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Amorphous thin film photocouplers consisting of amorphous silicon carbide
(a-SiC:H) thin film light emitting diodes and amorphous silicon germanium
(a-SiGe:H) thin film photodiodes and photoresistors have been developed.
The amorphous photocouplers are designed for operation in the infrared regions.

The a-SiGe:H thin films were prepared by the glow discharge plasma CVD
method from the gas mixture of silane (SiH4) and germane (GeHs). The research
started from the installation of GeHy4 gas line system, followed by the optimizations of
preparation conditions for obtaining high photo-conductivity undoped a-SiGe:H films.
The results showed that the optical energy gap of a-SiGe:H decreased when the flow
rate of GeHy increased, and the optimal substrate temperature was about 250 °C. It
was also found that the dilution of hydrogen gas (H,) with an appropriate flow rate
was another important factor to obtain high photo-conductivity a-SiGe:H. In the
work, a-SiGe:H having high photo-conductivity (10°-10* S/cm) and small optical
energy gaps of 1.4 —1.6 eV were prepared. The amorphous p-i-n junction
photodiodes, using the a-SiGe:H as active layers, were fabricated and had good
responses to the infrared light.

The developed -a-SiGe:H - thinfilm. photodiodes -were applied as the light
detectors in the amorphous photocouplers. The results showed that the photocouplers
could be operated in the infrared light (wavelength. 700 — 900 nanometer).
The current transfer ratio  of the photocoupler was in the order of 10 %.
The amorphous photocouplers have potentials to be used in various electronics
applications; for examples, measurement of material sizes, optical communication,

and optoelectronics, etc.
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CHAPTER 1

Introduction

1.1 Background

An amorphous photocoupler is a functional device, which transfers an electrical
signal to an optical signal and also transfers the optical signal back to an electrical
signal. The applications of the device are for example, interfaces for signal
transmission, position and size detectors of moving objects, tape end detectors, etc. It
has been reported that amorphous photocouplers consisting of a hydrogenated
amorphous silicon carbide p-i-n thin film light emitting diode (a-SiC:H TFLED) and
a hydrogenated amorphous silicon p-i-n thin film photodiode (a-Si:H TFPD) has been
fabricated [1]. So far the amorphous TFPD was made of a-Si:H, therefore it was
mostly sensitive to the visible light. For this reason, the a-SiC:H TFLED had to
contain the i-a-SiC:H layer which had a large optical energy gap of more than 2.8 eV
so that it could emit visible light (orange to white blue). However, the a-SiC:H
TFLED which possessed such a large optical energy gap needed to be operated by
a high voltage of 20-25 V.

A possible solution for decreasing the operating voltage of the TFLED is to
reduce the optical energy gap of the i-a-SiC:H layer to about 2.2-2.5 eV. The
i-a-SiC:H having an optical energy gap in this range emits the light from red to near
infrared region [1]. At the same time the optical energy gap of the intrinsic layer in
the TFPD has to be decreased to about 1.4 - 1.5 eV, and this can be done by using
hydrogenated amorphous silicon germanium (a-SiGe:H) material as the intrinsic layer
in the TEPD.

Hydrogenated amorphous silicon germanium alloy has attracted much attention
due to its narrow optical energy gap which performs a better photoresponse at longer

wavelength as compared to hydrogenated amorphous silicon (a-Si:H).
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Figure 1.1 Picture of a-Si:H and other amorphous silicon alloys deposited on

glass substrates.

Figure 1.1 shows the colors of a-Si:H thin films and other amorphous silicon
alloys deposited on glass substrates. The colors of the films change as the optical
energy gaps of the films change. It is expected that a-SiGe:H responses to the
infrared light, due to its narrow optical energy gap.

It has been reported that a-SiGe:H can be prepared by the glow discharge
plasma CVD method from the gas mixture of GeHs and SiH, [2-6]. The optical
energy gap of a-SiGe:H can be reduced from 1.8 eV to 1.1 eV by increasing the gas
flow rate ratio of GeHs/(GeH4+SiHy4) [7]. So far there have been several reports on
the applications of a-SiGe:H as an active layer in amorphous silicon solar cell.
However, there has been no report on the application of a-SiGe:H as an active layer in
amorphous photodiode. In this thesis, the report will be done on the preparation
technology of high photo-conductivity a-SiGe:H and the application of the high
photo-conductivity a-SiGe:H as an active layer in infrared light photodiode as well as
photoresistor. The presentation will also be done on the application of the a-SiGe:H

thin film photodiode as the infrared light detector in the amorphous photocoupler.



1.2 Objectives

1)  Prepare undoped a-SiGe:H by the glow discharge plasma CVD method from
the gas mixture of GeHs, SiH4 and Ho.

2) Study the basic properties, including structural-, optical- and electrical-
properties of undoped a-SiGe:H.

3) Study the preparation technologies for obtaining high photo-conductivity
a-SiGe:H having the optical energy gap of 1.4-1.6 eV. The focus will be
paid on the substrate temperature and hydrogen gas dilution.

4) Fabricate infrared light a-SiGe:H thin film photodiode and photoresistor,
and measure their basic output characteristics.

5)  Fabricate infrared light amorphous photocoupler consisting of a-SiC:H thin
film light emitting diode and a-SiGe:H thin film photodiode and thin film

photoresistor, and measure the basic characteristics of the photocouplers.

1.3 Structure of the Thesis

The thesis consists of seven chapters and an annex.

In chapter 1, a brief background and objectives of the work are described.

In chapter 2, the description is done on the preparation processes of undoped
a-SiGe:H by the glow discharge plasma CVD method. The configuration of the glow
discharge plasma CVD is presented. The substrate preparation and film deposition
processes are described.

In chapter 3, the results of the study of the basic properties of undoped a-SiGe:H
is presented. _The basic properties includes the structural- (IR, ESR), optical-
(absorption, optical energy gap), and electrical- (dark and photo-conductivities)
properties. The relation between the optical energy gaps of a-SiGe:H and
conductivities is discussed.

In chapter 4, the technologies of improvement of photo-conductivity of
a-SiGe:H is described. It is showed that the substrate temperature and hydrogen gas

dilution are important preparation parameters.



In chapter 5, the structure and fabrication of infrared light a-SiGe:H thin film
photodiode are mentioned. The output characteristics of the a-SiGe:H photodiode are
presented.

In chapter 6, the structure and fabrication of amorphous photocouplers
consisting of a-SiC:H thin film light emitting diode and a-SiGe:H photodiode and
photoresistor are described. The basic characteristics of the amorphous
photocouplers are presented and discussed.

In chapter 7, the conclusions of the work are given.

In an annex, some results of the preliminary experiment on the fabrication of

a-SiGe:H thin film solar cell are briefed.



CHAPTER 2
Preparation of Hydrogenated Amorphous Silicon Germanium

by Glow Discharge Plasma CVD Method

2.1 Introduction

The purpose of this work is to fabricate an amorphous thin film photocoupler
which operates in the infrared light range. Therefore, the photodiode which is the
detector must contain the small optical energy gap of the intrinsic layer, for example,
lower than 1.7 eV. It has been widely reported that a-SiGe:H can serve this
requirement [7]. This material can be prepared by several methods, such as sputtering,
thermal CVD and glow discharge plasma CVD.

The glow discharge plasma CVD is the most popular deposition method for
the preparation of amorphous silicon alloys [8]. There are several advantage features
in the glow discharge plasma CVD method, e.g. easy technology, low temperature
process, low cost, possibility of using inexpensive substrates of almost size or shape,
providing good quality of films [9]. The film deposited by the glow discharge plasma
CVD method always contains several percentages of hydrogen atoms which act as the
terminators of dangling bonds.

In this chapter, the structure of the glow discharge plasma CVD system is
presented. The preparation of substrates for a-SiGe:H thin film deposition and the

deposition process are described in details.

2.2 Preparation of a-SiGe:H by Glow Discharge Plasma CVD System
2.2.1 Structure of Glow Discharge Plasma CVD System

The glow discharge plasma CVD system employed in this work is the
conventional radio frequency (RF) glow discharge system. The system consists of two
parts; the CVD part and the gas control part.

The frequency of the RF power source is 13.56 MHz. The matching box is used
for transferring the maximum electrical power to the load, i.e. plasma. The gas control
part consists of pressure regulators, filters, valves, flow meters and source gases. The

source gases in the system are SiH4, B,Hs, PH3, GeHs, CH4, C,H4, Hy and N;. The



flow rates of gases are controlled by the needle valves and flow meters. The pressure
in the reaction chamber is pumped down to the background pressure (0.01 Torr) by
a rotary pump. The diameter of the RF electrode is 10 cm. The distance between the
RF electrode and the ground electrode is fixed at 2.5 cm. The substrate temperature is
controlled by the heater under the suscepter. The maximum temperature of the heater
in this system is 400°C. Table 2.1 summarizes details of the glow discharge plasma
CVD system. Figure 2.1 shows a schematic diagram of the glow discharge plasma

CVD system.

Table 2.1 Summary of the glow discharge plasma CVD system.

Chamber Diameter 22 cm, Pyrex glass
Suscepter Diameter 10 cm

Maximum temperature of heater ~ 400 °C

Electrode Capacitive coupling
RF power 13.56 MHz, maximum 150 W
Pressure 0.01 — 10 Torr
Gas dilution SiH4/H, =10%
GeHs/H, =10%
CH4/H; =10%

C2H4/ H2 = 10%
BQHG/Hz =500 ppm
PHs/H, =500 ppm
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(a)

(b)

Figure 2.2 Photographs of the glow discharge plasma CVD system at the

Semiconductor Device Research Laboratory, Chulalongkorn

University. (a) reaction chamber and (b) a part of the gas system.

2.2.2 Preparation of Substrates

In order to study the basic properties of the a-SiGe:H films, a-SiGe:H thin films

were deposited on various kinds of substrates by the glow discharge plasma CVD

method. Table 2.2 summarizes the materials of the substrates and the objectives.

Table 2.2 Materials of substrates and objectives.

Substrate
- Corning glass No. 7059

(2cm x 2 cm x 1 mm)

- Single crystalline silicon wafer
with high resistivity (mirror

surface 1 cm x 1 cm x 0.5 mm)

- Micro slide glass

(2cm x 2 cm x 1 mm)

Objective

- Optical absorption coefficient (o)

- Electrical conductivity (o)

<Infrared light absorption

- Spin density ( Dangling bond density)

measured by Electron Spin Resonance

(ESR)




The substrates were cleaned by the processes as follows:
- Trichloroethylene  Ultrasound 20 minutes
- Acetone Ultrasound 20 minutes
- Methylalcohol Ultrasound 20 minutes.
In the case of single crystalline Si wafer, after the Si wafer was cleaned by the
processes described above, the oxide layer on the surface was etched by hydrofluoric
acid diluted in water (HF: H,O = 1:10) about 10 minutes and then rinsed by

de-ionized (DI) water.

2.2.3 Deposition of a-SiGe:H

The deposition process of a-SiGe:H by the glow discharge plasma CVD is

shown in Figure 2.2

Clean substrates

!

Load substrates into the chamber and set pressure
in the chamber to vacuum (10'2 Torr)

.

Set the substrate temperature
and introduce reaction gases into the chamber

:

Turn on the RF power and start deposition

!

Turn off RF power, stop flowing reaction gases,
purge chamber with N, and vent the chamber by N,

.

Decrease the substrate temperature to room temperature

Figure 2.3 Deposition process of a-SiGe:H by the glow discharge plasma CVD.



10

The a-SiGe:H thin films were deposited by using GeHs and SiH4 as the active
gases and H; as the diluent. The substrate temperature was changed from 190°C to
350 °C. The total gases pressure during the deposition were 1.0-10 Torr according to
the preparation conditions. All of a-SiGe:H films were deposited for 90 minutes and
the thicknesses of the films were 0.5-0.8 um. Table 2.2 shows the typical preparation
conditions of the a-SiGe:H by the glow discharge plasma CVD method.

Table 2.3 Typical preparation conditions of the a-SiGe:H by glow discharge

plasma CVD method.

Power Source C-Coupling, 13.56 MHz
RF Power 3IW

Substrate Temperature ~ 190°C - 350°C
Reaction Gases SiH4 + GeHs + H»

Background Pressure 0.01 Torr

Summary

1. The a-SiGe:H thin films were deposited by the glow discharge plasma CVD
method using SiHy, GeHy as the active gases and H; as the diluent.

2. The a-SiGe:H thin films were deposited on various kinds of substrates, i.e. corning
glass No. 7059, single crystalline silicon wafers and micro slide glasses in order to
study the basic properties, 1.e. structural, optical and electrical properties.

3. The results of the basic properties are described in the next chapter.



CHAPTER 3
Basic Properties of Undoped a-SiGe:H

3.1 Introduction

In this chapter, undoped a-SiGe:H thin films deposited on various kinds of
substrates including of single crystalline silicon wafers, micro slide glasses and
corning glasses No0.7059 were used to investigate the basic properties of a-SiGe:H
thin films; i.e. the structural, optical and electrical properties, respectively by several
kinds of methods.

The structural properties of a-SiGe:H films were investigated by Electron Spin
Resonance (ESR) which provided the dangling bond density in the films. The
measurement of infrared light (IR) absorption gave the Ge contents in the films. The
optical properties were studied by using spectra of the optical absorption coefficients
and the optical energy gaps calculated from Tauc’s plots. The electrical properties
included the photo-conductivity (oph), dark-conductivity (op) and the ratio of the
photo-conductivity to the dark-conductivity (opn/Gp).

The preparation conditions of undoped a-SiGeH thin films used for

investigating the basic properties were summarized in Table 3.1

Table3.1 Preparation conditions for undoped a-SiGe:H.

RF power 3 watt (13.56 MHz)
Substrate temperature 190°C

Deposition pressure 1.0-1.5 Torr

SiH4 gas flow rate 10-50 sccm

GeH,4 gas flow rate 10-50 scem

H, gas flow rate 20 sccm
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3.2 Structural properties of a-SiGe:H
3.2.1 Measurement of Germanium Contents in a-SiGe:H by Infrared

Transmittance Spectra

Germanium contents in a-SiGe:H were evaluated by using the infrared
transmittance spectrum technique taken by the PERKIN ELMER model 1760X FT-IR
spectrometer. The single crystalline Si wafer with high resistivity was used as the

substrate. The substrate size was 1.0x1.0 cm’ .

100

Ge-H Stretching mode

\

96

92

Transmittance (%)

88 a-SiGe:H
84 GeH4
— = 0.09
GeH4+SiHy
80 1 [] 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500

Wave Number (cm'l)

Figure 3.1 An example of infrared transmittance spectrum for an a-SiGe:H film

prepared at the gas flow rate ratio x = GeH4/(GeH4+SiH,) = 0.09.

Figure 3.1 shows an example of the infrared transmittance spectrum measured at
room temperature for undoped a-SiGe:H thin film prepared at the gas flow rate ratio
x = GeH4/(GeH4+SiH,) = 0.09. The absorption peak of Ge-H vibration was observed
around 1,850-1,900 cm™!. The absorption coefficients of Ge-H were calculated from

the transmittance coefficients as follows.
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T(2) = (1 - R(2)- 102 -a(2)d

I1;(4)
T%
A
Ty%  (background)
I =100 % Lo )%
T1%
R(M\)%
>
Wave Number (cm™)
a-SiGe:H film Single crystalline Silicon
thickness = d
(a) Simplified diagram for IR (b) Spectrum of IR transmittance

absorption measurement

Figure 3.2 The calculation of IR absorption coefficient of a-SiGe:H from the

spectrum of IR transmittance.

Figure 3.2 (a) shows an a-SiGe:H thin film with thickness d having absorption
coefficient = a(A) and reflective coefficient = R(%). Assuming that most of the
reflection occurs at the surface of a-SiGe:H thin film, the transmittance T(A)% can be

written as follow:

71(1)=<1—R(4))-%e‘““)d (3.1)

Given the transmittance at the background = Ty(A)%, so that
Iy

Ty(2)=(1- R(2) 2 62
Divide eq. (3.1 ) by eq. (3.2), it can be shown that
1(4) _ el (3.3)
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Therefore,
a(/i)=lln To(4) (3.4)
d | 1(2)
500 | RF power =3W GeHy
— o X=—
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S 400 |
2 E N x0s3
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Figure 3.3 Infrared absorption coefficient spectra of Ge-H atoms

of a-SiGe:H (stretching mode).

Figure 3.3 shows results of the measurement of the IR absorption coefficients of
a-SiGe:H thin films. x denotes gas flow rate ratio of GeH./(GeH4+SiH4). It shows
that the amount of the Ge-H atoms increase as the gas flow rate of GeH, increases.
This implies that the Ge contents in a-SiGe:H thin, films can be changed by varying
the gas flow rate of GeHa.

3.2.2 Measurement of Dangling Bond Density in a-SiGe:H Films by Electron
Spin Resonance (ESR)

Electron Spin Resonance (ESR) is a useful technique for obtaining the
information about defects in amorphous semiconductors. In this work, ESR spectra
were taken by the Joel model JES-RE2X ESR spectrometer. Normal covalent bonds
have two electrons with opposite spins and therefore zero net spin. A dangling bond

of a-SiGe:H has a single electron with unpaired spin and will be split by a magnetic
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field. ESR are the result of the transitions of the lone-paired spin between the split
energy levels. The transition efficiently occurs when electromagnetic wave
(microwave frequency) is applied. The strength of the microwave absorption gives the
density of the lone-paired electrons and the ESR spectrum gives information about
local bonding structures. The technique is sensitive, being able to detect about 10"
spins and well suited for the measurement of low defect densities [10]. The purpose of
this measurement is to study the structural properties and the film quality of undoped
a-SiGe:H films.

Figure 3.4 shows the relationship between ESR spin density and gas flow rate
ratio X = GeH4/(GeHs+SiHy). The thickness of a-SiGe:H films is around 0.5 pm. It
shows that when x increases from 0.17 to 0.67, the dangling bond density increased
from 2x10"7cm™ to 3x10'® em”. This means that when the Ge contents increase the

dangling bond density in the film increases.

10"
a-SiGe:H
- T~=190°C
g
g
Z
=
g 10"F
£ [
=3
»n
& a-Si:H
m l
10 17 ()/ M L M L M L
0.0 0.2 0.4 0.6 0.8
GeH4
X=—"—"
GeH4+ SiH4

Figure 3.4 Relationship between ESR spin density and gas flow rate ratio
for a-SiGe:H.
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3.3 Optical Properties of a-SiGe:H

An amorphous silicon-based thin film photodiode which is sensitive to infrared
light should have the optical energy gap (Eop) of the intrinsic layer less than 1.7 eV.
The a-SiGe:H is an interesting material since the optical energy gap can be changed
from 1.1-1.85 eV by varying Ge contents in the film [7]. Figure 3.5 shows the optical
absorption coefficient spectra of a-SiGe:H prepared in the work. It is seen that the
spectra move to the lower photon energy as the gas flow rate ratio x increases. The

optical energy gaps of a-SiGe:H can be determined by the well-known Tauc’s plots
(vWahvvshv). Figure 3.6 shows the Tauc’s plots for various a-SiGe:H. The

interception of a straight line on the x-axis represents the optical energy gap of an
a-SiGe:H.

Figure 3.7 summarizes the optical energy gap of a-SiGe:H prepared with
different gas flow rate x. It is found that as x increases from 0.09 to 0.83, the optical
energy gap of a-SiGe:H decreases from 1.7 to 1.14 eV and the colors of the films

change from dark brown to dark gray.

Ts=190°C a-SiGe:H
- 5 —Z .
s 10 F — ~
g [
3 "y a-Si:H
= o&
= o o
2 ® 0
£ 0.50 gS
g 033 & S
l:) ) x=0.83 f f /0.17
S 10 F A Q) ¢
2 [ 0674 Y ¢
5 S 7 2VEN SR
2 [ = |
< L ‘ ,. l \ 4 / GeH,y
= [ ] / 2 XSEvVirr 1
2 | GeHy+ SiH4
=3
S ¢ T
Y o
3 v
10 L L L L L L
1.2 14 16 18 2.0 22

Photon Energy hv (eV)

Figure 3.5 The optical absorption coefficient spectra near the fundamental band edge

of a-SiGe:H. The parameter (x) is the GeHs/GeH4+SiHy4) gas flow ratio.
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Figure 3.6 Tauc’s plot for the determination of the optical energy gap of

a-SiGe:H.
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Figure 3.7 Relationship between the gas flow rate ratio x

and the optical energy gap of undoped a-SiGe:H.
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3.4 Electrical Properties of a-SiGe:H

In this section, the results of the study on the electrical properties
(photo-conductitvity and dark conductivity) of undoped a-SiGe:H is described. The
photoconductivity was measured by using the solar simulator (KATOS LPS 255 HR)
as a light source having the intensity of 100 mW/cm” (AM1). Figures 3.8 (a) and (b)
shows the schematic diagrams of the measurement systems of the dark- and photo-
conductivities, respectively, for a-SiGe:H in the work. Two-co-planar Al electrodes
were deposited on the surface of the a-SiGe:H. The size of each electrode was
1 mm x 1.5 cm and the distance between the electrodes was 1 mm. The pico-ampere
meter and voltage source was the model HP 4140B. The voltage applied to the
co-planar electrodes was 10 V. Using a simple calculation, the conductivity is

calculated as follows:

wx [
o=—
IxdxV

(S/cm) (3.5)
where o is the conductivity,

w 1is the distance between electrodes (1mm),

[ 1is the length of the electrodes (15 mm),

d 1is the thickness of a-SiGe:H (0.5-1.0 pum),

I 1is the output current,

V' is the applied voltage.
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Al electrode
a-SiGe:H
Substrate

Al electrode
a-SiGe:H
Substrate

(b)

Figure 3.8 Schematic diagrams of the measurements of (a) dark-conductivity

and (b) photo-conductivity for a-SiGe:H.
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In this work, a study has been done on the relationship between the conductivity
and the gas flow rate ratio of GeH4/(GeHs+SiHy). Figure 3.9 shows the relationship
between the dark-conductivity (op), the photo-conductivity (cpn) as well as the ratio
of opn/op for a-SiGe:H prepared by different gas flow rate ratio. It is seen that the
dark-conductivity increases from 10" to 10 S/cm as the gas flow rate ratio increases
from 0.17 to 0.83. The increase of the dark-conductivity with Ge contents, is due to
the decrease of the optical energy gap of a-SiGe:H and the shift of Fermi level

towards the conduction band.

3
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GeH4

X === - —
GeH4+SiHy4
Figure 3.9 Relationship between dark-conductivity (op), photo-conductivity

(opn) and the ratio of opn/op fora-SiGe:H prepared by different
gas flow rate ratio (GeHs/(GeHs+SiHy)).

The ratio of opn/op is in the order of 10° only when the ratio of GeH./(GeH4+SiH4)
is as small as 0.09. The ratio of opn/op drastically decreases to less than 10 when the ratio
of GeH4/(GeH4+SiHy) is greater than about 0.5. The large decrease of the opn/op with

increasing GeH4/(GeH4+SiHy) is considered to be due to the large increase of the dangling
bond density in a-SiGe:H [11].
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Figure 3.10 Relationship between the conductivities and the optical energy gaps for

undoped a-SiGe:H.

Figure 3.10 summarizes the relationship between the conductivities and the optical
energy gaps for undoped a-SiGe:H. It is again clearly seen that the ratio of o,n/op
decreases as the optical energy gap of undoped a-SiGe:H decreases.

In order to apply the a-SiGe:H as an active layer in a photodiode or a solar cell, it is
necessary to improve the photo-conductivity of the a-SiGe:H. In this work, several
attempts to improve the photo-conductivity of a-SiGe:H have been done. The details of
the improvement technologies of the photo-conductivity of a-SiGe:H will be presented in

details in chapter 4.
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Summary

The basic properties including structural, optical and electrical properties of

undoped a-SiGe:H have been studied. The results can be summarized as follows:

1. The a-SiGe:H can be prepared by the gas mixture of GeHs+SiH, by the glow
discharge plasma CVD method.

2. According to the results of the infrared absorption spectra, there are several atomic
bonding in the films, for examples, Si-H,, Ge-H,, Si-Ge, etc. The increase of Ge
contents can be achieved by increasing the gas flow rate ratio of
GeH4/(GeH4+SiHy).

3. The optical energy gap of a-SiGe:H decreases from about 1.7 eV to about 1.1 eV
as the ratio of x = GeH4/(GeH4+SiHy) increases from about 0.09 to about 0.83.
These results show that the optical energy gaps of a-SiGe:H can be widely
changed by adjusting the ratio of x.

4. The result of measurement of ESR shows that the dangling bond density in
a-SiGe:H increases as the gas flow rate ratio x = GeH4/(GeH4+SiHy4) increases
(also as the Ge contents increase).

5. The dark-conductivity of undoped a-SiGe:H increases from 10 to 10* S/cm as
the gas flow rate ratio x = GeH4/(GeHs+SiHy) increases from 0.17 to 0.83. The
increase of the dark-conductivity with Ge contents, is due to the decrease of the
optical energy gap of a-SiGe:H and the shift of Fermi level towards the
conduction band.

6. The ratio of oyn/op s in the order of 10° only when the ratio of GeH./(GeH4+SiH4)
is as small as 0.09. ' The ratio of opn/6p drastically decreases to less than 10 when
the ratio of GeH4/(GeH4+SiHy) is greater than about 0.5.

7. The large decrease of the opn/op with increasing GeHs/(GeHas+Si1Hy) is considered
to be due to the large increase of the dangling bond density in a-SiGe:H.

8. In order to apply the a-SiGe:H as an active layer in a photodiode or a solar cell, it
1S necessary to improve the photo-conductivity of the a-SiGe:H as will be

presented in details in chapter 4.



CHAPTER 4

Improvement of Optoelectronic Properties of a-SiGe:H

4.1 Introduction

In order to apply a-SiGe:H as an active layer in a p-i-n junction amorphous thin
film photodiode and a solar cell which are sensitive to infrared light, the optical
energy gap of a-SiGe:H should be small and the photo-conductivity of the a-SiGe:H
should be as high as possible. However, according to the results in chapter 3, it was
found that the photo-conductivity drastically decreases several order of magnitude as
the optical energy of a-SiGe:H decreases from 1.7 eV to 1.1 eV.

In this chapter, a series of attempts to improve the optoelectronic properties,
especially the photo-conductivity of undoped a-SiGe:H are described. The first
attempt was done by the optimization of the substrate temperature during growing
films. The second attempt was done by the optimization of the gas flow rate ratio of
H; to (GeHs+SiH4). According to these trials, the photo-conductivity of undoped

a-SiGe:H has been improved by several order of magnitude.

4.2 Improvement of Photo-Conductivity of a-SiGe:H by Optimization of

Substrate Temperature

It has been found for a long time that substrate temperature is one of the most
important preparation conditions for hydrogenated amorphous silicon based alloys,
including a-Si:H, a-SiC:H and a-SiGe:H [5,12,14]. In chapter 3, the substrate
temperature for the preparation of undoped a-SiGe:H was fixed at 190 °C. Therefore,
in this section, the effect of the substrate temperature on the photo-conductivity of
a-SiGe:H has been investigated. In the experiments, the substrate temperature was
changed from 190 °C to 350 °C. Table 4.1 summarizes the preparation conditions for

undoped a-SiGe:H having substrate temperature as a parameter.
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Table 4.1 Preparation conditions for undoped a-SiGe:H having

substrate temperature as a parameter.

RF power 3 watt (13.56 MHz)
Substrate temperature 190-350°C
SiH4 gas flow rate 50 sccm
GeHygas flow rate 5 scem
H; gas flow rate 100 sccm
10° 10°
3 | A /’/‘\
10° b a—"  *Ta
~ Gph/GD 3
= 10 f T\ 110
g | GeHu/(GeHat SiHy) = 0.09
4 10' | RF Power =3W
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Figure 4.1 Relationship between conductivity of a-SiGe:H and 'substrate temperature.

Figure 4.1 shows the dependence of the conductivities of a-SiGe:H on the
substrate temperature (190 — 350 °C) for undoped a-SiGe:H. The gas flow rate ratio of
GeH./(GeH4+SiH4) was fixed at 0.09. It is seen that all of the dark-conductivity
(op), photo-conductivity (cpn) and the ratio of opn/op have large dependences on the
substrate temperatures. The dark-conductivity increases as the substrate temperature
increases, while the ratio of o,/op seems to has its maximum point (about 7x10°
S/cm) at the substrate temperature of about 250 °C. The increase of the

dark-conductivity was due to the decrease of the optical energy gap as shown in
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figure 4.2. The decrease of the photo—conductivity at the substrate temperature above

300°C is due to the increase of the dangling bonds density [11].
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Figure 4.2 Dependence of the optical energy gap of undoped a-SiGe:H on the

substrate temperature.

Figure 4.2 shows the dependence of the optical energy gap of undoped
a-SiGe:H on the substrate temperature. The optical energy gap of a-SiGe:H decreases
from about 1.60 eV to about 1.50 eV as the substrate temperature increases from
190 °C to 350 °C.  The decrease of the optical energy gap with increasing the
substrate temperature was due to the increase of the number of the localized states in

the band-tail of a-SiGe:H.
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4.3 Improvement of Photo-Conductivity of a-SiGe:H by Optimization of Gas
Flow Rate Ratio of H,/(GeH4+SiHy)

Another important preparation condition of hydrogenated amorphous silicon
alloys in the plasma CVD method is the dilution of H, in the reaction gases. The
electrical power applied through the RF electrodes is transferred to the gas phases and
excites electrons for the decomposition of gases. The means free-path and therefore
the energy of free electrons in the gas depends on the pressure of the gas. From this
point of view, in this work, a series of experiments has been done on the effect of the
hydrogen gas dilution in the reaction gas on the photo-conductivity of undoped
a-SiGe:H. In the experiments, the gas flow rate of H, was changed from 20 sccm to
250 sccm. The substrate temperature was fixed to the optimal 250°C as obtained
from Figure 4.1. Table 4.2 summarizes the preparation conditions of undoped

a-SiGe:H.

Table 4.2 Preparation conditions for undoped a-SiGe:H.

RF power 3  watt (13.56 MHz)
Substrate temperature 2. °C

SiH4 gas flow rate 50  scem (10% in Hy)
GeHy gas flow rate 5  scem (10% in Hy)
H, gas flow rate 20-250  sccm

H; gas flow rate ratio y= H,/(GeH4+SiHy)

For simplicity, the H, gas flow rate ratio-y is-defined as y = H,/(GeH4+SiH4) as

mentioned in Table 4.2.

Figure 4.3 shows the relationship between the conductivities of undoped
a-SiGe:H and the H; gas flow rate ratio x. The substrate temperature in the Figure is
fixed at 250 °C. For information, the total pressure of mixed gases in the reaction
chamber is also shown on the upper horizontal axis.

It is found in the figure that the conductivities have large dependences on the H,
gas flow rate ratio. One of the most important and interesting results obtained in the

experiment is that the ratio of o,n/cp are as large as two to three orders of magnitude
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in the whole range of the H, gas flow rate ratio. Another important and interesting
result is that the H, gas flow rate ratio has an effect on the optical energy gap of the
a-SiGe:H as shown in Figure 4.4.

Figure 4.4 shows the relationship between the optical energy gap (Egp) of
undoped a-SiGe:H and the H; flow rate ratio. Other preparation conditions including
the substrate temperature = 250 °C, GeH4/(GeH4+SiH4) = 0.09 have been fixed. It is
interesting to point out that the optical energy gap of the undoped a-SiGe:H drastically
decreases from about 1.6 eV to about 1.4 eV as the H, flow rate ratio increases from
12 to 54. By combining the results in Figures 4.3 and 4.4, we can obtain the
relationship between the ratio of o,n/op and the optical energy gap of undoped
a-SiGe:H as shown in Figure 4.5. In Figure 4.5, it is seen that the opn/op slowly
decreases from 10* and still keeping the value higher than 10* even though the optical
energy of a-SiGe:H decreases from 1.6 eV to 1.4 eV.

If we combine the results in Figure 3.11 in chapter 3 with the results in this
chapter, it is clearly seen that by optimizing the substrate temperature as well as the
H, gas flow rate ratio, we can prepare undoped a-SiGe:H having high photo-
conductivity and small optical energy gap.

Now we will discuss the reason why the optical energy gap of a-SiGe:H
decreases when H; gas flow rate ratio increases. In the experiment, when the H, gas
flow rate ratio increases, the total gas pressure in the reaction chamber also increases
as indicated in Figure 4.3. (This is because fortunately the rotary pump in the CVD
system has a small pumping speed.) It is generally known that if the pressure of gas
in a glow discharge plasma system increases, the means free path and the energy of
free electrons in the plasma will decrease. Another important fact is that the energy
necessary for the decomposition of GeHy is lower than that of SiH,. Therefore, in the
condition that the energy of free electrons is low, the efficiency of the decomposition
of GeHy is higher than that of SiH4. This means that in the higher gas pressure
condition, GeHy gas is more easily decomposed than SiH4 gas, and therefore, the Ge
contents in a-SiGe:H are increased. Through these interpretations, it can be
concluded that the optical energy gap of a-SiGe:H can be reduced by increasing the
H; gas flow rate ratio. And the most important result that should be pointed out is
that using the technique of dilution of H, gas in the reaction chamber, we can obtain

a-SiGe:H with small optical energy gaps and high photo-conductivities.
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energy gap of undoped a-SiGe:H.

Summary

In this chapter, the improvement of the photo-conductivity (c,n/op) of undoped
a-SiGe:H has been successfully done by optimizing the substrate temperature and H,

gas flow rate ratio. The interesting results obtained are as follows:

1. The optimal substrate temperature for-the preparation of undoped a-SiGe:H
having high photo-conductivity was about 250 °C.

2. The dark- and photo-conductivities of the a-SiGe:H prepared at 250 °C were
10 S/em and 10” S/cm, respectively. These give the ratio of Gpn/op as high as
10"

3. The optical energy gap of a-SiGe:H decreases from 1.63 eV to 1.50 as the
substrate temperature increases from 190 °C to 350 °C.

4. The optimal H, gas flow rate ratio (H./(GeHs+SiHy)) for the preparation of
a-SiGe:H having high photo-conductivity was about 20-30.
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. The ratio of opn/op as high as 10* was achieved with the H, gas flow rate ratio
about 20-30.

. It was found that the optical energy gap of a-SiGe:H can be reduced by adding
H, gas in the reaction chamber.

. A-SiGe:H having small optical energy gaps and high photo-conductivities can
be obtained by mixing H; in the GeH4+SiH,4 into the reaction chamber.

The a-SiGe:H prepared by the above technique has high quality enough to be
used as an active intrinsic layer in the infrared-light thin film photodiode as will

be described in chapter 5.



CHAPTER 5
Structure and Fabrication of Infrared-Light

a-SiGe:H Thin Film Photodiode

5.1 Introduction

In chapter 4, it has been reported that a-SiGe:H having high photo-
conductivities and small optical energy gaps could be successfully prepared by the
conventional glow discharge plasma CVD.  Some special techniques, e.g.
optimization of the substrate temperature and mixing H, gas with high flow rate ratio
have been adopted in the preparation of the a-SiGe:H. In this chapter, the application
of the high quality a-SiGe:H as the photo-carrier generating i-layer in the p-i-n
junction thin film photodiode is described. ~The fabrication of the a-SiGe:H
photodiode and the results including the output characteristics are presented and

discussed.

5.2 Structure of a-SiGe:H Thin Film Photodiode

The structure of the a-SiGe:H thin film photodiode fabricated in this work is
glass/ITO/p-a-SiC:H/i-a-SiGe:H/n-pc-S1iC:H/Al as shown in Figure 5.1. The substrate
was glass/ITO. The ITO stands for Indium Tin Oxide and acts as a transparent-
conductive electrode. The basic structure of the photodiode is the p-i-n junctions of
hydrogenated amorphous silicon based alloys. The p-type amorphous silicon carbide
(p-a-SiC:H) has the optical energy gap of about 2.0 eV and acts as the wide gap
window layer. The n-type microcrystalline silicon (n-pic-Si:H) has the optical energy
gap of about 1.8-1.9 eV. Aluminum (Al) is used as the back ohmic electrode. The
thickness of each layer is shown Figure 5.1. The effective area of a photodiode is

0.033 cm?.
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Figure 5.1 Basie structure of a-SiGe:H thin film photodiode.

Since the optical energy gap of the a-SiGe:H employed in the work is 1.4 —1.6
eV, the a-SiGe:H thin film photodiodes are sensitive to infrared light. Under a reverse
bias condition and photons are incident on the device, electron-hole pairs are
generated in the i-a-SiGe:H layer and electrons will be drifted by the electric field to
the n-layer, while holes will be drifted to the p-layer. It will be described that the
magnitude of the photo-current output depends on the reverse bias voltage,

wavelength and intensity of the incident light.

5.3 Fabrication of a-SiGe:H Thin Film Photodiodes

The fabrication processes of a-SiGe:H thin film photodiodes are shown in
Figure 5.2. The substrate size was 2 cm x 2 cm. The deposition of p-a-SiC:H,
i-a-SiGe:H and n-pc-Si:H layers were done by the glow discharge plasma CVD
method. Details of the glow discharge plasma CVD method have been described in
chapter 2. Table 5.1 summarizes the preparation conditions of the p-i-n layers by the
glow discharge plasma CVD method. The Al back electrode was deposited by the
filament heat resistive evaporator. The shape of the Al electrode was a dot with the

diameter of 2 mm. Figure 5.3 shows a picture of the a-SiGe:H photodiodes.
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Figure 5.2 Fabrication process of a-SiGe:H thin film photodiode.

Table 5.1 Preparation conditions of p-i-n layers by the glow discharge
plasma CVD method.

Conditions p-a-SiC:H Layer | i-a-SiGe:H Layer | n-pc-Si:H Layer
Substrate Temperature (°C) 190 250 190
RF Power (Watt) 3 3 3
Reaction Gases SiH,+CH,+B,He+H, H,+SiH4+GeH,4 SiH4+PH;+H,
Optical Energy Gap (eV) 2.0 1.4-1.6 1.8-1.9
Thickness (Angstrom) 120 1,000 400
Dark-Conductivity (S/cm) 107 107 1-10
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Figure 5.3 Picture of a-SiGe:H photodiodes.

The silver color dots are the Al back electrodes.

5.4 Basic Output Characteristics of a-SiGe:H Thin Film Photodiodes

Figure 5.4 shows examples of the [-V curves of two a-SiGe:H thin film
photodiodes (TFPDs) having different optical energy gap a-SiGe:H layers (1.49 eV
and 1.58 eV) in the dark and illuminated conditions. The light source of the

illumination was the standard solar simulator (100 mW/cm?, AM1).

4 6
Huminated .7 o 1 Voltage (V)
Eopt= 1.58 eV e 2 7 Y.
Eop=1.49 ¢V —» ST
20 1

(under AM1, 100 mW/em® ) 25 L

Figure 5.4 Examples of I-V curves of two a-SiGe:H thin film photodiodes
having different optical energy gaps of a-SiGe:H. E,, denotes
the optical energy gap of a-SiGe:H i-layer.
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In the figure, the dark currents of both devices at the reverse bias voltage of 5 V
have been confirmed to be less than 10 pA/cm®. In the case of the photo-current, it is
found that the photo-current outputs (in the 3™ quadrant) of the a-SiGe:H TFPDs
strongly depend on the reverse bias voltages. For example, the photo-current outputs
of the photodiodes at -2V are about 7-8 mA/cm?, and the photo-current outputs at —5
V are around 15 - 18 mA/cm’,

The strong dependences of the photo-current outputs on the reverse bias
voltages of the a-SiGe:H thin film photodiode are due to the drift-type photovoltaic
effect as similarly seen the case of a-Si:H thin film solar cell or a-Si:H thin film
photodiode. This means that an external electric field has a strong influence on the
collection efficiency of the photo-generated carriers. The effect is obviously observed
in the case of a-SiGe:H thin film photodiode because of the small mobility and the
small diffusion length of the photo-generated electrons and holes [15]. Figures 5.5
(a) — (c) show the schematic band diagrams of a-SiGe:H TFPD at the thermal
equilibrium, weak reverse bias and strong reverse bias conditions.

In figure (b) , when a weak reverse bias is applied to the a-SiGe:H TFPD, most
of the photo — generated carriers are trapped at the localized states, resulting in a small
output signal. In figure (c), when a strong reverse bias is applied to the a-SiGe:H
TFPD, a lot of the photo — generated carriers can flow to the output, resulting in a big

output signal.
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Figure 5.5 Schematic band diagrams of a-SiGe:H TFPD (a) thermal equilibrium

(b) weak reverse bias and (c) strong reverse bias conditions.
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Figure 5.6 shows the spectra of photo-current outputs of the two a-SiGe:H thin
film photodiodes measured at room temperature. The optical energy gaps of the
a-SiGe:H layers are 1.49 eV and 1.58 eV, respectively. The measurement used the
lock-in amplifier technique. A 150 watt tungsten lamp was used as the light source.
The peaks of the spectra in Figure 5.5 were normalized to become the same height.
The spectrum response of a standard a-Si:H thin film photodiode in which the optical
energy gap of i-layer is 1.89 eV is also shown for comparison.

As can be seen in Figure 5.6, the spectra of a-SiGe:H thin film photodiodes lie
in the longer wavelength regions as compared with that of a-Si:H thin film
photodiode. The a-SiGe:H thin film photodiodes have better responses to the infrared
light in the wavelength of 700-900 nm than a-Si:H thin film photodiode.

1.0 L a-Si:H a-SiGe:H

= -
g | Eope 13{:’ Eopi= 1.58 eV
=
E 0.8 B <« Eopt= 1.49 eV
(=]
=)
= 0.6 |
&
=
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5 -5V
=
3
s 02
(=]
=
A
0.0 I R
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Wavelength (nm)

Figure 5.6 Spectrum responses of a-SiGe:H thin film photodiodes
at room temperature. The spectrum of a-Si:H thin film
photodiode is shown for comparison. E,, denoted the

optical energy gap of each photodiode.
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Summary

The fabrications of infrared light a-SiGe:H thin film photodiodes have been

described. The results are as follows:

1.

The infrared light a-SiGe:H thin film photodiodes were successfully fabricated
by the glow discharge plasma CVD method.

The photocurrent outputs of the a-SiGe:H thin film photodiodes having the
optical energy gaps of a-SiGe:H about 1.49 — 1.58 eV have strong dependences
on the reverse bias voltages. The photocurrent outputs are as high as 15 — 18
mA/cm® at the reverse bias of —5 V under the illumination of 100 mA/cm®
(AM1 solar simulator). These values are comparable to that for the case of a
conventional a-Si:H photodiode.

The a-SiGe:H thin film photodiodes have better responses to the infrared light
with the wavelength of 700-900 nm as compared with that of a conventional
a-Si:H thin film photodiode.

The a-SiGe:H thin film photodiodes are useful in the application of the light
detecting devices in amorphous thin film photocouplers as will be described in

chapter 6.



CHAPTER 6
Structures and Fabrications of Amorphous Thin Film Photocouplers
Consisting of a-SiC:H Light Emitting Diode and a-SiGe:H Photodiode

6.1 Introduction

An amorphous photocoupler is a functional device, which transfers an electrical
signal to an optical signal and also transfers the optical signal back to an electrical
signal. The applications of the device are for example, interfaces for signal transmission,
position and size detectors of moving objects, tape end detectors. It was reported that
amorphous photocouplers consisting of a hydrogenated amorphous silicon carbide p-i-n
thin film light emitting diode (a-SiC:H TFLED) and a hydrogenated amorphous silicon
p-i-n thin film photodiode (a-Si:H TFPD) were fabricated [1]. So far the amorphous
TFPD was made of a-Si:H, therefore it was mostly sensitive to the visible light. For this
reason, the a-SiC:H TFLED must contain the i-a-SiC:H layer which had a large optical
energy gap of more than 2.8 eV so that it could emit visible light (orange to white blue).
However, the a-SiC:H TFLED which possesses such a large optical energy gap needs to
be operated at a high voltage of 20-25 V. '

A possible solution for decreasing the operating voltage of the TFLED is to reduce
the optical energy gap of the i-a-SiC:H layer to about 2.2-2.5 eV. The i-a-SiC:H having
an optical energy gap in this range emits the light from red to near infrared region. At
the same time the optical energy gap of the intrinsic layer in the TFPD has to be
decreased to about 1.5 eV which can be done by using hydrogenated amorphous silicon
germanium (a-SiGe:H) material as the intrinsic layer in the TFPD.

In the previous chapters, the successes on the preparation of undopded a-SiGe:H
having high photo-conductivity and the fabrication of a-SiGe:H TFPD by the glow
discharge plasma CVD have been described,

In this chapter, a brief review on the usefulness of photocouplers will be described
and followed by the presentations of the designs and fabricationé of the amorphous
photocouplers consisting of a-SiC:H thin film light e:mthng diodes and a-SiGe:H thin
film photodiodes. The results will be shown that the amorphous photocouplers can be



operated in the infrared light regions and use lower voltages as 60mpared with the

visible amorphous photocouplers.
6.2 Usefulness of Photocouplers

A photocoupler is a functional optoelectronic device which consists of a light
emitting device and light detecting device in a single sealed package to provide optical
signal transmission. Electrical isolation is provides between input and output, and
induction from external electro-magnetic field is eliminated between circuits of different
impedance levels. As interface elements for signal transmission, photocouplers are
widely used in office and factory automatlion.cquipmcnt, as well as in all kinds of
household appliances. Examples of the applicatioxis are interfaces between logic
circuits, position & size deteetion of moving objects, tape end detection, /O interfaces
for computers, etc. [18]. . Table 6.1 shows some examples of the applications of
photocouplers. Figure 6.1 shows a picture of conventional erystalline photocouplers.

The conventional photocouplers have been made of crystalline semiconductors,
such as GaAs, InP, Si, CdS, etc. so far. The disadvantages of these crystalline
photocouplers are that they are made of expensive materials, small devices, hybrid
devices, needs of different manufacturing té.chnologies, such as Liquid Phase Epitaxy
(LPE) for GaAs and Czochralski (CZ) for Si, ete.

Table 6.1 Examples of applications of photocouplers.

Interface between circuits with different voltages
Video signal transmission

High speed optical switch

Controlling speed of motor

Relay

Detection of telephone signal

Detection of rotation speed (video, laser disc, etc.)
Encoder

Detection of position in mouse

Measurement of size of materials
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Optical communication system

Counting number of materials

Electrography copy machine

Figure 6.1 Picture of conventional crystalline photocouplers.

6.3 Structures of Conventional Amorphous Thin Film Photocouplers

The amorphous photocouplers consisting of a hydrogenated amorphous silicon
carbide p-i-n thin film light em{tting diode (a-SiC:H TFLED) and a hydrogenated
amorphous silicon p-i-n thin film photodiode (a-Si:H TFPD) have been firstly reported
by D. Kruangam et al [1, 16]. Figure 6.2 shows some examples of the structures of
a-SiC:H/a-Si:H photocouplers.—Figure 6.3 showsexamples of .the packages of
amorphous photocouplers, and Figure 6.4 shows the pictures of the amorphous
photocouplers fabricated in the previous works [18].
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Figure 6.2 Structures of a-SiC:H/a-Si:H photocouplers.

Figure 6.3 Examples of packages of amorphous photocouplers,
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Figure 6.4 Pictures of a-SiC:H/a-Si:H photocouplers [18].

6.4 Development of a-SiC:H/a-SiGe:H Photocouplers

So far the amorphous thin film photodiode (TFPD) has been made of a-Si:H.
Therefore, it is mostly sensitive to the visible light. For this reason, the a-SiC:H thin
film light emitting diode (TFLED) had to contain the i-a-SiC:H layer which had a large
0pti¢a1 energy gap of more than 2.8 eV so that it could emit visible light (orange to
white blue color). The a-SiC:H TFLED which possesses such a large optical energy gap
needs the operating voltage as high-as 20-25 V resulting in short operating life time.

A solution for decreasing the operating voltage and also improving the lifetime
of the TFLED is to reduce the opfical energy gap of the i-a-SiC:H layer to about
2.2 -2.5eV. The i-a-SiC:H having the optical energy gap in this range emits red - near
infrared light. And at the same time the optical energy gap of the intrinsic layer in the
TFPD has to be decreased to about 1.4 —1.6 eV, and this can be done by using
hydrogenated amorphous silicon germanium (a-SiGe:H) material as the intrinsic layer
in the TFPD.

In this work, two types of a-SiC:H/a-SiGe:H photocouplers were designed and
fabricated. Figures 6.5 (a) and (b) show the structures of the photocouplers.
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e The photocoupler type (a) consists of an a-SiC:H p-i-n junction TFLED and
an a-SiGe:H p-i-n junction thin film photodiode (TFPD). The TFPD is

operated under a reverse bias voltage. The advantage of type (a) is the fast

response time as compared with type (b). But the magnitude of the output
signal of the TFPD is low due to the low quantum efficiency of the TFPD.

e The photocoupler type (b) consists of an a-SiC:H p-i-n junction TFLED and
an a-SiGe:H photoresistor. The photoresisior needs ohmic contacts and the
operation voltage can be changed in a wide range so that the quantum
efficiency is higher than that of type (a). But the disadvantage of type ‘(b) isa

slow response time as compared with type (a).

. In the sections 6.4.1 and 6.4.2, the fabrications of a-SiC:H TFLEDs and a-SiGe:H
TEPD, respectively, will be presented.
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Figure 6.5 Structures of amorphous photocouplers having an a<SiC:H TFLED as
ared color-near infrared light emitting device. Type (a) uses a-SiGe:H
thin film photodiode as a light detector. Type (b) uses a-SiGe:H
photoresistor as a light detector.
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6.4.1 Fabrication of a-SiC:H Thin Film Light Emitting Diodes

The amorphous photocouplers developed in the work use the a-SiC:H TFLEDs as
light emitting devices. The structure of the a-SiC:H TFLED is the p-i-n junctions of
a-SiC:H as shown in Figure 6.6. The substrate is glass/ITO/SnO,. The back electrode is
Al. The a-SiC:H p-i-n layers were prepared by the glow discharge plasma CVD method
with the conditions shown in Table 6.2. The substrate temperature was 190°C and the

RF power density was 12 mW/em®.

Table 6.2 Fabrication conditions of 2-SiC:H p-i-n junction thin film LEDs (TFLEDs)
by the glow discharge plasma CVD. :

Substrate temperature I 190 °C
RF power density 12 mW/em?
p-a-SiC:H layer Gases CH4+SiH4+B;Hg+H;
' Optical energy gap = 2.0 eV
_ Thickness = 120 angstrom
i-a-SiC:H layer ‘ Gases C;H4+SiH4+H,
“ Optical energy gap = 2.36 eV
| Thickness = 500 angstrom
n-a-SiC:H layer Gases CHy+SiHy+PH;3+H,

Optical energy gap=2.0 eV
Thickness = 500 angstrom
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Figure 6.6 Structure of amorphous silicon carbide (a-SiC:H) thin film light
emitting diede.

Al back electrode

a-SiC:H p-i-n layers

— ITO/Sn0; front electrode

Figure 6.7 Picture of the a-SiC:H thin film light emitting diodes fabricated
on a glass substrate. The white color dots are the back Al electrodes.
The transparent area is the front ITO/SnO, electrode. -

Figure 6.8 shows the I(V) curves of a-SiC:H TFLEDs having different optical
energy gaps of the i-layers. The Eoy denotes the optical energy gap of the i-layer. Itis
interesting to point out that the threshold voltages of the TFLEDs decrease as the optical
energy gaps decrease. For-example, the threshold voltage of the 2.36 eV TFLED is
about 7 V. | _ '

The decrease of the threshold voltage with the decrease of the optical energy gap
of the i-a-SiC:H layer can be in explained as follows. It has been studied and reported in
etails [17] that the carrier injection mechanism in the a-SiC:H TFLED is based upon
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the tunneling of electrons and holes through the notch ban'i;srs at the i/n and p/i
interfaces, respectively because the optical energy gap of the i-layer is wider than those
of the p- and n-layers. If the optical energy gap of the -layer decreases, the tunneling
efficiency of the carriers will increase, and therefore, the voltage necessary for the
tunneling is reduced.

The results in Figure 6.8 suggest that the forward bias voltage for the operation of
the TFLED can be reduced by decreasing the optical energy gap of the luminescent
i-layer. Once when the forward bias voltage is reduced, the operation lifetime of the
TFLED should be extended.

500
a-8iC:H p-i-n TFLEDs
_ 400
5
<
5 300 |
g
5 200 1 Eopt of i-layer =
i 2.36 ¢V
100 + 2.851eV
3.0V
0 5 10 15 20
Voltage (V)

Figure 6.8 I(V) curves of a-SiC:H TFLEDs having different optical
energy gaps of the i-layers. ‘
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Figure 6.9 Room temperature electroluminescent spectra of a-SiC:H TFLEDs.
The parameter is the optical energy gap of the i-layer. Dash lines
denote the extrapolation due to the limitation of the sensitivity of the

measurement system.

Figure 6.9 shows the room temperature electroluminescent spectra of a-SiC:H
TFLEDs. The parameture is the optical energy gap of the i-layer (2.36, 2.8, 3.0 eV).
The spectra of these samples have large full width at half maximum (FWHM) about
0.4 — 0.5 eV. The peak positions of all samples have the photon energies below the
optical energy gaps, because the radiative recombinations of electrons and holes occur at
the deep localized states in the energy gaps.

It has been reported [18] that the a-SiC:H TFLEDs have the cut-off frequency
around 500 kHz. The definition of the cut-off frequency is the frequency at which the
intensity of light is 70% of the value at low frequency. The result implies that the
a-8iC:H TFLED:s can respond fast enough to the pulse current input with the frequency
up to around 500 kHz.



6.4.2 Fabrication of a-SiGe:H Thin Film Photodiodes

The details of the fabrication of a-SiGe:H films, a-SiGe:H thin film photodiodes as
well as the results have been described in details in chapters 2-5. In this section, brief
description on the fabrication of the a-SiGe:H thin film photodiode for the purpose of
the application as a light detector in the photocoupler will be given.

Undoped a-SiGe:H films were prepared by the glow discharge plasma CVD
system from the GeHs, SiH4 and H; gas mixture. The typical preparation conditions of
a-8iGe:H are summarized in Table 6.3. The thicknesses of the p-i-n layers in the thin
film photodiode (TFPD) are 120 A, 1,000 A and 400 A, respectively. Glass/ITO (1,800
A)/Sn0, (200 A) sheets were used as the substrates.

In the case of the a-SiGe:H photoresistors, the thickness of the a-SiGe:H is about
7,550 A. Co-planars of Al electrodes were deposited On.the a-SiGe:H with the 1 mm
distance and 1.7 mm length.

Table 6.3 Preparation conditions of undoped a-SiGe:H films.

Substrate temperature 250°C
Pressure 1-3 torr
Back ground pressure 0.01 torr
RF power density 12 mW/em®

Gases GeH, + SiHy + H;
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6.5 Basic Characteristics of a-SiC:H/a-SiGe:H Thin Film Photocouplers

Figure 6.10 shows the relationship between the photocurrent output of the

a-SiGe:H TFPD and the injection current density of the a-SiC:H TFLED for the

amo'mhous photocoupler type (a) in Figure 6.5. The optical energy gap of the i-a-SiC:H
layer in the TFLED is 2.36 ¢V and the emitting spectrum covers red color to near
infrared regions. The photocurrent output of the TFPD linearly increases from
0.2 pAlem® to 1pA/em? as the injection current density of the TFLED increases from
180 mA/em’® to 500 mA/em®. Therefore, the current transfer ratio (defined as Jou of

TFPD divided by Jiy; of TFLED) of the amorphouS photocoupler is estimated to be about
107 %. ;

=
un
T

Photocurrent Qutput of TFPD
Jont (chml)

0.1 1 1 I 1 t L Lo
100 500 1000

Injection Current of TFLED Jiy (mA/em?)

Figure 6.10 Relationship between the photocurrent output of the a-SiGe:H TFPD
and the injection current density of a-SiC:H TFLED constructed in the
amorphous photocoupler type (a). The distance between the TFLED
and the TFPD is 4 mm. The area of both device is 0.017 cm”. The line

is drawn as a guide for the eyes.
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Figure 6.11 shows the relationship between the photocurrent output and the
applied voltage of the a-SiGe:H photoresistor (Eqp = 1.49 eV) used in the amorphous
photocoupler type (b) in Figure 6.5. The parameter in the Figure is the injection current
density of the a-SiC:H TFLED. The distance between the TFLED and the photoresistor
is 2 mm. It is found that the photocurrent output of the a-SiGe:H photoresistor has
a strong and linear dependence on the applied voltage of the photoresistor. It is
interesting to point out that one feature of the photoresistor is that the gain of the output
(defined as the ratio of photocurrent to dark current) can be enlarged by increasing the

voltage applied to the photoresistor.
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Figure 6.11 Relationship between the photocurrent output and applied voltage of
a-SiGe:H photoresistor which is illuminated by the light from a-SiC:H
TFLED. The distance between the photoresistor and the TFLED is 2 mm.
The parameter is the injection current density of the a-SiC:H TFLED.
The lines are drawn as guides for the eyes.

Although the brightness of the a-SiC:H TFLED is still as'low as 0.1 L 1 cd/m’
which is too low for any application as a display, it is shown in the work that the
a-SiC:H TFLED can be applied as a light source of a phétocoupler. As seen in chapter 5
and as will be described in chapter 7, even though the a-SiGe:H TFPDs have very poor
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photovoltaic characteristics, the TFPDs can give high photocurrent output density when
they are operated with reverse bias conditions.

In the previous works [18], the optical energy gap of the i-a-SiC:H layer in the
p-i-n junction TFLED was as large as 3.0 eV, which caused the operating lifetime of the
TFLED was as short as several minutes. On the other hand, since the optical energy gap
. of the i-a-SiC:H layer of the TFLED in the work has been reduced to be only 2.36 eV,
the operating lifetime of the TFLED and therefore of the amorphous photocoupler has
been largely improved to be several hours and days.

Summary

New types of amorphous photocouplers consisting of a-SiC:H thin film light
emitting diodes, a-SiGe:H thin film photodiodes and a-SiGe:H photoresistors have been

developed. The resulis can be summarized as follows:

1) New types of amorphous photocouplers consisting of a-SiC:H thin film light
emitting diodes, a-SiGe:H thin film photodiodes and a-SiGe:H photoresistors
had been developed.

2)  The operating voltage of the a-SiC:H TFLEDs was decreased by using a-SiC:H
with the small optical energy gap of 2.36 eV.

3)  The lifetime of the a-SiC:H TFLEDs has been improved by using small optical
energy gap a-SiC:H. |

4)  These two types of photocouplers operates in the infrared light range since the
a-SiGe:H TFPD and a-SiGe:H photoresistor had the spectral responses in
700-900 nm. _ . .

5)  The current transfer ratio (defined as Jo, of TFPD deviced by Jinj of TFLED) of
the amorphous photocoupler using a2 TFPD was estimated to be about 107 %.

6)  High Hy gas flow ratio and high substrate temperature at 250 °C were the key
technologies to achieve a-SiGe:H with excellent photoconductivity. .

7) It is expected the a-SiGe:H thin film- photodiodes and the amorphous
photocouplers proposed in the work will be useful in various optoelectronic

applications.
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8)  In the next chapter, a-SiGe:H thin film will be applied as the active layer in the
amorphous thin film solar cell. Some results of the preliminarly experiments
including the output characteristics will be presented and discussed.
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Chapter 7

Conclusions

A series of experiments on the study of the basic properties of a-SiGe:H thin
films has been done. The a-SiGe:H was applied as an intrinsic active layer in infrared
light amorphous thin film photodiode. The a-SiGe:H thin film photodiode was
employed as the light detecting device in the amorphous photocoupler. The

conclusions of the work are as follows.

1. A-SiGe:H thin films were successfully fabricated by the glow discharge plasma
CVD method using SiH4, GeHy as the reactive gases and H, as the diluent.

2. According to the results of the infrared absorption spectra, it is found that there are
several atomic bonding in a-SiGe:H, e.g., Si-Hy, Ge-Hy, Si-Ge, etc. The increase
of Ge contents can be achieved by increasing the gas flow rate ratio of
GeH4/(GeH4+SiHy).

3. The optical energy gap of a-SiGe:H decreases from about 1.8 eV to 1.1 eV as the
ratio of x = GeH4/(GeH4+SiHy) increase from 0.09 to 0.83. These results show
that the optical energy gaps of a-SiGe:H can be widely changed by adjusting the
ratio of x.

4. The results of the measurement of ESR show that the dangling bond density in
a-SiGe:H increases as the gas flow rate ratio x = GeH/(GeH4+SiH4) increases
(also as the Ge contents increase). Therefore, the photo-conductivity of a-SiGe:H
decreases as the optical energy gap decreases.

5. The dark-conductivity of undoped a-SiGe:H increases from 10™° to 10 S/cm as
the gas flow rate ratio x = GeHa/(GeH4+SiHy) increases from 0.09 to 0.83. The
increase of the dark-conductivity with Ge contents, is due to the decrease of the
optical energy gap of a-SiGe:H and the shift of Fermi level towards the conduction
band.

6. The ratio of photo-conductivity to dark-conductivity (G,n/cp) is in the order of 10°
only when the ratio of GeHs/(GeH4+SiHy) is as small as 0.09. The ratio of cyn/op
drastically decreases to less than 10 when the ratio of GeHs/(GeHs+SiHy) is

greater than about 0.5. The large decrease of the o,n/op with increasing
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GeH4/(GeH4+SiHy) is considered to be due to the large increase of the dangling
bond density in a-SiGe:H.

The improvement of photo-conductivity of a-SiGe:H was done by the
optimization of substrate temperature. The optimal substrate temperature for high
photo-conductivity a-SiGe:H was about 250 °C. The dark- and photo-
conductivities of the a-SiGe:H prepared at 250 °C were 10 S/cm and 10” S/cm,
respectively. These give the ratio of opn/op as high as 10%.

The optical energy gap of a-SiGe:H decreases from 1.63 eV to 1.50 eV as the
substrate temperature increases from 190 °C to 350 °C.

A-SiGe:H having small optical energy gaps and high photo-conductivities can be
obtained by mixing Hs in the reaction gases; GeHs+SiHs. The optimal H, gas
flow rate ratio (H,/(GeH4+Si1H4)) was found to be about 20-30.

The infrared light a-SiGe:H thin film photodiodes were successfully fabricated by
the glow discharge plasma CVD method.

It has been found that the photo-current outputs of the a-SiGe:H thin film
photodiodes have strong dependence on the reverse bias voltages. The
photo-current outputs are as high as 18 mA/cm” at the reverse bias of —5 V under
the illumination of 100 mA/em” (AM1 solar simulator). The a-SiGe:H thin film
photodiodes have better responses to the infrared light with the wavelength of
700-900 nm as compared with a conventional a-Si:H thin film photodiode.

New types of amorphous photocouplers consisting of a-SiC:H thin film light
emitting diodes, a-SiGe:H thin film photodiodes and a-SiGe:H photoresistors have
been developed. The photocouplers operates in the infrared light range since the
a-SiGe:H photodiode and photoresistor have the high spectral responses in the
range of 700-900 nm.

The current transfer ratio-(defined as Jo,¢ of TFPD-devided by Jiy;of TFLED) of
the amorphous photocoupler was estimated to be about 10 %.

It is expected the a-SiGe:H thin film photodiodes and the amorphous
photocouplers developed in the work are useful in various optoelectronic

applications.
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Amorphous Silicon Germanium Solar Cell

1 Introduction

In chapters 2-6, a series of study on the preparation of a-SiGe:H and
applications of a-SiGe:H as the active layer in an amorphous thin film photodiode as
well as in an amorphous thin film photocoupler have been described. However, it is
interesting to check the possibility of the application of a-SiGe:H as the active layer in
an amorphous silicon based solar cells.  In this chapter, the result of a preliminary
experiment on the application of a-SiGe:H in a solar cell is presented.

Hydrogenated amorphous silicon (a-Si:H) solar cells have been firstly
developed by Wronski and Carlson in 1976 [19]. In Thailand the first a-Si:H solar
cell was fabricated at the Semiconductor Device Research Laboratory in 1989 and the
conversion efficiency was about 7% [20]. ~ Since a-Si:H has the optical energy gap
around 1.7 — 1.8 eV, the a-Si:H solar cells have the maximum collection efficiency at
the wavelength around 550 — 600 nm. The longest wavelength that a-Si:H solar cells
respond to the solar light is about 800 nm. One method to improve the conversion
efficiency of amorphous silicon based solar cells is to design solar cells that can
absorb the infrared light having the wavelength longer than 800 nm and stacked the
visible light solar cells and the infrared light solar cells as a tandem structure (vertical
multi-layers).

As described in chapters 2-6, hydrogenated amorphous silicon germanium
(a-SiGe:H) is one of the amorphous silicon alloys that has small optical energy gap
and has reasonable photo-conductivity. Therefore, it is interesting to study the
fabrication technology of a-SiGe:H based solar cells. - In this chapter, the fabrication

of amorphous solar cells having a-SiGe:H as an active layer will be described.
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2 Structure and Fabrication of a-SiGe:H Solar Cells

The structure of a-SiGe:H solar cell fabricated in the work is shown in Figure 1.
The p-a-SiC:H (E, = 2.0 eV) was used as the front wide window layer. The
n-microcrystalline Si:H (Eqp = 1.9 €V) was used as the back n-layer. Glass/ITO/SnO,
was used as the substrate. Aluminum was deposited to the top as the back contact
electrode. The thickness of each layer is mentioned in the Figure. Some preparation
conditions by the glow discharge plasma CVD method is shown in Table 1. Figure 2
shows an example of the fabricated a-SiGe:H solar cells. Figure 3 shows the
configuration of the measurement system of the conversion efficiency of solar cells

using a computer and solar simulator.

—— Al
~——— n-pe-Si:H (500 A)
i-a-SiGe:H (5,000 A)
— p-a-SiC:H (120 A)
> ITO/Sn03(2,000 &)
Light Glass substrate

Figure 1 Structure of a-SiGe:H thin film solar cell.

Table 1 Preparation conditions of a-SiGe:H thin film solar cells by

the glow discharge plasma CVD.

Layers Thickness (A)  Substrate temperature (°C) Gases
p-a-SiC:H 200 190 SiH4+B,He+H;
1-a-SiGe:H 5,000 250 SiH4+GeH4+H;

n-pc-Si:H 500 190 SiH4+PH3+H;
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ITO/SnO; front electrode
a-SiGe:H p-i-n layers
Al back electrode

Figure 2 Photograph of the example of a-SiGe:H thin film solar cells.

Voltage Source
KRATOS

Xenon Lamp and Filter

Glass —__

ITO—
p-i-n —

Printer

o

Computer

=

Power Supply/Direct Current

Al |

Figure 3 Configuration of the measurement system of the conversion efficiency

of solar cells using a computer and a solar simulator.

3 Results

The output characteristics of the a-SiGe:H solar cell are as follows:

Conversion Efficiency =0.25%
Fill factor =22.05%
Short circuit current  Jg =2.25 mA/cm?

Open circuit volatge V. =0.51 V.
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The very low output characteristics of the a-SiGe:H solar cell are due to the low
photo-conductivity of the a-SiGe:H. However, it is expected that at the technology
level, it the thickness of the i-a-SiGe:H layer is optimized, the conversion efficiency

of the a-SiGe:H solar cell will be improved.

3

Conversion Efficiency = 0.25 %
Fill Factor = 22.05 %
Jse = 2.25 mA/cm’
Vo =0.51V

a-SiGe:H solar cell

Cuurent Output (mA/cm?)

0 0.2 0.4 0.6 0.8 1.0
Voltage Output (V)

Figure 4 Relationship between J(mA/em?) and Voltage of solar cell which
i-layer was a-SiGe:H of the condition SiH4:GeH, = 50:5.

Summary

1)  An a-SiGe:H solar cell was fabricated by the glow discharge plasma CVD
method.

2)  The output characteristics of the preliminary experiment are as follows:
conversion efficiency = 0.25%, fill factor =22.05 %, J,.=2.25 mA/cm?® and
Voo =0.51V.

3)  The poor properties of the a-SiGe:H thin film solar cell were due to the high
density of dangling bonds in the i-a-SiGe:H and the interface states between
the p-a-SiC:H and i -a-SiGe:H layer.

4) The conversion efficiency is expected to be improved through the
optimization of the thickness of the a-SiGe:H layer. (There are also some

other technologies).
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Amorphous Silicon Germanium Solar Cell

1 Introduction

In chapters 2-6, a series of study on the preparation of a-SiGe:H and
applications of a-SiGe:H as the active layer in an amorphous thin film photodiode as
well as in an amorphous thin film photocoupler have been described. However, it is
interesting to check the possibility of the application of a-SiGe:H as the active layer in
an amorphous silicon based solar cells.  In this chapter, the result of a preliminary
experiment on the application of a-SiGe:H in a solar cell is presented.

Hydrogenated amorphous silicon (a-Si:H) solar cells have been firstly
developed by Wronski and Carlson in 1976 [19]. In Thailand the first a-Si:H solar
cell was fabricated at the Semiconductor Device Research Laboratory in 1989 and the
conversion efficiency was about 7% [20]. ~ Since a-Si:H has the optical energy gap
around 1.7 — 1.8 eV, the a-Si:H solar cells have the maximum collection efficiency at
the wavelength around 550 — 600 nm. The longest wavelength that a-Si:H solar cells
respond to the solar light is about 800 nm. One method to improve the conversion
efficiency of amorphous silicon based solar cells is to design solar cells that can
absorb the infrared light having the wavelength longer than 800 nm and stacked the
visible light solar cells and the infrared light solar cells as a tandem structure (vertical
multi-layers).

As described in chapters 2-6, hydrogenated amorphous silicon germanium
(a-SiGe:H) is one of the amorphous silicon alloys that has small optical energy gap
and has reasonable photo-conductivity. Therefore, it is interesting to study the
fabrication technology of a-SiGe:H based solar cells. - In this chapter, the fabrication

of amorphous solar cells having a-SiGe:H as an active layer will be described.
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2 Structure and Fabrication of a-SiGe:H Solar Cells

The structure of a-SiGe:H solar cell fabricated in the work is shown in Figure 1.
The p-a-SiC:H (E, = 2.0 eV) was used as the front wide window layer. The
n-microcrystalline Si:H (Eqp = 1.9 €V) was used as the back n-layer. Glass/ITO/SnO,
was used as the substrate. Aluminum was deposited to the top as the back contact
electrode. The thickness of each layer is mentioned in the Figure. Some preparation
conditions by the glow discharge plasma CVD method is shown in Table 1. Figure 2
shows an example of the fabricated a-SiGe:H solar cells. Figure 3 shows the
configuration of the measurement system of the conversion efficiency of solar cells

using a computer and solar simulator.
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~——— n-pe-Si:H (500 A)
i-a-SiGe:H (5,000 A)
— p-a-SiC:H (120 A)
> ITO/Sn03(2,000 &)
Light Glass substrate

Figure 1 Structure of a-SiGe:H thin film solar cell.

Table 1 Preparation conditions of a-SiGe:H thin film solar cells by

the glow discharge plasma CVD.

Layers Thickness (A)  Substrate temperature (°C) Gases
p-a-SiC:H 200 190 SiH4+B,He+H;
1-a-SiGe:H 5,000 250 SiH4+GeH4+H;

n-pc-Si:H 500 190 SiH4+PH3+H;
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Figure 2 Photograph of the example of a-SiGe:H thin film solar cells.
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Figure 3 Configuration of the measurement system of the conversion efficiency

of solar cells using a computer and a solar simulator.

3 Results

The output characteristics of the a-SiGe:H solar cell are as follows:

Conversion Efficiency =0.25%
Fill factor =22.05%
Short circuit current  Jg =2.25 mA/cm?

Open circuit volatge V. =0.51 V.
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The very low output characteristics of the a-SiGe:H solar cell are due to the low
photo-conductivity of the a-SiGe:H. However, it is expected that at the technology
level, it the thickness of the i-a-SiGe:H layer is optimized, the conversion efficiency

of the a-SiGe:H solar cell will be improved.
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Figure 4 Relationship between J(mA/em?) and Voltage of solar cell which
i-layer was a-SiGe:H of the condition SiH4:GeH, = 50:5.

Summary

1)  An a-SiGe:H solar cell was fabricated by the glow discharge plasma CVD
method.

2)  The output characteristics of the preliminary experiment are as follows:
conversion efficiency = 0.25%, fill factor =22.05 %, J,.=2.25 mA/cm?® and
Voo =0.51V.

3)  The poor properties of the a-SiGe:H thin film solar cell were due to the high
density of dangling bonds in the i-a-SiGe:H and the interface states between
the p-a-SiC:H and i -a-SiGe:H layer.

4) The conversion efficiency is expected to be improved through the
optimization of the thickness of the a-SiGe:H layer. (There are also some

other technologies).
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