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Abstract

This thesis was divided to 2 parts. In the first part, p-type Si/n-type R-FeSi,
heterojunctions were formed by employing radio frequency magnetron sputtering at
a temperature for substrate of 560 °C. To compute the junction parameters, the
measurement of dark current density-voltage (~V) was carried out at low
temperatures between 20 K and 300 K. From the computation by thermionic
emission (TE) theory, the ideality factor (n) values were found to be 1.71 at 300 K
and 16.83 at 20 K. The barrier height (¢,) values were 0.59 eV at 300 K and 0.06 eV at
20 K. Both n and ¢, values, which were computed by TE theory, were consistent
with those computed by means of Cheung and Norde. The series resistance (R,)
values computed by means of Norde were 10.93 Q at 300 K and 0.15 MQ at 20 K.
These figures were consistent with those computed by means of Cheung. In the
second part, p-type Si/i-UNCD/a-C/n-type NC-FeSi, heterojunctions, which were
formed by pulsed laser deposition as well as coaxial arc plasma deposition, were
measured the dark &V at different temperatures to compute the junction
parameters. Based on TE theory, the n value was found to be 1.12 at 300 K. [t
increased to 5.44 when the temperature decreased to 80 K. The ¢, value was 0.69 |
eV at 300 K and decreased to 0.20 eV at 80 K. These values approximately equal to
those computed by means of Chueng and Norde. According to the computation by
means of Chueng, The R, values were 300.88 © and 4.29 MQ at 300 K and at 80 K,

respectively. These were in agreement to those computed by means of Norde,
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Cha’pter 1
Introduction

1.1 Background

Previous reports from a variety of researchers stated that iron disilicide (FeSiz)
in orthorhombic phase (3) has been discussed as an innovative candidate for the low-

cost optoelectronic devices operating in a wavelength range of near-infrared (NIR) [1-
3]. It is owning to its distinctive optical features such as a large optical absorption
coefficients [4,5]. It has also been found to have an indirect energy gap of 0.74 eV,
which is below the direct energy gap of 0.85 eV. These energy gaps are relevant to
the wavelength ranges for the optical fiber telecommunication (between 1.3 and 1.55
m) [6,7]. The vital feature for -FeSi; is the possibility to form epitaxial layer on Si

with 2-5% lattice mismatches [3,5,6]. It is well known that its compound consists of
nontoxic Fe and Si elements that are abundant in nature [8]. Another interesting
candidate is FeSi; in nanocrystalline (NC) structure that has the crystalline diameter
of approximately 5 nm. lt has been reported that it was found to possess the physical
features nearly to [(-FeSi; including FeSiy in amorphous form [9]. The interesting

properties of NC-FeSi; are that it is capable to be formed on various solid substrates

at room temperature. Additionally, its optical absorption coefficients is larger than
that of 3-FeSi; [10,11]. For these reasons, it has been discussed as a potentially

innovative material for Si-based optoelectronic applications.  Recently, many
researchers reported the creation of heterojunction comprising Si wafer and FeSi, thin
films including the application of these heterojunctions to photodiode [9-111
However, there has been a few researches to study the estimation for their important

junction parameters.
Hence, the aim for the current study is the estimation of the junction parameters
for the B-FeSi/Si and NC-FeSiy/ instrinsic ultrananocrystalline diamond/amerphous

carbon composite (i-UNCD/a-C)/Si heterojunctions created by means of physical vapor
deposition (PVD). Their junction parameters as a function of temperature were

characterized and discussed in detail.



1.2 Research aims

® To form the [-FeSiy/Si and NC-FeSiy/i-UNCD/a-C/Si heterojunctions by PVD

technigue.

® To estimate the important junction parameters such as ideality factor (n),
barrier height (¢o), and series resistance (R} from the current-voltage (-}
curves based on the Thermionic emission theory (TE), Cheung’s and Norde’s

methods.

® To study the characteristic of the junction parameters as a function of

temperature.

1.3 Scope of research

¢ The [3-FeSix/Si and NC-FeSiy/i-UNCD/a-C/Si heterojunctions were created by

PVD technique.
® The vital heterojunction parameters at low temperatures were computed and

analyzed by TE theory, Cheung’s and Norde’s methods.



1.4 Research organization

Table 1.1 Research Procedures

Procedures

Period (month)

May -July

Aug-Oct

Sep-Dec

Jan-Apr

Study literatures relate to the

research aims

Form the [(-FeSi,/Si and NC-
FeSio/i-UNCD/a-C/Si junctions

rF 3

A 4

Measure the /-V characteristics

at low temperatures

4+

Compute the

parameter from -V curves

junction

A 4

A

Write the master thesis

1.5 Expectation

® F[xpose the junction parameters of the 3-FeSi,/Si and NC-FeSio/i-UNCD/a-C/Si

heterojunctions.

® Understand the characteristics of the junction parameters of [3-FeSiz/Si and NC-

FeSi,/i-UNCD/a-C/Si heterojunctions. at low temperatures.

® (Compare the junction . parameters .computed by TE theory with those

computed by Cheung’s and Norde’s methods to check the consistency.




Chapter 2

Theory and Related Research

2.1 Chapter overview

This chapter presents the details of theory and related research concerning the
current thesis. The author will present initially the features of 3- and NC-FeSi, After

that, the discussions concerning to heterojunctions will be presented in sequence.
Finally, the author describes the meaning of the important junction parameters and
method from several researchers in order to compute junction parameters.

2.2 B-FeSi; properties

The phase diagram of Fe-Si system is displayed in Fig. 2.1. In the Fe-Si phase
diagram, there are silicide phases as follows: FesSi (cubic), FepSi (cubic), FesSis
(hexagonal), &-FeSi (cubic), R-FeSiz (orthorhombic), and O-FeSi; (tetragonal) [12].

Weight Percent Silicon
9 10 o ¥ b %0 %0 | b B0, B0 I00
T . T T T T T T Y

1300 -]

1300 <

1100

Temperature °c

o 1 2 0 4o 50 0 70 % % 100
Fe Atomic Percent Silicon si

Figure 2.1 Fe-Si phase diagram [12].

For disilicide (FeSi,) composition as shown in the range of atomic percent silicon
between 65 and 70 in Fig. 2.1, there are 3 phases such as tetragonal Q-FeSi,
orthorhombic (3-FeSi;, and cubic y-FeSi,. The O-phase is a compound that can be

grown at a high temperature. It is stable in the temperature range from 950°C to the



melting point. The B-phase is transforms into the 0-phase when the temperature is

more than 970 °C and is stable below 937 °C. Among the disilicide phases, only
orthorhombic B-FeSi; phase possesses semiconducting properties [12].

The [3-FeSi, structure is shown in Fig. 2.2, Its lattice constants are a = 0.986 nm,

b =0.778 nm, and ¢ = 0.788 nm. The orthorhombic structure consists of 48 atoms in
the primitive cell (Si 32 atoms and Fe 16 atoms) {14].

(2=9.86A, b=7.79A, ¢ =7.83A)

¢

Q si

Figure 2.2 Unit cell for 3-FeSi, structure [14].

Previously, T. Yoshitake, et al. [16] reported the values of direct and indirect
band gap of f-FeSi,. These band gaps were determined by using optical absorption

spectrum of p-FeSi; layer formed utilizing facing-targets direct-current sputtering
(FTDCS) as shown in Fig. 2.3. According to the results, both direct and indirect band
gaps were determined approximately 0.85 and 0.75 eV, respectively, as depicted in the

inset in Fig. 2.3. These determinations were consistent with those determined by M.C.
Bost, et al. [4], H. Udono, et al. [17], and E. Arushanov, et al. [18].
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Figure 2.3 Optical absorption spectrum of (3-FeSi; layer compared with the Si wafer.

The inset is the plots of (Ex@)* and (Ex0)"? versus photon energy to
determine the band gaps [16].

J. E. Mahan, et al. [21] reported that the growth of 3-FeSi; on Si(001) wafer had

a lattices mismatch of 2.1%. They studied the epitaxial layers of f3-FeSi; on Si(111) [22].
For the growth of [-FeSi; on Si(111), the heteroepitaxial relationship were
FeSix(110)/Si(111) and FeSi101)/5i(111) as depicted in Fig. 2.4 (a} and (b), respectively.
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Figure 2.4 Lattice matching of 3-FeSi; to the Si{(111) for the epitaxial relationship in the
case of (a) FeSiy(110)/5i(111) and (b) FeSix{101)/Si(111) [22].

Several researchers studied in epitaxial growth of f3-FeSi; layer Si(111) wafer

[16,23-27]. Even though there are many accomplishments in the formation of the



epitaxial growth B-FeSi; on Si(111) by several processes, these preparing processes such

as molecular beam epitaxy and reactive deposition epitaxy required a post annealing

at temperatures of 800 °C in order to transform phase from o to 8 [28]. This results in

accelerating the Fe atoms to diffuse into Si sides. The diffused Fe atoms in Si
potentially created a deep trap level in the Si. This could behave as a leakage center
for current rectifying behavior in the junctions [29]. This is that why the heterojunctions
created by such methods were not exhibited a rectifying action. Hence, the epitaxial

growth of 3-FeSi; on Si wafers at low temperatures should be better.

T. Yoshitake, et al. utilized facing-target direct-current sputtering (FTDCS) for

epitaxial growth of (3-FeSiz layer on Si(111) wafers at-a substrates temperature lower
than 800 °C in order to overcome such problem. They confirmed that the 3-FeSi, layer

formed by FTDCS was epitaxially grown on Si(111) wafer [16]. In a previous study, we
achieved the ‘epitaxial growth of R-FeSi, layer on Si(111) wafers at a substrates
temperature of 560 °C by radio frequency magnetron sputtering (RFMS) [31]. According
to our experimental results, we confirmed that the (3-FeSi; layer were grown epitaxially

on Si(111) wafer and the formed n-type [-FeSix/p-type Si heterojunctions was studied

the NIR photodetection' properties. Our heterojunctions showed a good rectifying
action and the NIR photodetection was evidently enhanced at low temperatures as

shown in Fig. 2.5.

: Lt
3 -'.. 1
. illumination (300 K) 3
o~
5 [ dark (300 K) bt
< ‘
S a0
=107 =
@ illurnination (50 K) "Mﬂ
0 0
° %,
£ =
5 :
S :-c"--‘p—.,....'.. -
[ dark (50K) e
—10 1 1
10735 - 0 1
Voltage (V)

Figure 2.5 The measured dark and illuminated J-V at room temperature and 50 K for
the heterojunctions formed by RFMS [31].



2.3 NC-FeSi, properties

T. Yoshitake, et al. accomplished in preparation of NC-FeSi, layer on Si(111)
wafer by utilizing pulsed laser deposition (PLD) [34]. According to their report, NC-FeSi;
layer was found to have a smooth surface. It had a crystalline diameter of
approximately 5 nm, which confirmed by Dark-field TEM image as shown in Fig. 2.6.
The carrier density of the films was around 10" cm™, which is larger than that of -

FeSi,. Moreover, they found that the NC-FeSi; layer possessed a direct optical band
gap of approximately 0.87 eV, which is nearly same that reported by M. Milosavlijevic
et al [32]. Besides, this value was almost equal'with that of 3-FeSi,. K. Takarabe, et al.

reported that the optical absorption coefficient of NC-FeSi, was larger than that of 3-

FeSi; {35]. Recently, the NC-FeSi, was utilized in application of optoelectronic devices
by some research groups [9,11,36-37].

Figure 2.6 Dark-field TEM image for NC-FeSi, layer created by PLD [34].

Previously, we successfully formed n-type NC-FeSiy/i-UNCD/a-C/p-type Si
heterojunctions by utilizing PLD and coaxial arc plasma deposition (CAPD) [39]. The
heterojunctions have been characterized the electrical properties at low temperatures.
They showed a large leakage current at 300 K and it decreased at low temperatures.
Also, the leakage current was reduced when compared with p-n heterojunctions
created by PLD. We demonstrated that the NIR photodetection for the heterojunctions
was improved at low temperatures. Figure 2.7 showed the improvement of the
photocurrent for the heterojunctions at low temperatures.
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Figure 2.7 The J-V of heterojunctions -measured in the dark and under illumination at
300 K and 60 K'[39].

2.4 Heterojunctions [40-42]

A heterojunction is a formed p-n junction by two different semiconductors [40].
Heterojunction devices are more complicated than. homojunctions owing to the
different band gaps and electron affinities. These result in discontinues, which occur a
spike in the band bending called band offset. If the spike is large enough, it acts as a
barrier, which effects the current yield. There are three types of heterojunction which

are shown in Fig. 2.8.

EC
Ec EC n..type
A3
n-type p-type n-type [
] ~_C Ol Pyps p-type
E, E, |

€) (b) (©)

Figure 2.8 Three types of heterojunctions according to band gap alignment including

(a) Type 1 (Straddling), (b) Type 2 (Staggered) and (c) Type 3 (Broken).

The transport models for heterojunctions are a development of original models
for homojunctions. As seen in Fig.2.9, a spike in the band edges arises from result of
different band gaps (£ 2), electron affinities (¥;2) and work function (¢, of two

different  semiconductors. The conduction band discontinuity 'and valance band
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discontinuity can be computed by Anderson's Rule. As can be seen in Fig.2.9, the

difference of electron affinities for two semiconductors gives conduction band offset,
AE =22 » (2.1)
in the same way, the valance band discontinuity is given by
AE,=E,-E, -AE, =AE, - AE, , (2.2)

Band offsets of the heterojunction creates extra barrier in the junction. This
barrier increases the recombination of the photo-generated charges. Thus, to minimize
the band offset that effects on carrier flow in a heterojunction, AE, has to be minimize

by choosing closer electron affinity and band gap.

Vacuum level

axi N

q(bl q¢2

Figure 2.9 Energy band diagram of a heterojunction at thermal equilibrium condition.

Previously, M. Shaban, et al.. demonstrated the energy band diagram of n-type
-FeSiz/p-type Si heterojunction [41]. The electron affinity and band gap of [-FeSi;
were 3.86 eV and 0.85 eV, respectively. The electron affinity and band gap of Si were
4.05 eVand 1.12 eV, respectively [41-42]. From these values, the estimation of valance

band offset of 3-FeSi/Si heterojunction is depicted as shown in Fig. 2.10.
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Figure 2.10 Energy band diagram of n-type f3-FeSiy/p-type Si heterojunction [41].

In Fig. 2.10, the spike is clearly observed in the valence band, resulting in
negative yields from transport mechanism of the carriers. Based on the complex
transport mechanism of heterojunction, there is also lattice mismatch problem in
between two different semiconductors. This effects to the occurrence of interface
states in junction, acting as recombination centers, and enhancing the tunneling
current {41]. These actions were a big problem specifically photodiode and
photovoltaic devices. However, the benefits of heterojunction structure overcome
these problems due to flexible band gap arrangement. For example, capability allows
us to choose a high band gap optically transparent window layer, which is utilized in
creating solar cell devices. This could help reducing the recombination at the front
electrode. Besides, this enhances the short wavelength spectral response and increase

photo-generated current.

2.5 Thermionic emission (TE) theory [40, 43-44]

Current flow mechanissn  across junction of rectifying devices such as
conventional diode can be described by TE theory as followed [40]

J=J, {exp(%] - 1}, (2.0)

where V, J, T, k, g, n and Jp are the applied voltage across the heterojunction, the
current density, the temperature, Boltzmann’s censtant, the electron charge, the
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heterojunction ideality factor and the saturation current density, respectively. When
the Jgis computed, the ¢, value can be computed by the following equation:

Jo=AT? exp(_—k%ﬁ’—)- (2.5)

Based on Eq. (2.4) for the V higher than 3k7/q, the n can be computed from the slope
of the linear part of (nJ-V as follows:

a2 4V _4q 1 (2.6)
kT d(InJ) kT slope

An estimation of the n value following Eq. (2.6) can indicate the characteristics of the
carrier conduction mechanisms in a junction. However, the estimated value of n also
depends on the chosen range of bias voltage. Therefore, the calculation of n as the
functions of temperature should determine the bias range, in order to fit the slope, to

be the same range for each temperature range,

2.6 Cheung’s method [45]

For the current thesis, the R; was computed by utilizing the methods
developed by several researchers group. The author would like to introduce Cheung
method to estimate the R;. According to Cheung’s proposal, the forward /-V
characteristics of a schottky diode obeying the thermionic emission model are given
by Eq. 2.4. The effect of the R, is usually modeled with a series combination of a diode
and a resistor with resistance through which the current flows. The voltage Vi across
the diode can then be expressed in terms of the total voltage drop V across the series
combination of the diode and the resistor. Therefore, V = V; - IR, and for Vy > 3kT/q,
Eq. 2.4 becomes j = Jolexplg(V — IR) /nkT) — 1]. This equation was differentiated and

rearranged as expressed below [45]:

av___ LR (2.7)
d(in J) ‘ q

and,

H(J)=ARJ +ng, =V—%1n[/lé,2], (2.8)

where R;, ¢b, A" and A are series resistance, barrier height, Richardson’s constant of
semiconductor (for FeSi,, A = 58.8) and area of junctions, respectively.
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2.7 Norde’s method [46-48]

On the basis of ideal Schottky-barrier diode equation, for the range of bias
voltage kT/q << V << R, difficulties will arise, however, if the base material presents a
series resistance to the diode because if R; is large, this bias voltage range will be too
small to give a reliable value of /. Besides, on conventional equation, it forces us to
choose the range of bias voltage at the small value of V. This results in that
recombination current in the diode maybe a significant part of the total current, making
the fp value still more unreliable. The problem with a series resistance in many cases
be avoided by using a relationship developed by Norde as shown below [46-48]:

F(V):K—Eh{ sz (2.9)
¥ g \AT

where V, is the applied bias voltage, / is the voltage-dependent forward current
density, T is the temperature, and ¥ is the first integer more than the n value.

Both @, and R;values could be computed by estimation of the minimum point
of AV}-V as the following equation:

4y = F, +%—"’—T, (2.10)
q

where A{Vp) is the minimum of AV), and V; is the corresponding voltage, and

KT
) 2.11
R, =(y n)qJ.A, (2.11)

where A is the area of the heterojunctions and Jmn is the corresponding current density.

2.8 Junction parameters [39-41, 49-50, 52]

2.8.1 Dark current

In electronic engineering, dark current is the small current that flows
through devices such as photodiode when no photons enter the device. It is referred
to as reverse bias leakage current in non-optical devices and is present in all diodes.
Physically, the dark current components are (i) the recombination current in the
neutral regions, (i) the recombination current in the space charge region and (i) the
recombination current at the interface states between the two materials of
heterojunction.
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2.8.2 Ideality factor (n)

n is a parameter that indicates the possible carrier transportation mechanism

across a junction. The meaning for each n values can be expressed as follows:

A diffusion process exists in the junction in the case of n value equals to one
{n = 1). If n is greater than one and lower than or equal to two (1 < n < 2), a generation-
recombination (G-R) process exists in the junction. The existence of defects in
semiconducting layer possibly generates deep energy levels in the bandgap, which
could behave as recombination centers. For this reason, the weak response of NIR light
for application in photodiode is likely due to the recombination of photocarriers at the
heterojunction interface. If n is greater than two (n > 2), a tunneling process is
dominant. This is because of the existence of interface states at the heterojunction

interface.

2.8.3 Barrier height (@)

the @y is a potential energy barrier for charges formed at a junction. The barriers
have rectifying characteristics, suitable for use as a diode. In the case of MS junctions,

the ¢, at steady state depends on the combination of metal and semiconductor.
2.8.4 Series resistance (R,)

Ordinarily, the R is the vital parameters that affects to the electrical
characteristics of junctions. this should be low as possible. In general, it can arise from
the different sources, for instance, the contact made by the probe wire to the
electrodes, the back contact, a dirt film or particulate matter between the back contact
and pedestal, the resistance of the guasi-neutral bulk semiconductor and an extremely

nonuniform doping distribution in doped material.
2.8.5 Interface state density (Ng)

Based on MS structure, the interface states are the order of atomic dimensions
and located between the metal and the semiconductor. The interface states create
strong quantum dipoles between the metal and the semiconductor. These quantum
dipoles create very large electric field at the junction and can alter the significant
armount of potential within the range of atomic length. For the heterojunction devices,
interface states in junction acts as recombination centers, and enhance the tunneling
current [41]. Therefore, this parameter should be small as possible. Figure 2.13
demonstrates the existence of interface state density in hetergjunction interface.
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Figure 2.11 The existence of interface state in the hetercjunction interface for

heterojunction devices.
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Chapter 3

Experimental Details

3.1 Chapter overview
The author divided the experimental details into three parts. Firstly, the author
will describe the creation of n-type (3-FeSiz/p-type Si heterojunctions by utilizing RFMS

including the process of structural and electrical measurements. After that, the
creation of n-type NC-FeSiy/i-UNCD/a-C/p-type Si heterojunctions formed by utilizing
PLD will be discussed, followed by the explanation of the measurement for their
electrical properties. Finally, the details of means to estimate heterojunction

parameters will be provided, respectively.

3.2 n-Type B-FeSi,/p-type Si heterojunctions created by utilizing RFMS

3.2.1 Formation of {3-FeSi, layer on Si wafer

In this research, 3-FeSi, layer was formed on Si(111) wafer by utilizing an FeSi,
alloy target. Before the formation of 3-FeSiy layer, an oxide layer on-Si wafers were

eliminated by immersion of the Si wafers in diluted hydroftueric acid (HF) solution.
Then, they were cleaned in deionized water. After cleaning, they were set in RFMS

system as shown in Fig 3.1,

Figure 3.1 RF magnetron sputtering system in Yoshike’s laboratory at Kyushu university.

In the formation process, the pressure inside the RFMS chamber was evacuated
to 10" Pa. At a substrate temperature of 560°, B-FeSi; layer with a thickness of 300 nm

was formed on the p-type Si(111) wafer for 10 hours. The sputtering pressure was 2.66
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x 10" Pa under Ar atmosphere. RF power tuned by RF auto matching system was 20
W. After the formation of the [3-FeSi; layer on the Si wafer. It was transferred to another

RFMS system to form the electrodes. Pd was formed on the front Si wafer in a finger-
shaped pattern. Al was coated on the entire back of the [3-FeSi; layer. The author

summarized the formation conditions in Table. 3.1.

Table 3.1 The condition to form the [3-FeSi; layer on Si wafer.

Formation process RFMS
Sputtering target FeSi; (Purity: 4N)
Substrate temperature 560°C

Base pressure 1x10“Pa
Sputtering pressure 266 % 10" Pa
Flow rate of Ar gas 10 sccm

RF power 20W

Formation time 10 hours

Film thickness 300 nm

Figure 3.2 An image of n-type (-FeSiy/p-type Si heterojunctions formed by utilizing
RFMS at a substrate temperature of 560°.

078303
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3.2.2 Structural and electrical measurements

The crystallinity for the formed (-FeSi; layer was studied by utilizing X-ray

diffraction (XRD; Rigaku RINT-2000/PC) as shown in Fig 3.3. The surface morphology was
investigated by Scanning Electron Microscope (SEM: Hitachi S-4700 Scanning Electron
Microscope) as shown in Fig. 3.4 and Atomic Force Microscope (AFM: ASYLUM
RESEARCH Atomic Force Microscopes) as illustrated in Fig. 3.5. The measurement of
dark J-V curve for the formed junction was operated at low temperatures range of

300-20 K. Keithley 2400 was employed as a source meter as shown in Fig 3.6.

Figure 3.4 Scanning Electron Microscope (SEM: Hitachi S-4700 Scanning Electron
Microscope).
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Figure 3.5 Atomic Force Microscope (AFM: ASYLUM RESEARCH Atomic Force

Microscopes)

Figure 3.6 A Source meter (Keithley 2400).

The Thermionic emission (TE) theory, Cheung’s and Norde’'s methods were
utilized for computation of junction parameters including the values of n, ¢, Jo and
Rs. By TE theory, the n value can be computed from the slope of the linear part
obtained from the plot of ln/ versus V. The ¢b value can be computed from the Jy
value computed from the straight line intercept of the InJ-V at 0 V. In addition, the £,
value can be computed from the slope of the Arrhenius plot of InJgversus 1000/7.To
compute the R; value by Cheung’s method, the relationships of dW/dlinJ)-/ and HJ)-/
were plotted. The value of R; was computed from the slope of these plots. In addition,
the n and ¢, values can be computed from the straight line intercept of the dWd(lnJ)-
J and the H()-J, respectively. For confirmation of the agreement and precision of the
values of ¢b and Rs, Norde’s method was utilized. By utilizing Norde’s method, the
relationship between AV} and V was plotted to compute the @, as well as R; from the

minimum point of AV)-V plot.

3.3 n-Type NC-FeSiy/i-UNCD/a-C/p-type Si heterojunctions formed by
PLD and CAPD

3.3.1 Creation of i-UNCD/a-C and NC-FeSi, layers

In the first step, a Si{111) wafer was cleaned in acetone, methancl, and distilled
water in sequence. Subsequently, the Si was dipped in a diluted hydroflucric (HF) acid.
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The Si wafer was blown with N; gas after rinsing in deionized water. After that, it was
set on the substrate holder inside a CAPD chamber that evacuates to a base pressure
of 10™Pa as displayed in Fig. 3.7. A graphite target was utilized as the target of a coaxial
arc plasma gun. At room temperature, an i-UNCD/a-C layer with a thickness of 40 nm
was grown on a Si(111) wafer. The voltage and capacitance of the capacitor equipped
with the arc plasma gun were 100V and 720 [F, respectively. The repetition rate of
pulsed discharge was 5 Hz. After formation of i-UNCD/a-C layer, it was set in a PLD
chamber as shown in Fig. 3.8. The inside of the PLD. chamber was evacuated to 107
Torr. A FeSi; target was used as a target for NC-FeSi; formation. NC-FeSi; layer with a
thickness of 100 nm was grown on the i-UNCD/a-C layer at room temperature. An ArF
excimer laser with a wavelength of 193 nm was employed as the laser source. The Si
wafer coated with i-UNCD/a-C layer was placed parallel to the FeSi; target at a distance
of 50 mm. The power and repetition rates of laser pulses were 10 J/cm? and 10 Hz,
respectively. After that, RFMS apparatus was employed to create metallic electrodes.
Al was coated on the NC-FeSi; layer side. Pd was coated on the Si wafer side. Figure
3.9 illustrates a schematic and image of the n-type NC-FeSiz/i-UNCD/a-C/p-type Si
hetergjunctions formed by utilizing CAPD and PLD. To understand the deposition
process, the author summarized the variable process as shown in table 3.2 and 3.3,

Table 3.2 The formation condition of i-UNCD/a-C layer on Si wafer.

Process CAPD
Target graphite
Voltage 100V
Capacitance of capacitor 720 UF
Substrate Cz - Si{111) 10-20 Qcm?
Substrate temperature Room temperature
Target to substrate distance 15 mm
Base pressure 107 Pa
Film thickness 40 nm




Table 3.3 The formation condition of NC-FeSi; layer on i-UNCD/a-C layer.

Process
Target
Laser source

Substrate

Substrate temperature
Target to substrate distance
Base pressure

H, flow rate

The fluence and repetition rate

of the laser pulses

Film thickness

PLD
FeSi,
ArF excimer laser

i-UNCD/a-C layer coated on Si

wafer

Room temperature
50 mm
10 Torr
10 sccm

100 mJ and 10 Hz

100 nm

Figure 3.7 CAPD apparatus.
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Figure 3.8 Schematic of PLD system.
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Figure 3.9 (a) Schematic and (b} image of n-type NC-FeSiy/i-UNCD/a-C/p-type Si
heterojunctions formed by utilizing CAPD and PLD.

3.3.2 Electrical measuremenits

Utilizing a source meter (Keithley 2400), the J-V curves of the formed
heterojunctions were measured in the temperature range from 300 K to 80 K in the
dark. The procedures of I-V measurement at low temperature have been explained in
the topic of 3.4. The heterojunction parameters were computed by TE theory as well
as Chueng's and Norde’s methods. The explanation of the junction parameter by these
theory and methods are the same in the session of n-type R-FeSi/ptype Si

heterojunctions formed by utilizing RFMS.
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3.4 Procedure of /-V measurement at low temperature

1) Turn on a water cooling machine until temperature to be 5 °C. The image of

water cooling machine was shown in Fig. 3.9.

Water cooling machinej
Figure 3.9 Water cooling machine.

2) During the decreasing of water temperature, the formed junction was mounted
in‘a sample holder of cryostat. At the sample holder, there are two gold wires
to use.in contacting the front and back electrodes of junction-in order to apply
the bias voltage to the junction together with measure the current at the same
time. Both gold wires were connected with a source meter outside the
cryostat. The cryostat chamber and the sample holder were shown in Fig. 3.10.

=

Cryostat chamber
u RFECHT

Figure 3.10 Images of cryostat and sample holder.

3) In order to contact the gold wires with the front and back electrodes of the
device, the gold wires were mounted in the front and back electrodes by silver
paste solder. Two gold wires at sample holder were shown in Fig 3.11.
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Figure 3.11 Gold wires at sampler holder of cryostat chamber.

After silver paste solder dried, the cryostat was evacuated by rotary pump.

5) During the decreasing of pressure inside the chamber, the temperature

6)

controller of cryostat machine was set a value of temperature during the -V
measurement. Figure 3.12 shows the temperature controller of cryostat

machine.,

Figure 3.12 A temperature controller of cryostat machine.

When the chamber was vacuum and the temperature controller was set, we
turned on cryostat machine by pressing the green-light button as shown in Fig

3.12, in order to decrease a temperature inside cryostat.

During the decreasing of the temperature inside cryostat until the set value, a
source meter was programed. After that, we set the -V measurement variables
such as a range of applied bias voltage and step of -V measurement by
connecting with a computer. Figures 3.13 shows (a) the source meter, which
was connected with the computer, and (b) program to set the variables of -V

measurement.
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Figure 3.13 (a) The source meter connected with a.computer, and (b) program to set

the variables of -V measurement.

8) We measure the -V curve, when the temperature inside the cryostat chamber
is equal to that set by step of 6. The data of /-V measurement will be saved

to be text files.

3.5 Method for estimation of junction parameters by utilizing TE

theory

1) From data of FV measurement, it was plotted via Origin Pro 8.5, which was
determined the x-axis as a bias voltage and y-axis as a semi-logarithm

current density.
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Figure 3.14 J-V curve plotted by Origin Pro 8.5.
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2) From this plot, we will see the linear variation between current and bias
voltage at bias voltage lower than 0.2 V. According to this variation, it can
be found the slope of straight line by a fitting function of the program as
shown in Fig.3.15.

) oo 13- D e et Sty Dok b mests el UHCDN e JOC 0 dark ™ - (Grmph].
B e bir Ven Guph Dt Aestan Guigeh Tooh Fermar Widow Help

CORBERERD FEadld «=% Gt S¥E @E A MTe WEREB LT U

% LE  xou - |2-2-— = - o
i fa
| "
L3 | Region of linear vanation
.
al
o

—* The value of R-square for fitting

£\

| evewe \ 3 —~= |-
Al - l Slope fitting (Er = ‘h_;bei%m s&stmight line

| svuwe] oAl
al ; i g,

| . e p

| Dat vanage S,
jameig N o \ | [ ] F Fogld 7. s e - N

e ) S E T T —— Wt

Figure 3.15 Fitting to find the slope of J-V curve.
3) After that, we put the value of slope into Eq. 2.6. to calculate the value of
n parameter.
4) From Fig. 3.15, if we draw extra linear line from slope line (blue line) to
intercept in y-axis, we will obtain the value of Jy as shown in Fig. 3.16. After
that, we use the value pointer function in Origin Pro 8.5 to read the value

of Jy at y-axis intersection point.
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Figure 3.16 Drawing of extra linear line to find the value of J, from J-V curve.

5) According to step 4), we will obtain the value of J, The ¢b can be
calculated by substitution of the value of Jsinto Eq. 2.5.
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method
1) When we
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for estimation of junction parameters by Cheung

obtained J-V data from the measurement, we used Eq. (2.7) and

(2.8) to compute the values of dV/dinJ and HU) functions, respectively.

2) When we knew the values of both functions, we plotted the relation of the
both values versus J value measured from J-V measurement as shown in
Fig. 3.16.
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Figure 3.17 The plot of dW/dlnJ and H(J) versus J value.

n Fig. 3.17, the plots were straight lines. Here, dV/dlnJ was black

line and H(J) was red line. Now, we can find the slope of both lines by using

a function of linear fitting in Origin Pro 8.5.
4) We will obtain the values of slopes as seen in Fig. 3.18.
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Figure 3.18 Estimation of slopes of dV/dinJ and H(J) lines.

Either dV/dinJ or H(U) slopes can give the value of R, through Eq 2.7 and

2.8, respectively.

axis, the

Furthermore, for dV/dlrJ line, if we draw extra straight line to intersect y-

intersection point can be calculated via Eq. 2.7 to find the value
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of n. At the same way, for H(J) line, the value of ¢5b is also calculated via
Eq. 2.8 (note that n value in Eq. 2.8 is given by Eq. 2.7).

3.7 Procedure for estimation junction parameters by Norde method

1.) At first, we calculated the value of AV) by using Eq. 2.9 from the measured
J-V data.

2.) When we knew the value of V), we plotted this value versus V value as
seen in Fig. 3.19.

3) As shown in Fig. 3.19, we see the line as parabola function, and will see a
minimum point of this curve.

4.) We used a Data reader tool-in-QOrigin Pro 8.5 to read the minimum point.
This value was called “F(V5)” and Vp at corresponding bias voltage.
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Figure 3.19 The plot of AV) versus V value.

5.) With AV and V, values, we can. compute the value of ¢b by using Eq. 2.10.

6.) With V4 value, it makes us find the corresponding value of Jin measured J-
V data in Excel file as shown in Fig. 3.20. This current density is called “Jnin”.

7.) When we knew the value of J,n, the value of R; can be computed by using
Eq. 2.11.
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Figure 3.20 Estimation of Ji, via the value of V.
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Chapter 4
Results and discussion

4.1 Chapter overview

In this chapter, the author would divide the details of results to two parts.
Firstly, the result of computation of junction parameters at low temperatures in the
heterojunctions comprising n-type p-fesi, layer and p-type Si(111) wafer formed by

RFMS will be explained. After that, the characterization of junction parameters in n-
type NC-FeSiy/i-UNCD/a-C/p-type Si heterojunctions will be discussed in detail.

4.2 Computation of junction parameters at low temperatures in
heterojunctions comprising n-type B-FeSi, layer and p-type Si(111)

wafer
4.2.1 Structural features of n-type (-FeSi; layer on p-type Si(111) wafer

Figure 4.1(a) itlustrates the XRD diffraction pattern of -FeSi; layer formed by

RFMS on Si(111) wafer at a substrate temperature of 560 °C. From the pattern, we can
observe a weak 404/440 diffraction peak as well as strong 202/220 diffraction peak.
These observed peaks are typical peaks for epitaxial growth of 3-FeSi; on Si(111). Fig.

4.1{b) demonstrates a pole figure pattern for the 3-440/404 peak. The formed [3-FeSi;

layer demonstrated the appearance of three epitaxial variants that are rotated by an

angle of 120° with respect to each other.
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Figure 4.1 (a) XRD pattern of 3-FeSi; layer formed on Si{(111) wafer and (b) a pole figure
pattern of the 3-440/404 diffraction peak.

Figure 4.2 (a} demonstrates the SEM micrograph in plane view of the surface of
R-FeSiz layer formed by RFMS on Si{111) wafer. The formed 3-FeSi; layer is composed

of a large amount of crystallites with the small size. Figure 2 (b) illustrates a cross-
sectional SEM micrograph for the B-FeSi; layer. This micrograph exhibited a sharp

interface between Si layer and [R-FeSi; layer. Furthermore, the (-FeSi; layer was

uniform,
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Figure 4.2 (a) SEM micrograph of the surface for 3-FeSi; laye
Si{111) wafer and (b} cross-sectional SEM micrograph of B-FeSi; layer on
Si(111) wafer.

Figure 4.3 displays the AFM image in the three-dimension of [-FeSi; layer

formed on Si(111) wafer, From the image, a root-mean-square (RMS) roughness of the
[3-FeSizis 17.56 nm. A large RMS value should be because the [3-FeSi; wafer was placed

in the plasma during formation of B-FeSi, layer by RFMS.
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Figure 4.3 AFM image of the surface for B-FeSi; layer formed by RFMS on Si(111) wafer.

4.2.2 Junction parameters at low temperatures of heterojunctions comprising

n-type f-FeSi, layer and p-type Si(111) wafer

The dark J-V curves of the n-type f3-FeSio/p-type Si-heterojunctions formed by
RFMS as a function of temperature range of 300-20 K-are displayed in Fig. 4.4. From

particular consideration at room temperature, the heterojunctions. exhibited a clear
rectifying action similar to conventional pn abrupt junctions, which is due to the

successful formation of a junction between [3-FeSi; layer and Si wafer. Furthermore,
this rectifying-action evidently improved at low temperatures. However, the (-FeSiy/Si

heterojunctions had a large leakage current at room temperature. This is likely because
of the partially-diffused Fe atoms in the depletion regionof the Si side acting as leakage
centers for the carriers [29], This leakage current diminished at low temperatures.

1074
107 4
107°4
10*4
10°
10°
1071
105
1071

1074
=11

25 20 -15 10 05 00 05 10 15
Voltage (V)

Current density (A/cm 2)

Figure 4.4 Semi-logarithmic plot of the dark J-V curves of the heterojunctions under
forward and reverse bias conditions at temperatures from 300 down to 20
K.
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From consideration of the region of V value < 0.2 V, the forward J value
exhibited a linear change with the V value. This can be described by means of the TE
theory as the following relationship [40]:

qV
J=J =— (-1
o[exp[nkTJ ]

where V is the applied bias voltage across the junction, J is the current density, T is
the absolute temperature, k is Boltzmann’s constant, g is the electron charge, and Jy
is the saturation current density, which can be computed from the straight line
intercept of the y-axis of (nU)-V at 0 V. After the value for Jpis computed, the ¢, value
can be computed by the following equation:
Jy=A'T? exp(%]

n is the heterojunction ideality factor. For the V value higher than 3k7/qg, we can
compute the n value from the slope of the linear part of In())-V as follows equation:

i dV g 1

kT d(in J) TH slope

Estimation of the n value following above equation can indicate the carrier
transportation mechanism across junciions. If it equals unity, the junction is ideal.
Conversely, the junction is flawed if the value of n increases. In the case of the n value
being equal to one, the transport mechanism across the junction of the carrier is
governed by a thermal diffusion process. If the n value is greater than one and lower
than or equal to two, the transport mechanism of the carrier is dominated by a
generation-recombination (G-R) process. Besides, the transport mechanism of the
carrier is probably governed by a tunneling process if the n value is greater than two
[40,52].

Figure 4.5 illustrates a plot of n versus the temperature for the formed
hetergjunctions. By computation utilizing Eq. (2.6), the n value at 300 K was 1.71. The
n values remained nearly constant at a temperature ranging from 300 to 120 K. In this
case, the n value was greater than one and lower than two. The transportation
mechanism across the junction of the carrier should be governed by a G-R process at
the B-FeSiz/Si heterojunction interface. The existing defects in the 3-FeSi; layer might

create deep energy levels in the bandgap, which behave as recombination centers.
The n value was computed 3.25 at a temperature of 100 K. It increased to 16.83 at 20
K. In this case, the n value was higher than two. Thus, the transportation mechanism
across the junction of the carrier should be governed by a tunneling process. This
should be due to the existing interface states at the interface of junctions. The
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heterojunctions possess a large value for n, which is likely owing to the presence of a
flawed contact behavior as well as the result of inhomogeneity and tunneling [49].
Mathematically, R-square is a statistical value which suggests that how close the data
are to the fitting line. The R-square is always between 0 and 1. If the fitting line has
the R-square value close to 1, this indicates that the fitting line slightly deviates from
the data. Namely, the R-square can imply the reliability of the fitting line in the
experiment. The author summarized the estimated values by TE theory such as n,
slope, Jp, and range of V, which was used to draw the linear line in TE regime, as well

as the R-square value into table. 4.1.

In addition, the simulation of J-V curves in the TE regime was completed by
utilizing MATLAB program in order to check the censistency of the estimated junction
parameters. Figure 4.6 shows comparison between J-V curves from measurement and
from MATLAB fitting at (a) 300 K and (b) 20 K. According to Fig. 4.6 (a) and (b), the J-V
curves simulated by MATLAB (red line) are very nearly the same tendency with that

measured from experiment (black line).
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Figure 4.5 Plot of the n value versus temperature.

Table 4.1 The values of n, slope and Jyestimated by TE theory method.

T (K) n Slope Jo (A/emy) R-Square Range (V)
20 16.8305 344870 993E-12 0.59838 0.16-0.30
40 8.6565 33.4840 471E-11 0.99225 0.16-0.26
60 57234 33,8042 1.55E-10 0.98374 0.08-0.22
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Figure 4.6 The comparison between J-V curves from the measurement (black line) and

from MATLAB fitting (red line) at (a) 300 K and (b) 20 K.
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When the J, values is estimated, the value of £, can be computed by the following
relation [48,50-51]:

AFE
J, ocex a1,
0 p[kTJ

Figure 4.7 illustrates an Arrhenius plot between InJyand 1000/7. The J, values
were 5.34 x 10 A/cm? at room temperature and 9.93 x 107 A/em? at 20 K. The two
regions from the plot indicate that there are two values for £,. The slopes for each
region can compute the values of £,. Between 300 and 140 K, the recombination
process is predominant with an £, value of 0.24 eV. The carrier tunneling process is
predominant with an £; value of 9.18 meV below 140 K. After the computation of the
Jovalue, the ¢y, value is computed utilizing Eq. (2.5).

Figure 4.8 shows the plot of @, versus temperature. The @, value was 0.59 eV
at 300 K. This value decreased to 0.06 eV at 20 K. From the experimental results, the
value of n increased and the value of ¢, decreased at low temperatures. This is likely
because of barrier height inhomogeneity, this should be attributed to the variation in
thickness and composition of the interfacial layer as well as non-uniformity of the
interfacial charges [53-541.
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Figure 4.7 Arrhenius plot for log J, versus 1000/7.
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Figure 4.8 A plot of the @, value versus temperature.

For the current study, the R; value was computed by utilizing methods
proposed by Cheung. The equation based on Cheung’s method can be expressed as
[45]:

dy AR T+ nkT

dms) T g
and

H(J)y=AR.J +ng, =V—Ek—Tln[%J
q Al

where R;, ¢b, A" and A are series resistance, barrier height, Richardson’s constant of [3-

FeSiz and area of heterojunctions, respectively.

According to Eq, (2.7), the dW/d(ln)-/ was plotted (left axis) at (a) 300 K and (b)
20 K as displayed in Fig. 4.9. The nk7/q was computed from the intercept of y-axis,
while the AR, was computed from the slope. In addition, we plotted the H(U)-J (right
axis) to confirm the accuracy of R value based on Eg. (2.8). the H()-J at 300 K and 20
K are shown in Fig. 4.9 (a) and (b). The values for AR, and n¢, were computed from
the slope and intercept point of the y-axis, respectively. From the computations, the
n values were 1.63 at 300 K and 16.13 at 20 K. The ¢, values were 0.54 eV at 300 K
and 0.05 eV at 20 K. These values are in agreement with those computed from the TE
theory. Moreover, the R values computed from the dW/d(in/)-J were 13.05 @ at 300
Kand 0.14 MQ at 20 K. From the slope of H)~J, the R, values were 13.18 Q@ at 300 K
and 0.14 MQ at 20 K. The R; values computed from the dW/d(lrJ)-/ agreed to those
computed from the H{)-J. Additionally, the R value increased when the temperature
was increased. It is likely because of the increasing of n under cooled condition.



37

2.0 4.0
1.5 3.6
3.2
1.0 00s°]
R ™ L2g
S 05— e [24 o
é 0.0 1 P a
S .05 — L [lE®
° 1.0 12
' 0.8
-1.5- i
T=300kK |24
2.0 . ; : 0.0
0.00 0.02 0.04 0.06 0.08
J (Alem?)
(a)
2.4
1.51 L22
1,0 e \J"T20
® e
—~ " e 1.8
< 0.51 et o e 16 S
‘E ‘.O"'.. oot
%’ k...l"... .o".. -‘1.4S
S 00' ..-..-' oY, =i
T IODIC.-... 113
-0,5‘,..;-'.. 1.0
0.8
gy T=20K
lal /X a XANAZ AN Vol = 0.6
0.0 05 1.0 1.5 20 25 30 35 40
J(10%Alem?)
(b)

Figure 4.9 The plot of dV/d(ln/)-J (left-axis) and H(J)-J (right-axis) at temperatures of
() 300 K and (b) 20 K.

Besides, the current study utilized Norde’s method to compute the R value.
The relationship based on Norde’s method is derived as [46-48]:
Fy=" —Em[%j ,
Y g AT
where V is bias voltage, J is the voltage-dependent forward current density, T is
temperature, and ¥ is the first integer higher than the n value. Both the ¢, and R;

values could be computed by estimation of the minimum of AW)-V as follows:

V
b, =)+ -
ryoq

where AV;) is the minimum of AV), and V} is the corresponding voltage, and
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R, =(y—n)qJ i

where A is the area of the heterojunctions and Jy,, is the corresponding current density.

The plots of AV)-V at temperatures of 300 K (red line) and 20 K (black line) are
displayed in Fig 4.8. From the plot at 300 K, the values for F(V,) and V, were 0.58 and
0.05 V, respectively. The values for AV) and V, at 20 K changed to 0.06 and 0.26 V,
respectively. Based on the computation using Eq. (2.10), the ¢, values were 0.58 eV at
300 K and 0.07 eV at 20 K. In addition, R, value computed by Eq. (2.11) was 10 Q at
300 K and enhanced dramatically to 0.15 MQ at 20 K. The results from computation
using Norde’s method were in agreement with those computed by the TE theory and

Cheung’s method.
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Figure 4.10 Plots of AV)-V at 20 K (left-axis) and at 300K (right-axis).

At low temperatures, the ratio between the photocurrent to dark current was
increased, which was probably due to the reduction of the reverse leakage current at
low temperatures [31]. This-reduction. of leakage current is attributable to the
decreased carrier densities in the [-FeSi, layer at low temperatures [11,31,39].

Unexpectedly, the photocurrent decreased along with the decrease of the leakage
current at low temperatures [31]. Based on the computation of the n value, this value
increased to be > 2 at low temperatures. This might imply that a tunneling process
contributed to the carrier transportation mechanism [39]. This is likely owing to the
existence of interface states at the heterojunction interface [39]. The existent interface
states could behave as a trap center of photo-generated carriers [11], which would be
the possible cause for the reduction of photocurrent at low temperatures. Additionally,
we consider that the carrier tunneling process implies the appearance of spikes in

conduction and valence bands owing to a heterojunction band offset as shown in Fig.
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4.9. These spikes prevent the flow of photo-generated carriers at the heterojunction
interface. The decreased photocurrent at low temperatures might be because the
spikes that appear in conduction and valence bands are higher at low temperatures
and they could behave as a barrier for the photo-generated carriers flowing at the
heterojunction interface. It is expected that the spikes were enlarged at low
temperatures owing to the Fermi levels of Si and f3-FeSi, layers approaching the center

of the band gaps at low temperatures. Also, from the computation of the R;, this
parameter increased at low temperatures. This might be attributable to the low
mobility of carriers in the {3-FeSi; layers, which degrades at low temperatures [55].
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Figure 4.11 Energy band diagram that indicates the spikes in conduction and valence
bands for n-type [3-FeSi/p-type Si heterojunctions.

4.3 Characterization of junction parameters in n-type NC-FeSiy/i-UNCD/a-
(/p-type Si heterojunctions

4.3.1 Structural characteristics of NC-FeSi; layer grown on i-UNCD formed on Si
wafer by utilizing PLD

Figure 4.12 exposes the surface morphology of the NC-FeSi; layer formed on
Si(111) wafer. The image displayed that the formed layer plentifully consisted of
circlet-crystallites with diameters of 4-6 nm. Moreover, the great smooth surface of the

layer in nanoscale with no pinholes was observed as displayed in Fig. 4.12.
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Figure 4.12 Plane-view SEM image of the NC-FeSis layers erown on Si substrate by
utilizing PLD at room temperature.

4.3.2 Electrical characteristics of n-type NC-FeSiy/i-UNCD/a-C/p-type Si junctions

The characterizations of dark J-V characteristics for the pin heterojunctions in
this report have provided valuable information about junction parameters, such as
rectification ratio and the values of n, ¢'b and Rs. Figure 4.13 displays the dark J-V curves
in linear scale for the prepared heterojunctions measured at room temperature. The
heterojunctions shows rectifying behavior similar to conventional pn abrupt junctions
with a turn-on voltage of 0.12 V.

Figure 4.14 illustrates the dark J-V curves for the prepared heterojunctions,
which were measured under forward and reverse bias voltages at low temperatures
ranging between 300 K and 80 K. At room temperature, the heterojunctions showed
rectifying action along with a large leakage current. At 80 K as compared with that at
room temperature. This leakage current was reduced by more than three orders of
magnitude. This was likely due to the decreasing of carrier density for NC-FeSi; layer

under cocled conditions.
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Figure 4.13 Dark J-V curves in linear scale for the prepared heterojunctions measured
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Figure 4.14 J-V curves for the heterojunctions measured under forward and reverse
bias voltage conditions at low temperatures.

In order to calculate the n, Jyand Rsfor the n-type NC-FeSiz/i-UNCD/a-C/p-type
Si heterojunctions, we utilized the relation based on TE theory, Cheung’s and Norde’s
methods as explained in the first part.

Here, we start from the explanation of the result that were estimated by TE
theory. The plot between the n value and temperature for the heterojunctions is
illustrated in Fig. 4.15. The n value at 300 K was 1.12 and gradually increased to 1.99
at 180 K. The n values in this temperature range were in the case of 1 < n < 2. Thus,
the probable transport mechanism of the carrier across the interface of the junctions
is a recombination process [40,52]. The existence of defects in NC-FeSi; layer may

generate deep energy levels in the bandgap. These energy levels could behave as
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centers of recombination. When the temperature decreased to 160 K, the n value was
3.25. It increased to 5.44 at 80 K. In the case of n values > 2, the tunneling process
should be governed across the interface of the hetercjunctions [60). This can be
attributable to the existent interface states at the interface of the junctions. A large n
value of heterojunctions might be due to the presence of non-ideal contact behavior

and the result of the barrier inhomogeneity [54].

The plot between the ¢, value versus temperature is shown in Fig. 4.16. The
Py value was 0.69 eV at 300K and decreased to 0.24 eV at 80 K. From the experimental

results, the value of n increased and the value of (I5b decreased at low temperatures.
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Figure 4.15 Plot between n value and temperature for the prepared heterojunctions.
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Figure 4.16 The plot between the @, value and temperature.

Here, we report the estimation of R, n and ¢b for the heterojunctions based on
Cheung’s method. This method was explained in the previous part. Figure 4.17
presents the dW/d(inJ} {left vertical axis)-/ in the black line and H() (right vertical axis)-
Jin the orange line at (a) 300 K and (b) 80 K. According to the dW/dlinJ)-J, the n values
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were 1.12 at 300 K and 5.46 at 80 K. Additionally, the Rs values were 306.46 Q at 300
K and 4.25 MQ at 80 K. The ¢, and Rs values computed from the H(U)-J were 0.71 eV
and 300.88 Q at 300K, and 0.23 eV and 4.29 MQ at 80 K. From the results, the Rs value
from the plot of dV/d(lnJ)-J is approximately equal to that from the HU)-J.
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Figure 4.17 The dv/d(nJ) (left vertical axis)—J in the black line and H() (right vertical
axis)-J in the orange line at temperatures of (a) 300 K, (b) 80 K.

For the final part of estimation, we explained the results that obtained based on
Norde’s method. Figure 4.18 shows the A(V)-V at (a) 300 K and (b) 80 K utilizing Eq.
(4.16). From these plots, the ¢y and R values were calculated following Eq. (2.10) and
(2.11), respectively. The obtained ¢, values were 0.69 eV at 300 K and 0.27 eV at 80
K. The obtained R, values were 352.26 Q at 300 K and 2.52 MQ at 80 K.
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Figure 4.18 The F(V)-Y for the heterojunctions at (a) 300 K and (b) 80 K.

Figures 4.19 (a), (b) and () show the comparison of hetercjunction parameters,
including the n, gﬁb and R, values computed by TE theory, Chueng’s and Norde’s
methods. From Fig. 4.19 (a), the n value computed by TE theory increases with
increasing temperature and agrees very well with the results by Cheung’s method.
Figure 4.19 (b) illustrates the ¢, value computed utilizing the three aforementioned
methods. From Fig. 4.14 (b), the @, values obtained using the three methods showed
a similar trend. Specifically, the ¢, value from all plots decreases when temperature
decreases. These behaviors are probably due to non-uniformity of the interfacial
charges at the hetero-interface and inhomogeneity in the barrier of the material [28].
Additionally, the Rs value computed in Fig. 4.14 (c) using Norde’s method agrees well
with those computed by Cheung’s method (Both dV/dlnJ-/ and HU)-J plots). The
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obtained R, value likely presents in the neutral regions and ohmic contacts.
Commonly, the R; of a junction is an important parameter that affects the electrical
characteristics. Thus, it should be kept as low as possible. For the present junction, Rs
was found to increase significantly at low temperatures. This can be attributed to low

carrier mobility in the NC-FeSi, film, which is degraded at low temperatures (54].
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Figure 4.19 (a) Comparison of n values computed by TE theory and Cheung’s method,
(b) comparison of ¢b values obtained using TE theory, Cheung’s and
Norde’s methods, and (c) comparison of R; values computed by Cheung'’s
and Norde’s methods.



46

Chapter 5
Conclusions

5.1 n-Type (-FeSiy/p-type Si heterojunctions prepared by RFMS

Measurement and analysis were conducted on n-type [B-FeSi/p-type Si

heterojunctions grown by RFMS for the dark /-V curves as a function of temperature.
Their heterojunction parameters were systematically computed using the TE theory,
Cheung’s method and Norde’s method. From computation using the TE theory, the
value of nwas 1.71 at 300 K and increased to 16.83 at 20 K, whereas the @ value was
0.59 eV at 300K and decreased to 0.06 eV at 20 K. The values for both nand ¢, were
approximately equal to those computed from Cheung’s and Norde’s methods. The
values for R, computed by Cheung’s method were 13.05 Q at 300 K and 0.14 MQ at
20 K, which were approximately equat to those computed using Norde’s method.

5.2 n-Type NC-FeSix/p-type Si heterojunctions prepared by PLD

In this work, n-type NC-FeSiy/i-UNCD/a-C/p-type Si heterojunctions were
prepared using CAPD and PLD. The dark JV characteristics were measured and
analyzed over temperatures ranging between 80-300 K. From these dark J-V
characteristics, the estimation of junction parameters was carried out using TE theory,
Chueng’s method and Norde’s method. From calculation by TE theory, n value
increased and ¢y value decreased with decreasing temperature. These parameters for
n and ¢, were nearly equivalent to those calculated using both Cheung’s and Norde’s
methods. The R; values calculated by Chueng’s method were 300.88 Q at 300 K and
4.29 MQ at 80 K. These values were approximately equal to those when using Norde’s
method.

From the estimation of the junction parameters, the n value was found to be
> 1 and < 2 at rcom temperature. The explanation is that the carrier recombination
process was predominant in the carrier transportation mechanism across the
heterojunction interface. The existence of defects in [3-FeSi; layer possibly generate

deep energy levels in the bandgap, which could behave as recombination centers. For
this reason, the weak response of NIR light for application in photodiode of our
heterojunctions was likely due to the recombination of photocarriers at the
heterojunction interface. Besides, the estimated Rs value at room temperature might
be attributed to the diffusion of Fe atoms into the Si side. The diffused Fe atoms
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generate deep trap levels in the depletion region, which produced the leakage current
in the formed heterojunctions. Also, the NIR light detection was degraded because the
photo-generated carriers were trapped in the deep trap levels owing to the diffusion
of Fe atoms.

At low temperatures, based on the estimation of the n value, this value
increased to be > 2 at low temperatures. This might explain that a tunneling process
was dominant the carrier transportation mechanism. This is because of the existence
of interface states at the heterojunction interface. This existence would be likely the
cause for reducing photocurrent at low temperatures. Besides, the occurrence of spikes
in conduction and valence bands owing to a heterojunction band offset were elevated
due to the Fermi levels of Si and B-FeSi; layers approaching the center of the band

gaps at low temperatures. These spikes act as a barrier for the photo-generated carriers
flowing at the heterojunction interface. In addition, the estimation of the R, this
parameter increased at low temperatures. This might be attributable to the low
mohility of carriers in the 3-FeSi; layers. Generally, the value of R; for rectifying devices

should be small as possible to improve quality of the devices.
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