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Abstract 

The crystallization process of germanium (Ge) and germanium-tin (GeSn) thin films by a 

continuous wave (CW) and a pulsed laser is very effective for producing smooth, homogeneous, and 

crack-free polycrystalline films to use in transistors, photodetectors, and photovoltaic applications. 

However, little progress has been made to directly crystallize Ge and GeSn films based on 

micro/nanoparticles (NPs) using the laser sintering (LS) process. In this thesis work, a simultaneous LS 

and crystallization process of Ge and GeSn micro/nanoparticles thin films on silicon substrates are 

demonstrated. Silicon substrates with a silicon dioxide (SiO2) insulating layer on top were considered 

for compatibility with complementary metal-oxide-semiconductor (CMOS) technology. The LS 

process was applied to solution deposited film of micro/nanoparticles, of 4-5 µm in thickness of Ge and 

GeSn using both CW infrared (IR) laser of wavelength 1070 nm and pulsed ultraviolet (UV) laser of 

355 nm wavelength.  After the LS process, around 2-2.5 µm thin films of polycrystalline Ge and GeSn 

were achieved with optical and electrical properties comparable to traditionally deposited films. The 

crystallinity of the polycrystalline Ge and GeSn films was evaluated by Raman spectroscopy and X-

Ray diffraction (XRD). The laser-sintered Ge films exhibited a Raman peak at 300 cm−1 and XRD 2 

peak at 27.35, which indicated the poly-crystalline structure. The fabricated Ge film showed high hole 

mobility of 203 cm2/V.s, without any doping and film electrical resistivity value of 6.24x105 Ω-cm. The 

mobility increased after incorporating 12% Sn in the film. The laser-sintered GeSn films showed hole 

mobility of 240 cm2/V.s. The developed LS process allows the quick deposition of thick polycrystalline 

films, removing surface porosity and voids, increasing films adhesion with the substrate, and faster 

thermal annealing. 

Keywords: polycrystalline, Ge, GeSn, nanoparticle, laser sintering, crystallization, mobility, 

photodetector. 
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Chapter 1. Introduction 

1.1. Group IV Material Overview 

The crystalline semiconductors offer superior electrical and optical properties compared to their 

amorphous counterpart, which is a key requirement for optoelectronic applications. Developing 

crystallized semiconductor thin films on different substrates requires a complex fabrication process. Si-

based materials are the main driving force behind the rapid development of revolutionary electronic 

technology. However, this technology is going to a phase of slow growth approaching the “Moore’s 

law” limit. Also, Si is an indirect bandgap material that is not suitable for optoelectronic devices. The 

group IV photonics is getting significant momentum for future optoelectronics. It can be fabricated 

using the standard semiconductor fabrication techniques and integrated with high-speed microelectronic 

chips. Among the group IV materials, Ge and Sn are recently getting a lot of attention for next-

generation optoelectronic devices. Ge is an indirect bandgap semiconductor that can be transformed 

into a direct bandgap semiconductor by incorporating Sn.  

1.2. Ge Semiconductor 

High-quality polycrystalline Ge thin-film material is of great interest for next-generation IR-

sensitive material due to the lower bandgap [1], [2], good compatibility with Si [3], non-toxic and 

environmentally friendly green material [4], larger Bohr exciton radius (24 nm) [4], and high carrier 

mobility (340 cm2/V.s) [3], [5], [6]. Ge is considered the best candidate for the near-IR spectral range 

photo-detection due to its high absorption coefficient for 1.3-1.55 µm wavelength range [2], [7]. 

Furthermore, mobility can be increased by incorporating tin (Sn) in the film [8]. However, there is a 

huge fabrication challenge of integrating Ge with Si due to a large lattice mismatch of 4.2% [9]. The 

Ge thin films of microns in thickness are used for micro-electromechanical systems (MEMS) [10], gas 

sensors [11], [12], and integrated photonic devices [13]–[17], as well as for single-photon avalanche 

diode detectors [18]–[20]. 
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1.2.1.  Ge thin film fabrication challenges 

The polycrystalline Ge thin film is usually fabricated by using a costly and time-consuming process 

such as solid-phase crystallization (SPC) [3], [21], [22], metal-induced crystallization (MIC) [22]–[24], 

and chemical vapor deposition (CVD) [25], The SPC process requires 5-10 hours of thermal annealing 

at a very high temperature of around 500 °C [1]. The high annealing temperature is not suitable for all 

types of substrates. The MIC offers low-temperature processing but causes metal contamination in the 

films [1]. These traditional methods also have a requirement of very high-end vacuum-based deposition. 

Traditional methods have a slow deposition rate, which limits the thickness of the film and produces 

large amounts of hazardous waste. Also, it is very challenging to deposit thin films (i.e., 3 μm or more) 

by conventional fabrication methods. 

1.2.2.  Ge thin film fabrication prospects by laser 

Recently, the LS crystallization of thin films is getting popular due to its ability of rapid 

recrystallization at low substrates temperatures and high energy throughput [26]. The usage of laser is 

increasing rapidly in thin-film fabrication, including contact patterning, selective etching, and surface 

micro texturing [27]. Both CW [5] and pulse laser [1], [6] have been used for fabricating high-quality 

crystallized thin films. The pulsed laser sintering presents versatile control for the fabrication of 

polycrystalline films [1]. The laser sintering of micro/nanoparticles provides a continuous film and 

simultaneous crystallization of thin film. The LS method of crystallizing films is a cost-effective, fast, 

scalable, and low thermal-budget process than furnace-based processes [9]. However, most of the 

published LS-based scientific reports used complex deposition methods such as CVD [9], molecular 

beam epitaxy (MBE) [5], and plasma sputtering [6]. Also, the thickness of the film is limited to a 

maximum of 1 μm. Additionally, the mobility of the polycrystalline Ge film is low without p/n-type 

doping. Researchers tried to synthesize Ge NPs by laser ablation from pure Ge target submerged in 

water [28]. Some also have reported laser melting of Ge NPs, but to our knowledge, no results have 

been reported on simultaneous laser sintering and crystallization as a one-step process. 
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1.3. GeSn Semiconductor 

Most recently, IR photodetectors based on GeSn alloy are being researched and used due to their 

outstanding electrical and optical properties. The GeSn alloy can be transformed from indirect to direct 

bandgap with a wide range of Sn ratios incorporated in Ge [29], [30]. Usually, InGaAs-based 

photodetectors are used for photodetection in the short and mid wavelength IR (1–3 μm), which are 

incompatible with Si and require expensive bonding to readout silicon circuits to achieve IR imaging 

sensors [31]. Direct bandgap materials are preferred for optoelectronic applications. The wide 

applications of GeSn thin films are already successfully realized, such as thin-film transistors (TFTs) 

[32], p-MOSFETs on Si [33],  and GeSn lasers [34], [35]. 

1.3.1.  Properties of GeSn semiconductor 

The unique properties [2], [8] of GeSn alloy allow it to use as photodetector materials, especially in 

the IR range. The properties are summarized as below: 

i. Strain-relaxed and low threading-defect densities 

ii. Low growth temperatures and thermal stability for semiconductor processing 

iii. Tunable energy bandgap (0.5-0.8 eV) and lattice constants (5.65-5.8 Å) 

iv. Low surface roughness 

v. Compatible with Si and Ge substrate 

vi. Easy chemical cleaning for subsequent ex-situ epitaxy 

vii. Compatible with CMOS technology 

viii. Suitable for focal plane array (FPA) integration 

ix. Low-power operation. 

1.3.2.  The current state of GeSn based photodetectors 

A list of GeSn photodetectors is summarized in a recent review paper [8], which mostly used CVD 

[36], [37], and MBE [38]. MBE fabrication process relatively costs higher than the CVD process. Both 

of these processes have limitations of depositing thick films and controlling the amount of Sn ratio. 

Other fabrications methods such as solid phase epitaxy (SPE), sputtering, and pulse laser deposition 
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(PLD) [39]–[42] also have been experimented with. However, incorporating Sn in Ge is a significant 

fabrication challenge as the material is unstable at high Sn concentration due to the low solubility limit 

of below 1%, the large lattice mismatch (~14.7%), and the strong surface segregation of Sn in Ge [30], 

[38]. This hinders the development of high-Sn content GeSn thin films. Despite the manufacturing 

complexities, the GeSn alloy is a promising material for future photodetector applications due to its 

outstanding characteristics. 

The photodetector device structure mostly follows the p–i–n configuration. The reported devices 

have the highest detectivity (D*) [43] of 4.6x109 cmHz1/2W-1 and responsivity [36] of 2.85 AW-1 at 1.55 

µm wavelength. Both single-crystal [44]–[46] and polycrystalline [47]–[49] GeSn thin films are 

reported for photodetection. The absorption coefficient of the polycrystalline form is higher than the 

single crystalline because of the scattering effect at the grain boundaries. However, the electrical 

resistivity of the single crystalline form could be higher than the polycrystalline form because the grain 

boundaries generate holes in Ge-based semiconductors. 

1.3.3.  GeSn thin films by laser sintering 

Researchers are trying to overcome fabrication challenges by extensively using non-equilibrium 

techniques. One of the most prominent ways is to use pulsed laser annealing (PLA) to synthesize GeSn 

alloy with strong control over Sn ratio [31], [39]–[41], [50]. Crystallization through laser annealing is 

getting attention due to its ability to rapid recrystallization during the LS process. The LS process 

provides a source of local and rapid annealing and then cools down in nanoseconds time scale, which 

is very much shorter compared to rapid thermal annealing (RTA) [48]. The GeSn material can be 

designed to become a direct bandgap group IV semiconductor by controlling the ratio of Sn. Usually, 

Ge has considerably higher carrier mobility compared to Si and the ability to combine with other 

materials such as Sn [30]. The responsivity of the GeSn photodetectors shifts into the IR region with 

the higher Sn content [38]. The laser sintering offers a cost-effective method to deposit polycrystalline 

GeSn films with high Sn content. 
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Table 1 shows a list of developed GeSn thin films on different substrates by using mostly UV laser 

[39]–[42], [48], but it also includes a costly MBE process. However, papers only reported crystallization 

through laser annealing and analyzed the morphological structure of the developed films. So far, no 

group has reported any electrical or optical properties of the laser deposited films. 

Table 1: GeSn thin-film development by Pulsed Laser Annealing (PLA) 

Crystal 

Structure 
Fabrication Sn (%) 

Thickness 

(nm) 
Substrate Laser used Ref 

Epitaxial Alloy 
MBE and 

PLA 
5 200 Ge/n-Si 

Nd:YAG, : 

1064 nm 
[31] 

Polycrystal 
MBE and 

PLA 
12-14 100 Quartz 

KrF excimer, 

: 248 nm 
[39] 

Epitaxial Alloy 
MBE and 

PLA 
1 40 Si 

ArF excimer, 

: 193 nm 
[40] 

Polycrystal 
MBE and 

PLA 
2 50 SiO2/Si 

KrF excimer, 

: 248 nm 
[41] 

Epitaxial Alloy 
Sputtering 

and PLA 
22 100-1000 

Glass, 

InP, ZnSe 

UV (ArF & 

KrF) 
[42] 

Polycrystal 
Sputtering 

and PLA 
10-18 400 Ge 

KrF excimer, 

: 248 nm 
[48] 

Epitaxial Alloy 
MBE and 

PLA 
1 100 v-Ge/Si 

ArF Excimer, 

: 193 nm 
[50] 

 

1.4. Thesis Statement 

In this thesis, we describe the deposition of Ge and GeSn thin films using Ge and Sn NPs by a 

centrifuge deposition method, subsequent LS processing, and simultaneous crystallization. This 

experimental work was targeted to establish a method to deposit both Ge and GeSn thin films around 

2.5 μm thickness with high carrier mobility. The surface morphology, optical, and electrical properties 

of the fabricated film were characterized using different methods such as scanning electron microscopy 

(SEM), Raman spectroscopy, optical absorption, XRD, and Hall measurement. This study mainly 

focused on increasing hole mobility of thin polycrystalline Ge films by LS process and the dependence 

of carrier mobility on laser power density. Additionally, this study focused on incorporating Sn in the 

Ge for fabricating GeSn thin films to further enhance mobility. The micro-Raman spectra and XRD 

peaks have been analyzed in detail to verify the polycrystalline nature of the films. We have achieved 

a high mobility value of 203 cm2/V.s for Ge thin films and 240 cm2/V.s for GeSn thin films. These high 

hole mobilities were achieved through the LS process without any p/n-type doping. The LS method 
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allowed us to achieve Ge and GeSn thin films in the micron-scale thickness using a rapid deposition 

and sintering process. We introduced a way of directly melting the NPs of different materials by using 

the LS process. Finally, we present a fundamental understanding of the laser crystallization process and 

improvements in hole mobility. The fabrication method used in this experiment is also applicable to a 

variety of other materials and allows for large-area device fabrication. 
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Chapter 2. Experiments: Fabrication and Characterization 

2.1. Fabrication 

The polycrystalline Ge and GeSn thin film fabrication process consists of a few steps, as shown in 

figure 1, which are ball-milling, nanocrystal solution preparation, substrate cleaning including plasma 

treatment, centrifuge deposition, and laser sintering. The Ge and GeSn microparticles were ball-milled 

to attain NCs solution, then deposited on pre-cleaned substrates using centrifugal force. Finally, the 

deposited films were laser sintered to produce dense crystallized films. Each of the steps is discussed 

briefly in the following section.

 

Figure 1. Schematic representation of the Ge and GeSn thin films fabrication process. 

2.1.1.   Ball milling and nanocrystal solution 

The Planetary Ball Mill model, Retsch PM100, was used for the fabrication of nanoparticles. A 

zirconium oxide (ZrO2) milling cup was filled with a 3 mm diameter of ZrO2 balls by 50% volume. 

Both cups and balls were chosen from the same ZrO2 material to avoid contamination during the milling 

process. Wet milling is a key step to make uniform particle size distribution and maintain zero hazardous 

waste. Ball milling time, speed, and cooldown intervals were chosen carefully to avoid excessive heat 

buildup. Ge NPs of 0.5-0.8 μm average sizes and Sn NPs of 0.3-0.5 μm average sizes were purchased 

from Nanostructured & Amorphous Materials Inc with 99.99% purity. 

2.1.1.1.  Ge nanocrystal solution 

The process started with ball milling of 0.5 g of Ge particles, which were wet-milled to produce 

nanocrystals (NCs) suspended in 25 mL of methanol solution. The Ge NPs were wet-grinded with 

methanol solvent to reduce the particle size distributions. Ball milling was run for a total of 2 hours with 

10 mins break time after every 20 mins of running at 400 rpm. After ball milling, the concentrated NCs 

solution was transferred to a glass beaker of 50 mL size. Then the solution was diluted into a total of 25 
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mL solution and ultrasonicated for 5 to 10 mins to obtain a uniform dispersion. The ball milling process 

can be eliminated if Ge nanoparticles are purchased with uniform size distribution. 

2.1.1.2.  GeSn nanocrystal solution 

Ge and Sn weight ratio was chosen based on the atomic ratio to obtain an approximate atomic 

percentage. Two different types of solutions were prepared for the 2% and 15% Sn ratio in GeSn. At 

first, for 98% Ge and 2% Sn atomic ratio, 0.33 g Ge and 0.02 g Sn weight ratio were weighted. Secondly, 

for 85% Ge and 15% Sn atomic ratio, 0.25 g Ge and 0.10 g Sn weight ratio were weighted. Both 

mixtures were wet pasted separately in a methanol solution. The wet-solution procedure is very effective 

in avoiding air dust and wastage. For the 2% Sn ratio, the ball milling time was the same as Ge only. 

Ball milling was run for a total of 2 hours at 400 rpm with 10 mins break time after every 20 mins. For 

the 15% Sn ratio, the total effective ball milling time was the same, but the intervals were different to 

avoid heat build-up and oxidation. Ball milling was run for a total of 3 hours at 400 rpm with 20 mins 

break time after every 20 mins. After ball milling, the concentrated NCs solution was taken out, and a 

total of 35 ml of the diluted solution was prepared and well mixed using an ultrasonication probe for 10 

minutes. This mixing process is a crucial step to make uniform particle size distribution and maintain 

zero hazardous waste. 

2.1.2.  Wafer cleaning and plasma treatment 

An <100> orientation silicon substrate of 500 µm thickness with thermally grown 2 µm SiO2 was 

purchased from the University Wafer Inc. This wafer was selected for this experiment because the SiO2 

insulating layer allows measuring accurate electrical characteristics as it isolates the film from the Si 

substrate. The 10 cm diameter-sized wafer was cut into 1×2 cm rectangular pieces. Each piece was 

cleaned using the standard RCA process to remove organic residue from the wafer. Specifically, three 

steps of wet cleaning were carried out, which are acetone, isopropanol, and DI water. A plasma 

treatment was followed by the wet cleaning steps to remove contamination and hydrocarbons from the 

wet cleaned wafer surface [51], [52]. Plasma cleaning is a very effective and environmentally safe 

method for critical surface preparation. In addition to the cleaning, plasma cleaning produces a pristine 

surface, ready for bonding, without any harmful waste material. 
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2.1.3.  Film deposition 

After cleaning, each piece was placed in a vial (20 mL) filled with 4 mL of pure methanol. For Ge 

film deposition, 1 mL of Ge NCs diluted solution was used. For GeSn film deposition, 400 µL of GeSn 

NCs diluted solution was used. The sealed vials were placed in a centrifuge and spun at 100 rpm for 

around 15 mins. After centrifuge, the solution is transparent, leaving a dense and compact film on 

substrates at the bottom of the vial. The clear solvent is carefully removed from the vials using a micro-

pipette. Then the films are dried on a hot plate at 70-80 °C for 2-3 mins to get rid of organic residues. 

The thickness of the as-deposited Ge film was around 5 µm, which was reduced to around 2.5 µm after 

the LS process. The thickness of the as-deposited GeSn film was around 4 µm, which was reduced to 

around 2 µm after the LS process. 

2.1.4.  Laser sintering (LS) 

All the LS processes were done in a vacuum chamber purged with non-reactive (argon or nitrogen) 

gas to avoid oxidation of the film. The vented chamber consists of an inert gas inlet, a vacuum outlet, 

and an open window. The gas inlet is used for purging non-reactive gas into the chamber. The vacuum 

outlet is used for taking out the air molecules and non-reactive gas coming from the gas inlet. The 

vacuum outlet also helps to carry out the ablated material from the chamber during the LS process. The 

open window was closed by a Borosilicate Crown (BK7) glass purchased from Edmunds Optics to 

allow laser rastering on the sample. The BK7 glass window was chosen because it allows high 

transmission (above 95%) throughout the visible and near IR spectra and down to a wavelength of 350 

nm in the UV. The as-deposited Ge or GeSn film was placed in the chamber. The laser, after passing 

through the galvo, entered the chamber through the BK7 glass. The substrate temperature during the LS 

process played a crucial role in controlling the film surface morphology. 

Two different laser types were evaluated, a long pulse (100 µs) Nd:YAG fiber laser (IPG Photonics, 

YLR-150/1500) with a wavelength of 1070 nm and a solid-state diode-pumped short pulse (25 ns) UV 

laser (Coherent MATRIX) with a wavelength of 355 nm. The 1070 nm wavelength IR laser was used 

in both pulsed and CW modes, and the 355 nm wavelength UV laser was used in only pulse mode. 

Laser parameters such as repetition rate, scan speed, spot size, beam overlap, line-to-line overlap, and 
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power conditions were optimized to obtain a uniform recrystallized thin film. The detailed calculation 

process of the beam overlaps and the line-to-line overlaps were reported in our previous work [53]. 

2.1.4.1. Laser controlling parameters 

Laser parameters were optimized to obtain a uniform recrystallized thin film. The detailed 

calculation process of the beam overlaps and the line-to-line overlaps were reported in our previous 

work [53]. The following laser parameters are the key for NPs sintering. 

i. Repetition rate 

ii. Scan speed 

iii. Spot size 

iv. Beam overlap 

v. Line-to-line overlap 

vi. Power 

2.1.4.2. UV 355 laser sintering 

In the UV laser (355 nm) crystallization process, the laser light is absorbed near the top surface of 

the film. This means that the UV laser starts melting the top surface as soon as it hits the film, and heat 

flows to the bottom with sufficient laser power and scan time to melt all the way to the substrate surface. 

So, perfectly optimized laser parameters are required to obtain a strong adhesion between substrate and 

film. 

The optimized laser parameters for fabricating Ge films are the following: spot size ~100 μm, 

repetition rate ~30 kHz, scan speed ~50 mm/s, spot overlap ~60%, line scan pitch ~50%, and average 

laser power of 1.5 W. The laser repetition rate was selected at 30 kHz, where the pulse UV laser provides 

maximum peak power (operations manual of MATRIX 355-8-50, Coherent Inc.). The average power 

depends on the set current at which the UV laser was operated. For GeSn films, the same laser 

parameters were used except scan speed and laser power. These two parameters changed with the ratio 

of Sn in the GeSn film. Even a lower scan speed of 25 mm/s was used for GeSn films. The details are 

explained in the results section. 
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2.1.4.3. IR 1070 laser sintering 

The 1070 nm IR laser in the CW mode with a Gaussian beam profile could provide a maximum 

power of 150 Watts (W). One of the key advantages of the IR laser is that it has a longer absorption 

depth. So, the IR laser can go through the top surface to heat the substrate, melt the substrate/Ge 

interface, and makes a strong adhesion between the film and the substrate. 

At first, 450 µm spot size was selected based on our previous experience of crystallization and then 

optimized to 200 µm spot size for both Ge and GeSn films. For Ge films, a slow scan rate (10 mm/s) 

with moderately high power (30 to 35 W) was used to obtain sufficient laser energy absorption in the 

film for melting with minimal thermal stress. The laser line scan pitch was set to 60% to have sufficient 

overlaps between laser scan lines. The laser repetition rate was optimized to 500 Hz for efficient 

melting. High laser power and slow scan rate caused too much ablation and extreme substrate heating, 

which led to complete Ge film loss. Also, a high scan rate causes incomplete recrystallization and high 

thermal shock. So, optimized laser parameters are key to obtaining complete recrystallization of the Ge 

film. For GeSn films, all the optimized parameters as above were used except the power requirements. 

The required power to melt GeSn NPs is different from Ge only due to the ratio of Sn in the film. The 

details are explained in the results section. 

2.2. Characterization Equipment 

The fabricated Ge and GeSn films were evaluated  using a set of characterization tools, which are 

listed below: 

i. SEM model FEI Quanta 650: Microscopic surface morphology was determined using this 

model. Elemental analysis was performed using an energy dispersive X-ray (EDX) detector 

attached to the SEM, and data was later processed using Aztec software. 

ii. Renishaw Raman spectrometer: Micro-Raman measurements were carried out with a 514 

nm excitation (argon laser) source at room temperature. 

iii. PANalytical Empyrean X-ray diffractometer: The X-ray diffraction (XRD) patterns were 

collected using Cu K𝛼 as the source (𝜆= 0.154 nm). 
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iv. Hall measurement method: The hole mobility, carrier concentration, and resistivity were 

measured for both as-deposited and laser-sintered films in the van der Pauw configuration. 

v. Cary UV-Vis-NIR Spectrophotometer: The optical transmission and reflection spectra were 

collected by using this instrument. 

vi. Labsphere integrating sphere (RTC-060-SF): The total scattering and reflection loss was 

measured using this model. 
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Chapter 3. Results for Ge Thin films 

3.1. Laser Sintering Impact on Surface Morphology 

The surface morphology of as-deposited and laser-sintered Ge films with different laser conditions 

is shown in figure 2 to figure 4. The as-deposited micro/nanoparticle film surface is porous on a sub-

µm scale with surface voids, as shown in figure 2 (a) due to variation of the particle size. Approximately 

0.3–0.5 μm size particles are interconnected to form the Ge film. Laser parameters were carefully 

optimized to melt the particles, develop a continuous dense film, and recrystallize the film. 

3.1.1.  IR 1070 nm laser effect 

The Ge film is a stronger absorber of 1070 nm IR light. At low power, the IR laser starts melting 

probably at the outer surface of the NPs. However, the power isn’t enough to melt the NPs completely. 

As the power increases, most of the light is absorbed by the Ge NPs and partly transmits through the 

NPs to the substrate. This increases heat at the Si wafer and Ge interface, which yields to strong adhesion 

of the film with the substrate.

 

Figure 2. SEM images of surface morphology of as-deposited and IR laser-sintered Ge films with 

different laser parameters. (a) the as-deposited Ge film, (b) IR 1070 laser sintered between 20-25 W, 

(c) IR 1070 laser sintered between 30-35 W. 
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Figure 2(b) shows the IR laser condition where Ge NPs start melting, but power is not enough to 

melt all the NPs. Figure 2(c) shows the IR laser condition where Ge NPs completely melted and formed 

a uniform surface. The LS process not only removed the surface voids and porosity but also provided a 

dense and connected film. However, the substrate may crack and break if IR sintering is done with 

higher laser power than required due to high-temperature build-up in the Si substrate. 

3.1.2.  UV 355 nm laser effect 

The UV laser starts melting from the top surface even at low power. The heat flows deep inside 

with increasing power. Figure 3(a) shows the UV laser condition where Ge NPs start melting from the 

top surface. Figure 3(b) shows the UV laser condition where Ge NPs completely melted from top to 

bottom and formed a consistent surface. However, a rough surface was generated when sintered with 

higher UV laser power than required due to high Ge NPs ablation, which is shown in figure 3(c). 

 

Figure 3. SEM images of surface morphology of UV laser-sintered Ge films with different laser 

parameters. (a) UV laser sintered at an average power between 0.5-1.0 W, (b) UV laser sintered at an 

average power of 1.5 W, and (c) UV laser sintered at an average power of more than 2.0 W. 

3.1.3.  IR and UV laser collective effect 

An easier way to avoid substrate cracking and film ablation is to use both IR and UV laser together. 

The IR laser melts and develops a compact film but may have an uneven surface when considered large 
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area sintering. A subsequent UV laser sintering melts the top surface layer and creates a smooth surface. 

Figures 4(a)) and 4(b) show the laser-sintered films using both IR and UV laser together. This approach 

not only allows to avoid substrate cracking or film ablation but also reduces the surface roughness. 

 

Figure 4. SEM images of surface morphology of IR and subsequent UV laser-sintered Ge films with 

different laser parameters. (a) IR 1070 laser sintered at 25 W and subsequent UV laser sintering done 

at an average power of 1.5 W, and (b) IR 1070 laser sintered at 25 W and subsequent UV laser sintering 

done at an average power of 2.0 W. 

3.1.4.   Ge film cross-sections

The SEM cross-sectional images of as-deposited and laser-sintered Ge films are shown in figure 5. 

Figure 5(a) shows as-deposited Ge films, where particles are interconnected to form the film. Still, it 

has large voids and poor adhesion to the substrate. The thickness of the as-deposited film is around 5 

µm on top of a SiO2 insulating layer. The LS process reduced voids in the film and increased substrate 

adhesion strength. Figure 5(b) shows the cross-section of IR laser sintered film at relatively medium 

power, where particles started melting and forming a dense film. If adequate power is used in IR 

sintering, then the films completely melted as shown in figure 5(c), and film thickness is reduced to 2 

µm. Similarly, a UV laser was used to fully melt the film, as shown in figure 5(d). If IR and UV laser 

are used separately, then the achieved film thickness is around 2 µm. If IR and UV laser are combined, 
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then the achieved film thickness is around 2.5 µm, as shown in figure 5(e). When both lasers were used, 

less ablation occurred compared to the individual use of lasers at high power.

 

Figure 5. SEM cross-sectional images of as-deposited and laser-sintered Ge films with different laser 

parameters. (a) as-deposited Ge films, (b) IR 1070 laser-sintered between 20-25 W, (c) IR 1070 laser-

sintered between 30-35 W, (d) UV laser-sintered with an average power of 1.5 W, and (e) IR 1070 

laser-sintered with 25 W and subsequent UV laser-sintered with an average power of 1.5 W.

3.2. Elemental Composition 

The as-deposited film showed 46% Ge and 54% oxygen, found by EDX analysis. It contains a high 

amount of oxygen due to the process involved in the Ge thin film fabrication. During the laser 

recrystallization process, the amount of oxygen is reduced from 54% to 43%, as shown below in figure 

6. Thus, the amount of Ge increased from 46% to 57%. The reduction of oxygen may come from the 

film surface as the LS process starts melting and recrystallizing the films. 

 

Figure 6. The typical EDX spectra of the laser-sintered Ge thin films. 
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3.3. Crystallinity Determination by Raman and XRD Measurements 

Only IR 1070 laser sintered films were considered to better understand the physical impact of the 

LS process on the film properties. 

3.3.1.  Raman spectrum analysis

Raman spectrum for both as-deposited and laser-sintered films is shown in figure 7. Usually, the 

Raman peak of the bulk crystalline Ge due to Ge-Ge vibrational mode is observed at 300 cm−1 with 

symmetrical distribution at full width half maximum (FWHM) [4] of the peak position. 

 

Figure 7. Raman spectra for the as-deposited and IR laser-sintered Ge thin films, measured by using a 

514 nm laser excitation at room temperature. 

The as-deposited Ge film showed a Ge-Ge vibrational mode peak around 298 cm−1, as shown in 

figure 7 (black line). It shifted by 2 cm−1 from the standard crystalline Ge peak at 300 cm−1 due to the 

strain effect. The laser-sintered film with adequate power showed a sharp peak at 300 cm−1, as shown 

in figure 7 (blue line). It also showed a much smaller FWHM compared to as-deposited film. It indicated 

that the laser-sintered Ge film was crystallized completely and showed polycrystalline nature. However, 

it is also possible to develop amorphous Ge (a-Ge) film by the LS process, as shown in figure 7 (red 

line). The LS process at high scan speed with the same power caused the formation of an amorphous 

phase due to fast cooling rates. The developed a-Ge film showed a broad spectrum with a wider peak 
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around 275 cm-1 and no peak at 300 cm-1. The oxygen in the films plays a major role in this 

transformation. Also, the rapid heating and cooling of the film can generate the amorphous phase. 

Additionally, both as-deposited and LS processed films showed oxygen peaks around 444 cm-1. This 

oxygen peak refers to GeO2 formation, as reported in the literature [54], [55]. 

3.3.2.  XRD peak analysis

The XRD patterns for both as-deposited and laser-sintered films are shown in figure 8. Films before 

and after laser crystallization demonstrated the same peak position. Two major peaks of germanium 

dioxide (GeO2) were identified at a 2𝜃 angle of 20.65o for GeO2 (100) and 26.06o for GeO2 (101), which 

are in alignment with the literature [56], [57]. The XRD peak of pure Ge was identified at a 2𝜃 angle of 

27.35o for Ge (111), 45.37o for Ge (220), and 53.71o for Ge (311), which indicates polycrystalline Ge 

films [57]–[60]. The peak position of Ge (111) is the same for both as-deposited and laser-sintered films. 

The intensity of the as-deposited film is low due to the high amount of oxygen and high porosity. The 

peak intensity at 27.35o increased by three to four times after the LS process due to the formation of Ge 

(111) orientation. This is also verified by EDX analysis, as shown in figure 6. 

 

Figure 8. XRD patterns of as-deposited and laser-sintered Ge thin films. 
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3.4. Electrical Properties 

Semiconductor devices on insulators with high-carrier mobility are important for optoelectronic 

applications. The carrier mobility of the semiconductor device depends upon the grain size of the 

fabricated films. This experimental work was aimed to achieve a high hole mobility Ge thin film without 

any dopant. 

The hole mobility, carrier concentration, and resistivity of as-deposited Ge film were 43.9 cm2/V.s, 

2.08x1015 cm-3, and 3.45x106 Ω-cm, respectively. The hole mobility, carrier concentration, and 

resistivity of IR laser-sintered Ge film were 201.6 cm2/V.s, 1.55x1015 cm-3, and 6.24x105 Ω-cm, 

respectively. The mobility of the sintered film increased by more than four times due to the 

recrystallization and melting effect by laser. Also, the resistivity of the film decreased by order of 

magnitude because the completely melted film had no voids or air gaps. 

3.4.1.  Mobility comparison with different fabrication methods

The recently reported hole mobility data of polycrystalline Ge film is summarized in Table 2. For 

better understanding and clarity, only hole mobility is considered. Watakabe et al. [6] first fabricated 

poly-Ge using laser annealing with boron (B) doping and reported mobility of 295 cm2/V.s Kasirajan 

et al. [61] reported a laser annealed poly-Ge sample, but the mobility is very low (52 cm2/V.s). Usuda 

et al. [62] tried the flash lamp annealing process without doping and eventually achieved hole mobility 

of 200 cm2/ V.s for poly-Ge MOSFET. Both Sadoh et al. [63] and Toko et al. [21] reported the same 

hole mobility (140 cm2/V.s) for poly-Ge TFTs and poly-Ge thin films without doping. Toko et al. [3] 

reported maximum hole mobility (340 cm2/V.s) for poly-Ge films using precursor-based MBE 

fabrication process and subsequent furnace annealing. Imajo et al. [58] experimented with the strain 

effect on poly-Ge thin films and eventually achieved 620 cm2/V.s, hole mobility. High hole mobility 

can be achieved by either p-type doping or creating strain effects in the films. The thickness of these 

films varied between 50-400 nm. We are reporting here 2-2.5 µm poly-Ge thin films having a hole 

mobility of 203 cm2/V.s. The films were fabricated using a simple centrifuge force and subsequent laser 

crystallization without using any doping. 
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Table 2. Hole mobility of polycrystalline Ge film fabricated and annealed by different methods with 

varying film thickness. 

Fabrication 

process 
Substrate Doping Film type 

Film 

thickness 

Annealing 

method 

Mobility, 

µh 

(cm2/Vs) 

Ref 

Centrifuge 

(our work) 
SiO2/Si  Poly-Ge 2-2.5 µm 

Laser 

(UV and 

IR) 

203 
Current 

paper 

Plasma 

sputtering 
Quartz B Poly-Ge 50 nm 

Laser 

(XeCl 

excimer) 

295 [6] 

CVD SiO2/Si   
Poly-Ge 

nMOSFET 

90 nm 

 

Laser  

(UV and 

CO2) 

52 [61] 

Sputtering SiO2/Si   
Poly-Ge 

MOSFET 
100 nm 

Flash 

lamp in N2 
200 [62] 

MBE+SPC Glass  
Poly-Ge 

TFTs 
50 nm 

500 OC for 

3 h in N2 
140 [63] 

MBE+SPC Quartz   poly-Ge 50 nm 

425-500 
OC for 3 h 

in N2 

140 [21] 

MBE+SPC 
SiO2 

Glass 
Precursor Poly-Ge 100 nm 

450 OC for 

5 h in N2 
340 [3] 

MBE+SPC 
SiO2, Si, 

Ge, Caf2 
Strain 

Poly-Ge 

on GeOx  
400 nm 

375 OC for 

150 h in 

N2 

620 [58] 

 

3.4.2.  Mobility: LS process vs. furnace annealing

The mobility results of the IR laser-sintered film are also compared with the furnace annealed film, 

as shown in figure 9. The mobility of the IR laser-sintered film increases with the power of the laser, as 

shown in figure 9(a). The furnace annealed sample at 500 °C for ten hours showed mobility of 103.8 

cm2/V.s, as shown in figure 9(b). During the furnace annealing, the Ge film crystallizes. There could be 

an oxide growth on the surface of the film for longer time annealing, which may passivate the surface. 

Thus, the hole mobility increases in the furnace annealed films. However, Ge NPs don’t melt completely 
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because of the high melting temperature of Ge (937.5 °C). This limits the hole mobility of the films due 

to the poor interconnection of Ge particles. The LS process is used to overcome this challenge. The 

maximum mobility was achieved by using the combination of both IR and UV laser, which was 203 

cm2/V.s as shown in figure 9(a). It clearly shows that the LS crystallization significantly improves the 

hole mobility. The mobility of the furnace annealed sample is limited due to the surface voids and air 

gaps in the film. So, the furnace annealing requirement can be completely replaced by the LS and 

recrystallization process. 

 

Figure 9. The mobility of Ge thin film, as a function of laser sintering power (a) and as a function of 

furnace annealing time at 500 0C. 

3.5. Optical Properties 

The optical transmittance spectra are shown in figure 10(a) for both SiO2/Si substrate and Ge thin 

film. There is no transmission below 1000 nm of wavelength as expected since Si is used as substrate. 

The transmittance of the fabricated Ge thin film varies between 20-35% in the IR window (>1100 nm), 

which is very low. In other words, IR light is being absorbed by the thin Ge films, including some loss 

due to reflectance and scattering. Also, the oxygen in the film may cause less absorption of the light in 

the IR regime. Recently reported articles showed a high amount of IR transmission due to the smaller 

thickness of the films [64], [65]. The reflectance spectra are shown in figure 10(b) for both Si wafer and 

Ge thin film. There is around 2% reflection in the visible wavelength regime and 4-5% reflection in the 

IR wavelength regime. Scattering loss was also measured by using the Labsphere integrating sphere. 
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The total scattering and reflection loss is around 10-12% at a visible wavelength (i.e., 633 nm). It can 

be concluded that the laser-sintered film absorbs light more than 50% in the near to mid-IR regime with 

considering all the losses. Increasing IR light absorption will be very useful in photodetection 

applications. 

 

Figure 10. (a)  The optical transmission spectra of the polycrystalline Ge thin film and SiO2/Si substrate. 

(b) The reflectance spectra for both Si wafer and polycrystalline Ge thin film. 

3.6. Discussion 

The LS process offers a great advantage of simultaneous sintering and crystallization as a one-step 

method. The LS process can eliminate the porosity, and air gaps between NPs from the as-deposited 

films. Thus, it provides a dense and compact polycrystalline film having strong adhesion with the 

substrate. Both IR and UV lasers can be used separately to fabricate polycrystalline thin films. However, 

using only IR laser at higher power causes cracking of the substrate due to high-temperature gradients 

during sintering. The UV laser doesn’t crack or break the substrate as it starts melting from the top. The 

UV laser sintering creates an uneven film surface. The extremely short melt duration does not produce 

a smooth surface as material flow is very limited.  These problems can be overcome by choosing proper 

laser parameters of both IR and UV laser. Additionally, both lasers can be used at a medium power 

range, which is very effective for large area sintering.  

During the LS process, the amount of oxygen in the film is reduced a little bit due to oxygen removal 

from the film surface. However, oxygen stays inside the film because of the rapid melting and 
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recrystallization. The strain introduced by ball milling during film deposition is removed by the LS 

process. This is verified by Raman spectra, which show a shift of 2 cm-1 from 298 cm-1 to 300 cm-1 for 

the Ge-Ge vibrational mode peak. Also, the FWHM becomes smaller, with a sharp peak at 300 cm-1 

after the LS process. Additionally, the XRD analysis shows that the peak intensity becomes stronger 

after the LS process. Thus, the LS process is very effective in fabricating films with high crystal 

orientation. Moreover, the Ge thin film optical absorption can be increased by the LS process as the 

surface reflection is reduced and was measured as 10%. The film transmission was about 20-30%. 

Furthermore, the mobility of the laser-sintered film is almost doubled compared to the furnace annealed 

film due to the dense and compact film after the LS process. 

The promise of Ge in optoelectronic applications is hindered by the high electronic defect density 

[66]. Surface passivation can be considered for mobility enhancement by reducing defects and the 

chemical reactivity of its surface. Berghuis et al. [66] showed the effect of aluminum oxide (Al2O3) 

passivation on Ge thin films prepared by atomic layer deposition (ALD). The surface passivation has 

two-fold effects. First, the ALD of Al2O3 on Ge leads to the formation of an ultrathin GeOx layer 

between Ge and Al2O3. The remaining defects at the Ge/GeOx interface are predominantly Ge dangling 

bonds, which leads to a low interface defect density (Dit). Second, Al2O3 yields a high negative fixed 

charge density (Qf), which forms an electrical field. This phenomenon is known as field-effect 

passivation. The low Dit and high Qf combination lead to low surface recombination velocity (Seff). This 

eventually can increase the hole mobility of the films. The results reported in this study are without any 

surface passivation layer. So, further improvement in our hole mobility value could be realized by the 

appropriate surface passivation layer. 

 

  



24 
 

Chapter 4. Results for GeSn Thin films 

4.1. As-deposited Films 

The microscopic surface morphology SEM image of the as-deposited GeSn film is shown in figure 

11. The as-deposited film surface is porous on a sub-μm scale (same as Ge films) and had particle size 

variations due to the different particle size distributions of Ge and Sn. Figure 11(a) shows GeSn film 

with a 2% Sn ratio, and 11(b) shows GeSn film with a 15% Sn ratio. Interestingly, the surface 

morphology is different for various Sn ratios. Both films were deposited using identical conditions, 

including the same ball milling time for NCs solution preparation. We found that if the atomic Sn ratio 

is below 5%, then it stays as particles, as shown in figure 11(a). However, it becomes more like flakes 

with a higher atomic ratio of Sn, as shown in figure 11(b). This phenomenon happens during the ball 

milling process. This mechanical alloying process results in flakes by intermixing Ge and Sn. These 

flakes are made of both Ge and Sn. 

 

Figure 11. SEM images of surface morphology of as-deposited GeSn films. (a) 2% Sn ratio and (b) 

15% Sn ratio. 
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4.2. Laser Sintering Impact on Surface Morphology 

The surface morphology of as-deposited and laser-sintered (UV and IR) GeSn films with different 

laser conditions are shown in figure 12 to figure 14. Both UV and IR Laser parameters were carefully 

optimized to melt the particles and recrystallize the film for developing a continuous dense film. 

However, the surface morphology behaviors change with the ratio of Sn in the film, especially when 

sintered with a UV laser. 

4.2.1.  UV laser effect on Ge0.98Sn0.02 film 

The UV laser starts melting from the top surface, as also shown for Ge films before. The increasing 

laser power helps heat to flow deep inside the film. However, the film surface is not as smooth as with 

only Ge films. Sn has the tendency of balling around during recrystallization. Figure 12(a) shows the 

UV laser condition (low power) where GeSn NPs start melting from the top surface. Figure 12(b) shows 

the UV laser condition (moderate power) where GeSn NPs melted and flattened to form a consistent 

surface. The surface becomes more flattened with increasing power adequately, which is shown in 

figure 12(c). Some GeSn NPs ablated during the melting and recrystallization process. GeSn NPs are 

completely melted and connected to form the film, but gaps are noticeable. This is due to the non-

wetting nature of Sn, which causes the GeSn not to have enough wetting with the substrate. Substrate 

wetting during the LS process is a key requirement for uniform film deposition. It is still possible to get 

a uniform film with a low Sn percentage in the film, possibly below 5% Sn. 
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Figure 12. SEM images of surface morphology of UV laser-sintered GeSn films with 2% Sn ratio in the 

film. (a) UV laser sintered at an average power of 0.5 W, (b) UV laser sintered at an average power of 

1.0 W, and (c) UV laser sintered at an average power of 1.5 W. 

4.2.2.  UV laser effect on Ge0.85Sn0.15 film 

The Non-wetting effect of Sn is extremely noticeable with a high Sn ratio in the film, as shown in 

figure 13. Figure 13(a) shows the UV laser condition (low power) where GeSn NPs start melting but 

creating GeSn balls. Figure 13(b) shows the UV laser condition (moderate power) where GeSn NPs 

melted but did not flatten as expected due to high Sn concentration. Even though GeSn NPs are 

completely melted at adequate power, but they just formed large GeSn balls with no connection between 

them, which is shown in figure 13(c). The short pulse duration of the UV laser also causes this balling 

in addition to the non-wetting effect of Sn. Melted NPs don’t get enough time to flow during 

recrystallization due to the very low pulse duration of the UV laser. These two folds effect limits the 

use of UV laser to form a continuous GeSn film with a high Sn ratio. 

 

Figure 13. SEM images of surface morphology of UV laser-sintered GeSn films with a 15% Sn ratio in 

the film. (a) UV laser sintered at an average power of 0.5 W, (b) UV laser sintered at an average power 

of 1.0 W, and (c) UV laser sintered at an average power of 1.5 W. 
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4.2.3.  IR laser effect on GeSn film 

IR 1070 nm laser in continuous mode is considered to overcome the challenges faced in UV laser. 

In this mode, the GeSn NPs get enough time to flow and form a uniform film during melting and 

recrystallization. The impact of IR laser sintering on GeSn film is shown in figure 14. Figure 14(a) 

shows the IR laser condition where GeSn NPs start melting, but power is not enough to melt all the 

NPs. Figure 14(b) shows the IR laser condition where Ge-Sn NPs mostly melted and formed a uniform 

surface with a small balling effect. Figure 14(c) shows the IR laser condition where Ge-Sn NPs 

completely melted and formed a dense and connected film. Very small number of particles are seen on 

the surface, which comes because of the ablation. The IR LS process not only removed the surface voids 

and porosity but also solved the problem faced by the UV laser. The continuous mode of IR 1070 nm 

laser is proven very effective for GeSn films with a high Sn ratio. 

 

Figure 14. SEM images of surface morphology of IR 1070 nm laser-sintered GeSn films with 15% Sn 

ratio in the film (a) IR laser sintered at 20 W, (b) IR laser sintered at 25 W, (c) IR 1070 laser sintered at 

30 W. 

4.2.4.  GeSn film cross-sections 

The SEM cross-sectional images of as-deposited and IR laser-sintered GeSn films are shown in 

figure 15. Figure 15(a) shows as-deposited GeSn films, where particles are interconnected to form the 

film, but it has large surface voids and poor adhesion to the substrate. The thickness of the as-deposited 
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film is around 3 µm on top of a 2 µm SiO2 insulating layer. Figure 15(b) shows the cross-section of IR 

laser sintered film at relatively moderate power, where particles mostly melted and formed a dense film 

with some noticeable non-wetting effect of Sn. If adequate power is used in IR laser sintering, then the 

films completely melt and form a more flattened surface, as shown in figure 15(c). The LS process 

lowered surface voids and reduced film thickness to 2 µm. The LS process also increased adhesion 

strength between the film and substrate. 

 

Figure 15. SEM cross-sectional images of as-deposited and IR laser-sintered GeSn films with different 

laser parameters. (a) as-deposited GeSn films, (b) IR 1070 laser-sintered at 25 W, and (c) IR 1070 laser-

sintered at 30 W. 

4.3. Elemental Composition 

For elemental composition analysis, only IR 1070 nm laser-sintered samples were considered. The 

as-deposited GeSn film showed 32% Ge, 15% Sn, and 53% oxygen, found by EDX analysis. The IR 

laser sintered GeSn film showed approximately 40% Ge, 12% Sn, and 48% oxygen, as shown in figure 

16 (f). The as-deposited film contains a high amount of oxygen due to the involved fabrication process. 

During the IR laser recrystallization process, the amount of oxygen is reduced from 53% to 48% due to 

oxygen removal from the top surface. Thus, the amount of Ge increased from 32% to 40% by breaking 

down some parts of the oxides (GeOx). The reduction of oxygen may come from the film surface as the 

LS process starts melting and recrystallizing the films. Also, ablation occurs during the LS process, 
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which eventually causes some Sn loss from the films. The amount of tin is reduced from 15% to 12%. 

The elemental mapping also shows that all the elements (Ge, Sn, and O2) are uniformly distributed 

throughout the film except the areas where the Sn balling effect is visible. 

 

Figure 16. The typical EDX spectra (mapping) of the GeSn thin films with 12% Sn ratio, which is IR 

1070 nm laser-sintered at 30 W. (a) and (b) elemental mapping analysis and distribution of each 

element, Ge in (c), Sn in (d), and O2 in (e). EDX peak and the molecular weight ratio of all the elements 

are shown in (f). 
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4.4. Crystallinity Determination by Raman and XRD Measurements 

Only IR 1070 nm laser sintered films were considered to better understand the physical impact of 

the LS process on the film properties. 

4.4.1.  Raman spectrum analysis

Raman spectrum for both as-deposited and laser-sintered films is shown in figure 17 for a 2% Sn 

ratio. The as-deposited Ge film showed a Ge-Ge vibrational mode peak around 298 cm−1, as shown in 

figure 17 (green line). It shifted by 2 cm−1 from the standard crystalline Ge peak at 300 cm−1 due to the 

strain effect during ball milling of GeSn. The laser-sintered film with adequate power showed a sharp 

peak at 300 cm−1 with symmetrical distribution (at FWHM), as shown in figure 17 (red line). The 

FWHM is much smaller compared to the as-deposited GeSn film. It indicated that the laser-sintered 

GeSn film is completely crystallized and showed polycrystalline nature. Due to the very small amount 

of Sn, the Raman peaks still behave like Ge only. After laser sintering, the peak moved to 300 cm−1 

with a long shoulder tail with small peaks indicating Sn contents in the film. These small peaks can be 

increased by adding more Sn in the film. 

 

Figure 17. Raman spectra for the as-deposited and IR laser-sintered GeSn thin films with 2% Sn ratio, 

measured using a 514 nm laser excitation at room temperature. 



31 
 

Raman spectrum for as-deposited GeSn films with a 15% Sn ratio is shown in figure 18. H. 

Mahmodi et al. [67] indicated that the amount of Sn greatly controls the Ge-Ge vibrational peak 

position, which is usually shifted below 300 cm-1. The as-deposited film with 15% Sn shows a major 

peak at 295.70 cm-1, which is around 4.5 cm-1 left shift due to high Sn content. The Raman spectrum 

was measured for an area of 0.5x0.5 cm2 mapping, which is shown in figure 18 (left). The average 

spectrum data is shown in figure 18 (right). The area mapping was considered for Raman spectrum 

analysis to get an overall idea of the film. V. R. D’Costa et al. [68] showed Sn-Sn vibrational mode 

around 175 cm-1. We also noticed the Sn-Sn Raman peak at 175.9 cm-1, as shown in figure 18. 

 

Figure 18. Raman spectra for the as-deposited GeSn thin films with a 15% Sn ratio, measured using a 

514 nm laser excitation at room temperature. (left) area mapping Raman spectrum and (right) avg data 

of area mapping. 

Raman spectrum for IR laser-sintered GeSn films with a 12% Sn ratio is shown in figure 19. The 

laser-sintered film with 12% Sn shows a major peak at 295 cm-1, which is around 5 cm-1 left shift due 

to the high Sn ratio. The Raman spectrum was measured for an area of 0.5x0.5 cm2 mapping, which is 

shown in figure 19 (left). The average spectrum data is shown in figure 19 (right). The area mapping 

Raman spectrum would demonstrate the overall structure of the film. After sintering, the Sn-Sn 

vibrational mode is barely noticed due to more GeSn alloy formation. A high Sn ratio causes a long tail 

with a slow falling slope, which is visible in the sintered Raman spectrum between 250 cm-1 to 280 cm-

1 [69], as shown in figure 19(b). There are some very small peaks in the 250 cm-1 to 280 cm-1 range, as 
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noticeable in the mapping data, figure 19(a). However, we used a 514 nm laser excitation for Raman 

spectroscopy, and it is very difficult to identify clear peaks with this excitation, which is below the 

resonance condition [67]. Probably a wavelength of 633 nm or 647.1 nm would be a good choice for 

Raman analysis [67]. 

 

Figure 19. Raman spectra for the laser-sintered GeSn thin films with a 12% Sn ratio, measured using a 

514 nm laser excitation at room temperature. (left) area mapping Raman spectrum and (right) avg data 

of area mapping. 

4.4.2.  XRD peak analysis

The XRD patterns for both as-deposited and IR laser-sintered GeSn films are shown in figure 20. 

Films after laser crystallization demonstrated the shifted peak position due to the high Sn ratio in the 

film. The as-deposited film is shown in the black curve, and the laser-sintered film is shown in the blue 

curve. The red dotted lines are drawn for each different peak, found from the literature review. Two 

major peaks of germanium dioxide were identified at a 2𝜃 angle of 20.65o for GeO2 (100) and 26.15o 

for GeO2 (101), which are in alignment with the literature [56], [57]. The tin oxide peak was identified 

at a 2𝜃 angle of 38.35o for SnO2 (200) [47]. The XRD peaks of different Ge orientations were detected 

at a 2𝜃 angle of 27.45o for Ge (111) [46], [47], [70], [71], 45.30o for Ge (220) [46], [47], [70], [71], 

54.0o for Ge (311) [46], [47], [70], [71], and 66.30o for Ge (400) [69]–[72], which are similar to 

polycrystalline GeSn films reported in the literature. The XRD peaks of different Sn orientations were 
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found at a 2𝜃 angle of 30.90o for Sn (200) [46], [70], [71], [73], 32.32o for Sn (101) [46], [70], [71], 

[73], 39.75o for Sn (220) [70], [71], 55.80o for Sn (301) [71], 63.0o for Sn (112) [70], [71], and 65.10o 

for Sn (321) [71]. As-deposited films show more individual peaks for Ge, Sn, and oxides of these two. 

The major peaks of Ge and Sn shifted after the LS process, and some of them showed a clear peak of 

GeSn. Shifted peaks are marked by green ovals, as shown in the laser-sintered sample. 

 

Figure 20. XRD peaks of as-deposited and IR laser-sintered GeSn thin films. The as-deposited film is 

shown at the bottom (black), and IR laser sintered film is shown at the top (blue). 

M. Kim et al. [47] and N. Uchida et al. [74] showed that the GeSn (111) peak should be within 

27.06° - 27.17°, and we found GeSn (111) peak at 27.15°. According to literature, GeSn (220) peak 

could be between 44.0° - 45.20° [46], [47], [70], [73], [74] and we found GeSn (111) peak at 44.20°. 

GeSn peaks are visible as the LS process helps to create GeSn alloy. However, segregated Sn is also 

noticeable in both as-deposited and laser-sintered films, as shown by Sn (200) and Sn (101). The amount 

of segregated Sn is reduced after the LS process. Overall, the XRD peaks are clear evidence of GeSn 

mixtures with alloy formation. The segregated Sn could be removed by chemical etching, by using an 

HCl solution [46]. 
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4.5. Electrical Properties 

Integrated photonic circuits (IPCs) and optoelectronic devices such as IR photodetectors require 

high-carrier mobility semiconductor films on insulators. The carrier mobility of the semiconductor 

device depends on the grain size of the fabricated films. The hole mobility, carrier concentration, and 

resistivity of as-deposited GeSn film with a 15% Sn ratio were measured as 47.4 cm2/V.s, 1.80x1013 

cm-3, and 4.27x106 Ω-cm, respectively. The hole mobility, carrier concentration, and resistivity of IR 

laser-sintered GeSn film were measured as 240 cm2/V.s, 1.05x1013 cm-3, and 1.94x105 Ω-cm, 

respectively. The hole mobility of the laser-sintered GeSn film increased by five times compared to as-

deposited films. Also, the mobility of GeSn film is higher than the Ge film. This clearly indicates the 

mobility enhancement by incorporating Sn in the film. Also, the LS process has a positive impact on 

improving the mobility of the film through crystallization. Additionally, the resistivity of the film 

decreased by order of magnitude due to the solidification of the film after melting by the LS process. 

4.6. Optical Properties 

The optical transmittance and reflectance spectra from 900 to 3000 nm of wavelength are shown in 

figure 21 for laser-sintered GeSn thin films. At room temperature, Ge is an indirect-bandgap material 

of 0.644 eV at the L point and a direct bandgap of 0.8 eV at the Γ point [75]. So, the absorption 

coefficient of Ge films drastically reduces above 1550 nm (equivalent to 0.8 eV) [75]–[77]. The 

absorption coefficient increases at wavelengths longer than 1550 nm with Sn incorporation in the film 

[75], [76]. The absorption coefficient also depends on the amount of Sn ratio in the film, the higher the 

Sn content higher the absorption coefficient [77]. So, the absorption enhancement in the IR region 

allows Ge1-xSnx devices to operate at a longer wavelength than Ge. The optical transmittance spectrum 

is shown in figure 21 (blue color), with no transmission below 1000 nm of wavelength due to the Si 

substrate. The transmittance of the fabricated GeSn thin film is around 15% in the near IR window and 

around 25% in the mid-IR window. Reported transmittance is very high using other fabrication 

methods, ranging from 25-50% for thin films [46], [78], [79]. We found low transmittance (15-25%) in 

the laser-sintered film. 
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Figure 21. The optical transmittance spectra (blue line) and reflectance spectra (red line) of the laser-

sintered polycrystalline GeSn thin film with 12% Sn. 

The optical reflectance spectrum of the laser-sintered GeSn film is shown in figure 21 (red color). 

We found around 1% reflection loss in the visible wavelength regime, around 5% reflection loss in the 

near-IR wavelength regime, and around 10% reflection loss in the mid-IR wavelength regime. Other 

fabrication methods reported a comparatively high amount of reflection loss ranging from 10-20% [76], 

[77]. Scattering loss was also measured by using the Labsphere integrating sphere at a visible 

wavelength of 633 nm. The total scattering and reflection loss was found around 10% in the near-IR 

wavelength regime and around 15% in the mid-IR wavelength regime. So, the GeSn thin film 

significantly absorbs the IR light, including some loss due to reflectance and scattering. Also, the 

absorption of IR light may be hampered a little bit due to the unwanted oxygen in the film. It can be 

concluded that the laser-sintered film absorbs almost 70% of the light in the near to mid-IR regime with 

considering all the losses. Increasing IR light absorption from near to mid-IR is very effective in infrared 

imaging applications. It can be concluded from the measured optical spectrum that the laser-sintered 

polycrystalline GeSn thin films can be used for possibly mid-IR photodetection purposes. 
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4.7. Discussion 

The LS process is very effective for simultaneous sintering and crystallization of the GeSn thin 

films. In the as-deposited GeSn films, both Ge and Sn microparticles are uniformly distributed 

throughout the surface. However, these particles are connected by very weak “Van der Waals” forces 

with lots of air gaps between NPs. The LS process can remove the surface porosity and air gaps between 

NPs as it melts and solidify the film. A dense and compact polycrystalline GeSn films were achieved 

after the LS process. Initially, GeSn films were fabricated using only a 2% Sn atomic ratio, then 

eventually moved to a 15% Sn ratio to get direct bandgap GeSn film. 

Both UV and IR lasers were experimented with separately to fabricate polycrystalline GeSn thin 

films. We found that the IR laser in continuous mode is appropriate for sintering and recrystallizing the 

GeSn NPs. When sintering using the short pulse UV laser, the melted films do not get enough time to 

flow uniformly due to the non-wetting nature of Sn material. We still obtained a uniform melting and 

solidification by UV laser if the atomic Sn ratio is less than 5% in the GeSn film. However, the non-

wetting behavior of Sn becomes very strong with a higher percentage of Sn ratio. So, the short pulse 

UV laser was not found suitable for GeSn films with 5% or more Sn in the film. Additionally, GeSn 

becomes a direct bandgap with an 8% or more Sn ratio in the film. So, we targeted for more than 10% 

Sn and achieved a smooth surface film with no air gaps in the GeSn film. Eventually, we solved this 

non-wetting issue of Sn using a continuous mode long pulse IR laser. The melted NPs get enough time 

to uniformly flow and solidify when sintering by IR 1070 nm long pulse laser. The results are shown in 

the SEM images. 

The amount of oxygen in the film is decreased due to oxygen removal from the film surface during 

the LS process. However, all the oxygens cannot be removed from the inside of the film due to the rapid 

melting and solidification. Thus, some oxides (GeO2 and SnO2) were found in the films. Further film 

processing can be done to remove oxides from the film, especially using the furnace annealing method. 

J. Zhao et al. [80] recently did a furnace annealing study in an H2 environment and showed a full 

conversion from GeO2 to Ge at 700 °C. 
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In both as-deposited and laser-sintered films, the Ge-Ge vibrational mode Raman peak is shifted by 

4-5 cm-1 from standard 300 cm-1 due to high Sn concentration in the film. Additionally, long-tail 

between 250-280 cm-1 with a very small peak is a clear indication of GeSn alloying in the film. The 

XRD analysis shows the oxidation (GeO2 and SnO2) and segregation of Sn in the films. However, the 

peak intensity of oxides and Sn becomes smaller after the LS process. The individual peak of Ge and 

Sn also shifted due to the GeSn mixture, which is shown in XRD with green ovals. The GeSn alloy 

peaks are also noticeable in the XRD analysis. Moreover, the GeSn thin film optical absorption is 

increased after the LS process as the surface reflection is reduced to 5-10%. The film transmittance was 

about 15-25%. Thus, the expected IR light absorption is around 70%. So, the LS process is very 

effective in melting, and recrystallizing the GeSn film. Furthermore, the mobility of the laser-sintered 

film is increased by almost six times compared to the as-deposited film due to the dense film after the 

LS process. 
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Chapter 5. Conclusion and Future Work 

5.1. Conclusion 

This work shows that the uniform Ge and GeSn thin film deposition can be achieved using a 

centrifugal force and subsequent LS process. At first, Ge films were deposited using Ge NCs solution 

in methanol produced from Ge NPs by ball milling and ultrasonication. Secondly, GeSn thin films were 

deposited using Ge and Sn NCs mixture solution in methanol produced from Ge and Sn NPs by ball 

milling and ultrasonication. The ratio of Ge and Sn was controlled by carefully weighing the particles 

for a fixed atomic ratio. The GeSn thin films were deposited in two phases. In the first phase, GeSn 

films were deposited with only 2% Sn concentration. In the second phase, the atomic Sn ratio was 

increased from 2% to 15% targeting direct bandgap GeSn thin films. 

Effective utilization of both CW mode and pulse laser is demonstrated to simultaneously melt the 

NPs and recrystallize the film. We demonstrated that both pulse mode UV laser and CW mode IR laser 

can be used to melt and crystallize the Ge thin films. However, for the GeSn material, the laser 

conditions are different depending on the ratio of the Sn in the GeSn material system. For 2% Sn in the 

film, GeSn NPs can be melted and crystallized by using both UV and IR lasers. Still, UV laser causes 

some surface voids in the film due to the non-wetting nature of the Sn material. This non-wetting 

problem of Sn becomes so strong with a higher Sn ratio that the UV laser can no longer be used due to 

the short pulse duration. GeSn NPs don’t get enough time to flow after melting. To overcome this issue, 

a long pulse IR laser in continuous mode is used and eventually proved very effective for both 2% and 

15% Sn ratio in the film. Thus, the LS process is proven to fabricate dense semiconductor films by 

removing the surface porosity and film voids. It also provides strong adhesion of the film with the 

substrate. The LS process is a unique method to directly melt the NPs and form a smooth film on various 

substrates. The laser parameters can be controlled and optimized to melt different types of materials 

with their respective melting temperature. 

The measured electrical and optical characteristics indicate that high-quality polycrystalline thin 

films can be obtained, which are appropriate for photonic devices, including IR photodetectors. The 

polycrystalline Ge thin films with a high hole mobility of 203 cm2/V.s were achieved through the LS 
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method. The mobility was increased to 240 cm2/V.s by 12% Sn incorporation in the film. However, the 

remaining oxygen in the films due to the fabrication process limitation hinders the performance of the 

films. The LS process can provide thick Ge and GeSn films over a large area with good hole mobility 

values. The IR laser proved more effective in melting the thin films compared to the UV laser. We 

successfully deposited both Ge and GeSn thin films from microparticles and solidified the film by using 

the LS process. The LS process is shown to directly melt Ge and Sn particles to fabricate the films. The 

fabricated films can be applied for near and mid-IR photodetection. The laser-assisted fabrication is 

used to eliminate the furnace annealing step, which is a time-consuming process. The developed method 

also can be applied to other material systems as well. The laser parameters need to be optimized for 

other materials depending on their physical properties, including the melting temperature. 

5.2. Future Work 

We successfully fabricated both Ge and GeSn films by directly melting the nanoparticles by using 

the LS process. However, we have identified a significant amount of oxygen in both films. One of our 

focuses was to fabricate GeSn films with high hole mobility and the second focus was to demonstrate 

direct bandgap GeSn films for optoelectronic devices. The fabrication process needs to be controlled to 

avoid oxygen inclusion in the films. Thus, the performance of the film can be improved further. 

However, we have achieved GeSn thin films with high mobility and relatively higher electrical 

resistivity. After fabricating quality GeSn thin films, pattering for device development is necessary to 

use as photodetectors. Interestingly, laser processing can be used for selective patterning towards 

complete device fabrication. The size of the developed films was 1x2 cm2. Another challenge would be 

developing large-area films. The laser parameters also need to be optimized for sintering large area thin 

films to fabricate focal plane array (FPA) devices. The LS process is also compatible with CMOS 

technology, as substrate heating is minimal, a key requirement for commercial deployment. 
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Abstract 

The crystallization process of Ge films by a continuous wave (CW) and a pulsed laser is very 

effective for producing smooth, homogeneous, and crack-free polycrystalline films to use in transistors, 

photodetectors, and photovoltaic applications. However, little progress has been made to directly 

crystallize Ge films based on micro/nanoparticles (NPs) using the laser sintering (LS) process. In this 

paper, a simultaneous LS and crystallization process of Ge micro/nanoparticles to develop thick 

polycrystalline films on silicon substrates is demonstrated. Silicon substrates with a SiO2 insulating 

layer on top were considered for compatibility with complementary metal-oxide-semiconductor 

(CMOS) technology. The LS process was applied to solution deposited micro/nanoparticles, 5 µm thick 

Ge films using both CW mode (infrared (IR) laser of wavelength 1070 nm) and pulse mode (UV laser 

of wavelength 355 nm) laser. After the LS process, around 2-2.5 µm thick film of polycrystalline Ge 

(pc-Ge) was achieved with optical and electrical properties comparable to traditionally developed 

chemical vapor deposited films. The crystallinity of the pc-Ge films was evaluated by Raman 

spectroscopy and XRD diffraction. The laser-sintered films exhibited a Raman peak at 300 cm−1 and 

XRD 2 peak at 27.35, which indicated the poly-crystalline structure. The fabricated film showed high 

hole mobility of 203 cm2/V.s, without any doping and film electrical resistivity value of 6.24x105 Ω-

cm. The developed LS process allows the quick deposition of polycrystalline thick films, removing 

surface porosity and voids, increasing films adhesion with the substrate, and faster thermal annealing. 
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Abstract 

A laser sintering fabrication process to deposit 3 µm thick GeSn films on silicon substrates has been 

demonstrated. A 2% tin was incorporated in germanium to increase p-type mobility. High hole mobility 

of 166.2 cm2/v.s was achieved for laser-sintered polycrystalline GeSn films. 
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Abstract 

The near-infrared (IR) photodetection is usually achieved using InGaAs or Ge-based photodetectors. 

The detection range of Ge-based photodetectors can be expanded to the mid-IR using germanium-tin 

(GeSn) material systems due to its favorable physical characteristics. The GeSn thin film can be directly 

deposited on silicon substrates as it is fully compatible with silicon electronics. The laser sintering (LS) 

and crystallization process of GeSn thin films are very effective for creating smooth, homogeneous, and 

uniform polycrystalline films for electronic and photonic applications. There is not enough progress 

made to directly crystallize the GeSn thin films made of Ge and Sn nanoparticles (NPs) and the 

formation of alloy using the LS process. Here, we demonstrated a simultaneous LS and crystallization 

process of GeSn thin films prepared from solution-processed NPs. Silicon wafers with a thermally 

grown silicon dioxide (SiO2) insulating layer on top were used for accurate electrical characterization 

of the film. The GeSn thin films were fabricated with two different Sn atomic percentages (2% and 

15%). The thickness of solution deposited GeSn thin films of NPs was around 4-5 µm. The in-lab 

developed LS process was employed to the as-deposited thin film of GeSn using both continuous wave 

(CW) IR laser of wavelength 1070 nm and nanosecond pulsed ultraviolet (UV) laser of 355 nm 

wavelength. Around 2-2.5 µm thick polycrystalline GeSn films with 12% Sn were attained using the 

LS process. The fabricated films showed superior optical and electrical properties comparable to 

traditionally deposited films. The crystallinity of the polycrystalline GeSn thin films was assessed using 

both Raman spectroscopy and X-Ray diffraction (XRD). The laser-sintered GeSn films with 12% Sn 

exhibited a Raman peak at 295 cm−1 which is around 5 cm-1 left-shifted due to the high Sn concentration. 

The XRD 2 peak of GeSn (111) and GeSn (220) were identified at an angle of 27.15° and 44.20°, 

which indicated the polycrystalline GeSn formation. The laser-sintered GeSn films showed hole 

mobility of 240 cm2/V.s. Analyzing the optical characteristics, it was also found that the film would 

absorb almost 70% of the IR light in the near and mid-IR regions. The developed LS process allows the 

quick deposition of thick polycrystalline films, removing surface porosity and voids, increasing films 

adhesion with the substrate, and faster thermal annealing. 
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Abstract 

Lead selenide (PbSe) emerged 70+ years ago for its unique photoconductive sensitivity to the mid-

wave infrared (MWIR) spectrum; however, new and exciting research continues to ignite interest in this 

material to this day. PbSe has endured primarily due to its high IR responsivity at room temperature 

(uncooled), large-area application space, and low-cost fabrication. PbSe has a large nominal Bohr 

exciton radius (~46 nm) that allows bandgap tuning from 0.27 eV to as far as 2.0 eV by manipulation 

of grain size and morphology. This review aims to summarize the most recent state-of-the-art progress 

in PbSe photoconductivity research, including synthesized quantum dots (QDs) and novel 

manufacturing methods. 
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