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Abstract

In recent years, thermoelectric conversion techniques have gained attention due to
their potential for overcoming the energy and environmental issues. However, the
thermoelectric power generator does not have sufficient conversion efficiency for practical
use. The efficiency of power generator monotonously increases with increasing the
thermoelectric figure-of-merit that is proportional to electrical conductivity and square of
seebeck coefficient and inversely proportional to thermal conductivity. For enhancing the
performance of thermoelectric power generator, the introduction of nanostructures, such as
nanowires, has been expected and widely investigated since the carrier confinement effect
can rise the seebeck coefficient and the phonon confinement effect leads to the reduction of
the thermal conductivity.

As a thermoelectric nanostructure, group-IV semiconductors, Si, Ge, and SiGe are
focused to be well defined by ultra-large scale integrated-circuit technology and compatible
to Si-based devices. Thin Si-, Ge-, and SiGe-on-insulator (SOI, GOI, and SGOI) layers are
required to enable the formation of patterned nanostructures on a substrate. We have focused
on Ge as a thermoelectric material since crystalline Ge (c-Ge) has higher electron and hole
mobility and lower thermal conductivity compared with crystalline Si (c-Si). Also, Ge
crystallization in oxide matrix is thought-provoking without using the catalyst, owing to the
possibility of easy oxidation. Hence, for the fabrication of thin GOI layer, the metal-induced
crystallization (MIC) with catalytic metals, such as Au, Cu, and Al, is a distinguished
technique of conversion of amorphous Ge (a-Ge) into c-Ge. Henceforth, it is essential to
investigate the thermoelectric characteristics of poly-Ge on insulator substrates. For this
study, bilayer thin films of metal catalyst/a-Ge were taken as a starting structure.

The main objective of this research is (1) to fabricate the poly-Ge on insulator
substrates using the metal-induced crystallization (MIC) with the effect of catalytic metals,
such as Au, Cu, and Al. (2) To analyses the crystallographic and thermoelectric
characteristics of poly-Ge on insulator substrates. In order to avoid the alloy formation, the
annealing conditions were performed with reference to the corresponding eutectic
temperature of Ge with the metals Au, Cu and Al.

Ge crystallization of Au induced crystallization was performed around the eutectic
temperature of Ge-Au mixture at 300 °C, 400 °C and 500 °C for 60 min, for the starting
structure of metal catalyst Au (20nm)/a-Ge (100nm), using the conventional furnace
annealing process. Ge crystallization of Cu induced crystallization was performed at 400 °C
for 4 hours, which is lower than the eutectic mixture of Ge-Cu. The annealing process of

conventional furnace and rapid thermal were discussed for the starting structure of metal



catalyst Cu (20nm)/a-Ge (100nm). Ge crystallization of Al induced crystallization was
performed at 350 °C for 2 and 4 hours, which is lower than the eutectic mixture of Ge-Al,
using rapid thermal annealing process for the starting structure of metal catalyst Al
(100nm)/a-Ge (100nm).

XRD (X-Ray Diffraction) and Raman analysis revealed that the poly-Ge were formed
on the insulator substrates, with the effect of catalytic metals. Microscopic (FE-SEM, Field
Electron- Scanning Electron Microscopy and Optical microscopy) analysis signified that the
poly-Ge were formed as an island like layer over the entire substrate. FE-EPMA (Field
Electron-Electron Probe Micro Analyzer) analysis implied the Ge distribution with
corresponding positions of Si, O and metal catalysts with lower detectable limits. EBSD
(Electron Backscattering Detector) analysis clarified the formation of dominant (111)-
oriented poly-Ge on insulator substrates. XPS (X-ray Photoelectron Spectroscopy) analysis
elucidated the formation of elemental Ge spectra during the Ge crystallization process.

Thermoelectric characteristics of seebeck coefficient and thermal conductivity
analysis were performed. The measured seebeck coefficients were scattered and no
significant difference was achieved for the Ge layer, with and without the influence of metal
catalyst. It was reported that few metal atoms left over in the Ge layer acted as a (dopant)
carrier source to control the carrier concentration values. For the thermal conductivity
analysis, it was found that the crystallized Ge film with the influence of metal catalysts has
larger thermal conductivity than the Ge film formed without the influence of metal catalyst.
The increase in the thermal conductivity of the MIC-formed Ge film was considered to
originate from the crystallization of the Ge film, taking account of the result that the Ge layer
contains few metal atoms and the fact that the thermal conductivity in a crystal material is

usually larger than that in an amorphous material.
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Chapter 1: Introduction

1.1 Germanium-Device for future electronics

Group IV semiconductors Silicon (Si) and Germanium (Ge) are the exclusive materials owing to
their semiconducting, electrical, optical properties in the field of micro and nano devices'=. Compared with
the conventional Si materials, Ge* has several unique properties such as larger dielectric constant, smaller
carrier mass. Future electronics mainly deals with the choice of material as Germanium (Ge), due to its
significant advantages in the application of thin film transistors’, photovoltaic solar cells®, lithium-ion
battery’ etc., Particularly, polycrystalline (pc)-Ge may be a potential material that can replace

polycrystalline-Si (pc-Si), owing to its higher carrier mobility®*!°

and intrinsic electronic conductivity
compared to Si, due to its smaller band gap!!. Hence, it is essential to expand the study on the transformation
of a-Ge to crystallization of Ge.

At a nanometer scale, a grain of poly-crystalline Ge can be acts as a single crystal, in achieving
the high mobility independent of grain boundaries. It initiates the way to fabricate the high-quality poly-

crystalline Ge at a low-temperature process for utilizing the applications in the fields of logic and photonic

devices!?.

1.2 Metal Induced Crystallization process

Low-temperature formation of pc-Ge can be achieved using the crystal growth techniques
including metal induced crystallization, laser annealing'®, and chemical vapor deposition'4. Metal-induced

crystallization (MIC) is one of the notable mechanism of conversion of an amorphous form of



semiconductors (a-Si, a-Ge, a-SiGe) into crystalline form (c-Si, c¢-Ge, c-SiGe) with the influences of
catalytic metals like Au, Al, Ag, Ni etc.,'>%.

Fig. 1.1 represents the schematic diagram of the metal induced crystallization process. Initially,
a catalytic metal is deposited over the substrate. Then, the amorphous form of Ge (a-Ge) is deposited over
the catalytic metal/ substrate. Now the substrate is subjected to the annealing process to undergo the metal
induced crystallization process. After the removal of metal residues contamination, poly-crystalline Ge is

achieved.

a-Ge Metal residues

Metal catalyst pc-Ge

%
Insulator Insulator Insulator

Annealing Metal residues
removal

Fig. 1.1 Schematic diagram of metal induced crystallization process.

1.3 Furnace annealing process

Annealing process is the major key to carry out the crystallization. It includes the conventional furnace
annealing (CFA) and rapid thermal annealing (RTA) process. While comparing with the CFA process, RTA
process has a high degree of crystallization. Also, RTA® has been considered as the primary annealing
technique in the semiconductor industry to achieve the better crystallization results. RTA process includes
three phases namely, rising temperature phase, holding temperature phase and cooling phase. Usually, the
nucleation process will take place in the rising temperature phase. During this stage, nuclei are formed on
a large scale over the substrate and then the holding temperature phase starts to perform the crystal growth.
Then the final phase of cooling will take place. In contrast, for the CFA process, the nucleation phase takes

a longer time to form the lower number of nuclei over the substrate. Holding time of CFA is not as much



effective as RTA process, then finally, cooling phase takes longer time than the RTA process. During the
annealing process, Si and Ge are subjected to stress factor due to thermal expansion. It is defined as the
tendency of materials subjected to change in its shape, area and volume with corresponding to change in
temperature. The linear co-efficient of thermal expansion for SiO, and Ge is represented as 0.5 x 10 K-!
and 5.8 x 100K,

1.4 Thermoelectric characteristics of poly -crystalline Ge

The three important factors to be considered for the good thermoelectric materials are Seebeck
coefficient, S, electrical conductivity, o, and thermal conductivity, k. Thus, the efficiency of a
thermoelectric module is determined by the dimensionless figure of merit, z= ((S? )/ k) T. In the above
relation T is denoted as the absolute temperature. In order to achieve the high efficiency of thermoelectric
devices, the seebeck coefficient must be high or the thermal conductivity value should be low. Now the
achieved value of ZT is 1, which is very low and hence the efficiency of the device should be reduced.
Hence, the main objective is to enhance the ZT value to enhance the thermoelectric device performance.
Considering the nanostructures are one the main key factors to enhance the ZT, by lowering the thermal

conductivity values with the increase in seebeck coefficient values.

1.5 Outline of the thesis

Chapter 1 defines the introduction of poly-crystalline Germanium for the thermoelectric
applications. It also clearly describes the motivation of this study.

Chapter 2 is a brief introduction to Germanium thin film deposition of Vacuum thermal
evaporation technique. Characterization analysis of Microstructure and thermoelectric measurements are
clearly elucidated with the specification of the instruments.

Chapter 3 designates the fabrication of Gold (Au) induced crystallization of amorphous



Germanium on SiO»/Si substrate, using the conventional furnace annealing (CFA) around the eutectic
temperature of Au-Ge for 60 min. Microstructure and thermoelectric characterizations of the poly-
crystalline Germanium islands on SiO,/Si substrate are analyzed.

Chapter 4 reports the investigation of Copper (Cu) induced crystallization of amorphous
Germanium on SiO,/Si substrate. Annealing methods of conventional furnace annealing (CFA) and rapid
thermal annealing (RTA) are employed at a lower eutectic temperature of Cu-Ge for 4 hours to achieve the
uniform poly-crystalline Germanium thin layer on SiO»/Si substrate. Also, the investigation of
microstructure and thermoelectric characterizations of poly-crystalline Germanium thin layer on SiO,/Si
substrate are studied.

Chapter 5 presents the examination of rapid thermal annealing (RTA) of Aluminum (Al) induced
crystallization of amorphous Germanium on SiO»/Si substrate at a lower eutectic temperature of Al-Ge for
2 and 4 hours. Islands of poly-crystalline Germanium and porous structure of Poly-crystalline Germanium
on SiO,/Si substrates are achieved during the annealing process and its characterization analysis of
microstructure and thermoelectric measurements are investigated.

Chapter 6 concludes with a summary of the key achievements of the dissertation, and future

directions.



Chapter 2: Growth and characterization of

Germanium thin films

2.1 Growth of Germanium thin films

In the semiconductor industry, many research experiments have been done so far to grow
the high-quality crystalline Ge-on-insulators (GOI) substrates. In this work, Physical Vapor
Deposition!-3? (PVD) techniques have been implemented to develop the amorphous Germanium thin
films on insulator substrates. PVD is the method of depositing the source material on to the target
substrate by physical means. Usually, the thickness of the deposition thin film ranges from few nm to
pm. This technique is environmentally friendly since the deposition process mainly takes place inside
the vacuum chamber. It mainly falls into two categories namely thermal vapor evaporation and
sputtering technique. In this study, all the deposition process has been done with the thermal vapor

evaporation system.

2.1.1 Vacuum deposition technique of Germanium thin films

Evaporation® is the simplest PVD technique to develop the thin film layers on the substrate.
The main constituents of this thermal vapor deposition system consist of evaporation vacuum chamber with
vacuum gauge monitor, electrical power output and input system, discharge and rotary pump, cooling
machine, source material, target substrate, thickness monitor-sensor set up, liquid Nitrogen inlet. During
the thermal evaporation process, the electrical voltage input to the system melts the source material that
vaporizes towards the target substrate in the evaporation vacuum chamber. Thickness sensor place inside

the evaporation vacuum chamber signifies the thickness value in the thickness monitoring set up box, which



is placed outside. Vacuum gauge set up is necessary to maintain the vacuum pressure of 6.0 x 10 Pa, while

in operation.

m
chamber

Electrical
Thickness | pO\tNert
sensor outpu
Substrate
C—————1
———1 N
‘. ! [ Thickness
) ° R monitor
Coollr_ig 'r‘ ' Source
machine |
| o | 1
; Electrical »
|_| = Input
Rotary and L;\?u'd Vacuum gauge
discharge pump inlzet setup

Figure 2.1 Typical line diagram of thermal vapor deposition system.

Throughout the operation, liquid N> should be replenished to the thermal vapor evaporation
system with one-hour interval. Fig. 2.1 represents the typical line diagram of thermal vapor deposition
system. When increasing the electrical input voltage to the thermal vapor evaporation system to melt the
source material, it is advised to switch on the cooling machine to avoid the unnecessary problem which can

affect the deposition process.

2.2 Microstructure Characterization Analysis

The microstructure characteristics of the as-deposited and annealed Ge thin films were
characterized using the following techniques. The structural appearance of the as-deposited and annealed
samples was observed using optical digital microscope (KH-8700, Hirox). The surface morphology of the
samples was examined, using field-emission scanning electron microscopy (FE-SEM; JSM-7001F, JEOL,

Japan). Raman spectroscopy measurements were performed at room temperature, using New Raman



Spectrometer (NRS-7100) with a laser excitation wavelength of 532nm, spot size 1pm. The elemental
mapping and line profile analysis were analyzed using field emission scanning electron microscopy (FE-
SEM; JSM-6335F, JEOL, Japan) and electron probe micro analyzer (EPMA-JXA-8530, JEOL, Japan). The
crystal structure of the samples is evaluated using an X-ray diffractometer (XRD, RINT-2200 diffractometer,
Rigaku, Japan, CuKa radiation, A=1.54178 A). The crystal orientation was analyzed by electron
backscattered diffraction (EBSD) analysis, field emission scanning electron microscopy (FE-SEM; JSM-
7001F, JEOL, Japan). The chemical bonding of the sample surfaces was identified through x-ray

photoelectron spectroscopy (XPS; Shimadzu ESCA 3100).

2.3 Thermoelectric characteristics of Germanium thin films

The main purpose of this study was the investigation of thermoelectric characteristics of the Ge
thin film on insulator substrates, it was essential to examine the seebeck coeffiecient and thermal
conductivity analysis of the Ge-on- insulator (GOI) substrates. This study did not include the electrical
characteristics, since the Ge-on- insulator (GOI) substrates failed to attain the minimum voltage to perform
the electrical studies. In this study, all the thermoelectric characteristics of the Ge-on-insulator substrates

were performed at room temperature.

2.3.1 Seebeck coefficient measurement

For measuring the seebeck coefficient analysis, Ge-on-insulator substrates were deposited with
pt electrodes at both the ends to form the ohmic contact. Fig 2.2 signifies the schematic diagram of

photodetectors with metal contacts to perform the thermoelectric operations.

Pt

] W $20nm
pc-Ge 1100 nm

103 nm
378 pm

Pt




Fig 2.2 Schematic diagram of photodetectors with metal contacts.

The Seebeck coefficient was measured at room temperature after forming Pt electrodes, using a
conventional method***%. Fig. 2.3 represents the schematic diagram of seebeck coeffiecient measurement
setup of Ikeda laboratory. Resistive heaters were placed under the copper plates, which were placed
horizontally with a gap of 1 mm in a shield box. The sample was placed in contact with the two copper
plates. Each resistive heater placed under the copper plates were heated independently. Hence, a
temperature difference could be obtained in a plane parallel to the sample surface, by controlling the current
to the resistive heaters. Two K-type thermocouples along with a couple of probes were directly connected

to the sample surface.

-
shield box

Figure 2.3 Typical line diagram of seebeck coeffient measurement setup*.

The corresponding changes at the high- and low- temperature regions with the changing time of
the thermoelectricmotive force was measured using a digital multimeter (Keithley 2700) equipped with a
switching module (Keithley 7700). The seebeck coefficient is defined as the ratio of thermoelectric force

(AV= Vg -V1) to the temperature difference (AT= Ty -TL).

2.3.2 Thermal conductivity analysis

The thermal conductivity analysis of the Ge-on-insulator substrates was performed using
the picosecond time-domain thermoreflectance (TDTR) method3®*’. Prior to the thermal conductivity
measurement analysis, a thin layer of Molybdenum (Mo) with the thickness 100nm was deposited on

the surface of the Ge-on-insulator substrates, to reflect the laser source from the surface. Fig. 2.4 shows



the line diagram of thermal conductivity analysis measurement model. It consists of laser source,
optical system and monitoring display. The optical system is the main unit, where the overall thermal
conductivity measurement analysis was performed. The cross-sectional thermal conductivity of the
Ge-on-insulator substrates was measured by the front-heating front-detection method of TDTR. Fig.
2.5 represents the estimation equation of front-heating front-detection method. In evaluating the
thermal conductivity from the thermal effusivity, the specific heat capacity 323 Jkg'K™!' and the

density 5324 kgm™ were used for Ge.

Optical system

Monitoring | (Main unit)

Display 1l 1l

Laser source

Figure 2.4 Line diagram of front- heating front-detection method of the Ge-on-

insulator substrates.
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2
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Figure 2.5 Estimation equation of front-heating front-detection method.
The above stated microstructure characterization of Optical microscopy, X-ray diffraction
(XRD) analysis, Raman, Field Emission Scanning Electron Microscopy (FE-SEM), Field Emission
Electron Probe Micro Analyzer (FE-EPMA), Electron back scattering diffraction(EBSD) analysis and
X-ray Photoelectron Spectroscopy (XPS), and thermoelectric characterizations including seebeck

coefficient and thermal conductivity measurement analysis were investigated during this study.



Chapter 3: Polycrystalline Germanium thin films: Au

induced crystallization of a-Ge

3.1 Background of Au induced crystallization of a-Ge thin films

Many works have been widely studied for achieving the pc-Ge thin films on insulators, using
Au induced crystallization of a-Ge at low temperature®®-2, Predominantly, the crystallization process
using Au as a catalyst is gaining interest, with respect to the crystalline quality and electrical
properties*. Similarly, the Au catalyst strongly influences the particle size formation, with reference
to the annealing conditions*. In addition, semiconductor structures* at nanoscale regime are the key
factor for the unique applications in the field of electronics, photonics and thermoelectrics*.

The effective role of metal catalyst Au is (1) to act as a carrier source, which influence the
thermoelectric properties, (2) crystallization of Si and Ge at low temperature, with the grain size varies
from ten to a few tens of nanometers and (3) fine structure is important for high thermoelectric
performance. In these literature reports, equal ratio of metal-semiconductor thickness was employed
to induce the layer exchange mechanism of metal induced crystallization. Interestingly, Au-Ge system
has lower eutectic temperature value of 361 °C*’. By annealing above the eutectic temperatures,
crystallization is not as much as distinct. Hence, it is essential to fabricate the c-Ge, below the eutectic
temperature of Ge-Au. However, in this study, the Ge crystallization was performed at 300° C, 400° C
and 500° C for a shorter time of 60 min, with the starting structure of Au (20nm)/Ge (100nm). And the
microstructure and thermoelectric characteristics have been investigated with and without the

influence of metal catalyst Au i.e., w/Au and w/o Au.

3.2 Experimentation and sample preparation



3.2.1 Sample preparation and growth mechanism

In this study, commercially available SiO./Si was pre-cleaned using piranha solution for 1 min.
Preparation of Au and Ge layers on SiOx(thickness:103nm)/Si(thickness:378um) substrate was carried out
at room temperature. Initially, amorphous-Ge (a-Ge) thin layer (thickness: 100nm) was deposited on
Si0,/Si substrate, using vacuum evaporation system in a vacuum chamber with a base pressure of 6.0 x 10"
4 Pa. Consequently, a thin layer of Au (thickness: 20nm) was deposited on a-Ge/SiO,/Si substrate, using Au
sputter. After that, the sample consists of Au/a-Ge/Si0O,/Si was subjected to conventional furnace annealing
(CFA) for the Ge crystallization process, around the eutectic temperature of Ge-Au binary phase eutectic
system, at 300° C, 400° C and 500° C for 60 min, in an N, ambient. After the completion of conventional

furnace annealing process, the residual Au metal layer was etched using aqua regia for few seconds.
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Figure 3.1 Schematic of Au-induced crystallization process of Ge film on
SiO2/Si substrate.
For reference, a-Ge/Si0,/Si substrate was also annealed at 300° C, 400° C and 500° C for 60 min,
in an N, ambient, to check the influence of metal catalyst Au, during the crystallization process. The
experimentation process flow diagram is schematically represented in Fig.3.1. Hereafter, the Ge

crystallization process without and with the influence of metal catalyst Au is represented as w/o Au and



w/Au.

Initially, the as-deposited Ge thin films were in amorphous phase. The Ge crystallization process
began with the nucleation process for 30 min. During this stage, nuclei were formed with corresponding to
the increase in the annealing temperature. The densification of nuclei was based on the annealing
temperature of bilayer thin film. Then the Ge crystal growth process was performed at 300° C, 400° C and
500° C for a shorter time of 60 min. The Ge crystals were formed with corresponding to the increasing
annealing temperature. Fig. 3.2 clearly depicted the Ge crystal growth mechanism during the conventional
furnace annealing (CFA) process. The possibility of formation of Ge-Au alloy was reduced due to the
shorter time of 60 min and usage of a metal catalyst with a lower ratio. Higher temperature has taken more

time cooling time than lower temperature.
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Figure 3.2 Growth mechanism of Au induced crystallization of Ge during the

conventional furnace annealing (CFA) process.

3.3 Microstructure Characterization Analysis

3.3.1 Optical microscopy



Fig.3.3 shows the optical microscopy analysis of the as-deposited and annealed samples. Figs. 3.3(a)-(c)
show the optical analysis of the as-deposited a-Ge/SiO»/Si, Au/Si0,/Si, Au/Ge/SiO/Si. Figs. 3.3(d)-(f)
show the optical analysis of the annealed samples at 300° C, 400° C and 500° C for 60 min, without the
influence of metal catalyst Au (w/o Au). Figs. 3.3(g)-(i) show the optical analysis of the annealed samples
at 300° C, 400° C and 500° C for 60 min, with the influence of metal catalyst Au (w/ Au). The changes in
the color appearances of the as-deposited samples represented the thin layer deposition on the SiO,/Si
substrate. For the case of samples annealed at 300° C, 400° C and 500° C for 60 min, without the influence
of metal catalyst Au (w/o Au), no distinguished changes were observed. Hence, it was not possible to detect
the surface appearance of the samples. Also, for samples annealed at 300° C, 400° C and 500° C for 60 min,
w/ Au, it was seen that the surface appearance was changed while comparing with the previous cases of

w/0 Au. Other than no remark was taken into the account of Ge crystallization process.

(a) (b) (c)

Figure 3.3 Optical microscopy image of the samples over SiO2/Si at each stage of crystallization
process. (a) a-Ge layer, (b) Au thin layer, (c) Au/a-Ge. After annealing, w/o Au layer, (d) 300 °C, (e)
400 °C, (f) 500 °C. After annealing, w/Au layer, (g) 300 °C, (h) 400 °C, (i) 500 °C.



3.3.2 X-Ray Diffraction (XRD)

XRD profiles of the Ge layers annealed at 300, 400 and 500 °C for w/o Au and w/Au layer were
shown in Fig. 3.4 (a) and (b). It was found that the significant peak is hardly observed in these profiles
except for the Si (200) peak at ~33.4° originating from the Si substrate in Fig. 3.4(a) and (b). This result
indicates that the Ge layer remains amorphous, resulting in the flat surface later observed in SEM images
(Fig. 3.6). Therefore, no significant change happens without Au at these annealing temperatures. In contrast,
in the XRD profiles of the Ge layers formed w/Au, (Fig. 3.4(b)), a Ge (111) peak at ~27.4° can be clearly
observed even for the 300 °C-annealed Ge layers.

Hence, it can be said that the Au catalyst plays a role of enhancing the crystallization of Ge film.
The Ge (111) peak becomes more significant at annealing temperature above 400 °C. Considering that these
annealing temperatures are higher than the eutectic temperature of the Ge-Au alloy system, the

crystallization of Ge seems to be enhanced due to the existence of the liquid-phase Ge.
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Figure 3.4 XRD profiles of annealed Ge films (a) w/o Au and (b) w/ Au.

3.3.3 Raman Spectroscopy

Fig. 3.5 (a) and (b) show Raman spectra obtained from the Ge layers annealed at 300, 400 and



500 °C for w/o Au and w/Au layer. It was confirmed that the as-deposited Ge has a broad peak at 284 cm’!
corresponding to Ge-Ge bonds in a-Ge*®. The a-Ge peak was observed in the prepared Ge layers w/o Au
catalyst even after annealing at 500 °C, as shown in Fig. 3.5(a). For the Ge layer, w/Au, in contrast, a sharp

peak of Ge-Ge bond at 297 cm™! was clearly observed, as shown in Fig. 3.5(b), which is assigned to c-Ge*.
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Figure 3.5 Raman spectra of annealed Ge films (a) w/o Au and (b) w/ Au.

These findings indicate that the Au catalyst makes the Ge film crystalized even at 300 °C while
the Ge film without Au is dominantly amorphous after annealing at 500 °C, which is consistent with the
other characterization results. The Ge-Ge peak position observed in the Ge film, w/Au is slightly lower than
300 cm! in bulk c-Ge. This would be due to amorphous and nano-crystalline Ge present in the layer®.

Moreover, it was confirmed that Ge-Au component is below the detection limit in Raman spectra.

3.3.4 Field Emission-Scanning Electron Microscopy (FE-SEM)

Fig. 3.6 indicates FE-SEM images of the Ge layer surfaces after annealing at 300, 400 and 500
°C for w/o Au and w/Au layer. While the Ge layers w/o Au catalyst seem to have a smooth surface as shown
in Figs. 3.6(a)-(c), the Ge surfaces formed w/Au show bright domains in the SEM images of Figs. 3.6(d)-

(f). These findings strongly suggest that the bright domains in the SEM images of Figs. 3.6(d)-(f)



correspond to Ge islands and contain few Au atoms.

Annealing-conditions 300 °C 400 °C 500 °C

w/o Au

w/Au

Figure 3.6 FE-SEM images of the Ge layer surfaces after annealing at 300 °C, 400 °C and 500 °C for

w/o Au and w/Au layer.

3.3.5 Field Emission- Electron Probe Micro (FE-EPMA)

Fig. 3.7 is EPMA images (top), elemental line profile (middle), and Ge distribution (bottom) of
the GIC-formed Ge films. In the elemental line profile, obtained at a yellow line in the EPMA image, Si
and O signals were observed all over the prepared layer and there was no significant difference in their
amounts among the samples. These signals originated from the SiO/Si substrate. The Ge distribution
mostly coincided with the bright domains observed in the EPMA image. The elemental line profile in the
500 °C-annealed sample clearly indicates that the Ge intensity increases at the bright domain while the Au

intensity is significantly observed at the dark regions.
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Figure 3.7 EPMA images (top), elemental line profile (middle), and Ge distribution (bottom) of
GIC-formed Ge films. The line profile corresponds to the yellow line in the EPMA image. The color

bar indicates intensity of Ge atom signals in the bottom images.
3.3.6 Electron Back Scattering Detector (EBSD)

Fig. 3.8 is the EBSD images of the samples annealed at (a) 300° C, (b) 400° C and (c) 500° C for
60 min, w/Au. Annealed sample at 300° C shown the poly-crystalline Ge surface with the mixed orientation.
For all cases, annealing at 400° C and 500° C, Ge with dominant (111) oriented surfaces were achieved with
the increasing annealing temperature of 400° C and 500° C for 60 min. Since the magnification scale of
EBSD image of Ge surfaces was at 100nm, Ge islands were not clearly identified. The inset color triangle

represents the corresponding orientation of the Ge surfaces. The EBSD analysis is consistent with the XRD

and Raman analysis.



Figure 3.8 EBSD images of the samples annealed at (a) 300° C, (b) 400° C and (c) 500° C for 60 min,

w/Au.

3.3.7 X-ray Photoelectron Spectroscopy (XPS)

Fig. 3.9 shows the XPS analysis of the samples (a) as-deposited a-Ge, annealed at (b) 300° C, (¢)
400° C and (d) 500° C for 60 min using CFA, w/o Au and w/ Au. A high intensity peak observed at 29.5 eV,
was assigned to the elemental Ge 3d spectra, as shown in Fig. 3.9 (a). From Fig. 3.9 (b), for 300 ° C w/ Au,
peak observed at 29.5 eV was allocated to the elemental Ge 3d spectra and for w/o Au, two peaks were
observed at 29.7 and 32.4 eV were allocated to elemental and sub-oxide peak of Ge 3d spectra®®’?. From
Fig. 3.9 (c), for 400 ° C w/ Au, a peak observed at 30.3 eV assigned to the sub-oxide peak of Ge 3d spectra
and for w/o Au, two peaks detected at 29.9 and 33 eV, were assigned to the sub-oxide peaks of Ge 3d spectra.
From Fig. 3.9 (d), for 500 ° C w/ Au, a peak observed at 29.9 eV assigned to the sub-oxide peak of Ge 3d

spectra and for w/o Au, peak 33.5 eV, was allocated to the sub-oxide peaks of Ge 3d spectra.
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Figure 3.9 XPS analysis of the samples (a) as-deposited a-Ge, annealed at (b) 300° C, (c) 400° C and

(d) 500° C for 60 min.

3.4 Thermoelectric characteristics

3.4.1 Seebeck coefficient measurement

The Seebeck coefficient of the Ge layer w/o Au and w/Au catalyst are shown in Fig. 3.10, as a
function of annealing temperature. The data of the as-deposited Ge layer are also indicated in these graphs

for comparison.
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Figure 3.10 Seebeck coefficient Ge film w/o Au and w/ Au catalyst, as a function of annealing

temperature.

The Seebeck coefficient for the Ge layer with (or without) Au annealed at 400 °C could not be
measured owing to its high electric resistance, which indicates a small number of carriers in the Ge layer.
Although the measured Seebeck coefficients scatter in Fig. 3.10, there is not a significant difference
between with and without Au catalyst. As described above, it could not be confirmed that Au makes Ge-Au
bonds in the Ge film, however, even if there is Ge-Au bond, the impurity level formed in Ge energy bandgap
is too deep to act as acceptor at room temperature>’. Therefore, the Seebeck coefficient is not influenced by
Au atoms. It is reported that Au atoms remain in the Ge layer and work as a carrier source in the case using
repeated Au/Ge bilayers as a precursor material®!. In this case, the carrier concentration seems difficult to
be controlled because the carrier concentration is automatically above 7x10'® cm™. In our preparation
procedure, the carrier concentration can be controlled by the additional doping process since there is few

Au atom in the prepared GOI layer.

3.4.2 Thermal conductivity analysis

Fig. 3.11 is the thermal conductivity of the Ge layer with and without Au catalyst as a function
of annealing temperature. The measured value of the as-deposited Ge layer is 0.82 Wm™'K"!, which is close
to the reported value®. It is found that the crystallized Ge film formed by GIC has larger thermal
conductivity than the Ge film formed without Au.

The increase in the thermal conductivity of the MIC-formed Ge film is considered to originate
from the crystallization of the Ge film, taking account of the result that the Ge layer contains few Au atoms
and the fact that the thermal conductivity in a crystal material is usually larger than that in an amorphous

material.



8

= w/o Au
74 e W/ Au
6
54 .

24 as-deposited

14 ! ]
0 100 200 300 400 500
Annealing temperature (-C)

Thermal conductivity (W/mK)
»H

Figure 3.11 Thermal conductivity of Ge film w/o Au and w/ Au catalyst, as a function of annealing

temperature.

3.5 Conclusions

Poly-crystalline (pc)-GOI layer w/Au was investigated for a short annealing time and clarified
the influence of Au catalyst on the crystallization and the thermoelectric characteristics. After annealing
only for 60 min, the pc-GOI layer was successfully obtained by tuning the annealing temperature around
the eutectic temperature of the Au-Ge alloy system. The SEM, EPMA, XRD, and Raman scattering
spectroscopy results indicate that the Au layer plays a role of enhancing the crystallization and island-
formation of the Ge film. As for the thermoelectric characteristics, the Seebeck coefficient is hardly
influenced by a small amount of residual Au atoms while the thermal conductivity is increased in the Ge
layer, w/Au. This is caused by the crystallinity of the Ge film because the crystallographic properties

indicated that there are few Au atoms in the prepared Ge layer.



Chapter 4: Polycrystalline Germanium thin films: Cu

induced crystallization of a-Ge

4.1 Background of Cu induced crystallization of a-Ge thin films

Interesting works have been done on Cu induced crystallization of a-Ge**34. The two
important properties of metal catalyst Cu in the process of crystallization are the metal catalyst Cu
should be effective to enhance the crystallization process at low temperatures and Cu can enhance
both the nucleation and the subsequent nucleus growth. Using Cu as a metal catalyst, the crystallized
Ge thin film can be achieved with the Ge crystalline particle size in the nanoscale range. Moreover, a
thin layer of Ge crystallized thin film can be accomplished. The eutectic temperature of Ge-Cu binary
system is 641 °C%. By considering the low-temperature fabrication of polycrystalline Ge using Cu
induced crystallization, the annealing condition was employed at 400 °C for 4 hrs.

The two kinds of annealing process namely, conventional furnace annealing (CFA) and rapid
thermal annealing (RTA) were performed at 400 °C for 4 hrs to check the influences of metal catalyst
Cu and the effect of annealing using CFA and RTA, with the starting structure of Cu (20nm)/ Ge
(100nm). And the microstructure and thermoelectric characteristics have been investigated with and

without the influence of metal catalyst Cu i.e., w/Cu and w/o Cu.

4.2 Experimentation and sample preparation

4.2.1 Sample preparation and growth mechanism

In this study, commercially available SiO»/Si was pre-cleaned using piranha solution for 1 min.
Preparation of Cu and Ge layers on SiO»(thickness:103nm)/Si(thickness:378um) substrate was carried out

at room temperature. Initially, amorphous-Ge (a-Ge) thin layer (thickness: 100nm) was deposited on



Si0,/Si substrate, using vacuum evaporation system in a vacuum chamber with a base pressure of 6.0 x 10"
4 Pa. Consequently, a thin layer of Cu (thickness: 20nm) was deposited on a-Ge/SiO,/Si substrate, using
vacuum evaporation system in a vacuum chamber with a base pressure of 6.0 x 10 Pa. After that, the
sample consists of Cu/a-Ge/Si0,/Si was subjected to annealing for the Ge crystallization process, at lower
eutectic temperature of Cu-Ge binary phase eutectic system of 400° C for 4 hrs, in an N, ambient. After the
completion of annealing process, the residual Cu metal layer was etched for few seconds. For reference, a-
Ge/Si0,/Si substrate was also annealed at 400° C for 4 hrs, in an N, ambient, to check the influence of
metal catalyst Cu, during the crystallization process. Ge crystallization process at 400° C for 4 hrs was
performed with the conventional furnace annealing (CFA) and rapid thermal annealing (RTA) processes.

The experimentation process flow diagram is schematically represented in Figs. 4.1 and 4.3.
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Figure 4.1 Schematic of Cu-induced crystallization process of Ge film on SiO2/Si substrate, using
conventional furnace annealing (CFA) process.

Originally, the as-deposited Ge thin films were in amorphous phase. The Ge crystallization
process began with the nucleation process for 30 min, using conventional furnace annealing (CFA) process.
During this stage, nuclei were formed with respect to the annealing temperature. Annealing condition was
performed below the eutectic temperature of Cu-Ge at 400° C for 4 hrs. The Ge crystals were formed during

the crystal growth period of 4 hrs. Fig. 4.2 portrayed the Ge crystal growth mechanism during the



conventional furnace annealing (CFA) process of Cu induced crystallization of a-Ge. No possibility of
formation of Cu-Ge alloy, since the annealing process was done below the eutectic temperature of Cu-Ge.
After the annealing process, the cooling time was taken for nearly 2 hrs and 30 min and the crystalline

phase was achieved.
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Figure 4.2 Growth mechanism of Cu induced crystallization of Ge, during the
conventional furnace annealing (CFA) process.
Firstly, the as-deposited Ge thin films were in amorphous phase. The Ge crystallization process
began with the nucleation process for 1 min, using rapid thermal annealing (RTA) process.
During this stage, nuclei were formed with respect to the annealing temperature. While
comparing with the CFA process, the densification of nuclei was larger, due to sudden rise in
temperature of 400° C in 1 min. The same annealing condition was performed to compare the
crystallization process of CFA and RTA. As done earlier for CFA process, the annealing
condition was done below the eutectic temperature of Ge-Cu at 400° C for 4 hrs. The Ge crystals
were formed during the crystal growth period of 4 hrs. Fig. 4.4 described the Ge crystal growth
mechanism during the rapid thermal annealing process of Cu induced crystallization of a-Ge.

As like as the annealing process by CFA, here also no possibility of formation of Cu-Ge alloy,



since the annealing process was done below the eutectic temperature of Cu-Ge. After the

annealing process, the sudden cooling time was taken as 1 min and the crystalline phase was

accomplished.
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Figure 4.3 Schematic of Cu-induced crystallization process of Ge film on SiO2/Si substrate, using

rapid thermal annealing (RTA) process.
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Figure 4.4 Growth mechanism of Cu induced crystallization of Ge, during the rapid



thermal annealing (RTA) process.

4.3 Microstructure Characterization Analysis

4.3.1 Optical microscopy

Fig. 4.5 displays the optical microscopy analysis of the as-deposited and annealed samples, using
CFA and RTA processes. Figs. 4.5 (a), (b) show the optical analysis of the as-deposited a-Ge/SiO,/Si, and
Cu/Ge/Si02/Si. Figs. 4.5 (c), (d) and (e), (f) exhibit the optical study of the samples annealed at 400° C for
4 hrs, using CFA and RTA processes, for the two cases w/o Cu and w/ Cu. As previously discussed in
chapter 3, the changes in the color appearances of the as-deposited samples represented the thin layer
depositions on the SiO/Si substrate. After annealing at 400° C for 4hrs using CFA, the appearence of the
substrate was slightly transformed while comparing with the former. Other than that, no changes were

detected for the CFA process, w/o Cu and w/Cu.

Figure 4.5 Optical microscopy image of the samples over SiO2/Si at each stage of crystallization




process. (a) a-Ge layer, (b) Cu thin layer. After conventional furnace annealing (CFA) at 400 °C for
4 hrs, (c) w/o Cu, (d) w/ Cu. After rapid thermal annealing (RTA) at 400 °C for 4 hrs, (¢) w/o Cu, (f)
w/ Cu.
For the RTA annealing process at the same temperature, surface modifications were identified
with a small number of dots like structure for w/o Cu. The surface discoloration with a large number of a

spot like a layer was analyzed for w/Cu, after annealing at 400° C for 4 hrs using RTA.

4.3.2 X-Ray Diffraction (XRD)

XRD profiles of the Ge layers annealed at 400 °C, 4 hrs for w/o Cu and w/Cu layer using CFA
and RTA processes were shown in Figs. 4.6(a) and (b). This result indicates that the Ge layer remains
amorphous, w/o Cu using CFA process and in contrast, in the XRD profiles of the Ge layers formed w/Cu
using CFA process, (Fig. 4.6 (a)), c-Ge (111) peak at ~27.4° can be clearly observed. Hence, it can be said

that the Cu catalyst plays a role in enhancing the crystallization of Ge film, using CFA process.
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Figure 4.6 XRD profiles of annealed Ge films (a) CFA and (b) RTA.

From Fig. 4.6 (b), the Ge (111) peak becomes more significant even annealing at 400 °C for 4hrs,
w/o Cu using RTA process. While adding the metal catalyst Cu in RTA process, it was identified that the

intensity of Ge (111) peak was increased, compared with the w/o Cu, RTA process. RTA process plays a



vital role in the crystallization process, due to its sudden rise in temperature during the nucleation time.

4.3.3 Raman Spectroscopy

Fig. 4.7 (a) and (b) show Raman spectra obtained from the Ge layers annealed at 400 °C for 4
hrs, w/o Cu and w/Cu layer, using CFA and RTA processes. The a-Ge peak was observed in the prepared
Ge layers w/o Cu catalyst even after annealing at 400 °C for 4 hrs, w/o Cu, using CFA, as shown in Fig.
4.7(a). For the Ge layer, w/ Cu, in contrast, a sharp peak of Ge-Ge bond at 297 cm™! was clearly observed,
as shown in Fig. 4.7 (b), which is assigned to c-Ge*.

From Fig. 4.7 (b), the c-Ge peak becomes more significant even annealing at 400 °C for 4 hrs,
w/o Cu using RTA process. As like as the XRD analysis (Fig. 4.6), the addition of metal catalyst Cu

enhances the intensity of c-Ge peaks.
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Figure 4.7 Raman spectra of annealed Ge films (a) CFA and (b) RTA.

These findings indicate that the Cu catalyst makes the Ge film crystalized even at 400 °C for 4
hrs, w/o Cu using RTA process, while the Ge film w/o Cu, using CFA process was dominantly amorphous
for the same annealing condition. Raman analysis is consistent with XRD characterization results. The Ge-
Ge peak position observed in the Ge film, w/Cu is slightly lower than 300 cm™' in bulk c-Ge, due to

amorphous and nano-crystalline Ge present in the layer*. Moreover, it was confirmed that Ge-Cu



component is below the detection limit in Raman spectra.

4.3.4 Field Emission-Scanning Electron Microscopy (FE-SEM)

Fig. 4.8 indicates FE-SEM images of the Ge layer surfaces of as-deposited and the samples
annealed at 400 °C for 4hrs, w/o Cu and w/Cu, using CFA and RTA processes. Figs. 4.8 (a) and (b) represent
the as-deposited sample surfaces, prior to an annealing process. Uniform thin layer with a large number of
smaller Ge-crystals was identified in w/ Cu, while comparing w/o Cu, using CFA, as shown in Figs. 4.8 (c)
and (d).

While the Ge layers w/o Cu catalyst seem to have enriched with more uniform smaller grains
and for w/ Cu, and the Ge surface identified with some smaller pit-like structure throughout the substrate

for the RTA process, as shown in Figs. 4.8 (e) and (f).

Figure 4.8 FE-SEM images of the Ge layer surfaces (a) as-deposited a-Ge, (b) as-deposited Cu/ a-
Ge. After annealing at 400 °C for 4 hrs, CFA (c¢) w/o Cu (d) w/ Cu. After annealing at 400 °C for 4
hrs, RTA (e) w/o Cu (f) w/ Cu.



4.3.5 Field Emission- Electron Probe Micro (FE-EPMA)

Figs. 4.9 and 4.10 represent the EPMA of the samples annealed at 400 °C for 4 hrs, using CFA
and RTA processes. From Fig 4.9 (a), the obtained surface was enriched with more number of smaller grains
throughout the substrate with no larger island like structure formation. Ge distribution clearly depicts its
presence all over the substrate, as shown in Fig. 4.9 (b). In the elemental line profile, obtained at a yellow
line in the EPMA image, Si and O signals were observed, originated from the SiO»/Si substrate. Also, it
clarified the formation of smaller grains which act as a uniform thin layer of Ge surfaces, as represented in

Fig. 4.9 (¢).
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Figure 4.9 After annealing at 400 °C for 4 hrs, CFA (a) EPMA image, (b) Ge distribution (c)

elemental line profile Ge films.

From Fig 4.10 (a), the Ge surface was obtained with smaller grains with small pit-like structure
throughout the substrate with the absence of larger grains. Like the CFA process (Fig. 4.9 (b) and (c)), the
RTA process of Ge distribution and line profile analysis of EPMA clearly confirm the formation of smaller
grains which act as a uniform thin layer of Ge surfaces, as shown in Fig. 4.10 (b) and (c). Also, both CFA
and RTA processes were detected with low-level metal contamination in the Ge surfaces. The EPMA is

consistent with the obtained FE-SEM characterization results.
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Figure 4.10 After annealing at 400 °C for 4 hrs, RTA (a) EPMA image, (b) Ge distribution (c)

elemental line profile Ge films.

4.3.6 Electron Back Scattering Detector (EBSD)

Fig. 4.11(a) and (b) depict the EBSD images of the samples annealed at 400° C for 4 hrs using
CFA and RTA process.

Both the annealed sample showed the poly-crystalline Ge surface with dominant (111)-Ge plane.
Since the Ge surfaces were obtained with a uniform thin layer like structure without any larger islands, it
was difficult to analyze the grain size. The inset color triangle represents the corresponding orientation of
the Ge surfaces. Both the CFA and RTA process clarified the formation of (111)-oriented Ge surfaces and

this EBSD analysis is consistent with the XRD and Raman analysis.
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Figure 4.11 EBSD images of the samples annealed at 400° C for 4 hrs, (a) CFA and (b) RTA.

4.3.7 X-ray Photoelectron Spectroscopy (XPS)

Figure 4.12 (a) and (b) exemplify the XPS analysis of the samples annealed at 400° C for 4 hrs



using CFA and RTA, w/o Cu and w/ Cu.

From Fig. 4.12 (a) the samples annealed at 400° C for 4 hrs, using CFA w/o Cu, two peaks were
detected at 29.9 and 32.8 eV were assigned to the sub-oxides and oxidation peak of Ge 3d spectra®-72. Also,
for the samples annealed at 400° C for 4 hrs, using CFA w/ Cu, peak attained at 29.6 eV was assigned to
the elemental Ge 3d spectra. From Fig. 4.12 (b), the samples annealed at 400° C for 4 hrs, using RTA w/o
Cu, the peak achieved at 30.5 eV was assigned to sub-oxides of elemental Ge 3d spectra. For the same
annealing condition using RTA, w/ Cu, the peak achieved at 29.6 eV was assigned to elemental Ge 3d
spectra. Hence, the possibility of formation of oxides during the crystallization process is reduced, by

utilizing the metal catalyst Cu during the crystallization process.
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Figure 4.12 XPS analysis of the samples annealed at 400° C for 4 hrs, (a) CFA and (b) RTA.

4.4 Thermoelectric characteristics

4.4.1 Seebeck coefficient measurement

The Seebeck coefficient of the Ge layer using CFA and RTA processes, w/o Cu and w/Cu catalyst
were shown in Figs. 4.13(a) and (b), as a function of annealing temperature. The sample condition was
represented as X- as deposited a-Ge, Y- 400 °C, 4 hrs using CFA and Z-400°C, 4 hrs using RTA processes.

The data of the as-deposited Ge layer (X) were also indicated in these graphs for comparison.



The Seebeck coefficient for the Ge layer, w/o Cu and w/ Cu, using CFA and RTA processes could
not be measured owing to its high electric resistance, which indicates a small number of carriers in the Ge
layer. Although the measured Seebeck coefficients scatter in Figs. 4.13(a) and (b), there was not a
significant difference between w/o Cu and w/Cu, using CFA and RTA processes, as previously discussed in

Chapter 3.
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Figure 4.13 Seebeck coefficient of Ge film w/o Cu and w/ Cu, as a function of annealing temperature.

It represented that the metal catalyst Cu could not make Ge-Cu bonds in the Ge thin films and
hence the presence of Cu atoms not influenced the seebeck coefficient. Also, the lower level of Cu metal
contamination acts as a carrier source and hence the difficulty of controlling the carrier concentration is

high.

4.4.2 Thermal conductivity Analysis

Fig. 4.14(a) and (b) are the thermal conductivity of the Ge layers using CFA and RTA processes,
w/o Cu and w/ Cu catalyst as a function of annealing temperature. The sample condition was represented
as X- as deposited a-Ge, Y- 400 °C, 4 hrs using CFA and Z-400 °C, 4 hrs using RTA processes. The measured
value of the as-deposited Ge layer is 0.82 Wm™'K"!, which is close to the reported value.
The attained thermal conductivity value of w/o Cu was close to the as-deposited a-Ge and the higher thermal

conductivity value is achieved for w/o Cu, RTA process. Also, it is found that the crystallized Ge film



formed by w/ Cu, RTA process has larger thermal conductivity than the Ge film formed by w/ Cu, CFA and
the as-deposited a-Ge. This increase in the thermal conductivity values of CFA and RTA processes, w/o Cu

and w/Cu is due to the presence of Cu atoms in low concentration.
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Figure 4.14 Thermal conductivity of Ge film w/o Cu and w/ Cu, as a function of annealing

temperature.

4.5 Conclusions

Fabrication of poly-crystalline (pc)-GOI layer was investigated using CFA and RTA process, w/o
Cu and w/ Cu at a lower eutectic temperature of 400 °C for 4hrs and clarified the effective role of RTA
process of crystallization. The SEM, EPMA, XRD, and Raman scattering spectroscopy results indicate that
the Cu layer plays a role in enhancing the crystallization with the formation of crystallized Ge thin film,
using CFA process. Also, the effective Ge crystallization process was clearly demonstrated using RTA
process. The presence of a small number of Cu atoms in the crystallized Ge thin film influenced the seebeck
coefficient measurement and the larger thermal conductivity value is achieved for the Ge film, w/ Cu, RTA

than the as-deposited Ge and w/ Cu, CFA.



Chapter S: Polycrystalline Germanium thin films: Al

induced crystallization of a-Ge

5.1 Background of Al induced crystallization of a-Ge thin films

Al induced crystallization of a-Ge has been investigated in fabricating the poly-crystalline Ge on
insulator substrates’%, Peculiarly, Al induced crystallization is gaining interest, because of its low
temperature fabrication process. The effective role of using the metal catalyst Al, during the crystallization
process is to attain the larger grained poly-crystalline structures with the grain size of 10-100 pmS®e.
Moreover, high quality poly-crystalline Ge with larger grain size can also acts as a single Ge crystal
substrate®’.

Interestingly, the eutectic temperature of Ge-Al is 421 °C. By considering the low
temperature annealing process, the annealing condition was performed at 350°C for 2 and 4 hrs to
fabricate the poly-crystalline Ge, for the starting structure of Al (100nm)/Ge(100nm), using rapid
thermal annealing (RTA) process. And the microstructure and thermoelectric characteristics has been

investigated with and without the influence of metal catalyst Al i.e., w/ Al and w/o Al.

5.2 Experimentation and sample preparation

5.2.1 Sample preparation and growth mechanism

In this study, commercially available SiO»/Si was pre-cleaned using piranha solution for 1 min.
Preparation of Al and Ge layers on SiOx(thickness:103nm)/Si(thickness:378um) substrate was carried out
at room temperature. Initially, amorphous-Ge (a-Ge) thin layer (thickness: 100nm) was deposited on
Si0,/Si substrate, using vacuum evaporation system in a vacuum chamber with a base pressure of 6.0 x 10°

4 Pa. Consequently, a thin layer of Al (thickness: 100nm) was deposited on a-Ge/SiO»/Si substrate, using



vacuum evaporation system in a vacuum chamber with a base pressure of 6.0 x 10 Pa. After that, the
sample consists of Al/a-Ge/SiO»/Si was subjected to rapid thermal furnace annealing for the Ge
crystallization process, at lower eutectic temperature of 350° C for 2 and 4 hrs, in an N, ambient. After the
completion of rapid thermal furnace annealing (RTA) process, the residual Al metal layer was etched using
HF solution for few seconds. For reference, a-Ge/SiO,/Si substrate was also annealed at 350° C for 2 and
4hrs, in an N, ambient, to check the influence of metal catalyst Al, during the crystallization process. The

experimentation process flow diagram is schematically represented in Fig. 5.1.
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Figure 5.1 Schematic of Al-induced crystallization process of Ge film on SiO2/Si substrate, using

rapid thermal annealing (RTA) process.

Primarily, the as-deposited Ge thin films were in amorphous phase. The Ge crystallization
process began with the nucleation process for 1 min, using rapid thermal annealing (RTA) process. During
this stage, nuclei were formed with respect to the annealing temperature of 350° C in 1 min, as nucleation
time. As done earlier in chapter 4, the annealing condition was chosen below the eutectic temperature of
Ge-Al%. The Ge crystals were formed during the crystal growth period of 2 hrs at 350° C. Fig. 5.2 represents

the Ge crystal growth mechanism during the rapid thermal annealing process of Al induced crystallization



of a-Ge. After the annealing process, the sudden cooling was performed for 1 min and the crystalline phase

was accomplished.
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Figure 5.2 Growth mechanism of Al induced crystallization of Ge, during rapid thermal

annealing (RTA) process at 350 °C for 2 hrs.
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Figure 5.3 Growth mechanism of Al induced crystallization of Ge, during rapid thermal



annealing (RTA) process at 350 °C for 4 hrs.

The same crystallization steps were repeated starting from the amorphous phase with nucleation
time of 1 min, using RTA process. As done earlier, nuclei were formed during the nucleation phase. Here,
the annealing operation was performed at 350° C for 4 hrs. The Ge crystals with porous networks were
formed during the crystal growth period of 4 hrs. Fig. 5.3 represents the Ge crystal growth mechanism
during the rapid thermal annealing process of Al induced crystallization of a-Ge. After the annealing process,
the sudden cooling was performed for 1 min and the crystalline phase with porous network was attained.
During the above RTA processes of Al induced crystallization of a-Ge, no possibility of formation of Al-

Ge alloy, since the annealing process was performed below the eutectic temperature of Al-Ge.

5.3 Microstructure Characterization Analysis

5.3.1 Optical microscopy

Fig. 5.4 presents the optical microscopy analysis of the as-deposited and annealed samples, using
RTA of Al induced crystallization of a-Ge. Figs.5.4 (a) and (b) show the optical analysis of the as-deposited
a-Ge/Si0,/Si, and Al/Ge/Si0,/Si. Figs.5.4 (¢)-(d) and (e)-(f) exhibit the optical study of the samples
annealed at 350° C for 2 and 4 hrs, for the two cases, w/o Al and w/ Al. As previously discussed in chapters
3 and 4, the changes in the color appearances of the as-deposited samples represented the thin layer
depositions on the SiO,/Si substrate. After annealing at 350° C for 2 and 4hrs, the appearance of the Ge
layers, w/ Al was drastically changed while comparing with the Ge layers, w/ Al. For 2 hrs annealing
condition, larger grain like structure was observed, whereas in 4 hrs annealing condition, crystalline grains

with some spaces in between were observed.
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Figure 5.4 Optical microscopy image of the samples over SiO>/Si at each stage of crystallization
process. (a) a-Ge layer, (b) Al thin layer. After rapid thermal annealing (RTA) at 350 °C for 2 hrs,
(c) w/o Al, (d) w/ Al. After rapid thermal annealing (RTA) at 350 °C for 4 hrs, (e) w/o Al, (f) w/ Al

5.3.2 X-Ray Diffraction (XRD)

XRD profiles of the Ge layers annealed at 350 °C, 2 and 4 hrs for w/o Al and w/ Al layer, using
RTA process were shown in Figs. 5.5 (a) and (b). This result indicates that the as deposited a-Ge layer
started to crystallize even after annealing at 350 °C for 2 hrs, w/o Al as shown in Fig.5.5(a). A low intensity
c-Ge (111) peak at ~27.4° was observed. On increasing the annealing time for 4 hrs at 350 °C, w/o Al the
intensity of the c-Ge peak was further increased. From Fig. 5.5 (b), after annealing at 350 °C for 2 and 4
hrs, w/ Al the intensity of the c-Ge peak was increased further. Hence, it can be said that the Al catalyst

plays a role of enhancing the crystallization of Ge film, using RTA process.
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Figure 5.5 XRD profiles of annealed Ge films (a) w/o Al and (b) w/ Al

5.3.3 Raman Spectroscopy

Figs. 5.6 (a) and (b) show Raman spectra obtained from the Ge layers annealed at 350 °C for 2
and 4 hrs, w/o Al and w/ Al layer, using RTA process. For the Ge layer, annealing at 350 °C for 2 and 4 hrs,
w/o Al, Raman peaks were identified at 297 cm™!, as represented in Fig. 5.6 (a). For the Ge layer, annealing
at 350 °C for 2 and 4 hrs, w/ Al, sharp peaks of Ge-Ge bond at 299 cm™! were clearly observed, as shown

in Fig. 5.6 (b), which is assigned to c-Ge*®,

! I
(a) iGe-ge WO Al (b) Ge-Ge wi Al
I —
E) i 2 [
© S i
8
= 2 i 350°C, 4hrs
= 350°C, 4hrs - :
7] - I
s g
3 2
£ =
350°C, 2hrs i 350°C, 2hrs
: | . . | .
200 250 300, 350 400 200 250 300 1 350 400
Raman shift (cm™ ') Raman shift (cm™')

Figure 5.6 Raman spectra of annealed Ge films (a) w/o Al and (b) w/ Al

These findings indicate that the Al catalyst makes the Ge film partially crystallized even at 350
°C for 2 and 4 hrs, w/o Al using RTA process, while the Ge film w/ Al, for the same annealing condition

dominant c-Ge peaks close to Ge-Ge vibrational bond were observed. Raman analysis is consistent with



XRD characterization results. The Ge-Ge peak position observed in the Ge film, w/ Al is almost 300 cm’!,
and this confirms the formation of nano-crystalline Ge present in the layer®. Moreover, it was confirmed

that Ge-Al component is below the detection limit in Raman spectra.

5.3.4 Field Emission-Scanning Electron Microscopy (FE-SEM)

Fig. 5.7 indicates FE-SEM images of the Ge layer surfaces of as-deposited and the samples
annealed at 350 °C for 2 and 4 hrs, w/o Al and w/ Al, using RTA process. Figs. 5.7 (a) and (b) signify the
as-deposited sample surfaces of a-Ge and Al/a-Ge. A minor change were observed after annealing the Ge
at 350 °C for 2 and 4 hrs, w/o Al, as shown in Figs. 5.7 (c¢) and (d).

From Fig. 5.7 (e), it can be clearly seen that larger Ge islands were formed after annealing at 350
°C for 2 hrs, w/ Al. On further increasing the annealing time of 4 hrs at 350 °C, the Ge islands were

interconnected together at some edges and later formed as a crystalline porous network as represented in

Fig. 5.7 ().

5.3.5 Field Emission- Electron Probe Micro (FE-EPMA)

Figs. 5.8 and 5.9 represent the EPMA of the samples annealed at 350 °C for 2 and 4 hrs, using
RTA process. From Fig. 5.8(a), it was clearly seen that larger Ge islands were formed after annealing at 350
°C for 2 hrs, using RTA process. Ge distribution and line profile analysis clearly depicts the larger Ge island
over the substrate as shown in Figs. 5.8 (b) and (c). In the elemental line profile, obtained at a yellow line
in the EPMA image clarified the position of Ge island over the substrate, in addition Si and O signals were

observed, due to the SiO; substrate, as represented in Fig. 5.8 (c).



Figure 5.7 FE-SEM images of the Ge layer surfaces (a) as-deposited a-Ge, (b) as-deposited Al/ a-Ge.
After annealing at 350 °C for 2 hrs, RTA (c) w/o Al (e) w/ Al. After annealing at 350 °C for 4 hrs,
RTA (d) w/o Al (f) w/ Al
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Figure 5.8 After annealing at 350 °C for 2 hrs, RTA (a) EPMA image, (b) Ge distribution (c)
elemental line profile Ge films.

From the EPMA image of Fig 5.9(a), the Ge surface was obtained with the interconnected Ge
islands - porous network like structure throughout the substrate. Ge distribution and line profile analysis of
EPMA clearly confirm the formation of Ge islands with porous network. From Figs. 5.9 (b) and (¢), Ge
distribution ang line profile analysis confirm the presence of Ge island with porous network over the

substrate. The EPMA is consistent with the obtained FE-SEM characterization results.
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Figure 5.9 After annealing at 350 °C for 4 hrs, RTA (a) EPMA image, (b) Ge distribution (c)

elemental line profile Ge films.

5.3.6 Electron Back Scattering Detector (EBSD)

Fig. 5.10 (a) and (b) portray the EBSD images of the samples annealed at 350° C for 2 and 4 hrs,
w/Al. Both the annealed sample shown the poly-crystalline Ge surface with mixed orientation of (111),
(101) and (001). The inset color triangle represents the corresponding orientation of the Ge surfaces. EBSD
analysis is in good agreement with the obtained FESEM characterization result. The average calculated

grain size is about 1-2um.
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Figure 5.10 EBSD images of the samples annealed at 350° C (a) 2 hrs and (b) 4 hrs.

5.3.7 X-ray Photoelectron Spectroscopy (XPS)

Figure 5.11(a) and (b) represents the XPS analysis of the samples annealed at 350° C for 2 and 4

hrs, w/o Al and w/ Al. From Fig. 5.11 (a) w/o Al, for the sample annealed at 350° C for 2 and 4 hrs, the



peaks obtained at 30.4 and 30.3 eV were assigned to sub-oxides of Ge 3d elemental spectra®-’2. In contrast,
for the sample annealed at 350° C for 2 and 4 hrs, w/Al the peaks attained at 29.4 and 29.6 eV, corresponded
to the elemental Ge 3d spectra, as shown in Fig. 5.11(b). This small shift is likely due to the interaction of
interfacial oxide layer during the crystallization, w/o Al. Hence, it is necessary to use the metal catalyst Al,

to avoid the oxidation during the crystallization process.
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Figure 5.11 XPS analysis of the samples annealed at 350° C for 2 and 4 hrs, (a) w/o Al and (b) w/ Al

5.4 Thermoelectric characteristics

5.4.1 Seebeck coefficient measurement

The Seebeck coefficient of the Ge layer w/o Al and w/ Al catalyst were shown in Fig. 5.12, as a
function of annealing time interval. The measured Seebeck coefficients scatter in Fig. 5.12, hence there is
not significant difference between w/o Al and w/ Al after annealing at 350 °C for 2 and 4 hrs.

As previously discussed in Chapters 3 and 4, it is reported that Al atoms remain in the Ge layer
and can acts as a carrier source in Al/Ge bilayers thin film. Hence, the seebeck coefficient is not influenced

much. Also, it is not confirmed that Ge and Al are bonded in the Ge film. Some low-level metal



contaminants present in the crystallized Ge thin film makes the scattering value of seebeck coefficient.
Hence, the carrier concentration could be controlled by further doping the Ge film, in which low level Al

atoms already present.

~ 600

24

>

= 5004 °

E | ]

@ 4004 .

O

Y

© 3004

(o]

O

x 2001 = wio Al

g e wAl

[]) 100- O

$ L] L] L] L ] L J
2.0 2.5 3.0 3.5 4.0

Time (hours)

Figure 5.12 Seebeck coefficient of Ge film w/o Al and w/ Al, as a function of annealing temperature.

5.4.2 Thermal conductivity analysis

Fig. 5.13 is the thermal conductivity of the Ge layer, w/o Al and w/ Al catalyst as a function of
annealing time interval. A seen from previous chapters 3 and 4, the measured value of the as-deposited Ge

layer is 0.82 Wm™'K-!, which is close to the reported value.

The attained thermal conductivity value of w/o Al for 2 hrs was close to the as-deposited a-Ge
and for the case of w/o Al for 4hrs, the thermal conductivity value was lower than the as-deposited a-Ge.
Also, it is found that the crystallized Ge film formed by w/ Al for 4 hrs has larger thermal conductivity than
the Ge film formed by w/o Al for 2 hrs, during the RTA process. Presence of lower concentration of Cu

atoms in the crystallized Ge increases the thermal conductivity values, during the RTA process.
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Figure 5.13 Thermal conductivity of Ge film w/o Al and w/ Al, as a function of annealing time

period.

5.5 Conclusions

Fabrication of poly-crystalline Ge and its thermoelectric characteristics were investigated at an
annealing temperature of 350 °C for 2 and 4 hrs, w/o Al and w/ Al using RTA process. The SEM, EPMA,
XRD, and Raman scattering spectroscopy results indicate that the Al layer plays a role of enhancing the
crystallization with Ge larger island-formation and interconnected porous network, after annealing at lower
eutectic temperature of Ge-Al of about 2 and 4 hrs. As like the previous chapters 3 and 4, the presence of
smaller residual Al atoms hardly influences the thermoelectric characteristics of crystallized Ge thin films

on insulators.



Chapter 6: Conclusions

6.1 Conclusions and Future directions

The major results of this thesis are summarized here.

Chapter 2 gives the investigation of thermoelectric and crystallographic studies on Au induced
crystallization of a-Ge. The crystallization process was performed around the eutectic temperature of Ge-
Au mixture at 300 °C, 400 °C and 500 °C for 60 min, for the starting structure of metal catalyst Au (20nm)/a-
Ge (100nm), using the conventional furnace annealing process. The microstructure characterization reveals
the crystallographic analysis of poly-crystalline Ge on insulators. The SEM, EPMA, XRD, and Raman
scattering spectroscopy results indicate that the Au layer plays a role of enhancing the crystallization and
island-formation of the Ge film. As for the thermoelectric characteristics, the seebeck coefficient is hardly
influenced by a small amount of residual Au atoms while the thermal conductivity is increased in the Ge
layer, w/Au. This is caused by the crystallinity of the Ge film because the crystallographic properties
indicated that there are few Au atoms in the prepared Ge layer.

Chapter 3 extends the work of investigation of thermoelectric and crystallographic studies from
Au induced crystallization to Cu induced crystallization of a-Ge. The crystallization process was performed
at 400 °C for 4 hours, which is lower than the eutectic mixture of Ge-Cu. The annealing process of
conventional furnace and rapid thermal were discussed for the starting structure of metal catalyst Cu
(20nm)/a-Ge (100nm). The SEM, EPMA, XRD, and Raman scattering spectroscopy results indicate that
the Cu layer plays a role in enhancing the crystallization with the formation of crystallized Ge thin film,
using CFA process. Also, the effective Ge crystallization process was clearly demonstrated using RTA
process. The presence of a small number of Cu atoms in the crystallized Ge thin film influenced the seebeck
coefficient measurement and the larger thermal conductivity value is achieved for the Ge film, w/ Cu, RTA

than the as-deposited Ge and w/ Cu, CFA.



Chapter 4 further extends the work on investigation of thermoelectric and crystallographic
studies from Cu induced crystallization to Al induced crystallization of a-Ge. The crystallization process
was performed at 350 °C for 2 and 4 hours, which is lower than the eutectic mixture of Ge-Al, using rapid
thermal annealing process for the starting structure of metal catalyst Al (100nm)/a-Ge (100nm). The SEM,
EPMA, XRD, and Raman scattering spectroscopy results indicate that the Al layer plays a role of enhancing
the crystallization with Ge larger island-formation and interconnected porous network, after annealing at
lower eutectic temperature of Ge-Al of about 2 and 4 hrs. As like the previous chapters 3 and 4, the presence
of smaller residual Al atoms hardly influences the thermoelectric characteristics of crystallized Ge thin
films on insulators.

By understanding the above results, the investigation on thermoelectric and crystallographic
studies of poly-crystalline Ge pays can be proposed to future directions. From, the above facts, poly-
crystalline Ge was formed during the metal induced crystallization of a-Ge, with the influence of catalytic
metals like Au, Cu and Al. The obtained characterization results are in good agreement with the other
characterization results. By extending the work, with the additional doping process, it can be believed that
the seebeck coeffiecient of the crystalline Ge film will be increased, so that the thermoelectric efficiency

will also be increased.
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