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Abstract 

    Effective crystallization process to realize advance multifunctional next generation System on Panel 
(SoP) which can integrate Si photosensors or/and InSb magnetic sensors with Thin Film Transistors (TFT) 
was investigated. 

   Thin amorphous Si (a-Si) film of 50 nm thickness was fabricated using radio frequency (RF) sputtering. 
The photoconductivity of poly-crystallized Si films after blue laser diode annealing (BLDA) has been 
measured and analyzed. As the laser power was increased from 4 to 6 W, the crystal structure changed from 
micro grains to laterally large grains. Photoconductivity value under the white light exposure of 100 
mW/cm2 reached as high as 8.1 x 10-4 S/cm for the Si film after H2 annealing in H2/N2 (4%) ambient after 
subsequently after the BLDA at 6 W. Resultant photosensitivity ratio (σphoto/σdark) of 94 was obtained owing 
to the reduction in the defects density in the Si films.  

    At first, highly photosensitive Si film of new structure was successfully fabricated on glass by performing 
semiconductor BLDA. Simulation results showed 86% increase of light absorption in red or Infra-Red (IR) 
region by adopting back-reflection Ti layer. Peaks from X-Ray Diffraction (XRD) analysis results showed 
that Si film was crystallized clearly after BLDA despite the inserted new back-reflection layer of Ti on glass. 
After H2 annealing, photoconductivity for the patterned Si films of 50 nm thickness prepared by photo-
lithography increased remarkably up to 3.2 x 10-1 S/cm from 1.2 x 10-4 under white light of 100 mW/cm2. 
These results suggest, adopting back-reflection layer under the crystallized Si film is promising to integrate 
functional photosensors with TFTs on panel. Thus, thin Si film crystallized using BLDA is promising for 
photosensor applications in a multifunctional system on panels. 

   Secondary, InSb films of III-V compound material were deposited on both mica and glass substrates using 
thermal evaporation and were subjected to Furnace Annealing (FA) or Rapid Thermal Annealing (RTA). 
Crystallinity, composition and electrical properties of the films were investigated. High value of electron 
Hall mobility as high as 25,000 cm2/(Vs) was obtained with the capped InSb film by keeping the In:Sb ratio 
after RTA at 520°C for 30 sec without adopting epitaxial growth on single crystalline substrate. 

    Furthermore, InSb films were deposited using r.f. sputtering and effect of various deposition conditions 
such as gas species (Ne or Ar), gas pressure and film thickness were investigated. Both RTA and BLDA 
were used to crystallize the InSb films effectively. In the case of RTA, the obtained electron Hall mobility 
was 1,650 cm2/(Vs) after annealing at 500°C for 30 s. Maximum electron Hall mobility of 1,050 cm2/(Vs) 
was obtained after BLDA at 4 W for the InSb film sputtered using Ar gas at the pressure of 7.0 mTorr for 
the InSb film of 300 nm thickness. These results suggest that InSb film after RTA or BLDE is a promising 
candidate for IR sensor applications. 

    BLDA is a promising method to crystallize both Si or InSb films not only on glass but also on flexible 
plastic substrates, which can be applied for the fabrication of next generation SoP by integrating the sensors 
with TFT system.  

    These results can be expected as a functional sensor for SoP, as a TFT functional system which is also 
applicable for future Internet on Things (IoT) devices. 

  



vii 
 

概要 

 Si フォトセンサや InSb 磁気センサを薄膜トランジスタ（TFT）回路アレイと同⼀の任意のパ
ネル上に集積可能な次世代多機能 SoP を実現するための効果的な結晶化プロセスの検討を⾏っ
た。 

   スパッタ法を⽤いて厚さ 50 nm の⾮晶質 Si（a-Si）薄膜を作製した。⻘⾊レーザーダイオード
アニーリング（BLDA）により得られた多結晶 Si 膜の状態を解析し、光伝導度を測定した。レ
ーザー出⼒が 4W から 6W に増加するにつれて、結晶構造は微⼩粒⼦から横⽅向に⼤きな粒⼦に
変化した。 6W の BLDA 後の Si 膜を H2 / N2（4％）雰囲気中で H2 アニールを施したが、Si 膜中
の⽋陥密度の低下により、100 mW / cm2 の⽩⾊光照射下での光導電率を測定すると、値は 8.1×
10-4 S / cm に達し、94 の⾼い光感度（σphoto/σdark）が得られた。 

    BLDA を⾏うことにより、本研究室で提案された新しい構造の⾼感度ポリ Si 膜をガラス上に
作製することに成功した。計算シミュレーション結果、裏⾯反射 Ti 層を採⽤することにより、
⾚⾊または⾚外線（IR）領域で光吸収が 86％増加することを予測された。 X 線回折（XRD）分
析結果からの回折ピークから、ガラス上 Ti による裏側反射層を挿⼊したにもかかわらず、
BLDA 後に Si 膜が明確に結晶化されたことが確認された。 続いて、H2 アニーリング後、フォト
リソグラフィーで作製した厚さ 50 nm のパターニングした Si 膜の光導電率は、100 mW / cm2 の
⽩⾊光下で 1.2×10-4 から 3.2×10-1 S / cm まで著しく増加した。これらの結果は、結晶化した Si

膜の下に裏⾯反射層を採⽤することにより、機能的な光センサとパネル上の TFT との統合が有
望であることを⽰している。したがって、BLDA を⽤いて結晶化された薄膜 Si は、パネル上の
多機能システムにおける光センサ⽤途に期待できる。 

   つぎに、III-V 化合物材料である InSb 膜を、真空加熱蒸着法⽤いてマイカ（雲⺟）およびガラ
ス基板上に堆積させ、その後、InSb 膜にキャップ膜を覆い、炉アニール（FA）または急速熱ア
ニール（RTA）を⾏った。膜の結晶性、組成および電気特性を調べた。単結晶基板上のエピタ
キシャル成⻑を採⽤せずに、520℃、30 秒間の RTA 後 In：Sb ⽐を維持することにより、安価な
絶縁ガラス上に、多結晶化薄膜の状態で 25,000 cm2/(Vs) の⾮常に⾼いホール移動度が得られた。 

    さらに、スパッタ法により InSb 膜をガラス上に製膜し、ガス種（Ne または Ar）、ガス圧⼒、
膜厚など変化させて、RTA と BLDA の両⽅を⽤いて効果的に結晶化させた。 RTA の場合、得ら
れたホール移動度は、500℃で 30 s のアニール後に 1,650 cm2/(Vs) であった。場合、圧⼒ 7.0 

mTorr の Ar ガスを⽤いてスパッタリングした厚さ 300nm の InSb 膜では、4W の BLDA により、
1,050 cm2/(Vs)の最⼤電⼦ホール移動度が得られた。これらの結果より、RTA または BLDE 後の
InSb 膜は、感磁性素⼦や IR センサなどの⽤途として有望な候補と期待される。 

    BLDA 法は、ガラス上だけでなく、TFT システムとセンサを統合した次世代 SoP としてフレキ
シブルなプラスチック基板上への有効な薄膜結晶化プロセスとして有望である。 

    以上の結果は、今後の IoT（Internet on Things）デバイスにも適⽤可能な TFT 機能システム、
⾼機能 SoP として期待される。 
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Chapter 1 

Introduction 

1.1 Background 

    In the information society, display and tablet devices with high performance, multi-functions got high 

attention with the development of semiconductor display industry. System on Panel (SoP) or System on 

Glass (SoG) is a technical concept which can realize high performance, multi-function and cost reduction 

by packing more effective circuit elements on a single display panel substrate.  

    To the realization of SoP, Si device capable of high-speed operation is required. Low carrier mobility of 

the hydrogenated amorphous silicon (a-Si:H) TFT is a major obstacle although the a-Si TFTs are used 

widely to drive LCD pixels. Polysilicon (poly-Si) achieved by crystallizing a-Si film on the glass is an 

effective solution to this problem. Currently, there are panel products which have driving circuits formed 

on the glass. Without limiting to the driving circuits, lateral PIN photodiode can be also added to the touch 

panel sensor, because it can be fabricated in the same process and expected to improve the cost reduction. 

    Making the photosensor on the glass panel, the light absorbing layer is required to be at the thickness of 

the same 50 ~ 100 nm in terms of production process of the Si TFTs. However, most of the light would be 

transmitted because Si film is very thin. Thus, it is not possible to obtain sufficient photosensitivity. In order 

to obtain a high optical sensitivity even with a small light absorption, producing a poly-Si film with a high 

carrier mobility and long lifetime with increased light absorption is required. Conventionally, Excimer Laser 

Annealing (ELA) method, Metal Induced Crystallization (MIC) method and Solid Phase Crystallization 

(SPC) methods are used to the crystallization tools of Si films.  

    Recently, BLDA technique, a valid high-quality crystallization method that can accurately control the Si 

crystallinity i.e the grain size in the Si film, has been reported in this laboratory. In this study, BLDA was 

used to the crystallization of Si film, in order to obtain a high light sensitivity with a thin film by making 

poly-Si film with a smooth surface with controlled grain sizes. To improve the photosensitivity, hydrogen 

annealing at low temperature was performed after BLDA. 

    Indium Antimonide (InSb) is a material with high carrier mobility, which is widely used in magnetic field 

sensors, thermal imaging cameras and infrared detectors. Conventionally, InSb layer with high carrier 

mobility is produced by epitaxial growth on single-crystal substrate using expensive process such as 

molecular beam epitaxy (MBE). Fabricating InSb film on glass substrate has high potential from the 

perspective of low-cost process and functional applications. 

    Integrating sensor devices with TFTs on panel can realize futuristic high-end multifunctional systems 

with cost reduction. In this dissertation I targeted two types of sensor devices, photosensor and magnetic 

sensor. 
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    1.2 Structure of the dissertation 

    This dissertation consists 7 chapters: 

Chapter 1: Introduction 

Chapter 2: Thin Si film for Photosensor Applications 

                  (Journal Article [1], International Conference Article [2]) 

Chapter 3: Multilayer Structure for Photosensor Application 

                  (Journal Article [1,2], International Conference Article [7]) 

Chapter 4: Vacuum Evaporated InSb film for Magnetic Sensor Application 

                  (Journal Article [3], International Conference Article [13]) 

Chapter 5: Sputtered InSb film for Magnetic Sensor Applications 

                  (Journal Article [3], International Conference Article [14,15,16]) 

Chapter 6: Application as Multifunctional TFT System on Panel  

Chapter 7: Summary and Conclusion 

 

    Chapter 2 

    This chapter is mainly focused on effective crystallization of thin Si film with BLDA and subsequent H2 

annealing. In the purpose of photosensor application, photoconductivity of annealed Si film was investigated. 

With the increase of laser power from 4 to 6 W, the crystal structure changed from micro grains to large 

grains, and correspondingly the photoconductivity increased. After H2 annealing for the Si films in H2/N2 

(4%) ambient at 450°C, photosensitivity ratio (σphoto/σdark) of 94 was obtained under white light exposure of 

100 mW/cm2 after the BLDA at 6 W owing to the reduction in the defects density in the Si films. 

    Chapter 3 

    This chapter is mainly focused on effective crystallization of thin Si film with BLDA and subsequent H2 

annealing with the adoption of proposed multilayer structure [13]. By adopting metal back-reflection layer, 

simulation results show 86% increase of light absorption in red or IR region. Peaks from XRD results 

showed that Si film was crystallized clearly after BLDA in spite of the inserted new back-reflection layer 

of Ti. All the process for photoconductive film was performed using RF sputtering and vacuum evaporation 

without adopting Chemical Vapor Deposition (CVD). After H2 annealing, photoconductivity for the 



3 
 

patterned Si films of 50 nm thickness increased remarkably up to 3.2 x 10-1 S/cm from 1.2 x 10-4 under 

white light of 100 mW/cm2. 

    Chapter 4 

    In this chapter, crystallinity, composition and electrical properties of thin InSb films were investigated. 

Films were deposited on both mica and glass substrates using thermal evaporation and subjected to FA or 

RTA. High electron Hall mobility as high as 25,000 cm2/(Vs) was obtained with the capped InSb film by 

keeping the In:Sb ratio after RTA at 520°C for 30 sec or longer without adopting epitaxial growth on glass. 

    Chapter 5 

    This chapter is focused on effective crystallization of thin InSb films deposited by RF sputter and 

annealed with BLDA and RTA. Crystallinity, electron Hall mobility and surface morphology of annealed 

InSb film were investigated for the purpose of magnetic sensor application. Furthermore, effect of various 

deposition conditions such as gas type (Ne, Ar), gas pressure and film thickness were investigated. Both 

RTA and BLDA were used to crystallize the InSb films effectively. In the case of RTA, the obtained electron 

Hall mobility was 1,650 cm2/(Vs) after annealing at 500°C for 30 s. Maximum electron Hall mobility of 

1,050 cm2/(Vs) was obtained with the InSb film sputtered with Ar gas at the pressure of 7.0 mTorr for the 

300 nm thick film after BLDA at 4 W.  

    Chapter 6 

    This chapter is focused on new application of the obtained results as a multifunctional TFT system on 

panel. 

 

  



4 
 

Chapter 2 

Thin Si film for Photosensor Applications 

2.1. Introduction 

    Multifunctional flat panel displays are now demanded with the rapid spread of smart phones and tablet 

devices owing to their low cost, low power consumption, and downsizing capabilities. Thin-film lateral 

structured photosensors are required in flat panel display systems with optical functions such as brightness 

control against ambient illuminance or touch panel sensors [1–4]. Several studies of thin-film photodiodes 

or phototransistors have been reported [5–10]. Thin-film transistors (TFTs) and photosensors are formed on 

the identical substrates by adopting a simultaneous or compatible fabrication process to realize a 

multifunctional system on panels (SoP) [11, 12].  

    In general, the channel layer thickness of polycrystalline Si (poly-Si) TFTs is designed to be between 50 

and 100 nm. At this thickness, the light absorption of Si films is poor owing to the loss of light energy 

through transmittance. Therefore, it is important to develop sensitive photosensors even for red or IR light. 

A new structure of sensitive pin photosensors with a micro grained Si film simultaneously fabricated with 

high-performance TFTs on a panel has been proposed and reported [13].  

    As a crystallization tool, blue multi-laser diode annealing (BLDA) is a promising annealing tool, which 

is expected for use in low-temperature poly-Si (LTPS) fabrication [14–20] Si films with controlled micro- 

to large-grains are formed reproducibly with a smooth surface by adopting scanning BLDA, although their 

grain size can be hardly controlled by pulsed excimer laser annealing (ELA) [21,22] Si films of various 

grain structures formed by BLDA should be studied to realize higher-performance TFT systems with 

functional photosensors. 

    On the other hand, to realize SoP on flexible plastic substrates, a low-temperature deposition method 

must be used. RF sputtering is a method that can achieve a higher deposition rate at room temperature for 

both undoped and doped semiconductors as well as for conducting and nonconducting materials. For sputter 

deposition, Ar gas is normally used as the sputtering gas. Ar atoms attack the Si target and are incorporated 

into the Si film. If a laser beam of high power is irradiated onto a Si film, the surface roughness of the film 

degrades owing to the rapid release of the incorporated atoms. A smooth surface can be obtained by 

sputtering using He gas, as the He atom has a small atomic radius [23]. However, sputtering using He gas 

markedly decreases the sputtering efficiency i.e. lowers the deposition rate, which affects the deposition 

rate. Sputtering using Ne gas can achieve a comparative deposition rate with that using Ar gas. Since the 
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atomic radius of the Ne atom (r = 1.2 Å) is close to that of the Ar atom (r = 1.6 Å), sputtering using Ne gas 

is expected to be effective for achieving a smooth surface after subsequent laser annealing. Therefore, we 

have utilized Si films deposited by sputtering using Ne gas as precursor films for BLDA. 

    In this chapter, the photoconductivity of Si films after BLDA has been investigated for photosensor 

applications. The relationships between the laser power, crystal structure, and photoconductivity were 

clarified, and the effect of H2 annealing on the photosensitivity of Si film was also clarified. We suggest the 

potential of Si films after BLDA for photosensor applications.  
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2.2. Crystallization by BLDA 

    Amorphous Si (a-Si) films of 50 nm thickness were deposited using RF sputtering at room temperature 

using a semi intrinsic Si target (5–10 Ωcm). Deposition was carried out under the optimized conditions of 

Ne gas at an RF power of 450W. The gas flow rate and working pressure were controlled at 13 sccm and 

1.4 mTorr, respectively. Buffer layers of SiO2 films of 50 nm thickness were pre-deposited to protect the Si 

films from impurities in the glass substrate. 

    Subsequently, the deposited thin Si films were annealed using semiconductor blue laser diodes of 445 nm 

wavelength in a continuous wave mode. The samples were placed on a high-precision computer-controlled 

x–y stage, and a beam of 600 × 2.4 μm2 with a top-flat power profile along the long axis was irradiated at a 

scanning speed of 500 mm/s in atmospheric ambient [14, 16]. The laser power was controlled between 4 

and 6 W, which corresponds to a laser density between 1.3 and 2.0 J/cm2. The thickness (d), refractive index 

(n), and extinction coefficient (k) of the Si films were measured by spectroscopic ellipsometry (SE; SOPRA 

ES4G). Transmission electron microscopy (TEM) was also performed to observe the crystal grain structure 

of the Si films after the BLDA. Atomic force microscopy (AFM) was performed to observe the surface 

smoothness. Some of the samples were annealed in H2/N2 (4%) ambient at 400 or 450°C for 1 h. Al 

electrodes were deposited on Si films using thermal evaporation for current–voltage (I–V) measurement. 

Each electrode was 8 × 8mm2 with a gap of 1mm for the light absorption area. The photocurrent and dark 

currents of the Si films before and after the BLDA and H2 annealing were measured using a solar simulator 

(HMT MFS-PV-Basic) to measure the photoconductivity and the photosensitivity was deduced, i.e., 

σphoto/σdark, where σphoto is the photoconductivity under white light exposure and σdark is the conductivity in 

the dark. Furthermore, red, green or blue light spectrum was irradiated selectively onto the Si films, and the 

photocurrent was measured. 
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2.3. Crystallinity evaluation by Spectroscopic Ellipsometry (SE) 

 

Fig. 2.1 Extinction coefficient spectra obtained by SE of the Si films  

before and after the BLDA (Journal Article [1]). 

    Figure 2.1 shows the extinction coefficient spectra obtained by the SE for the Si films before and after 

BLDA. For the as-deposited a-Si film, a broad peak was confirmed. On the other hand, after performing the 

BLDA of 4 W, the peak at a wavelength of approximately 280 nm was sharpened, and a small shoulder at 

approximately 360 nm was newly observed. With the increase in laser power to 6 W, the peak remains the 

same shape, and the shoulder became clearer. For single-crystal Si, distinct two peaks were observed there. 

Here, the peaks at approximately 280 and 360 nm correspond to the absorption peaks for the band-to-band 

transitions of electrons in crystal Si, which are called E1 and E2 peaks whose energies are 4.4 and 3.4 eV, 

respectively [24, 25] As a result, the crystallinity of the Si films can be evaluated qualitatively from the 

sharpness of the peaks in the waveform. Therefore, these results indicate a band structure was formed by 

performing the BLDA and the crystallinity depends on the laser power, and the crystallinity became closer 

to that of single-crystal Si.  
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2.4. Crystallinity evaluation by TEM 

 

(a) 

 

(b) 
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(c) 

Fig. 2.2 TEM images of the Si films after BLDA at (a) 4 W, (b) 5 W, and (c) 6 W (Journal Article [1]). 

    Figure 2.2 shows TEM images of the Si films after the BLDA at (a) 4 W, (b) 5 W, and (c) 6 W. As a 

result of the BLDA, the a-Si films were poly-crystallized efficiently and stably. Rather small grains or micro 

grains of approximately 50 nm in diameter were formed for the Si film after the BLDA at 4 W, as shown in 

Fig. 2.2(a). Because its grains are small, the Si film is suggested to have crystallized in the solid phase at a 

high temperature under uniform rapid heating [27–29]. The grain size increased with an increase in the laser 

power. For the Si film after the BLDA at 5 W, grain sizes roughly ranging from 100 to 150 nm were obtained. 

From the SE results, larger grains are speculated to be formed when the laser power is increased to 6 W, as 

in the case of CVD film [16]. Thus, considerably large Si grains were observed, as shown in Fig. 2.2(c). In 

the cases of the BLDA at 5 W and 6 W, it is considered that large grains might be obtained by the liquid 

phase crystallization of the Si films. It is speculated that the volume ratio of crystalline to amorphous, i.e., 

the crystallinity, increases with the laser power. Therefore, the crystallinity became higher and the 

photoconductivity increased owing to the increase in the carrier lifetime and the mobility. 
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2.5. Crystallinity evaluation by AFM 

   Figure 2.3 shows the surface morphologies obtained by AFM for the Si films before and after BLDA. 

The observed region is 10 × 10 μm2.  

 

 

(a) As deposited 

RMS: 0.6 nm
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(b) BLDA at 4 W 

 

(c) BLDA at 5 W 

RMS: 4.0 nm

RMS: 9.4 nm
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(d) BLDA at 6 W 

Fig. 2.3 Surface morphologies obtained by AFM of the Si films after BLDA (Journal Article [1]). 

    The surface roughness slightly increased due to the crystallization after the BLDA. The root mean square 

(RMS) values of the surface roughness were less than 13 nm for the Si film after the BLDA at 6 W [30]. 

This surface roughness is lower than that after ELA, where the surface roughness sometimes becomes as 

high as the film thickness itself. Because the surface of the Si films after the BLDA is smooth, the 

recombination of carriers at the surface was suppressed and it is speculated that the photosensitivity 

increased. 

  

RMS: 12.6 nm
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2.6. Photoconductivity of poly-Si thin film 

    Figure 2.4. (a) shows the dark currents of the Si films before and after BLDA. I–V characteristics were 

measured in the dark ambient. Compared with the as-deposited Si film, the Si films after BLDA showed a 

reduction in dark current. This result indicates that the conduction mechanism was speculated to change 

from a hopping-like conduction to activated conduction of poly-crystalline Si [26]. For the as-deposited Si 

films deposited by sputtering without hydrogen annealing, the conduction mechanism was speculated to be, 

in general, rather variable-range hopping conduction. After the BLDA, as a result of crystallization, a band 

gap was clearly formed, and the density of states related to the defects inside the gap decreased drastically, 

and the conduction mechanism changes to a rather activated conduction even without performing 

hydrogenation. In general, the conductivity value undoped a-Si just before crystallization is higher than that 

for the activated conduction of undoped poly-Si at room temperature [26]. 

 

Fig. 2.4 (a) Dark currents of the Si films before and after the BLDA (Journal Article [1]). 
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Fig. 2.4 (b) Photocurrents of the Si films before and after the BLDA (Journal Article [1]). 

 

    Figure 2.4(b) shows the photocurrents of the Si films before and after the BLDA. I–V characteristics are 

measured under white light exposure of 100mW/cm2. The photocurrent increased with an increase in the 

laser power. The photocurrents of the Si films after the BLDA were smaller than that of the as-deposited Si 

film except at 6 W. However, the photocurrent of the Si film after the BLDA at 6 W markedly increased 

and became higher than that of the as-deposited Si film. At 6 W, it is considered that the photocurrent 

increased owing to the improvement in the crystallinity. On the other hand, the dark current of the as-

deposited Si film was rather high, probably, due to the effect of hopping based conduction, and it is 

considered that the photocurrent became slightly higher than the dark current. The dark current of the Si 

films after the BLDA became lower than that of the as-deposited Si film, due to the change from hopping 

based conduction to activated conduction. Although a band gap was formed for the Si films after the BLDA 

below 5 W. By the effect of H2 annealing at 5 W, the defects density at the grain boundaries and within the 

crystal grains was not reduced sufficiently. Therefore, a considerable number of carriers generated under 

light exposure were trapped, and the resulting photocurrent of the Si films after the BLDA below 5 W was 

lower than that of the as-deposited Si film. Although it is well known that the absorption coefficient of light 

exposure is higher for a-Si films than for poly-Si films, the conclusion is qualitatively valid. 
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Fig. 2.5 Photocurrents of the Si film after the BLDA at 6 W under red, green, and blue light exposures 

after normalizing to their values per unit exposure energy (Journal Article [1]).  

    Figure 2.5 shows the photocurrents of the Si film after the BLDA at 6 W under red, green and blue light 

exposures. I–V characteristics were measured under red (41.4 mW/cm2), green (20.7 mW/cm2), and blue 

(26.9 mW/cm2) light exposures. The photocurrents were normalized to their values per unit exposure energy. 

Even when the photocurrent increased for the Si film after the BLDA at 6 W, the photocurrent for the red-

light exposure was still lower than that for the blue or green light exposure. This is because the absorption 

efficiencies are different between red, green, and blue light exposures. Further increase in the degree of light 

absorption for the Si films is required. However, our results suggest that BLDA is promising for photosensor 

applications in a multifunctional SoP. 
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2.7 Effect of H2 Annealing 

    Figure 2.6(a) shows the dark conductivities of the Si films before and after the H2 annealing. The dark 

conductivity slightly increased after the H2 annealing. It is speculated that this is due to the reduction in the 

defects density in the Si films. Figure 2.6(b) shows the photoconductivities for the Si films before and after 

the H2 annealing. The photoconductivities increased with an increase in the laser power after the H2 

annealing. We think that this is also due to the reduction in the defects density in the Si films. The 

photoconductivity reached as high as 8.1 × 10-4 S/cm for the Si films after the BLDA at 6 W and after H2 

annealing at 450°C. 

 

 

Fig. 2.6 (a) Dark conductivities of the Si films before and after H2 annealing (Journal Article [1]). 
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Fig. 2.6 (b) Photoconductivities of the Si films before and after H2 annealing (Journal Article [1]). 

 

    Figure 2.7 shows the photosensitivity ratios (σphoto/σdark) biased at 20V before and after the BLDA and H2 

annealing. Although a low photosensitivity of 1.7 is seen for the as-deposited Si film, but it slightly 

improved with increasing laser power. As shown in Fig. 2.1, higher-crystallinity of the Si films are obtained 

with a higher laser power, and such films showed a higher photosensitivity. Furthermore, a marked 

improvement in photosensitivity to 93.7 was observed for the Si film after the BLDA at 6 W and after H2 

annealing at 450°C. This high photosensitivity value is obtained as a result of the high crystallinity due to 

the BLDA at 6 W and the resultant reduction in the defects density in the Si films due to the H2 annealing 

at 450°C. 

     The photoconductivity of Si films after BLDA has been investigated for photosensor applications. 

Uniform micro grains of approximately 50 nm in diameter were obtained for the Si films after the BLDA at 

4 W, and fairly large grains were obtained at 6 W. The photoconductivity of the Si films was improved 

along with the improvement in their crystallinity when the laser power of the BLDA was increased. After 

H2 annealing, the photosensitivity of the films was further improved markedly. High photosensitivity ratio 

(σphoto/σdark) of 94 was obtained under white light exposure of 100 mW/cm2. We suggest the potential of Si 

films after BLDA for photosensor applications. Because BLDA is a promising technique from the viewpoint 
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of practical productivity, it is meaningful to integrate simultaneously photosensor devices in the next-

generation SoP formed using BLDA.  

 

 

Fig. 2.7 Photosensitivity ratios (σphoto/σdark) biased at 20 V before and after the BLDA and after H2 

annealing (Journal Article [1]).  
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Chapter 3 

Multilayer Structure for Photosensor Application  

3.1. Introduction 

    In current evolving information society, consumer personal devices such as mobile phones, television 

sets, laptop computers, tablets etc. have been continued rapid growth. Flat panel displays (FPD) used in 

these products have a great demand on downsizing, multi-function, lower power consumption and less 

material usage while developing high resolution, high color quality, high definition, high brightness. FPDs 

have accomplished an important role in viewing information. After cathode ray tube (CRT) displays, the 

market has been occupied by active matrix (AM) flat liquid crystal displays (LCD), adopting hydrogenated 

amorphous Si (a-Si:H) TFTs or low-temperature polycrystalline silicon (LTPS) TFTs [1, 2].  

    Most of those new displays are integrated with system on glass (SoG) technology [3, 4]. In addition, 

recently, photosensitive type touch panels are to be used. In this type of touch panels [5, 6], photosensors 

which detect light can be integrated inside the touch panel pixels [7-9]. The panel recognizes the touched 

area by detecting the reflected light. Lateral PIN photodiodes can be produced with identical process at the 

same time as the TFT fabrication process. Thin-film photosensors are expected as an input device in 

combination with a display panel. Especially in light sensors which can automatically adjust the brightness 

of displays, touch panels which can detect the position by laser light or by shade and in two-dimensional 

contact-type image scanners. Researches on thin-film photosensors are not sufficiently evaluated yet.  

    In this chapter, photoelectric film was fabricated with the proposed multilayer structure [10]. Possibility 

of crystallization by performing BLDA for the Si film on underlying metal was investigated. After pre-

deposition of buffer layer SiO2 of 50 nm thickness to block the impurities from the glass, Si layer of 50 nm 

thickness was deposited by RF sputtering using a semi intrinsic Si target (5-10 Ωcm, n-type) at room 

temperature. Deposition was carried out at RF power of 450 W and Ne was used as the sputtering gas as the 

Si film is kept fairly high deposition rate. Ne gas of lower mass number is much easily effused out than Ar 

gas during high temperature heating [11, 12]. Gas pressure and flow rate was controlled at 1.4 mTorr and 

13 sccm. The Si films were crystallized using BLDA at 5 W with a beam size of 600 x 2.4 μm2 at a scanning 

speed of 500 mm/s. The applied laser power was controlled to 5 W. Samples were annealed in H2/N2 (4%) 

ambient at 450°C for 1h. 

    To evaluate the crystallinity of Si film, the refractive index (n), the extinction coefficient (k) and the 

thickness (d) of the Si films were deduced from SE analysis using Sellmeier relationship [13]. To see the 
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grain structure, Transmission Electron Microscopy (TEM) analysis was done. For both as-deposited a-Si 

and for subsequently BLDA treated samples, the Si films were patterned with L/W = 5 μm/10 μm for the 

light absorbed area by photo-lithography. Photocurrent measurement was carried out under white light 

exposure of 100 mW/cm2. Photoconductivity of Si films after BLDA has been studied for photosensor 

applications. Then, calculated simulations with proposed multi-layer structure with back-reflection layer 

were conducted using (Winelli) simulation software. By adding anti-reflection and back-reflection layers, 

increasing the substantial amount of light absorbance was expected. Ti was used as the back-reflection metal 

layer. Then, for the proposed multi-layer structure, Ti or Al as a back-reflection layer metal was deposited 

on glass substrate using vacuum evaporation. As Al with high reflection of low melting metal cannot endure 

the following BLDA, instead, Ti layer of about 60 nm thickness was deposited using vacuum evaporation, 

which has transmissivity of less than 10% within 200 to 900 nm wavelength range. Si film of 50 nm 

thickness was deposited on Ti using same process conditions of the above Si film. The Si films were 

crystallized using BLDA at 5 W with the same conditions of the above Si film. 

    Finally, crystallinity of the Si film with Ti back-reflection layer was evaluated by reflectivity 

measurement using ultraviolet-visible spectrophotometry (UV-Vis). Additionally, the grain structure in the 

Si film with Ti back-reflection layer was analyzed using X-ray diffraction (XRD). 
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Fig. 3.1 Proposed highly sensitive photosensor structure with multi-layer structure as a TFT system [10]. 
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3.2. Photoelectric characteristics 

 

 

 

Fig. 3.2 (a) Photocurrent and (b) photoconductive characteristics before and after H2 annealing  

under white light exposure of 100 mW/cm2 (Journal Article [2]). 
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    Fig. 3.2(a) shows the results of photocurrent measurement for Si film before and after BLDA at 5 W and 

after subsequent H2 annealing. By comparing with dark current level of the a-Si film (1.2 x 10-4 S/cm), high 

photoconductivity of 8.4 x 10-4 S/cm was obtained after BLDA (under the bias at 10 V). For the sample 

after BLDA at 5 W, as a result of H2/N2 annealing at 450°C for 1h, photoconductivity increased significantly 

to 3.1 x 10-1 S/cm. It is considered that the carrier mobility (µ) and lifetime (τ) of carriers in the Si films 

were improved after BLDA. Recombination of carriers by drift current in the light absorbed area was 

reduced due to the shortening of channel (below 100 μm) after patterning, which is considered to affect the 

increase in photosensitivity, in spite of the decrease in absorbed total photon number. Fig. 4 shows the 

results of photocurrent measurement for the Si film under various light exposures. The light of longer 

wavelength in red region passes through the Si film because crystallized thin Si film cannot absorb red 

efficiently as well as infra-red (IR) light. In order to improve photosensitivity for red light or infra-red region, 

a new multi-layer structure had been proposed considering the reflection [10]. Furthermore, additional H2 

annealing is expected to improve further the photosensitivity by terminating the dangling bonds existing at 

the grain boundaries or the small defects in Si film. 
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3.3 Simulation Results 

    By adding anti-reflection or/and back-reflection layers, light absorption can be enhanced. To improve the 

low photosensitivity, effective multi-layer structure had been proposed (Fig. 3.1). The insulating film 

formed on the top of lateral photo-sensor layer acts as an anti-reflective layer as well as a gate insulating 

film for TFT. High quality gate insulator was reported by adopting RF sputtering and was demonstrated in 

TFTs [14, 15]. By using this proposed structure, substantial light absorbance can be increased selectively in 

red or in infra-red by the light interference effect. Calculated simulations were performed on the proposed 

structure using the n, k spectra data obtained from the Si film after BLDA at 5 W. The thicknesses of anti-

reflection and bottom insulator layers were optimized according to the n, k spectra data of Si film after 

BLDA at 5 W. Winelli in spectroscopic ellipsometry system supported by SOPRA Corporation was used as 

the simulation software. Fig. 3.3 shows the simulation results of light absorption by adding the multiple 

layers. Light absorbance was calculated using equation 1. 

%A = 1 - (%R + %T)                  (1) 

    Significant increase in red and in IR light absorption is expected by adjusting and optimizing the 

interference effect with the proposed structure. The metal as a back-refection layer limits the light 

transmission through the Si layer. As a result of above two factors, the number of internal reflections 

increases, and the photocurrent increases. Significant increase in red and IR light was achieved by the 

implementation of the proposed multi-layer structure. Light absorbance of the sample reached 86% at the 

wavelength of 680 nm. The optimized thickness for anti-reflection layer was 158 nm and for bottom 

insulator layer was 161 nm. Furthermore, additional H2/N2 annealing is expected to improve further the 

photosensitivity by terminating the dangling bonds existing at the Si/SiO2 interface and/or the grain 

boundaries in Si film. This multi-layer structure is effective not only for Active-Matrix Liquid Crystal 

Display (AMLCD) but also for Active-Matrix Organic Light Emitting Diode (AMOLED) panel of top 

emission type. 
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Fig. 3.3 Light absorption rate to the wavelength of multi-layer structure with Ti back-reflection layer 

(Journal Article [2]). 
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3.4 Reflectivity Analysis of Multilayer Structure 

    Total reflectance for both single layer and multi-layer structure with Ti back-reflection layer was 

measured. Figure 3.4 shows the reflectivity analysis obtained by the Si films before and after the BLDA.  

 

 

Fig. 3.4 (a) Reflectivity analysis results of single layer (Journal Article [2]). 
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Fig. 3.4 (b) Reflectivity analysis results of multi-layer structure  

with Ti back-reflection layer (Journal Article [2]). 

 

    For the as-deposited a-Si film no peak was confirmed. On the other hand, after performing the BLDA 

at 4 W, the peak at a wavelength of approximately 280 nm sharpened, and a small shoulder at 

approximately 360 nm was newly observed. With an increase in laser power to 6 W, the peak became 

higher, and the shoulder became clearer. For the single-crystal Si, distinct clear peaks were observed at 

the wavelength. Here, the peaks at approximately 280 and 360 nm correspond to the absorption peaks 

for the band-to-band transitions of electrons in crystal Si as discussed for Fig. 2.1. Thus, the crystallinity 

of the Si films can be evaluated from the sharpness of the peaks in the waveform. Therefore, these 

results indicate that the Si films has become poly-crystalline phase. 
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3.5 XRD Analysis of Multilayer Structure 

    Grain structure of the Si film with Ti back-reflection layer on glass was analyzed by X-ray diffraction 

(XRD). From the results by XRD analysis results as shown in Fig. 3.5, peak of (111) preferred crystal 

orientation was observed in the vicinity of 28°. Moreover, since the peak is also confirmed in (110) and 

(311) angles, Si film is believed to be poly-crystallized. Peak at around 38° is presumed to be the peak of 

the underlying metal (Ti) of the back-reflection layer. Therefore, XRD analysis was carried out for directly 

Ti film on glass structure. Fig. 3.6 shows the results of XRD analysis for the Ti on glass substrate. From 

Fig. 3.6, it is confirmed that the peak around 38° is due to the poly-crystallized Si film on Ti back-reflection 

layer [16, 17]. These results suggest that even Si film on the metal seated structure can be crystallized 

effectively by BLDA. 

 

 

Fig. 3.5 XRD analysis results of Si film with Ti back-reflection layer (1 cm x 1 cm) (Journal Article [2]). 
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Fig. 3.6 XRD analysis results for Ti layer on glass (2.5 cm x 1.8 cm) (Journal Article [2]). 
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Chapter 4 

Thermal Evaporated InSb film for Magnetic Sensor  

4.1. Introduction 

    Magnetic sensor uses the phenomenon that electrons in the semiconductor are bent by Lorentz force. Hall 

element uses the potential difference generated at this moment. Magnetoresistive elements are largely 

divided into the types depending on the material and direction of the magnetic field, such as Spin Hall 

magnetoresistance (SMR), Anisotropic magnetoresistace (AMR) and giant magnetoresistance (GMR). 

    In SMR, Indium Antimonide (InSb) is adopted as a material, and when the magnetic force becomes strong, 

the output becomes large, and the magnetic flux direction is perpendicular to the magnetosensitive surface. 

For this reason, SMR is used for identification of magnetic ink of bills and used in ATMs and vending 

machines. Furthermore, InSb is widely used in magnetic field sensors, thermal imaging cameras and infrared 

detectors due to its high carrier mobility [1–6]. It has led to the evolution not only in small Hall components 

used in video cassette recorders (VCR), optical drives but also household electrical appliance and car 

industry [7]. Furthermore, InSb has high expectation in high resolution radiation detectors [8]. InSb thin 

films can be fabricated with many preparation methods [9–12] Generally, InSb layer with high carrier 

mobility is obtained by epitaxial growth on single-crystal substrate using expensive process such as 

molecular beam epitaxy (MBE) [13]. On the other hand, fabricating InSb film on glass substrate has high 

potential from the perspective of low-cost process and functional applications. 

    Conventionally, in the Hall device fabrication process, InSb film deposited on mica substrate is thermally 

annealed to crystallize. Then, the poly-crystallized InSb film is transferred to ferrite substrate. The used 

mica substrate is discarded. Furthermore, remaining mica on InSb, weak heat resistance of the adhesive 

between ferrite substrate and the InSb are the issues of this transferring process. Hence, sheet mica is a 

natural material and its high commercial demand, fabrication on mica substrate is becoming expensive. In 

this situation, glass substrate is a preferable candidate. In case of forming InSb film on a glass substrate by 

thermal evaporation, ultra-high mobility TFT circuit equipped with sensitive magnetic element cannot be 

obtained as the electron mobility is small compared to the case of depositing on conventional mica substrate. 

Previously, various studies have been done on annealing effect of InSb [14–16]. Enhancing the crystallinity 

and carrier mobility of thermal evaporated InSb film on glass can be expected by FA, RTA or BLDA [17]. 

    By forming this high-quality film on glass substrate, low-cost, high heat resistance, high productive 

sensitive magnetic element equipped with TFTs of ultra-high mobility is expected to be realized. In addition, 
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development of the TFT equipped sensitive magnetic element process on glass and ultra-high-speed Hall 

IC technology can be expected. In this research, InSb films were deposited on both mica and glass substrates 

using thermal evaporation and subjected to FA or RTA. Crystallinity, composition and electrical properties 

of the films were investigated. Pre-annealed InSb films of 1 µm thickness were deposited on glass and on 

mica substrates using thermal evaporation method. InSb films were annealed using FA or RTA in order to 

polycrystallize. Sheet resistance of each sample was measured using Four-terminal method. In the range of 

200 nm to 900 nm wavelength, spectral reflectance was measured before and after annealing to evaluate the 

crystallinity of InSb films. Au electrodes were deposited on InSb film using thermal evaporation for electron 

Hall mobility measurement. Distance among each electrode was 9 mm. Hall effect measurement was 

conducted under magnetic flux density of 0.31 T and a current of 1 µA. 
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4.2. Crystallinity evaluation of Furnace Annealed InSb films by TEM 

 

 

 

Fig. 4.1 TEM images of the InSb films on (a) mica and (b) glass substrates after FA (Journal Article [3]). 

 

    Fig. 4.1 shows TEM images of the InSb films on mica and glass substrates after FA at 500°C for 1 h. As 

a result of FA, InSb film has been poly-crystallized. Grains ranging from 50 nm to 100 nm in diameter were 

formed for the InSb film on mica as shown in Fig. 4.1 (a). Compared to InSb on mica substrate, grain size 

of InSb on glass substrate after FA was not so uniform. 
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4.3. Crystallinity evaluation of Furnace Annealed InSb films  

by Spectral Transmittance  

 

    Fig. 4.2 shows the optical transmittance results of InSb on mica and on glass after FA for 1 hour. Trend 

of increasing the optical transmittance was seen with the increase of thermal annealing temperature. Increase 

in the optical transmission was also seen with the InSb on glass heat-treated at 600°C and InSb on mica 

heat-treated at 500°C. InSb is not transparent for the wavelengths between 200 nm to 900 nm before 

annealing. It is considered that optical transmittance of InSb film has been improved due to the increase of 

crystallinity after annealing. Compared to InSb on glass sample, significant difference of increase in the 

optical transmittance was observed with InSb on mica substrate. It is speculated that InSb on Mica substrate 

is crystallized better in quality i.e. higher crystallinity than that of glass substrate. 

 

 

Fig. 4.2 (a) Transmittance of 1 µm thick InSb films on mica substrates after FA (Journal Article [3]). 
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Fig. 4.2 (b) Transmittance of 1 µm thick InSb films on glass substrates after FA (Journal Article [3]). 
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4.4. Sheet resistance measurement of Furnace Annealed InSb films  

 

Fig. 4.3 Sheet resistance of InSb before and after FA (Journal Article [3]). 

    Dependence of the sheet resistance on annealing temperature after FA is shown in Fig. 4.3. The value of 

sheet resistance was lowest at 500°C for 1 h both on mica and on glass. By increasing the annealing 

temperature, the variation was observed in the sheet resistance values when it came to 500°C or higher in 

the case on glass and came to 600°C or higher in the case on mica. Calculated resistivity was as low as 1.06 

×10-3 Ωcm at sheet resistance of 10.6 Ω/□ for the film thickness of 1 µm.      

    After annealing for 1 h, surface color of InSb films were changed to dark blue. It is speculated that InSb 

films may have oxidized or film properties may have changed after FA. In Fig. 4.3 it is observed that high 

temperature annealing after long time (1h~) degraded the film quality. Therefore, RTA was carried out to 

the thermal evaporated InSb films as described in chapter 4.6. Heated temperature was controlled between 

500°C and 540°C. 
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4.5. Electron Hall mobility measurement for Furnace Annealed InSb films  

 

Fig. 4.4 Electron Hall mobility of InSb before and after FA (Journal Article [3]). 

 

    Fig. 4.4 shows results of electron Hall mobility for InSb films on both mica and glass substrates before 

and after FA. 50 nm thick SiO2 cap was deposited on InSb samples and then, they were annealed at 600°C. 

Electron Hall mobility of InSb on mica was around 22,000 cm2/(Vs) and 2,000 cm2/(Vs) on glass before 

annealing. However, electron Hall mobility decreased after FA at 400°C for 1 h for the samples on both 

mica and on glass substrates. Further decrease in electron Hall mobility was observed after increasing the 

annealing temperature up to 500°C. It is speculated that composition of the InSb (i.e., atomic ratio of In:Sb) 

has changed after long time annealing. Electron mobility (µ) has decreased due to the change of InSb 

composition. InSb layer was not remained on the substrate and it shows visibly transparent after annealing 

at 600°C. As the melting point of InSb is 525°C [18] it is considered that InSb was vaporized at the 

temperature at 600°C.  
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4.6. Hall mobility measurement of InSb films annealed by RTA. 

  

Fig. 4.5 Dependency of Electron Hall mobility on RTA annealing temperature for InSb on glass substrate 

(Journal Article [3]). 

 

    Fig. 4.5 shows the annealing temperature dependency of electron Hall mobility for InSb on glass substrate. 

Very high electron Hall mobility of about 15,000 cm2/(Vs) was obtained with the sample annealed at 520°C. 

As the melting point of InSb is 525°C [18] it is possible that InSb may start to vaporize and the composition 

has changed at the temperature over 540°C [19]. The highest mobility value was obtained by annealing at 

520°C. Annealing time dependency of electron Hall mobility was studied at 520°C from 0 s to 120 s (Fig. 

4.6).  
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4.7. Dependency of Hall mobility on RTA annealing time for InSb on glass 

substrate. 

    Annealing time dependency on electron Hall mobility was studied at 520°C from 0 s to 120 s (Fig. 4.6). 

Average electron Hall mobility of 23,000 cm2/(Vs) was obtained for the SiO2 capped InSb films which 

annealed for more than 30 s. Highest electron Hall mobility around 17,000 cm2/(Vs) was obtained with the 

non-capped InSb film annealed for 30 s. However, electron Hall mobility of uncapped InSb films decreased 

drastically when the annealing time was longer than 30 s. By increasing the annealing time, it is speculated 

that change of InSb composition or partial elimination by heat may causes the reduction in mobility. 

    By FA, it is possible to realize large grains when crystallization occurs by applying heat slowly to the 

InSb film. However, the remained defects concentration seems to be high. By adopting RTA, the generated 

grain size is smaller than the grains after FA, while the small crystal defects concentration is low. By the 

crystallization using RTA, it is considered that lifetime and mobility increases mainly due to the reduction 

of small crystal defects. Effective crystallization with less defects density with keeping the constant 

composition of In and Sb is speculated as the dominant factor for the high carrier mobility of InSb films 

after RTA. Therefore, it is considered that the dominant effect is basically the constant composition for the 

poly-crystalline formation and additional high-quality poly-crystal phase with low defects density should 

be important. 
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Fig. 4.6 Dependency of Hall mobility on RTA annealing time for InSb on glass substrate. 

 (Journal Article [3]). 
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4.8. Crystallinity evaluation of Rapid Thermal Annealed InSb films  

by reflectance spectroscopy. 

    Fig. 4.8 shows the results of reflectance measurement of 1µm thick InSb films after RTA. Slight peaks 

around wavelengths of 310, 520 and 660 nm were observed after annealing with capped layer. However, 

these peaks were hard to be observed, and the reflectivity values were less in the case of uncapped InSb 

films compared to the capped InSb films. It is speculated that these peaks are correspondent to the extinction 

coefficient (k) peaks of single crystalline (c-)InSb as in Fig. 4.7 and the appearance of peaks means that the 

capped InSb films have been crystallized. 

 

   

 

Fig. 4.7 Extinction coefficient of crystalline InSb (Source: Winelli database). 
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Fig. 4.8 Reflectance of 1 µm thick InSb films after RTA at 520°C (Journal Article [3]). 
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4.9. In:Sb ratio deduced from Energy-Dispersive X-ray Spectroscopy (EDS)  

Table 4.1 EDS analysis of InSb (Journal Article [3]). 

 

      Atomic %     

Annealing time (s)a In Sb Si O In:Sb 

w/o anneal 48.0 47.3 0.2 4.6 1:1 
0 38.0 30.8 2.0 29.2 1:0.8 
30 40.7 29.4 0.5 29.5 1:0.7 
60 39.9 29.8 0.6 29.7 1:0.7 
90 35.1 28.5 0.7 35.7 1:0.8 
120 37.9 28.2 0.4 33.6 1:0.7 
Annealing time (s)b In Sb Si O In:Sb 

0 36.2 35.9 4.7 23.2 1:1 
30 47.2 44.9 0.6 7.3 1:1.1 
60 46.5 44.5 0.9 8.0 1:1 
90 45.7 45.5 0.2 8.6 1:1 
120 47.3 46.0 l.l 5.6 1:1 
aw/o SiO2 cap.  
bw/ SiO2 cap. 

          

 

    Table. 4.1 shows the results of energy-dispersive X-ray spectroscopy (EDS) analysis results for both 

capped and uncapped InSb films before and after RTA. For the uncapped InSb, it appears that the percentage 

of Sb with respect to In was reduced after annealing. However, ratio of In vs Sb (1:1) is maintained when 

annealing by keeping the SiO2 cap. From these results, it is considered that the evaporation of Sb may led 

the decrease of electron Hall mobility of uncapped InSb films. Studies on temperature dependence of the 

electron concentration in InSb show that electron concentration increases with the increase in temperature 

[21]. It is speculated that carrier concentration of InSb increased with the increase of RTA time.  
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Chapter 5 

Sputtered InSb film for Magnetic Sensor Applications  

5.1. Introduction 

 

    In chapter 4, high electron Hall mobility of 25,000 cm2/Vs was obtained with thermal evaporated InSb 

thin film after RTA. However, in case of mass production, sputtering process has more advantages compared 

to thermal evaporation. RF sputtering has advantages like high uniformity, reproducibility, low temperature 

or even room temperature deposition and large area deposition. Therefor low-cost device fabrication can be 

expected. Furthermore, BLDA is a good candidate for crystallizing InSb film as well as RTA. 

    In this chapter, crystallinity, electron Hall mobility and surface morphology of annealed InSb film were 

investigated for magnetic sensor application. Furthermore, effect of various deposition conditions such as 

gas type (Ne, Ar), gas pressure and film thickness were investigated. Both RTA and BLDA was used to 

crystallize the InSb films effectively.  

    First, InSb films of 50 ~ 300 nm thickness were deposited on glass substrate by RF sputtering using an 

intrinsic InSb target. Deposition was carried out at RF power of 450 W. Ne and Ar gases were used as 

sputtering gas. Gas pressure was controlled to 1.7 mTorr or 7 mTorr and gas flow rate was controlled to 13 

sccm. Then capping layer of 50 nm thick SiO2 was deposited. For the crystallization by RTA, annealing 

temperature was controlled between 400 ~ 500°C. In case of BLDA, laser power was controlled to 3 W or 

4 W with the beam of 600 × 2.4 µm2 at a scanning speed of 500 mm/s. Reflectance spectroscopy was used 

to evaluate the crystallinity of InSb film. Au electrodes were deposited on InSb film using thermal 

evaporation for Hall carrier mobility measurement. 

    By forming high quality InSb films on glass and/or flexible substrates, high sensitive magnetic sensor 

elements equipped with TFTs on system on panel is highly expected. 
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5.2. Crystallinity evaluation of Rapid Thermal Annealed InSb films by reflectance 

spectroscopy. 

    Fig. 5.1 shows reflectance of 300 nm thick sputtered InSb films before and after RTA. Peaks were 

observed around wavelengths of 310, 520 and 660 nm after annealing with capping layer. It is speculated 

that these peaks are correspondent to the extinction coefficient (k) peaks of c-InSb as described in Fig. 4.6 

and the peaks means that the capped InSb has been crystallized. 
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(b) For Ar 7 mTorr. 

 

(c) For Ne 7.0 mTorr 

Fig. 5.1 Reflectance of 300 nm thick sputtered InSb films after RTA (Conference Article [15]). 
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5.3. Surface morphology of InSb films after RTA by SEM, AFM 

    Fig. 5.2 shows the surface morphology of sputtered InSb films before and after RTA. AFM image was 

taken in a region of 10 × 10 µm2. The surface roughness increased slightly after RTA. However, the root 

mean square (RMS) values of the surface was less than 9 nm after applying RTA at 500°C for 30 s. 

 

 

 

(a) Ar 1.4 mTorr 

 

 

RMS: 1.1 nm
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(b) Ar 7.0 mTorr 

 

 

(c) Ne 7.0 mTorr 

 

(b) Ar 7.0 mTorr

RMS: 1.1 nm

RMS: 2.1 nm
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(d) Ar 1.4 mTorr, RTA 500℃ 30s  

 

 

(e) Ar 7.0 mTorr, RTA 500℃ 30s  

RMS: 4.0 nm

RMS: 8.7 nm
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(f) Ne 7.0 mTorr, RTA 500℃ 30s  

Fig. 5.2 Surface morphology of sputtered InSb films before and after RTA (Conference Article [14]). 

 

 

  

RMS: 52.8 nm
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5.4. Electron Hall mobility of InSb films after RTA 

  

 

Fig. 5.3 Dependence of electron Hall mobility on RTA temperature (Conference Article [14,15]). 

 

    Fig. 5.3 shows the dependence of electron Hall mobility on RTA temperature. Highest electron Hall 

mobility was obtained with the samples sputtered at 7 mTorr. Furthermore, electron Hall mobility was 

increased with the RTA temperature and highest electron Hall mobility was obtained at 500°C which is 

slightly lower than the melting point (525°C) of the single-crystal InSb.  
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5.5. InSb composition ration by EDS analysis after RTA 

 

Table. 5.1 EDS analysis of InSb films RTA (Conference Article [14]). 

    Atomic %   

    In Sb In:Sb 

Ne  
7 mTorr 

as-depo 24.2 22.8 1:1 

400℃ 26.6 25.2 1:0.9 

450℃ 21.5 22.1 1:1 

480℃ 26.6 25.8 1:1 

500℃ 21.9 22.2 1:1 

Ar 
7 mTorr 

as-depo 30.3 27.2 1:0.9 

400℃ 29.7 26.7 1:0.9 

450℃ 31.1 28.1 1:0.9 

480℃ 30 27.7 1:0.9 

500℃ 28.6 26.3 1:0.9 

Ar 
1.4 mTorr 

as-depo 19.9 17.9 1:0.9 

400℃ 15.6 15.1 1:1 

450℃ 15.4 14.3 1:0.9 

480℃ 14.9 13.5 1:0.9 

500℃ 15.2 14 1:0.9 
 

 

        Table. 5.1 shows the energy-dispersive X-ray spectroscopy (EDS) analysis results for InSb films before 

and after RTA. From the In:Sb composition results, it is certain that ratio of In vs Sb (1:1) is maintained 

when the films are annealed by keeping the SiO2 cap. Therefore, SiO2 capping is effective for RTA. 
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5.6. Crystallinity evaluation of BLDA applied InSb films by spectral reflectance   

 

Fig. 5.4 Reflectance of sputtered InSb films before and after BLDA (Conference Article [15]). 

 

    Fig. 5.4 shows the reflectance of sputtered InSb films before and after BLDA. Slight peaks were observed 

around wavelengths of 310, 520 and 660 nm after applying BLDA. It is speculated that these peaks are 

correspondent to the extinction coefficient (k) peaks of c-InSb as in Fig. 4.6 and the peaks means that the 

capped InSb has been crystallized. 
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5.7. Crystallinity evaluation of BLDA applied InSb films by XRD   

 

 

Fig. 5.5 XRD analysis results of InSb film after BLDA (Conference Article [16]). 

 

        Grain structure of the InSb film after applying BLDA was analyzed by X-ray diffraction (XRD). From 

the results by XRD analysis results as shown in Fig. 5.5, peak of (111) preferred crystal orientation was 

observed in the vicinity of 23°. Moreover, since the peak is also confirmed in (220) and (311) angles, InSb 

film is believed to be poly-crystallized.  
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5.8. Surface morphology of InSb films after RTA by SEM 

 

(a) 

  

(b) 

 

Fig. 5.6 Surface morphology of sputtered InSb films before and after BLDA (Conference Article [15]). 

 

    Fig. 5.6 shows the surface morphology of sputtered InSb; (a) for the film of 50 nm thickness after BLDA, 

(b) for the film of 300 nm thickness after BLDA. Compared to 50 nm thick InSb film, long and continuously 

large grain-like structure was observed by Scanning electron microscope (SEM) image. It is speculated that 

large grains are formed with thick films. 
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 (b) BLDA 3W (300 nm)

L
as

er
 S

ca
nn

in
g 

D
ir

ec
ti

on
 

L
as

er
 S

ca
nn

in
g 

D
ir

ec
ti

on
 



59 
 

 

5.9. InSb composition ration by EDS analysis  

 

Table. 5.2 EDS analysis of InSb films before and after BLDA (Conference Article [15]). 

 

    Atomic %   

Ar 1.4 mTorr   In Sb In:Sb 

50 nm 

as-depo 19.9 17.9 1:0.9 

3 W 15.1 13.8 1:0.9 

4 W 14.9 13.4 1:0.9 

300 nm 

as-depo 19.9 17.9 1:0.9 

3 W 14 13.3 1:0.9 

4 W 14.2 13.3 1:0.9 
 

    Table. 5.2 shows the energy-dispersive X-ray spectroscopy (EDS) analysis results for InSb films before 

and after BLDA. From the In:Sb composition results, it is certain that ratio of In vs Sb (1:1) is maintained 

when the films are annealed by keeping the SiO2 cap. Therefore, SiO2 capping is effective not only in RTA 

but also BLDA. 
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5.10. Electron Hall mobility of InSb films after BLDA  

  

 

Fig. 5.7 Dependence of electron Hall mobility on laser power (Conference Article [15]). 

 

    Fig. 5.7 shows the dependence of electron Hall mobility on laser power for the InSb samples sputtered 

with Ar gas at a pressure of 1.4 mTorr. Electron Hall mobility was measured for the samples of both 50 nm 

and 300 nm thickness. High electron Hall mobility was obtained with InSb films of thicker 300 nm film 

than that of 50 nm thick film. In case of changing BLDA power, higher electron Hall mobility was obtained 

for the film with rather higher 4 W laser irradiated sample than that 3 W laser irradiated film. It is speculated 

that large grains are expected to be formed with thicker films at high laser power condition. 
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5.11 De-gas analysis of InSb films 

 

    De-gas analysis of InSb films were conducted using Temperature Desorption Spectrometry (TDS). InSb 

film of 300 nm thickness was deposited using RF sputtering at the pressure of 7 mTorr. For the InSb film 

deposition, Ar was used as the sputter gas. After InSb deposition, one of the sputtered film was capped with 

50 nm thick SiO2 film by sputtering. Furthermore, per-annealed thermal evaporated InSb film of 1µm 

thickness and SiO2 was also prepared. All films were subjected to TDS (Device name: ESCO TDS 1200 II). 

Temperature was increased from room temperature to 600°C at the rate of 60°C/min in a vacuum of 1×10-

7 ~ 1×10-8 Pa.  

    Fig. 5.8 shows the TDS results of InSb film for (a) O, (b) Ne and (c) Ar gasses. For sputtered film, gas 

release started early (490°C) in the case of non-capped film than that of capped film (510°C). This proves 

that SiO2 capping is effective. Any of the gas was not released for the non-capped thermal evaporated InSb 

film. This suggests that evaporated InSb film has less impurities than that of sputtered film. 

 

 

Fig. 5.8 (a) TDS results of InSb film for Oxygen gas (Conference Article [16]). 
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Fig. 5.8 (b) TDS results of InSb film for Ne gas (Conference Article [16]). 

 

 

Fig. 5.8 (c) TDS results of InSb film for Ar gas (Conference Article [16]). 
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    Fig. 5.9 shows the TDS results of InSb film for (a) In and (b) Sb. In or Sb was not released for both 

capped sputtered and thermal evaporated InSb films. However, Sb was released in the case of non-capped 

sputtered and thermal evaporated films. From Fig. 5.9 (b) shows that release of Sb started earlier (430°C) 

in the case of non-capped sputtered film than that of non-capped thermal evaporated film (480°C). This 

result suggests that extending the annealing time near 430°C may improve the crystallinity of sputtered InSb 

films by capping with SiO2 or another material. 

 

 

Fig. 5.9 (a) TDS results of InSb film for In (Conference Article [16]). 
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Fig. 5.9 (b) TDS results of InSb film for Sb (Conference Article [16]). 
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Chapter 6 

Application as multifunctional TFT system on panel  

 

 

 

Fig. 6.1. Integrating sensor devices with TFTs on panel 

 

    Current trend for Internet on things (IoT) devices and new technology such as self-driving vehicles or 

multifunctional interactive displays is occurring a technology revolution. Specially in IoT and self-driving 

fields, enormous number of sensor devices are used. Therefore, semiconductor devices are also needed to 

be followed by inventing new ideas and applications. 

    Fig. 6.1 shows an example for system on panel (SoP) with TFTs integrated with InSb film (magnetic 

sensor) and photosensor devices. Product cost reduction, highly multi-functional devices can be achieved 

by integrating multiple sensor devices with TFTs circuits on panel. It is highly expected to deploy this kind 

of systems integrated with TFTs to functional sensors, high frequency band communication devices and 

optical communication panels. 
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Chapter 7 

Summary and Conclusions  

    Effective crystallization process to realize advance multifunctional next generation System on Panel 

(SoP) which can integrate thin film Si photosensors or/and thin film InSb magnetic sensors with Thin Film 

Transistors (TFT) was investigated. 

    For thin amorphous Si (a-Si) film of 50 nm thickness fabricated using r.f. sputtering and the 

photoconductivity of poly-crystallized Si films after blue laser diode annealing (BLDA) has been measured 

and analyzed for photosensor applications. The crystal structure changed from micro grains to large grains 

with the increase of laser power. Photoconductivity value under the white light exposure of 100 mW/cm2 

reached as high as 8.1 x 10-4 S/cm for the Si film after the BLDA at 6 W and after subsequent H2 annealing 

in H2/N2 (4%) ambient at 450°C. Resultant photosensitivity ratio (σphoto/σdark) was 94. Simulation results 

showed 86% increase of light absorption in red or IR region by adopting back-reflection Ti layer under the 

Si film. X-Ray Diffraction (XRD) results showed that Si film was crystallized clearly after BLDA. 

Photoconductivity for the patterned Si films increased up from 1.2 x 10-4 to 3.2 x 10-1 S/cm under white 

light of 100 mW/cm2 after H2 annealing. These results suggest, adopting back-reflection layer under the 

crystallized Si film using BLDA is promising to integrate functional photosensors with TFTs on panel.  

    InSb films were deposited on both mica and glass substrates using thermal evaporation and subjected to 

FA or RTA. High value of electron Hall mobility as high as 25,000 cm2/(Vs) was obtained with the capped 

InSb film by keeping the In:Sb ratio after RTA at 520°C for 30 sec or more without adopting epitaxial 

growth on glass. For the InSb films deposited using RF sputtering and Ne or Ar gases, RTA or BLDA was 

applied to crystallize the InSb films effectively. Electron Hall mobility of 1,650 cm2/(Vs) was obtained after 

RTA at 500°C for 30 s. Maximum electron Hall mobility of 1,050 cm2/(Vs) was obtained with the InSb film 

sputtered with Ar gas at the pressure of 7.0 mTorr for the sputtered InSb film of 300 nm thickness after 

BLDA at 4 W. These results suggest that both RTA and BLDA are promising candidate for crystallizing 

InSb film. 

    From the all above results, it is expected as magnetic sensor and other innovative applications such as 

SoG (System on Glass) or SoP (System on Panel) on flexible panels or sheets which is also applicable for 

future Internet on Things (IoT) devices. 
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