of nc-Si thin films exhibiting the blue-band
PL have been investigated. The nc-Si thin films were fabricated by solid
phase growth employing the RTA method at 800-1200°C for 1-5 min in
vacuum employing plasma-CVD-prepared a-Si:H.

II.  PL occurs at room temperature with a peak energy of 2.5-2.7 eV, which is
almost independent of the RTA temperature and time. By contrast, the PL
intensity depends on the RTA conditions.
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III.

IV.

The nc-Si possesses structural features distinguished from blue-band emitting
Si in literature, i.e. the nc-Si consists of crystallites with a grain size as large
as 50-100 nm and little amount of Si-O, bonds. Therefore the emission
models based on nc-Si embedded in SiOx matrix can not be adopted for this
case.

The differential optical transmittance spectrum of the nc-Si thin film measured
by the TAS technique has three spectral features: at 2.6-2.7 eV, 3.0-3.1 eV
and 3.4 eV. The latter two spectral features should correspond to the optical
transition in the quasi three dimensional energy band structure in ¢-Si.
Since the spectral feature in the TAS spectrum at 2.6~2.7 €V corresponds to
the PL peak energy of the film, the optical transition may be associated with
the localized states on the boundary of nc-Si crystallites, and is the most
possible origin for the PL emission.

References

(1]
[2]
[3]

[4]

(5]

(6]

[7]

(8]
(9]

L.T. Canham, Phys. Stat. Sol. (b) 190 (1995) 9 and references there in.

D.J. Lockwood, Solid State Commun. 92 (1994) 101 and references there in.

as recent studies, Z.C. Feng and R. Tsu, Porous Silicon, (World Scientific, Singapore,
1994), R.W. Collins, C.C. Tsai, M. Hirose, F. Koch, and L. Brus, Microcrystalline
and Nanocrystalline Semiconductors, (MRS, Pittsburgh, 1995).

S. Sen, A.J. Kontkiewicz, A.M. Kontkiewicz, G. Nowak, J.Siejka, P. Sakthivel,
K. Ahmed, P. Mukeherjee, S. Witanachchi, A.M. Hoff, and J. Lagowski, Mater. Res.
Soc. Symp. Proc. 358 (1995) 369.

H. Mimura, T. Futagi, T. Matsumoto, T. Nakamura, and Y. Kanemitsu, Jpn. J. Appl.
Phys. 33 (1994) 586.

J.M. Rehm, G.L. McLendon, L. Tsybeskov, and P.M. Fauchet, Appl. Phys. Lett. 66
(1995) 3669.

X.Y. Hou, G. Shi, W. Wang, FL. Zhang, P.H. Hao, D.M. Huang, and X. Wang, Appl.
Phys. Lett. 62 (1993) 1097.

D. Riiter, T. Kunze, and W. Bauhofer, Appl. Phys. Lett. 64 (1994) 3006.

Q. Zhang, S.C. Bayliss, and D.A. Hutt, Appl. Phys. Lett. 66 (1995) 1977.

[10] X.Zhao, O. Schoenfeld, J. Kusano, Y. Aoyagi, and T. Sugano, Jpn. J. Appl. Phys.

87



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]

33 (1994) L649.

J.F. Harvey, H. Shen, R.A. Lux, and M. Dutta, J. Pamulapati, and R. Tsu, Mater.
Res. Soc. Symp. Proc. 256 (1992) 175.

H. Tamura, M. Riickschloss, T. Wirschem, and S. Veprek, Appl. Phys. Lett. 65 (1994)
1537. |

D.T. liang, I. Coulthard, T.K. Sham, J.W. Lorimer, S.P. Frigo, X.H. Feng, and
R.A. Rosenberg, J. Appl. Phys. 74 (1993) 6335.

A.J. Kontkiewicz, A.M. Kontkiewicz, J. Siejka, S. Sen, G. Nowak, A.M. Hoff,
P. Sakthivel, K. Ahmed, P. Mukjerjee, S. Witanachchi, and J. Lagowski, Appl. Phys.
Lett. 65 (1994) 1436.

T. Toyama, T. Ouchida, H. Okamoto, and Y. Hamakawa, Appl. Surf. Sci. (in press).
K. Hattori, T. Mori, H. Okamoto, and Y. Hamakawa, Phys. Rev. Lett. 60 (1988)
825.

B. Batz, in Modulation Techniques, Semiconductors and Semimetals, vol. 9, eds.
R.K. Willardson and A.C. Beer (Academic Press, New York ,1972) pp. 316-402.
as references to assign IR spectral peak, P.J. Zanzucchi, in Hydrogenated Amorphous
Silicon, Semiconductors and Semimetals, vol. 21, Part B, ed. J.I. Pankove
(Academic Press, New York, 1984) pp. 113-140, P. Deék, Z. Hajnal, M. Stutzmann,
H.D. Fuchs, Thin Solid Films, 255 (1995) 241.

B.D. Cullity, in Elements of X-Ray Diffraction (Addison-Wesley Publishing,
Massachusetts, 1956).

LH. Campbell and P.M. Fauchet, Solid State Comm. 58 (1986) 739.

R. Tsu, H. Shen, and M. Dutta, Appl. Phys. Lett. 60 (1992) 112.

G.E. Jellison Jr. and F.A. Modine, Phys. Rev. B 27 (1983) 7466.

88



Chapter VI

Application toward Optoelectronic Thin Film
Devices

6.1. Introduction

In this chapter, we first elucidate the application to a hydrogenated amorphous
silicon (a-Si:H) based photodiode founded on our new results associated with the
avalanche multiplication in Chapter III. We have developed the a-Si:H/crystalline
Si (¢-Si) heterostructure as one of the alternative structures of the double insulating
electroluminescence (EL) structure in order to transport the photogenerated carrier
in a-Si:H to external electrodes. [1] Next, we present development of the thin film
light emitting diode (TFLED) employing the electrochemically formed
nanocrystalline Si (nc-Si) described in Chapter IV as a light emitting active layer.
We have observed visible light emission from the nc-Si based TFLED for the first
time as the entirely solid state device. [2,3]

A great deal of interest has been placed on a-Si:H based photodiodes provided
with a photocurrent multiplication function because of its large impact on a variety
of high performance integrated imaging devices. There have already appeared
several reports which demonstrate a photocurrent multiplication factor exceeding
almost 10 under high reverse biased conditions. [4-7] However, the increased
photocurrent tends to be accompanied by a rapidly growing dark current, resulting
in a poor signal-to-noise ratio. Another deficit which impedes a wide spread use
of these devices is a relatively slow response time being on the order of ten milli-
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seconds.

This work is aimed at pursuing the possibility for removing these limitations
by employing new junction structure and fabrication processes. The photocurrent
multiplication factor over 30 and the signal-to-noise ratio of around 170 has been
achieved on an a-Si:H/c-Si heterojunction photodiode without any marked increase
in the dark current at the reverse bias voltage around 35 V. In this chapter, some
details of photocurrent characteristics are described, followed by a brief discussion
on the possible mechanism of the photocurrent multiplication. [1]

Extensive efforts have carried out to develop a novel light emitting diode
(LED) based on nc-Si represented by electrochemically anodized silicon (porous
Si) [8] which shows strong visible photoluminescence (PL) [9]. From the first
observation of EL in Schottky barrier diodes [10,11] and p-n junction diodes, [12]
the emission color covers almost whole the visible spectral region including blue
[13] and the external quantum efficiency reaches about 0.2%. [14] Therefore it
will be an attractive approach to fabricate light emitting nc-Si thin films due to
combining both fabrication techniques of microcrystalline Si (uc-Si) thin films
and porous Si for development of large area light emitting devices. Little work has
been performed for EL emission from electrochemically formed nc-Si thin films
produced from plasma-CVD-prepared pc-Si [15] as well as from polycrystalline
Si fabricated by low pressure CVD. [16] The EL emission is obtained using an
electrolyte junction in both cases.

Microcrystalline Si deposited by plasma chemical vapor deposition (CVD)
have been successfully applied to the optoelectronic devices such as image sensors
[17] and TFLEDs [18] as the p-type and n-type layers of the junction due to the
higher dark conductivity than that of a-Si:H by several orders of magnitude. [17]
The device fabrication utilizes fully the benefit of the plasma CVD method (i.e.
large area deposition at low temperature on several substrates involving glass, steel
and polymer films).

In this chapter, we present the entirely solid state p-i-n junction thin film
light emitting diode (TFLED) incorporated with p-type nc-Si, undoped and n-type
amorphous layers and the device performances of the nc-Si TFLED including EL
and current—voltage characteristics. [2,3]
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6.2. Amorphous Silicon/Crystalline Silicon Heterostructure
High Gain Photodiode

6.2.1. Device Structure
The device employed in this

work has a heterojunction Input light
structure fabricated on n-type c-Si Al ¢ #

ITO

n pe-Si:H(50nm)
ia-Si:H{(1pm)

p+ ion
impiantation layer

substrate as shown schematically
in Fig. 6.1. The n-type pc-Si
(10 nm) and undoped a-Si:H

(1.0 um) were deposited by the -

-Si trat
plasma CVD method displayed in n ¢-Si substrate

Fig. 2.2 on ion-implanted p*-
region in the c-Si substrates.
Details of the plasma CVD
conditions for undoped a-Si:H are

Fig.6.1.  Cross sectional view of the
structure of the a-Si:H/c¢-Si

heterostructrure photodiode.
almost the same as those

enumerated in Table 2.1. An

indium tin oxide (ITO) layer was formed on the front surface as a front side
transparent electrode. To reduce dark leakage current, the peripheral region of the
pT-type c-Si other than the defined photosensitive pixel area (2.5 mm X 2.5 mm)
was covered with thermal oxide, and the sample was encapsulated into a nitrogen
purged package. Various photocurrent characteristics including the reverse bias

voltage dependence and spectral response have been measured.
6.2.2. Device Performances

Our prime concern in the present work is how the photocurrent behaves under
the reverse bias condition, V; which is shown in Fig. 6.2. The photocurrent density,
Jph, appears to saturate upon applying reverse bias voltage of a few volts as
commonly observed for the primary photocurrent in a-Si:H based photovoltaic

devices. The photocurrent saturation occurs by the complete field-assisted collection
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of photogenerated carriers and is determined basically by the optical absorption in
the photovoltaic active undoped a-Si:H layer. The level defines .Q.E. = 1, where
LQ.E. denotes the internal quantum efficiency, and the photocurrent density being
relevant to LQ.E. = 1 is denoted as Jypo.

A distinguished feature found in Fig. 6.1 is a steep rise in Jp, occurred at the
V; at around 25 V. Highly contrasted to the marked increase in the photocurrent,
the dark current exhibits no substantial increase over the range of V; covered in this
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Fig. 6.2. Photocurrent (O ) and darkcurrent ( ® ) of the photodiode as a
function of reverse bias voltage (Vy. The averaged electric field for a-
Si:H is shown in the upper horizontal axis. The dashed-dotted line
indicates that the internal quantum efficiency (L.Q.E.) is equal to unity.
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Fig. 6.3. Spectral response for photocurrent multiplication factor
(M) at 293 K, Pjp =20 pW/cm? and V., = 35 V. The penetration
depth in a-Si:H estimated from the optical absorption coefficient is
shown in the upper horizontal axis. The line is a guide for the eye.

experiment, so that the signal-to-noise ratio reaches around 170 for the light
intensity, Py, of 20 uW/cm?. The photocurrent behavior under the deep reverse
bias regime is reminiscent of the avalanche photocarrier multiplication although
the onset electric field (shown in the upper horizontal axis) is unexpectedly lower
than that expected for a-Si:H of 1 MV/cm as discussed in Chapter III. This point
will be discussed later in conjunction with the photocurrent response time.

The photocurrent behaves practically in the same fashion as in Fig. 6.3 for
various illumination wavelengths ranging from 450 nm to 650 nm. Figure 6.3
displays the photocurrent multiplication factor, M = Jpu(35 V)/Jpho, against
illumination wavelength, A. The photocurrent multiplication factor gets smaller
for the illumination wavelength. If photocarrier generates uniformly over 1-um
thick photosensitive undoped a-Si:H layer, the spectral response in Fig. 6.3 suggests
that holes generated in the vicinity of the n-type tc-Si/undoped a-Si:H interface
may dominate the photocurrent multiplication.

To judge whether the photocurrent multiplication in Fig. 6.2 is the avalanche
multiplication, extended investigation has carried out. If the avalanche photocarrier
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multiplication operates, J,n would be proportional to the intensity of the incident
light as usually does in the case of normal primary photocurrent, Jpno. Fig. 6.4
demonstrates Jpp as a function of light intensity, Py, for A = 605 nm for two specific
reverse bias conditions (V; = 10 V and 35 V). Jy,appears to be proportional to Py,
excepting for the high Py, region, which convinces us that the photocurrent
multiplication does not arise from secondary effects like carrier injection from
electrodes, in which cases the photocurrent depends sublinearly on the illumination
intensity. [4]

The experimental result of the temperature dependence of the photocurrent
multiplication factor, M, on our a-Si:H device is shown in Fig. 6.5, where M at
Vi =35V for the illumination wavelength of 600 nm is plotted against the absolute
temperature, 7. The multiplication factor, M, exhibits a weak positive temperature
dependence although the experimental temperature covers only a limited range.

The time response analysis has been performed on the device to get more
insight for the mechanism of the observed photocurrent multiplication. It turns
out, although not shown in this article, that the photocurrent reaches the steady
state level exceeding LQ.E. = 1 at the order of ten milli-seconds after a step
illumination and decays with the similar time constant after the cession of the
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Fig. 6.5. Photocurrent multiplication factor (M) of the photodiode
as a function of measurement temperature at 4 = 600 nm,
Pin =20 uW/em? and V; =35 V. The line is a guide for the eye.

constant illumination. Both the temperature and time dependence of the
photocurrent cast a fundamental question on the mechanism of the photocurrent
multiplication based on the avalanche photocarrier multiplication.

We can not draw any firm conclusion about the mechanism of the observed
photocurrent multiplication at the present stage of the experiment, however, some
points should be addressed here in favor of the avalanche photocarrier multiplication
in our a-Si:H device. It should be noted here that the threshold electric field read
for example from Fig 6.3 applies only if the externally applied voltage is uniformly
distributed over the entire undoped a-Si:H layer. In reality, photogenerated carriers
are to be trapped upon transport at deep localized states and give rise to a
redistribution of electric field in the undoped a-Si:H layer, resulting in a formation
of higher electric field regions, presumably in the vicinity of the n-type uc-Si/
undoped a-Si:H junction region. If the electric field in such a specific region
exceeds 1 MV/cm, the avalanche carrier multiplication can occur. Since a built-up
of the high electric field requires time corresponding to an average time of emission
from mid gap localized states, that is on the order of ten milli-seconds, [19] the rise
time of the photocurrent would be governed by this time scale. The same argument
is likely to stand for the photocurrent decay time.
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6.3. Nanocrystalline Silicon Light Emitting Diode
6.3.1. Device Structure

The structure of the TFLED is illustrated in Fig. 6.6. The p-type nc-Si thin
film was electrochemically formed on a SnO,-coated glass substrate from boron-
doped p-type uc-Si as already explained in Chapter IV. Since the initial thickness
of the p-type layer was set to be 200 nm as deposited (before anodization), the
thickness must become less than 200 nm after anodization. On the p-type nc-Si
layer, 50-nm-thick undoped a-Si:H, and 50-nm-thick n-type hydrogenated
amorphous SiC (a-SiC:H) were sequentially deposited by the plasma CVD method
with the deposition temperature of 180°C. The use of a-SiC:H for n-type layer is
refereed to the structure of a-SiC:H-based TFLEDs. [20] Finally, evaporation of
Al back contact with an area of 0.033 cm? completed the construction of the TFLED.

Al na-SiC
(50 nm)

i a-Si

(50 nm)

p nc-Si

(< 200 nm)
Sn02

»

Glass

Fig. 6.6. Structure of p-type nc-Si/undoped a-Si:H/n-type a-SiC:H
heterostructure TEFLED. The nc-Si layer was electrochemically
anodized from plasma-CVD-deposited pic-Si. The initial thickness
of the p-layer was set to be 200 nm before anodization.
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6.3.2 J-V Characteristics

As shown in Fig. 6.7, the entirely solid state TFLED consisting of p-type nc-
Si, undoped and n-type amorphous layers exhibits clear rectification in the current
— voltage (J-V) characteristics with a threshold voltage of about 1.5 V in the forward
direction (applying positive bias on SnO,) and the soft breakdown voltage of about
4-5 V for the reverse direction. The rectification ratio at 3 V is 33 and the series
resistance is found to be almost negligible which is different feature from porous-
Si-based LEDs in which large series resistance is commonly observed.

As shown the inset of Fig. 6.7 which is the logarithmic plot of the J-V
characteristics, the J-V characteristics is approximately expressed by the
conventional diode J-V characteristics given by [21]

0.30
O

Current Density J (A/cm?2)

LI L N R B R LN BB LU LR

IllllllllllllIIIIIIIIIIIIIIIIIIIII

-0_05..1...1...11..1...
-6 -4 -2 0 2
Applied Voltage V_ (V)

=

Fig. 6.7.  J-V characteristics of the nc-Si TFLED at room
temperature showing clear rectification. The diode ideality factor
is quite large value more than 2. Inset shows the logarithmic
plot of the J-V characteristics {forward; O, reverse; ®1].
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eV
J=Jy eXp(nkBTj’ (6.1)

where Jp denotes the saturation current, V the applied voltage, kg the Boltzman
constant and T the temperature. As well known, the diode ideality factor, n, is
taken between 1 and 2 for the conventional diode. The diode ideality factor, n,
however, is estimated to be quite large value much more than2 (n =11 at V= 0-
1.5V, n=18 at V= 1.5-3 V) for the forward current characteristics in the present
TFLED. Furthermore, as shown the inset of Fig. 6.7, the exponential approximation
can apply to the “reverse” (the light emitting direction) current characteristics
with the huge ideality factor n of 50. The diode ideality factor more than 2 is also
found in n-type ITO/p-type porous Si heterojunction diode in which the large factor
(n = 8-10) is explained as due to the interface layer at the Si crystallite boundary
[22,23].

The EL emission was detected only under the reverse bias voltage within the
measurable spectral range of the photomultiplier (300-850 nm). In Fig. 6.8, the
unmonochromated light output L is plotted against the current density J ranging in
0.1-2 A/em?®. The EL intensity increases as the square of the current density. The
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Fig. 6.9. EL (®) and PL (m) spectra from nc-Si thin film
fabricated under the same conditions. EL spectrum was measured
applying a reverse bias voltage of 4 V on the p-i-n structure
TFLED. The lines are the fitting results to the Gaussian form,
and the EL peak energy lies in 1.8 eV with FWHM of 0.2 eV.

square-law in the L—J characteristics is also observed in the n-type ITO/p-type
porous Si heterojunction at current densities less than about 2 A/cm? in which it is
likely to be ascribed to recombination at defects in the space charge region [22,23].
Since both J-V and L-J characteristics in the TFLED behaves as those in the n-
type ITO/p-type porous Si heterojunction diode, it might be expected that the EL
emission in the TFLED occurs rather at the n-type SnO,/p-type nc-Si junction
region than at the p-i-n heterojunction.

Figure 6.9 shows the EL spectrum of the nc-Si TFLED under a reverse bias
voltage of 4 V. The light emission from the TFLED can be detected by naked eyes
and the emission color is orange-red. Also shown in Fig. 6.9 is the PL spectrum of
the p-type nc-Si layer fabricated by the same conditions including the uc-Si
deposition and the electrochemical treatments. PL and EL measurements were
carried out at room temperature employing the same detection system but with the
observation directions from the nc-Si film side for PL and from the SnO»/glass
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substrate side for EL. If PL is measured from the glass side, the visible PL emission

from the commercial glass substrate merges into the PL emission from nc-Si. The
- EL spectrum from the TFLED shows the peak energy of about 1.8 eV and FWHM
of 0.2 eV. The EL spectrum shifts to the higher energy and becomes narrower

with a pronounced reduction of its lower energy emission in comparison with the

PL spectrum.

6.5.

IL.

0r.

IV.

Conclusions

We have investigated various photocurrent characteristics in a heterojunction
structure consisting of plasma-CVD-deposited n-type uc-Si (10 nm) and
undoped a-Si:H (1.0 um) layers on p*-type ion-implanted region in an n-
type c-Si substrate.

The photocurrent multiplication factor over 30 and the signal-to-noise ratio
of around 170 have been achieved on an a-Si:H/c-Si heterojunction
photodiode without any marked increase in the dark current at the reverse
bias voltage around 35 V, although any definitive evidence can not be raised
for the photocurrent multiplication based on the avalanche carrier
multiplication mechanism from the present experiments.

We have investigated the entirely solid state TFLED on a SnO;-coated glass
substrate using electrochemically anodized p-type nc-Si as a light emitting
active layer.

The TFLED, of which p-i-n structure consists of the nc-Si and amorphous
layers, exhibits clear rectifying J-V characteristics, while the visible EL
emission is observed with applying the negative bias voltage on the SnO,
electrode. The EL emission peak energy locates at 1.8 eV and observed
emission color is orange-red.
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Chapter VII

Conclusions

A systematic study has been carried out on visible light emission from

hydrogenated amorphous silicon (a-Si:H) and nanocrystalline Si (nc-Si). The main

results acquired in this thesis work are enumerated as follows:

IL.

IIIL.

EL emission in a-Si:H at a high electric field over 1 MV/cm has been
investigated employing ac-driven double invsulating EL devices. EL emission
involving a spectral component above the optical energy gap has been
observed at the internal electric field in a-Si:H over 1 MV/cm. Intraband
transitions of hot-electrons in conduction bands are the most likely
mechanism for the EL emission.

The hot-electron-induced EL spectrum reflects the electron energy
distribution. The lucky-drift model leads to the estimated mean free path
of 1.0 nm and the average electron energy of 0.13 eV at the electric field in
a-Si:H of 1 MV/cm, respectively. The estimated values are consistent with
the prospected values in the previous reports on the investigations at the
electric fields up to 0.5 MV/cm.

Utilizing the EA technique, the internal electric field in a-Si:H of the ac-
driven double insulating EL device has been found to saturate at the fields
of 1.2-1.5 MV/cm against increasing the applied voltage. Assuming the
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IV.

VL

VIL

electric field distortion due to generation of the transferred charge, the
estimated transferred charge is found to rise sharply above the threshold
fields of 1.2-1.5 MV/cm. The avalanche multiplication mechanism is the

most acceptable explanation for the carrier multiplication.

The electron impact ionization rate depends on the inverse of the square of
the electric field in a-Si:H being independent of the a-Si:H thicknesses.
From the dependence of the electron ionization rate on the electric field in
a-Si:H, the mean free path of 1.0 nm at the ionization threshold energy of
1.8 €V has been estimated according to the luck-drift model.

The mean free paths deduced from the EL spectrum and from the ionization
rate show the similar temperature dependence. With an increase in the
temperature from 130 K to 300 K, the mean free paths gradually decrease
in accordance with the theoretical line based on the optical phonon scattering
process. In contrast, the mean free path turns to rise in the higher
temperatures up to 400 K. This implies that the structural-disorder-induced
may affect to the electron transport in a-Si:H even at high electric fields.

The hot-electron-induced EL emission and the avalanche multiplication have
also been observed on a-Si;.xCx:H (x < 0.3) alloys. The mean free paths of
a-S11.xCx:H evaluated from the EL spectra tend to decrease with increasing
the optical energy gaps, and this tendency on the optical energy gap is
consistent with that on the polarized EA results at low electric fields. This
implies that the effect of alloy-induced structural disorder extends over
electron states far away from the mobility edge.

The nc-Si thin films were electrochemically anodized from the plasma-
CVD-prepared pic-Si. The nc-Si thin films exhibit the red-band PL emission
with a peak energy of 1.6-1.8 eV at room temperature and the PL properties
change corresponding to the fabrication conditions including the anodizing
current density, the anodizing time, the initial thickness and the crystalline
volume fraction in Lc-Si before anodization.
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VIIL

IX.

XIL

XII.

The Raman scattering and PL results indicate that the emission model based
on the amorphous-like passivating layer is unlikely to explain the PL
emission, while the both origins of quantum confinement effects and the
surface states would be responsible for the visible light emission. The
crystallite size of 2.4-3.8 nm depends mainly on the deposition conditions
for uc-Si before anodization, while the surface states on the crystallites

might be made active for the light emission due to anodization.

The nc-Si thin films were fabricated by solid phase growth employing the
RTA method at 800-1200°C for 1-5 min in vacuum employing a-Si:H. PL
occurs at room temperature with a peak energy of 2.5-2.7 eV, which is
almost independent of the RTA temperature and time. By contrast, the PL
intensity depends on the RTA conditions.

The nc-Si possesses structural features distinguished from blue-band
emitting Si in literature, i.e. the nc-Si consists of crystallites with a grain
size as large as 50-100 nm and little amount of Si-O, bonds. Therefore the
emission models based on nc-Si embedded in SiO4 matrix can not be adopted
for this case.

The differential optical transmittance spectrum of the nc-Si thin film
measured by the TAS technique exhibits three spectral features: at 2.6—
2.7eV,3.0-3.1 eV and 3.4 eV. The first feature corresponds to the PL peak
energy of the film, the optical transition which may be associated with the
localized states on the boundary of nc-Si crystallites is the most possible
origin for the PL emission. The latter two spectral features should correspond
to the optical transition in the quasi three dimensional energy band structure
in c-Si.

Various photocurrent characteristics in a heterojunction structure consisting
of n-type pic-Si (10 nm) and undoped a-Si:H (1.0 pm) layers on a p*-type
ion-implanted region in n-type c-Si substrate has been investigated. The
photocurrent multiplication factor over 30 and the signal-to-rioise ratio of

around 170 have been achieved without any marked increase in the dark
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XIIL

current at the reverse bias voltage around 35 V.

The entirely solid state TFLED on a SnO;-coated glass substrate using
electrochemically anodized p-type nc-Si as a light emitting active layer has
been developed. The TFLED, of which p-i-n structure consists of the nc-Si
and amorphous layers, exhibits clear rectifying J-V characteristics, while
the visible EL emission is observed with applying the negative bias voltage
on the SnO; electrode. The EL emission peak energy locates at 1.8 eV and
observed emission color is orange-red.
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