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摘   要 

    在本論文中，我們利用寬能隙矽氧奈米結構物建構紫外到可見光之光偵測

器。感應耦合式電漿化學氣相沉積系統將矽量子點合成至奈米介孔洞二氧化矽

中。感應耦合式電漿使反應氣體具有高擴散率及高解離率的特性，使得矽量子點

能有效率地沈積在孔壁上，因此，形成許多矽量子點/二氧化矽的結構，其密度

可高達 2.5x1018/cm3。矽量子點/二氧化矽所形成的表面態可發出有效率的光激發

螢光(PL)。藉由此介面鍵結形成寬能隙矽氧奈米結構物的特性可以增強發光效率

以及光激發載子的導電性。 

我們用薄膜技術在 p型矽基板上製作寬能隙矽氧奈米結構物的方法，建構有

效率的紫外光到可見光之光偵測器。此奈米結構物是由矽量子點/二氧化矽所構

成。由於光激發所游離的電子會使得殘餘的電洞儲存於矽氧奈米結構物中而形成

正電荷層。這樣的行為會增強逆向偏壓下光電流的產生以及些微的雪崩效應，在

波長為 320-700nm 範圍內，其光響應度為 0.2-0.9A/W，增益為 1.4-2。但相對地，

在順向偏壓下會造成屏蔽效應，導致順向飽和電流。 
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Abstract 

In this thesis, we constructed ultraviolet-visible detectors with wide band-gap 

Si-O nanostructures. The inductively coupled plasma chemical vapor deposition 

(ICPCVD) was employed to synthesize three-dimensional Si nanocrystals (NCs) 

within mesoporous silica films. ICP makes reactive species own highly mobile and 

bond with pore-wall well, therefore, efficiently construct 3D Si NCs/silica arrays. The 

mean density of ICP-synthesized NCs is as high as 2.5x1018/cm3. Surface states of the 

resulting Si NCs/silica arrays initiate blue-white photoluminescence (PL). The 

specific interfacial bond-induced wide-bandgap electronic structure in Si-O 

nanostructured film significantly enhances the light extraction efficiency and the 

conduction of photoexcited carriers. 

We demonstrated efficient ultraviolet-visible photodiodes with blue band-gap 

Si-O nanostructures as capping layers on p-type silicon substrates by thin film 

technology. The capping layer is consisted of three-dimensional array of Si 

nanocrystals embedded in a mesoporous silica matrix. Hole charging in Si-O 

nanostructures due to photoionization of electrons forms positively charged capped 

layers. This occurrence enhances reverse bias of positive voltage so as to increase 

reverse photocurrents with responsivity of 0.2-0.9 A/W or gain of 1.4-2 in the range 

of 320-700 nm, in a somewhat avalanche manner, but inversely screens forward bias 

of negative voltage, leading to saturating forward photocurrents. 
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Chapter 1  Introduction 

1.1 A brief review of ultraviolet photodetectors materials 

Ultraviolet (UV) photodetectors are used in a wide range of applications, like 

flame monitoring, pollution analyzers, UV astronomy, medical instruments, or even 

military affairs. Recently, it attached more interests than before on being integrated 

with InGaN- or other-materials-based light-emitting diodes (LED) or lasers to form a 

base constituent for UV-blue optical storage systems. Until now, III-V semiconductors 

are still the main flow of the materials employed for UV detector applications, which 

gives a barrier for the integration with integrated circuits. 

 

 

 

 

 

 

 

 

 

 

Fig.1.1 Bandgap versus the lattice constant of materials used in UV detection. 

Current UV technology utilizes wide-bandgap materials, as shown in Fig. 1.1 [1]. 

These include metal zinc oxide and magnesium zinc oxide, III–V materials as well as 

Schottky-type TiO2 UV photodiodes or GaN-AlGaN compounds [2,3]. The distinctive 

aspect of III–nitrides is that their bandgap are tuneable within the ultraviolet range. 

Other novel approaches include organics and phosphors. Silicon-based detection 
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utilizes silicon carbide material [4] and amorphous silicon alloys [5,6]. The many UV 

detectors that revolve around nitride-based heterostructures are grown on 

incompatible substances. Si nanoparticle-based devices may offer an opportunity for 

integration on Si. 

 

 

1.2 Review works 

Photovoltaic devices are essential components in photonics [7] and solar-cells 

[8], as well as even bio-chips [9]. Bulk silicon, which exhibited impressed success in 

electronics, with indirect narrow band-gap of 1.1 e V, fails to complete with direct 

wide band-gap materials on applications in ultraviolet (UV)-blue light detection, 

which recently face an intense demand in optical storage systems [10]. Nanostructures, 

unlike bulk materials, exhibited size-dependent electronic states [11]. Recent research 

has shown that reducing the size of a Si crystal to a few tens of atoms (1 nm) 

effectively creates a “direct” wide-bandgap material [12,13]. UV light couples to the 

particles efficiently to produce electron-hole pairs. Contrary to bulk Si or large 

particles, the electron hole pairs do not appreciably recombine via nonradiative 

processes, allowing charge separation and collection. 

Specific techniques such as electrochemical etching [14,15] or porous silicon 

[16,17] are proposed to prepare ultrasmall Si nano-particles or nano-channels with 

direct wide-bandgap characteristics for Si based UV detector fabrication. With such a 

material, they demonstrated the Si nano-structured ultraviolet photodetector by 

processes which are complex, hard to be controlled, and not fully compatible with the 

conventional IC processing lines. Table I list the characteristics of comparison with 

other researches about UV photodetectors. 
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Table I Comparison with other researches about UV photodetectors. 

 

 

1.3 Motivation 

Since the discovery of highly efficient photoluminescence (PL) in the visible 

region from nanometer-sized silicon crystallites (Si nanodot) [22], extensive study on 

the Si nanodots has been stimulated by their possibility as a light emitting material. At 

the same time, the Si nanodots are expected to be a photoconductive material for the 

following reasons: (1) The spectral response characteristics are controlled by 

changing the band gap with the crystal size of the Si nanodot. (2) The impact 

ionization rate of the single crystal Si nanodot must be higher than that of amorphous 

Se and amorphous Si. (3) When a semi-ballistic carrier transport [23] in the 

Si-nanodot/SiO2 system occurs, the impact ionization rate is expected to be higher 

than that of the single crystal Si. 

In order to form Si-nanodot photoconductive films with carrier multiplication at 

a low electric field and photoresponse at various wavelengths, the Si nanodots with a 

uniform dot size distribution are necessary, because the dot size fluctuation brings 

about a variation in the band gap of the dots. To obtain high photosensitivity for 

stacked layer structures of Si nanodots, controlling the dot density and the oxide 
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thickness are of great importance, because the electron tunneling between neighboring 

Si nanodots limits the transport of the photoexcited carriers. In addition, because 

defects such as Si dangling bonds act as non-radiative recombination centers of the 

photoexcited carriers, the low defect density is also a crucial factor. 

    Recently, we reported that self-assembled mesoporous silica (MS) with 

extremely large internal surface area. The dielectric constant and reliability of MS 

films as interlayers strongly depend on their porosity and the amount of moisture 

taken up [24]. In considering the number of radiative recombination centers within the 

MS matrix, the porosity (or pore nanostructures) determines the total area of the 

pore-surfaces (and, thus, the abundances of the emission centers [25-29]) and the 

nanoscaled surroundings, both of which influence the luminescence efficiency and 

spectra. The advantages of MS film are high porosity (30~75%), controllable pore 

diameter (2~10nm), ordering pore channel array, and providing quantum surrounding 

for doping nanomaterials. 

At the nanometer scale, the ratio of the numbers of atoms on the surface and in 

the bulk of a material increases rapidly. Interfacial properties of a nanostructures 

material could, therefore, enable new functional devices. In this regard, 

self-assembled mesoporous silica (MS) is attractive for its extremely large internal 

surface area and controllable nanoporous structure [30]. Recently, we showed that 

enhanced blue photoluminescence (PL) in three-dimensional Si nanocrystals 

embedded in MS had been reported [31]. 

In this thesis, we demonstrate a high response diode-like UV-visible detector 

with a capping layer of nc-Si-embedded MS. This new technology is easy and fully 

compatible with the IC industry on synthesizing dense, uniform, size-tunable Si NCs 

within mesoporous silica film as efficient far short-wavelength sensing layers. Gain in 

this photodiodes was found and attributed to an enhancement of reverse bias of 
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positive voltage by the formation of positively charged capped layer due to 

photoionization of electrons. 
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Chapter 2  Theoretical Background 

2.1 Schottky barrier photodiodes 

Schottky barrier photodiodes have been studied quite extensively and have also 

found application as ultraviolet detectors [1]. These devices reveal some advantages 

over p-n junction photodiodes: fabrication simplicity, absence of high-temperature 

diffusion processes, and high speed of response. 

 

Current transport processes 

The current transport in metal-semiconductor contacts is due mainly to majority 

carriers, in contrast to p-n junctions, where current transport is due mainly to minority 

carriers. The current can be transported in various ways under forward bias conditions 

as shown in Fig. 2.1. The four processes are: [2] 

(a) Emission of electrons from the semiconductor over the top of the barrier into the 

metal, 

(b) Quantum mechanical tunneling through the barrier, 

(c) Recombination in the space-charge region, 

(d) Recombination in the neutral region (equivalent hole injection from the metal to 

the semiconductor). 

 

 

 

 

 

Fig. 2.1 Four basic transport processes in forward-biased Schottky barrier on an 

n-type semiconductor. 
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The transports of electrons over the potential barrier have been described by 

various theories, namely: diffusion, thermionic emission, and unified thermionic 

emission diffusion. It is now widely accepted that, for high-mobility semiconductors 

with impurity concentrations of practical interest, the thermionic emission theory 

appears to explain qualitatively the experimentally observed I –V characteristics. 

Some workers have also included in the simple thermionic theory the quantum effects 

(i.e., quantum mechanical reflection and tunneling of carriers through the barrier) and 

have tried to obtain modified analytical expressions for the current–voltage relation. 

This, however, has essentially led to a lowering of the barrier height and a rounding 

off of the top. 

The thermionic emission theory by Bethe is derived from the assumptions that 

the barrier height is much larger than kT, thermal equilibrium is established at the 

plane that determines emission, and the existence of a net current flow does not affect 

this equilibrium. Bethe’s criterion for the slope of the barrier is that the barrier must 

decrease by more than kT over a distance equal to the scattering length. The resulting 

current flow will depend only on the barrier height and not on the width, and the 

saturation current is not dependent on the applied bias. Then the current density of 

majority carriers from the semiconductor over the potential barrier into the metal is 

expressed as 

]1)[exp( −=
nkT
qVJJ stMst (2.1) 

where saturation current density 

 

)exp(2*

kT
qTAJ b

st
φ

−= (2.2) 

and  is the Richardson constant, m* is the effective electron 

mass, and n is the ideality factor. Equation is similar to the transport equation for p-n 

3*2* /4 hmqkA π=
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junctions. However, the expression for the saturation current densities is quite 

different. 

 

2.2 Quantum Efficiency 

The quantum Efficiency η )10( ≤≤η  is of a photodetector is defined as the 

probability that a single photon incident on the device generates a photocarrier pair 

that contributes to the detector current. When many photons are incident, as is almost 

always the case, η is the ratio of the flux of generated electron-hole pairs that 

contribute to the detector current to the flux of incident photons [2,4]. 

The quantum Efficiency is defined as 

 

)]exp(1[)1( dR αζη −−−= (2.3) 

 

where R is the optical power reflectance at the surface, ζ is the fraction of 

electron-hole pairs that contribute successfully to the detector current, α the 

absorption coefficient of the material (cm-1), and d the photodetector depth. 

The first factor (1-R) represents the effect of reflection at the surface of the 

device. Reflection can be reduced by the use of antireflection coatings. The second 

factor ζ is the fraction of electron-hole pairs that successfully avoid recombination at 

the material surface and contribute to the useful photocurrent. The third factor 

represents the fraction of the photon flux absorbed in the bulk of the material. The 

device should have a sufficiently large value of d to maximize this factor. 
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2.3 Responsivity 

The responsivity related the electric current flowing in the device to the incident 

optical power. If every photon were to generate a single photoelectron, a photon flux 

Φ (photons per second) would produce an electron flux Φ, corresponding to a short 

circuit photocurrent Iphoto= e Φ. An optical power Popt= h ν Φ (watts) at frequency ν 

would then give rise to an photocurrent Iphoto= e Popt / h ν .Since the fraction of 

photons producing detected photoelectrons is η rather than unity, the photocurrent is 

 

opt
opt

photo RP
h
eP

eI ==Φ=
ν

η
η (2.4) 

 

The proportionality factor R, between the photocurrent and the optical power, is 

defined as the responsivity R of the device. R has units of A/W and is given by 

 

min
W
A

h
e

P
I

R o
o

opt

photo μλ
λ

η
ν
η )(

24.1
=== (2.5) 

 

R increases with λo because photoelectric detectors are responsive to the photon flux 

rather than to the optical power. As λo increases, a given optical power is carried by 

more photons, which, in turn, produce more electrons. The region over which R 

increases with λo is limited, however, since the wavelength dependence of η comes 

into play for both long and short wavelengths. 
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2.4 Gain 

The formulas presented above are predicated on the assumption that each carrier 

produces a charge e in the detector circuit. However, many devices produce a charge 

q in the circuit that differs from e [4]. Such devices are said to exhibit gain. The gain 

G is the average number of circuit electros generated per photocurrent pair. G should 

be distinguished from η, which is the probability that an incident photon produces a 

detectable photocurrent pair. The gain, which is defined as 

 

e
qG = (2.6) 

can be either greater than or less than unity. Therefore, more general expressions for 

the photocurrent and responsivity are 

 

ν
ηηη
h

ePGeGqI photo =Φ=Φ= (2.7) 

and 

minG
h

eGR o
o μλλη

ν
η

24.1
== (2.8) 

respectively. 

The responsivity of a photoconductor is given by (2.8). The device exhibits an 

internal gain which, simply viewed, comes about because the recombination lifetime 

and transit time generally differ. Suppose that electrons travel faster than holes and 

that the recombination lifetime is very long. As the electron and hole are transported 

to opposite sides of the photoconductor, the electron completes its trip sooner than the 

hole. The requirement of current continuity forces the external circuit to provide 

another electron immediately, which enters the device from the wire at the left. This 

new electron moves quickly toward the right, again completing its trip before the hole 

reaches the left edge.    This process continues until the electron recombines with 

the hole. A single photon absorption can therefore result in an electron passing 
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through the external circuit many times. The expected number of trips that the 

electron makes before the process terminates is [3] 

 

e

G
τ
τ

= (2.9) 

Where τ is the excess-carrier recombination lifetime and τe is the electron transit time 

across the sample. The charge delivers to the circuit by a single electron-hole pair in 

this case is q = G e＞e so that the device exhibits gain. 

 

2.5 Response time and Bandwidth 

The frequency response of a photodiode may be determined by basically three 

effects: [2] 

(1) the time of carrier diffusion to the junction depletion region, τd; 

(2) the transit time of carrier drift across the depletion region, τe; 

(3) the RC time constant, τRC associated with circuit parameters including the 

junction capacitance C and the parallel combination of diode resistance and 

external load (the series resistance is neglected). 

The response time of photoconductor detectors is, of course, constrained by the 

transit time and RC time-constant. The carrier-transport response time is 

approximately equal to the recombination time τ, so the carrier-transport bandwidth B 

is inversely proportional to τ. Since the gain G is proportional to τ in accordance with 

(2.9), increasing τ increases the gain, which is desirable, but it also decreases the 

bandwidth, which is undesirable. Thus the gain-bandwidth product GB is roughly 

independent of τ. 

As a final point, we mention that photodetectors of a givens material and 

structure often exhibit a fixed gain-bandwidth product. Increasing the gain results in a 

decrease of the bandwidth, and vice versa. This trade-off between sensitivity and 
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frequency response is associated with the time required for the gain process to take 

place. 

 

2.6 Detectivity 

The specific detectivity D* for a photodetector, a figure of merit used to 

characterize performance, is equal to 

kT
AR

h
e o

4ν
η (2.10) 

 

where e is the electronic charge, ηis the quantum efficiency, h is Planck’s constant, 

νis the frequency of the radiation, Ro is the dynamic resistance at zero bias, A is the 

detector area, k is Boltzman’s constant, and T is the absolute temperature [5]. 
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Chapter 3  Experimental Details 

3.1 Process 

3.1.1 Preparation of mesoporous silica 

The mesoporous silica (MS) nanotemplate films [1] were fabricated on p-type 

silicon substrates by using spinning-coating. The precursor solution was prepared by 

adding an ethanol solution of triblock copolymer Pluronic P123 (P123) to the silica 

sol-gel, which was made by refluxing a mixture of tetraethylorthosilicate (TEOS), 

H2O, HCl, and ethanol at 60~80℃ for 60~120 min. The molar ratios of reactants were 

1:0.008-0.03:3.5-5:0.003-0.03:10-34 (TEOS/P123/H2O/HCl/ethanol). After the 

precursor solution was aged at room temperature for 3~6 hors under ambient 

conditions, it was spin-coated onto silicon substrates at 3000 rpm for 30 seconds. 

Finally, the coated film was dried ar 40~60℃ for 4~6 hours, and then baked ar 

100~120℃ for 3 hours. The resultant mesoporous silica film was employed as 

nanotemplate for the growth of three-dimensional array of Si (Ge) nanocrystals (nc). 

The flowchart of sol-gel procedure for preparing mesoporous silica nanotemplate 

films is shown in Fig. 3.1. 
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Fig. 3.1 Flowchart of sol-gel procedure for preparing mesoporous silica nanotemplate 

films. 
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3.1.2 Preparation of 3-D Si (or Ge) nanocrystals by ICP-CVD 

Nc-Si (or nc-Ge) was growth by inductively coupled plasma chemical vapor 

deposition (ICPCVD) [2,3] on a cluster-level system with base pressure as low as 

10-6 Torr. After loading MS-coated wafers into the chamber, the mixture plasma at 

500W was powered on, while keeping the pressure below 10mtorr and substrate 

temperature at 400℃ during the entire process. MS films embedded with high density 

silicon (or germanium) nanocrystals were prepared by using ten cycles of pulsed 

SiH4+H2/H2(or GeH4+H2/H2) ICP with a duty cycle of 1 second/ 5 seconds. 

 

 

Mechanism of 3-D NCs-synthesis 

The formation of nc-Si (or nc-Ge) in the nanopores of the MS matrices using a 

pulse plasma involves numerous reactions. Firstly, the pure-H2-ICP-plasma (step A of 

Fig. 3.2) removes organic-templates of MS matrices lightly for enabling limited 

nucleation sites of Si-OH on pure-surfaces [4]. This is a self-limiting reaction (SLR), 

which is a core concept in atomic layer deposition [5]. Sequentially, ICP-dissolved 

SiHx (GeHx) species (step B of Fig. 3.2) in the form of nanoclusters diffuse into the 

nanopores, and are then absorbed and embedded in the residual organic-template of 

MS. They eventually react with the nucleation sites through hydrogen-elimination 

reaction (HER). Therefore, both self-limiting reaction [5] and hydrogen-elimination 

reaction (HER) [4,5] govern the conversion of ICP-dissolved species in MS into nc-Si 

(or nc-Ge). The density of nc-Si (or nc-Ge) grown by pulsed plasma can as high as 

2.5x1018/cm3.  
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Fig. 3.2 Schematic mechanism of 3D Si nanodots formed by pulse ICP process. 

 

For device applications, the organic contents of MS are removed by calcinations 

in the same chamber with H2 plasma at the flow rate of 200 sccm for 10 minutes. The 

indium–tin–oxide (ITO) films of 2400Ao thick were deposited onto the samples 

(2x2.5mm2) by E-gun evaporation, followed by 20 min of annealing at 400℃ in N2 

ambient. A schematic structure of the photodetector is shown in Fig. 3.3. 
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Fig. 3.3 A schematic drawing illustrating the configuration of the photodiodes of 

ITO/nc-Si embedded MS/p-Si. 

 

 

 

SiHxSiHxHHH

SiH4 flow 1s, stop 5s, 10 cyclesSiH4

H2

STEP A STEP B

SiHxSiHx SiHxSiHxSiHxSiHxHHHHHH

SiH4 flow 1s, stop 5s, 10 cyclesSiH4

H2

STEP A STEP B

SiH4 flow 1s, stop 5s, 10 cyclesSiH4

H2

STEP A STEP B

 17



3.2 Experiment Setup 

3.2.1 Photoluminescence measurement system 

The setup of our PL system is shown in Figure 3.4. The excited light source is 

continuous wave Helium-Cadmium Laser which is manufactured by Melles Griot 

Company. Its main peak is 325 nm. This multimode laser is no particular polarization 

and its output power is 30 mW. Laser focuses on the sample through three reflectors 

and a focal lens which focal length is five centimeter. The spot diameter is about 0.3 

mm after focusing and the power density reaches 21 W/cm2 on the surface of the 

sample. The excited luminescence of the sample is also through this focal lens which 

forms the confocal route with another focal lens in front of the spectrometer.  

The type of the spectrometer is Jobin-Yvon Triax-320 monochromator. It 

includes three kinds of gratings and the stripe density per centimeter are 1200, 1800, 

and 300 respectively. In the measurement, we use that the stripe density is 1200 

grooves/mm grating and the slit of 0.2 mm. Under these conditions, the resolution is 

about 4 Å. In order to avoid laser entering the spectrometer directly, we place a 

wavelength filter which filters wavelengths under 360 nm in front of the spectrometer. 

At the exit of the spectrometer Triax 320, a high sensitive Hamamatsu photomultiplier 

tube (PMT) with GaAs photocathode was placed to detect the signals.  
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Triax 320
Spectrometer
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Triax 320
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PMT

He-Cd laser at 325 nmMirror 1

sample

 

 

 

 

 

 

Fig. 3.4 Diagram of photoluminescence measurement system 
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3.2.2 Spectral responsivity measurement system 

The setup of spectral responsivity measurement system as showed in Fig. 3.5. 

Spectral responsivity measurements were achieved using a 300 W xenon lamp with 

wavelength selection using a double-grating monochoramator ( Jobin-Yvon Gemini 

180). Lamp focuses on the sample through a focal lens which focal length is five 

centimeter and a fluorescence microscope. The spot diameter is about 2 mm after 

focusing and the power is 0.3~2 mW on the surface of the sample. The measurements 

of current-voltage characteristics were controlled by the Labview programs. A 

Keithley 2400 source measurement unit was used to apply biases to the electrodes. In 

dc mode, bias-dependent responsivity was measured by recording current–voltage 

(I –V) curves under a fixed wavelength. The power density of the excitation was 

determined with a calibrated UV Si photodetector. 

 

 

 

 

Fig. 3.5 Diagram of spectral responsivity measurement system 

 

Monochoramator
Gemini 180 Xe lamp

microscopesample

Keithley 2400 Computer

Monochoramator
Gemini 180 Xe lamp

microscopesample

Keithley 2400 Computer

 

 

 

 19



3.2-3 Temporal response measurement system 

 as showed in Fig. 3.6. The 

temp

The setup of temporal response measurement system

oral response of the detectors was characterized using a third harmonic at 355nm 

of a mode-locked picosecond Nd: YAG laser (Ekspla, PL-2143, 24ps, 10Hz) with 

optical parametric generation and different frequency generation units (Ekspla, 

PG401-DFG) to generate tunable visible to IR pulses with pulse width of 5ps. The 

incident laser power was sufficiently attenuated to avoid any artificial decrease of 

decay times due to saturation effects. The photocurrent decay across a load resistance 

of 50Ωin series with the detector was measured at the applied bias. The transient 

output signal was then coupled to a bias tee (200 kHz~6 GHz) and displayed by a 

digital oscilloscope with a 500 MHz bandwidth. 
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Fig. 3.6 Diagram of temporal response measurement system. The image shows the 

real measurement system. 
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Chapter 4  Results and Discussions 

4.1 Results of PL spectra 

Interfacial bonding-induced wide-bandgap materials 

The experiment was started with the formation of a 220-nm-thick MS template 

layer on p-type silicon substrates. Si or Ge nanocrystals were thereafter synthesized in 

the MS templates by using a plasma technique [1]. Fig. 4.1 is the cross-sectional 

transmission electron microscopy (TEM) image for the sample. One can see that the 

MS film decorated with 2.5×1018 cm-3 of Si nanocrystals, and the mean sizes of nc-Si 

was found to be 4 nm. 

The PL spectrum of such a nanostructured film shown in Figure 4.2 exhibit a 

broad-band emission at 2.7 eV (λ=460 nm). Three peaks (415, 460 and 580 nm) on 

the PL spectrum of nc-Si embedded MS films are attributable to the radiative defects 

of two-fold-coordinated silicon lone-pair center-related species (SLP) [Si:] [2,3], 

neutral oxygen vacancies (NOV) [≡Si-Si≡] [2-4], and nonbridging oxygen hole 

centers (NBOHC) [≡Si-O•] [5], respectively. Note that the three peaks were also 

observed on pure MS template [1,6] and nc-Ge-embedded MS [1], but with 

incorporation of nc-Si (Ge) this BB emission was much more enhanced. The PL 

intensity of nc-Si embedded MS is about one hundred times than the pure MS 

template. We therefore conclude that this BB emission would not be due to 

nanocrystals, but was rather related to the MS layer. Similar spectra of the 460 nm PL 

emission band were previously reported by Zhang et al., and was assigned due to the 

interfacial states associated with neutral defects of oxygen vacancy (≡Si-Si≡) [4]. This 

interpretation could then be applied to our case as well, meaning that such a type of 

oxide defects might exist in these MS films, while for obtaining the high PL intensity 

it requires an efficient pumping mechanism. The semiconductor nanocrystals, 

 22



however, also play a role by sensitizing the blue emission through generating more 

photoexcited carriers. These carriers are then trapped in the interfacial oxygen defects 

and recombine to increase the intensity of the peak 460-nm PL. 

 

 

[210]

2.46Å

[210]

2.46Å

 

 

Fig. 4.1 The cross-sectional TEM images of the mesoporous silica (MS) films with 

high density silicon nanocrystals and the observed distinct lattice fringes 

shown in the inset. 
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Fig. 4.2 PL spectra of MS films embedded with nc-Si (curve a) or nc-Ge (curve b), as 

well as pure MS template (curve c). Inset is the naked-eye visible blue-white 

photoluminescence. 

 

 

 

 

 

 



4.2 I-V characteristics of the photodetector 

For light detection, a top electrode of indium–tin–oxide (ITO) electrodes of 

2x2.5 mm2 is thus formed on samples to conduct (collect) an external bias 

(photocurrent) and to allow light transmission. A schematic structure of the 

photodetector is shown in Figure 4.3. 

Figure 4.4 shows current-voltage (I-V) characteristics of this ITO/nc-Si 

embedded MS/p-Si device under dark conditions, which reveals a rectifying behavior 

with rectifying ratio of 87 and dark current density as low as 1.6x10-6A /cm2 at 3 V. In 

the range of low forward bias of 0 V to -0.9 V, the I-V characteristic is fairly 

described by a serial combination of a diode (ideality factor~2.1) and resistor (75 KΩ) 

[7]. Over this range, a space-charged-limited current (~V1.77) dominates I-V 

characteristics [8]. Studies on carrier transport in the metal/Si nanostructures (porous 

Si or Si nanoparticle films)/Si configuration indicated that high density of states in 

nanostructures results in ohmic manner at metal/nanostructure interface and a 

diodelike behavior at the nanostructure/Si interface. Therefore, the reverse current is 

limited by the diode barrier [9]. Under forward bias, current flow through the resistor 

of nanostructures is strongly field-dependent [10], which relation is consistent with 

the I-V characteristic of ITO/nc-Si-embedded MS/p-Si structure. 

Figure 4.4 also plots I-V curves of our device irradiated by light with 

wavelength of 425-nm and 632-nm, and with illumination intensity of 1 mW. Under 

forward bias (0 V to -6 V), all currents starts to rise at -0.5 V, and reaches 0.26 mA 

and 0.3 mA at -5 V, respectively. In comparison, under reverse bias (0 V to 6 V), 

currents starts to rise at larger voltage of 1.5 V, then linearly increase with bias voltage, 

before saturating at 0.4 mA and 0.6 mA when bias voltage was above 4 V, respectively.  

As illumination intensity increases, reverse currents continuously enlarge, whereas 

forward currents exhibit a saturating behavior, as seen on Fig. 4.4. Therefore, in 
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illuminated samples, a reversal in rectifying behavior occurs. 
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Fig. 4.3 Schematic of the photodiodes of ITO/nc-Si embedded MS/p-Si. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.4 Current-voltage characteristics of ITO/nc-Si-embedded MS/p-Si devices 

under dark and under illumination by light with intensity of 1 mW at 

wavelength of 325-nm, 420-nm, and 632-nm, respectively.  I-V curves for 

the same device irradiated with 325-nm light of 3 mW and with 632-nm 

light of 0.3 mW were also shown. 
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4.3 Results of Spectral response 
Figure 4.5 further shows spectral dependence of photoresponse in 

ITO/nc-Si-embedded MS/p-Si, ITO/MS/p-Si, and ITO/p-Si structures taken at bias 

voltage of ±5 V, where photocurrents are obtained by the difference of currents under 

illumination and darks. The latter two structures represent devices with a capping 

layer of undoped MS and even without a capping layer. In this spectrum, the 

wavelength dependence of transparency and reflectivity of ITO has been considered. 

Reverse (forward) photoresponse in ITO/nc-Si-embedded MS/p-Si at 325-nm, 

425-nm, and 590-nm are calculated to be of 0.2 (0.04) A/W, 0.4 (0.1) A/W, and 0.9 

(0.17) A/W, respectively, which gives a rectifying ratio of about 4-5. A reversal in 

rectifying behavior is independent of illumination intensity if the dark signal had been 

considered (See I-V curves for 325-nm light of 1mW and 3 mW, and 632-nm light of 

0.3 mW). Low dark currents with high dynamic resistance of 1.3 MΩ and high 

photoresponse gives high detectivity of ~2x1012
 cm.Hz0.5W-1 [11], this value is of the 

order of magnitude of common Si photodiodes. 

The broad band feature (350-700 nm) in PL spectra of nc-Si-embedded MS are 

associated with the chemical bonds to be extremely complex with various bonding 

geometries at the interfaces of nc-Si and MS. As a result, photoresponse covers UV to 

visible bands despite the existence of a major blue band-gap in nc-Si-embedded MS.  

Closely examining all spectral-dependent photoresponse curves reveals that the 

capped nc-Si-embedded MS actually enhances reverse photocurrents. Moreover, gain 

in reverse photocurrents of 1-2, where quantum efficiency is assumed as one, was 

observed. 
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Fig. 4.5 Spectral dependence of photoresponse in ITO/nc-Si-embedded MS/p-Si, 

ITO/MS/p-Si, and ITO/p-Si structures. 
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4.4 Results of illumination intensity dependence of photocurrent 

The illumination intensity dependence of photocurrent in ITO/nc-Si-embedded 

MS/p-Si structures for 325-nm of 0.56~11.2mW, and 632-nm light of 0.56~5.6mW 

are shown in Fig. 4.6, 4.8, respectively. With different powers, the saturated voltage 

also increases. This is due to high power causes larger channel width and yields 

higher currents. Fig. 4.7 and fig. 4.9 also show the illumination intensity dependence 

of photocurrent in our devices at 325-nm light, and 632-nm light, respectively. The 

relationship between the photocurrent and the illumination intensity is linear at certain 

bias voltage 5 V under 325-nm illumination. Note that under forward bias of negative 

voltage, the current is reduced when the sample is illuminated while under reverse 

bias of negative voltage it is increased. This effect is explained by charging of 

nanocrystals in the oxide layer by photo-ionization of electrons [12]. 

Current transport in conventional MIS structures is mainly due to majority 

carriers (holes in p-type substrate) in forward bias [13] but in reverse bias minority 

carriers (electrons) in the inversion layer at the oxide–silicon interface can dominate 

conduction [14]. With uniform illumination, the equilibrium concentrations of 

electrons and holes are increased. The extra minority carriers (electrons) caused by 

photon absorption in the inversion layer at reverse biases of positive voltage leads to 

an increase in current. So, at reverse bias, the response to illumination is as expected, 

the current increases by the illumination intensity increasing, as shown in Fig. 4.6 or 

4.8. However, under forward bias conditions, the current under higher illumination 

intensity is smaller than the lower illumination intensity for the ITO/nc-Si-embedded 

MS/p-Si structures, as shown in Fig. 4.7 or 4.9. As discussed above, this phenomenon 

is known as negative photoconductivity. 
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Fig. 4.6 Current-voltage characteristics of ITO/nc-Si-embedded MS/p-Si devices 

irradiated with 325-nm light of 0.56~11.2mW. 
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Fig. 4.7 Illumination intensity dependence of photocurrent in ITO/nc-Si-embedded 

MS/p-Si devices at 325-nm light. 
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Fig. 4.8 Current-voltage characteristics of ITO/nc-Si-embedded MS/p-Si devices 

irradiated with 632-nm light of 0.56~5.6mW. 
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Fig. 4.9 Illumination intensity dependence of photocurrent in ITO/nc-Si-embedded 

MS/p-Si devices at 632-nm. 
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The following explanation is proposed to account for negative photoconductivity 

in the present sample. Taking this into account we depicted schematically the band 

structure of the ITO/nc-Si-embedded MS/p-Si devices in figure 4.10. The MS has a 

high density of states, no depletion should occur at the ITO-MS interface. This 

contact should behave almost in an ohmic manner. On the other hand, the high density 

of states might pin the Fermi level at the other hetero-junction, the MS-p-Si boundary. 

This should result in a band bending and depletion inside the p-Si [9], as shown in 

figure 4.10. The short lines are localized electronic states, some of which are occupied 

(circles). 
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Fig. 4.10 A schematic band diagram of ITO/nc-Si-embedded MS/p-Si devices in 

equilibrium. 
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When the devices is illuminated, photoexcited electron/hole pairs generate firstly, 

then photoionized electrons transport from the nc-Si-embedded MS layer to p-Si by 

resonant tunneling and recombine with holes in the accumulation layer formed at the 

MS-p-Si interface under forward bias (steps 1-3 of Fig. 4.11). Nanocrystals in the 

oxide are then positively charged by the remaining holes. These positive charges 

screen the applied forward bias of negative voltage, resulting in a decrease of the 

current at a certain voltage (step 4 of Fig. 4.11). If the current decrease caused by this 

effect is larger than the current increase caused by the photoexcitation of extra holes 

in the accumulation layer, negative photoconductivity is observed. 

 

 

 

 (1)

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 Band diagram in irradiated ITO/nc-Si-embedded MS/p-Si under forward 

bias. 
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4.5 Results of temporal response 

The photocurrent transients of ITO/nc-Si-embedded MS/p-Si detectors         

illuminated by 420-nm, 590-nm, and 640-nm light of 1 mW at bias 5V shows that the 

photocurrent decays with a time constant of about 10 ns corresponding to a 3 dB 

bandwidth of 16 MHz under different illuminated wavelength, as shown in Fig. 4.12. 

The transit time it takes for carriers to traverse the film τt is described by the equation 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅

=
Vs

cm
V

du
t

eff

22

τ
 

where V is the applied bias, d is the film thickness, and ueff is the effective mobility. 

This relationship assumes a single electron-hole mobility, although the argument is 

essentially the same if the mobilities are unequal. Silicon nano-particles films in 

similar devices report a ueff on the order of 10-3 cm2/V s [15]. This direct correlation 

demonstrates that improvements in device performance will require increased carrier 

motion through the silicon nanostructures. From the above equation, we estimate the 

effective mobility is 1.25x 10-2 cm2/V s for our devices. 

 

 

 

 

 

 

 

 

 

0 20 40 60 80

0.0

0.2

0.4

0.6

0.8

1.0

 

 

ph
ot

oc
ur

re
nt

(a
.u

.)

Time(nsec.)

 420nm,t: 10.9ns.
 590nm,t:   9.7ns.
 640nm,t:   9.7ns.

Fig. 4.12 Photocurrent transients of ITO/nc-Si-embedded MS/p-Si detectors  

        illuminated by 420-nm, 590-nm, and 640-nm light of 1 mW. 
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4.6 Discussion 

Comparing photodiodes fabricated with Si-particle [15] and porous Si thin films 

[16,17] are constructive in determining the gain mechanism in our device. Highly 

resistive porous Si essentially dominates photocurrents with no gain. Nayfeh et al. [15] 

demonstrated photoconductive gain in forwardly biased Si-particle UV detectors due 

to reduced transient time originated from enhanced carrier mobility by resonant 

tunneling among dense Si-particles. Photoresponse in our device was found to be 

independent of illuminated light intensity in the range of 60-1000 W/m2 (See Fig. 4.7 

or Fig. 4.9) [18]. Figure 4.12 shows response time as fast as ten nanoseconds, much 

quicker than these demonstrated by photoconductive detectors [15,19]. Hence, 

photoconductive gain was barely involved in an enhancement of reverse 

photocurrents of ITO/nc-Si-embedded MS/p-Si. [15,18,19]. A gain mechanism, 

barrier lowering by photo-induced charging of surface states, normally reveals larger 

gain in forward photocurrents than in reverse photocurrents [20], as opposed to our 

observations. 

Choi et al.[12] found a reduction in forward currents under irradiated 

nc-Si-embedded SiO2 as a result of the screening of applied forward bias of negative 

voltage by the charging of hole in nc-Si as photoionized electrons recombines with 

holes in the accumulation layer. Note that the shift of energy level in the conduction 

band is larger than that in the valence band as the result of a quantum confinement 

effect in the silicon nanostructures [21]. Therefore, the tunneling barrier for electrons 

in nc-Si or even nc-Si/silica is lowered to a considerable extent, compared to that for 

holes. Photoionized electrons thus more easily transport than photoionized holes in 

nc-Si-embedded MS. It also facilitates the formation of positively charged 

nc-Si-embedded MS layers even as an inversion layer in p-Si substrates under reverse 

bias appears. In this manner, an applied reverse (forward) bias of positive (negative) 
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voltage was enhanced (screened) by such a photo-induced positively charged layer 

(PIPCL) so as to initiate an avalanche-like process (a limited photoconductive 

process) [12], giving gain (saturation) in reverse (forward) photocurrent, as 

schematically depicted in Fig. 4.13. Under reverse bias reveals an enhancement of 

reverse photocurrents due to the formation of positively charged layers of 

nc-Si-embedded MS films, where photoexcited electron/hole pairs generate firstly, 

then photoionized electrons occurs, and eventually hole charging in Si-O 

nanostructures enhances applied reverse bias of positive voltage (Steps 1-2), while 

initiating impact ionization in a avalanche manner to generate extra carriers to 

transport to top electrodes by resonant tunneling among dense Si nanocrystals or 

numerous nc-Si/silica interfaces (Steps 3-4). Notably, dense and uniform Si 

nanocrystals in MS matrix also assist resonant tunneling. As expected, in 

ITO/MS/p-Si, the effect of PIPCL is greatly reduced in teams of reduced rectifying 

ratio of 1.3-1.5 in photocurrents and no gain (See Fig. 4.5), due to the absence of 

nc-Si. 
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Fig. 4.13 Band diagram in irradiated ITO/nc-Si-embedded MS/p-Si under reverse 
bias. 
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As light wavelength becomes shorter, more illumination energy was expected to 

be absorbed by the nanostructured film of nc-Si-embedded MS such that a larger net 

reverse bias established but fewer numbers of photocarriers generated in the regions 

of nc-Si-embedded MS/p-Si interface and in p-Si substrates. Furthermore, large 

absorption coefficient (1.5-3x104 cm-1) in thick nc-Si-embedded MS films at short 

wavelength (300-450 nm) likely appreciably increases the loss in photocurrents at UV 

wavelength through recombination of photocarriers [19]. These factors result in a 

maximum photoresponse of 0.9 A/W at 590 nm and give a spectral photoresponse 

with two peaks as seen on Fig. 4.5 even though the photoresponse at the UV band is 

as high as 0.2-0.4 A/W. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 37



4.7 References 
 
1. A. T. Cho, J. M. Shieh, J. Shieh, Y. F. Lai, B. T. Dai, F. M. Pan, H. C. Ku, Y. C. 

Lin, K. J. Chao, and P. H. Liu, Electrochem. Solid-State Lett. 8, G143 (2005). 
2. D. P. Yu, Q. L. Hang, Y. Ding, H. Z. Zhang, Z. G. Bai, J. J. Wang, Y. H. Zou, W. 

Qian, G. C. Xiong, and S. Q. Feng, Appl. Phys. Lett. 73, 3076 (1998). 
3. M. S. EI-Shall, S. Li, T. Turkki, D. Graiver, U. C. Pernisz, and M. I. Baraton, J. 

Phys. Chem. 99, 17806 (1995).  
4. J. Y. Zhang, X. M. Bao, Y. H. Ye, and X. L. Tan, Appl. Phys. Lett. 73, 1790 

(1998). 
5. Y. D. Glinka, S. H. Lin, L. P. Hwang, and Y. T. Chen, Appl. Phys. Lett. 77, 3968 

(2000). 
6. Y. Zhang, F. Phillipp, G. W. Meng, L. D. Zhang, and C. H. Ye, J. Appl. Phys. 88, 

2169 (2000). 
7. T. A. Burr, A. A. Seraphin, E.Werwa, and K. D. Kolenbrander, Phys. Rev. B 56, 

4818 (1997). 
8. M. A. Rafiq, Y. Tsuchiya, H. Mizuta, S. Oda, Shigeyasu Uno, Z. A. K. Durrani, 

and W. I. Milne, Appl. Phys. Lett. 87, 182101 (2005). 
9. M. Ben-Chorin, F. Moller, and F. Koch, J. Appl. Phys. 77, 4482 (1995). 
10. Z. Shen, U. Kortshagen, and S. A. Campbell, J. Appl. Phys. 96, 2204 (2004). 
11. C. K. Wang, T. K. Ko, C. S. Chang, S. J. Chang, Y. K. Su, T. C. Wen, C. H. Kuo, 

and Y. Z. Chiou, IEEE Photon. Technol. Lett. 17, 2161 (2005). 
12. S. H. Choi and R. G. Elliman, Appl. Phys. Lett. 74, 3987 (1999). 
13. P. Cova, A. Singh, and R. A. Masut, J. Appl. Phys. 82, 5217 (1997). 
14. S. M. Sze, Physics of Semiconductor Devices, 2nd ed. (Wiley, New York, 1981), 
15. O. M. Nayfeh, S. Rao, A. Smith, J. Therrien, and M. H. Nayfeh, IEEE Photon. 

Technol. Lett. 16, 1927 (2004). 
16. J. P. Zheng, K. L. Jiao, W. P. Shen, W. A. Anderson, and H. S. Kwok, Appl. 

Phys. Lett. 61, 459 (1992). 
17. M. K. Lee, C. H. Chu, Y. H. Wang, S. M. Sze, Optics Letters, 26, 160 (2001). 
18. S. K. Zhang, W. B. Wang, I. Shtau, F. Yun, L. He, H. Morkoc, X. Zhou ,M. 

Tamargo, and R. R. Alfano, Appl. Phys. Lett. 81, 4862 (2002). 
19. S. M. Sze, Physics of Semiconductor Devices, 2nd ed. (Wiley, New York, 1981), 

pp.743-770. 
20. O. Katz, V. Garber, B. Meyler, G. Bahir, and J. Salzman, Appl. Phys. Lett. 79, 

1417 (2001). 
21. N. M. Park, S. H. Jeon, H. D. Yang, H. Hwang, S. J. Park, and S. H. Choi, Appl. 

Phys. Lett. 83, 1014-1016 (2003). 

 38



Chapter 5  Conclusions and future works 

5.1 Conclusions 

Three-dimensional dispersed Si nanocrystals (NCs) were dispersed within the 

mesoporous silica films by inductively coupled plasma chemical vapor deposition 

(ICPCVD). ICP makes reactive species own highly mobile and bond with pore-wall 

well, therefore, efficiently construct 3D Si NCs/silica arrays. The mean density of 

ICP-synthesized NCs is as high as 2.5x1018/cm3. The specific interfacial 

bond-induced wide-bandgap electronic structure in nanostructured film significantly 

enhances the light extraction efficiency and the conduction of photoexcited carriers. 

We constructed efficient UV-visible ITO/nc-Si-embedded MS/p-Si detectors 

based on Si nanomaterials by thin film technology. The capping layer is consisted of 

three-dimensional array of Si nanocrystals embedded in a mesoporous silica matrix 

was integrated in the IC-compatible configuration of metal-oxide-semiconductor. The 

photodetectors revealed a responsivity of 0.4 A/W and 0.9 A/W for 420-nm and 

590-nm at reverse bias 5V, respectively. Low dark currents with high dynamic 

resistance of 1.3 MΩ and high photoresponse gives high detectivity of ~2x1012
 

cm.Hz0.5W-1. Temporal response at bias 5V shows that the photocurrent decays with a 

time constant of about 10 ns corresponding to a 3 dB bandwidth of 16 MHz under 

illuminated by 420-nm, 590-nm, and 632-nm light of 1 mW. 
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5.2 Future works 

In order to form Si-nanodot photoconductive films with carrier multiplication at 

a low electric field and photoresponse at various wavelengths, the Si nanodots with a 

uniform dot size distribution are necessary, because the dot size fluctuation brings 

about a variation in the band gap of the dots. To obtain higher responsivity and shorter 

transit time for stacked layer structures of Si nanodots in short wavelength, 

controlling the dot density, smaller dot size, and the oxide thickness are of great 

importance. MSM structure can reduce the loss of absorption and transit time to 

improve the characteristic of devices. 
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