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1. Introduction:  

 In thin-film transistor (TFT) fabrication, although oxide and organic materials have been studied extensively for active channel 

material, the most prolonged and widely used materials are hydrogenated-amorphous silicon (a-Si:H) and polycrystalline silicon 

(poly-Si). The a-Si:H TFT can be fabricated at a lower cost than poly-Si TFT. However, low carrier mobility (~ 1 cm2V-1s-1), 

instability, and low reliability are its drawbacks, which can be addressed by poly-Si TFT. As a fabrication method, generally, 

crystallization of deposited a-Si films has been widely used to obtain high quality films. It can be carried out by several techniques, 

such as solid phase crystallization (SPC), metal-induced crystallization (MIC), metal-induced lateral crystallization (MILC), and 

pulsed laser annealing (PLA). Among them, although PLA has become a leading technique to fabricate poly-Si films at low 

temperature, high surface roughness and non-uniform-sized grain in the melted poly-Si films limit the extent of applications. To 

overcome these limitations, we proposed using a crystallization-induction (CI) layer of yttria-stabilized zirconia [(ZrO2)1-

x(Y2O3)x:YSZ] combined with PLA for micro-crystallization with non-intentional melting. In this method, an amorphous Si (a-Si) 

film is deposited on a YSZ layer that covers the surface of a glass substrate. Then, the a-Si film is crystallized in solid phase by the 

PLA method at room temperature. Since YSZ has a small lattice mismatch of ~5% and the same cubic crystal structure as Si, it can 

be expected that the obtained poly-Si film will have uniform grain size and crystallographic information, owing to the 

crystallographic information of the YSZ layer. The combination of the CI layer and SPC-PLA methods is thought to have high 

potential not only for eliminating the drawback of the melting-PLA method, but also for satisfying the demands for the application 

of poly-Si TFTs. 

 The main research purpose is to improve crystallization technique of Si thin film by using YSZ-CI layer combined with SPC-

PLA methods. In order to achieve the purpose, firstly, we investigate the crystallinity of pulsed-laser crystallized Si films on YSZ 

layers, comparing with those on glass substrates. From the obtained results, for further improving the crystallinity of Si films, we 

propose a new two-step irradiation method using a pulsed laser, which will be mentioned later in more details. We then investigate 

crystalline quality and electrical properties of crystallized Si films with/without the YSZ layers obtained by the new method, in 

comparison with the conventional method.  

2. Experimental:  

 A 60 nm YSZ (111)-CI layer is deposited on a cleaned quartz substrate at a substrate temperature of 50 °C by reactive magnetron 

sputtering. Then, a 60 nm a-Si film is deposited on a YSZ/quartz substrate by e-beam evaporation at 300 °C. For comparison, an a-

Si film is also deposited directly on a quartz substrate without a YSZ layer. For investigating electrical properties, undoped and P-

doped samples are prepared. P ion implantation is performed at an acceleration voltage of 40~50 kV and the average estimated 

doping concentration in the Si film is about 3.7×1017~4.9×1019 cm-3. Then, crystallization of the a-Si films in solid phase is carried 

out by PLA together with activation of the implanted P ions in N2 ambient. For this annealing, we use the new two-step method, 

which is illustrated in Fig. 1(b), in comparison with the conventional or one-step method in Fig. 1(a). The pulsed laser is Nd:YAG 

laser (λ = 532 nm) with a repetition frequency of 10 Hz and a pulsed duration of 6~7 ns. In the two-step method, firstly, a-Si films 

are irradiated at a low initial energy density Ei to generate nuclei, following by irradiation at a high growth energy density Eg to 

accelerate the nuclei growth and film crystallization without random nucleation in the bulk. For comparison, some samples without 

doping are also prepared by a conventional method at a fixed high energy density E.  

 The crystallization degree of Si films without doping is estimated by two kinds of Raman spectroscopies. For evaluation of 

average crystalline quality of a whole Si film, we used He-Ne laser with the excitation wavelength of 633 nm as a probe beam. The 
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absorption depth D for a-Si is more than 200 nm. For local 

evaluation of the surface or interface with YSZ of the Si film, we 

used He-Cd laser with the wavelength of 442 nm. The Ds for a-Si 

and poly-Si are 20–30 nm and more than 200 nm, respectively. The 

crystalline fraction Xc is determined by Xc = (Ic + Im ) = ( Ic + Im + 

Ia), where Ic, Im, and Ia are integrated intensities of crystalline silicon 

(c-Si), intermediate-crystalline silicon (m-Si), and a-Si peaks, 

respectively. The grain size of poly-Si films after Secco etching is 

observed by scanning electron microscopy (SEM). The cross-

section of the Si films on the YSZ/glass substrate without doping 

was observed by transmission electron microscopy (TEM). The 

surface crystallinity of Si films with/without the YSZ layer is 

observed by reflection high-energy electron diffraction (RHEED) 

after crystallization. The average carrier concentration n, Hall 

mobility µH, and conductivity σ over in-grains and grain boundaries 

of the crystallized Si films are measured by AC Hall effect and 

conductivity measurements, using the Van der Pauw method at a 

magnetic field of 0.4 T. The measurement temperature is varied 

from room temperature (RT) to 300 oC, and activation energies of 

n, µH, and σ are estimated.  

3. Results and discussion:  

 Figure 2(a) shows the dependence of crystalline fraction Xc on 

pulse number N using a He-Ne laser beam for Raman spectroscopy, 

where the irradiation energy density is a parameter. The Si films in 

this figure were crystallized by the conventional method. It can be 

seen that increasing N (or annealing time) makes Xc of Si films 

increase. At the lower energy density E, Xc is smaller. At the higher 

E, Xc increases rapidly. The both Xc’s become saturated even a the 

small N. Xc’s of Si films on glass substrates are found to be higher, 

or faster crystallization, than those on YSZ layers at the same E and 

N. This is because optical absorption in Si film for Si/glass is larger 

than that for Si/YSZ/glass. The difference in optical absorption 

between them is calculated to about 10 %, taking multi-reflection 

into account. Figure 2(b) shows the He-Cd Raman spectra from 

front and back side measurements of the Si/YSZ/glass, where 

annealing conditions of E and N are 78 – 80 mJ/cm2 and 10, 

respectively, near the onset of Xc saturation as enclosed by a solid 

circle in Fig. 2(a). Although, from the front side measurement, a 

very small c-Si peak might be observed, from the back side 

measurement, a relative high and sharp c-Si peak is clearly seen as 

shown by dashed circles in Fig. 2(b). This indicates enhanced 

crystallization growth from the interface between Si and YSZ 

layers and few nucleation near the surface of Si film. From this 

result, it can be inferred that annealing at lower E can promote the 

interface crystallization to keep relatively good quality. However, 

with only lower E, complete crystallization is impossible.  

 From the above results and discussion, in order to obtain a fully crystallized Si film with high quality, we tried to crystallize 

them with the two-step method as shown in Fig. 1(b). The initial irradiation at a low energy Ei and small Ni makes nuclei at the 

Fig. 1     Schematic illustrations of crystallization in 

Si/YSZ/glass for the (a) conventional or one-step 

and (b) new two-step methods together with the 

irradiation conditions. 

(a)  Dependence of crystalline fraction Xc on pulse number N  

by He-Ne system with absorption depth D (a-Si) > 200 nm. 

(b)  Raman spectra of the Si/YSZ/glass by He-Cd system with 

D (a-Si) = 20 ~ 30 nm and D (c-Si) > 200 nm. 

 Fig. 2   Raman analysis results. 
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interface without in-bulk, and the growth irradiation at high energy Eg 

and larger Ng enhances crystallization growth from the  interface nuclei 

to the surface with high rate, which should be faster than bulk 

crystallization. Table I shows the comparison of the typical Xc and 

FWHM values of the c-Si peak of Si/glass and Si/YSZ/glass for the 

conventional method with N = 100 and the two-step method with Ni = 10 

and Ng = 90, which are obtained by He–Ne Raman spectral analysis. For 

the conventional method, the samples were irradiated at a high constant 

E. In the two-step method, two irradiation conditions (A) and (B) were 

used, shown in Table I. Both the optimized Ei and Eg for Si/YSZ/glass 

are slightly higher than those for Si/glass due to a small optical 

absorption difference between them as mentioned before. Firstly, it can 

be clearly seen that the crystalline quality of the crystallized Si films is 

more improved by the two-step method (labelled ③ and ④) for both the 

Si/glass and Si/YSZ/glass structures than by the conventional method 

(labelled ①  and ②). That is, a higher Xc and a smaller FWHM are 

obtained by the two-step method despite using the same total pulse 

number and a lower total irradiation energy density Et, where Et = E·N 

for the conventional method and Et = Ei·Ni + Eg·Ng for the two-step 

method. Next, we compare the Si/YSZ/glass case ④ with the Si/glass 

case ③ in the two-step method. Although Xc = 82% for Si/YSZ/glass is 

apparently smaller than 87% for Si/glass, the FWHM for both is 

approximately 6.0. This indicates that it is still possible to increase Xc 

and improve crystalline quality for Si/YSZ/glass by optimizing E. 

Actually, using the optimized irradiation condition for Si/YSZ/glass in 

the two-step method, we obtain a higher Xc and a smaller FWHM in ⑤ 

than in ③ and ④. From these results, it can be concluded that a Si film 

with a higher crystalline quality can be obtained on YSZ/glass than on 

the glass substrate for both the conventional and two-step methods, 

which may be due to the CI effect of the YSZ layer. 

 To determine the effect of the two-step method clearly, by SEM, we 

observed Secco-etched Si films crystallized by both the conventional and two-step methods. The irradiation conditions are the same 

as those in Table I. Figure 3(a) shows the SEM image of the Si film irradiated by the conventional method while Figs. 3(b)–3(d) 

show those by the two-step method, where the sample structures are Si/YSZ/glass except for (b), i.e., Si/glass. The labels ②–⑤ in 

Fig. 3 correspond to the numbers or the same irradiation conditions in Table I. Firstly, from the comparison between Fig. 3(a) and 

Fig. 3(c),  it can be seen that large grains are obtained in Si/YSZ/glass by the two-step method. This clearly indicates the effectiveness 

of the two-step method in promoting the crystallization of the a-Si film. Next, we compare the Si film on glass with that on YSZ in 

the two-step method under the same irradiation conditions, as shown in Figs. 3(b) and 3(c), respectively. It can be found easily that 

the difference in grain size or grain size non-uniformity is larger in the Si/glass than in the Si/YSZ/glass, for instance, as shown by 

circles in Figs. 3(b) and 3(c). For Si/YSZ/glass irradiated under its optimized conditions as shown in Fig. 3(d), the grain size 

apparently becomes larger than that for Si/glass under its optimized irradiation conditions [Fig. 3(b)]. This result indicates better 

quality of the Si film on the YSZ layer than on the glass substrate, even by using the two-step method.  

 Figures 4 and 5 show the Arrhenius plots of conductivity σ with respect to the reciprocal of the measurement temperature T for 

the crystallized undoped and P-doped Si/YSZ/glass and Si/glass structures, respectively, with different doping concentrations. The 

Si films in these structures were crystallized by the two-step method. The activation energies Eσi for σ are also shown in these figures, 

where i = 1 to 5. It was found that all of Si films are n-type. On the whole, excepting at high doping concentration of 4.9×1019 cm-3, 

the conductivity exhibits the behavior of an activation process for both the undoped and P-doped films on both Si/YSZ/glass and 

Si/glass structures. For the films at the highest doping concentration of 4.9×1019 cm-3, the saturation tendency of conductivity can be 

Table I.  Xc and FWHM of c-Si peaks of Si/glass and 

Si/YSZ/glass for the conventional and 

two-step methods.  

Fig. 3 SEM images of the Secco-etched Si films 

crystallized by the conventional and two-step 

methods. (a)–(d) irradiation conditions are the 

same as those indicated by ②–⑤ in Table I, 

respectively. 
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attributed mainly to the saturation of carrier concentration.  In Fig. 4, 

the activation energy of the undoped Si/YSZ/glass film is changed from 

0.25 to 0.55 eV around 100 oC. Since Eσ2 is near half of energy gap Eg/2 

or intrinsic energy level Ei, the carrier may be generated from carrier 

traps at grain boundaries due to thermal excitation. On the other hand, 

in the low temperature region (T ≤ 100 oC), carriers are excited from the 

some donors with an impurity level around 0.46 eV (data are not 

shown). Also, at the low temperature, free carriers are hardly excited 

from the trap levels at the grain boundaries. For the doped Si/YSZ/glass 

cases, the activation energies are lower than Eσ2 = 0.55 eV of the 

undoped film and decrease with increasing doping concentration. This 

is probably because doped P ions segregate mainly into grain boundaries 

and passivate electrical defects. The amount of passivated defects 

increases with doping concentration, as a result, the conductivity 

increases. However, at higher doping concentration, the amount of 

dopant for passivation is enough and some doped P atoms are thermally 

activated from the normal donor level of 0.044 eV. For example, for the 

doping concentration of 4.9×1019 cm-3, almost dopant P atoms give free 

electron carriers at RT. Therefore, Eσ is lower value of 0.01 eV 

(Si/YSZ/glass) or 0.03 eV (Si/glass).  

 In Fig. 5 of the Si/glass films, the conductivities are almost the same 

for both the undoped and low P-doped (3.7×1017 cm-3), which means 

that the P-doping is not effective. Although the obtained Hall mobility 

for the low P-doped film is a little higher than that of the undoped one, 

the carrier concentrations (e.g., ~1.5×1014 cm-3 at 100 oC) are nearly the 

same for both cases (the data are not shown). This is probably because 

the amount of the P dopant atoms are not so much to passivate most of 

the defects in the Si/glass film, compared with the Si/YSZ/glass one. 

The higher defect density in the Si/glass than in the Si/YSZ/glass also 

leads to the lower conductivity and higher activation energy in the 

former than in the latter at the same doping concentration. From the above results, it can be concluded that electrical property of the 

Si films on YSZ layers are much better than those on the glass substrates.

 Figures 6(a) and (b) show typical transfer characteristics of the fabricated TFTs for the Si/YSZ/glass and Si/glass structures with 

W = L = 40 µm. It can be seen that the TFTs can operate with relatively small off leakage current of ~10-12 A. The field-effect 

mobility for TFTs fabricated on the Si/YSZ/glass is about twice higher than that on the Si/glass. We estimated and summarized 

several important parameters of the device characteristics for the two structures of the Si/glass and Si/YSZ/glass. The field-effect 

mobility (µeff) and subthreshold swing (S.S) are evaluated from the linear and subthreshold regions, respectively, at VD = 0.1 V. The 

ON/OFF current ratio is defined as the ratio of maximum drain current IDmax over minimum drain current IDmin within the measured 

range of ID-VG curve at VD = 0.1 V. The threshold voltage (Vth) is determined by an interception of linear extrapolation of the ID-VG 

curve at VD = 0.1 V. Table I summarizes the average values of device parameters together with their standard deviations of the TFTs 

with W = L = 40 µm for the two structures. For each structure, 15 TFTs were measured. It can be seen that the TFTs fabricated on 

the Si/YSZ/glass structure exhibit a relatively higher µeff with smaller deviation than those on the Si/glass. The average Vth and 

average S.S of TFTs fabricated on the Si/YSZ/glass are both smaller with smaller deviations than those on the Si/glass. On the other 

hand, the average ON/OFF current ratio of TFTs fabricated on the Si/YSZ/glass is a little lower than those on the Si/glass. The field-

effect mobility, threshold voltage, and subthreshold swing are strongly affected by the presence of grain boundaries and defects 

inside the channel. Therefore, comparing to the TFTs fabricated on the Si/glass, the relatively better performance of the TFTs 

fabricated on the Si/YSZ/glass are considered owing to the better crystalline quality of the Si film on the YSZ/glass. This is thank 

to the CI effect of the YSZ layer as discussed in the previously. The superior device-to-device uniformity in performance (expressed 

Fig. 4   Measurement temperature dependences of 

conductivity σ for the undoped and doped 

Si/YSZ/glass structures crystallized by the 

two-step method. 

Fig. 5   Measurement temperature dependences of 

conductivity σ for the undoped and doped 

Si/glass structures crystallized by the two-

step method. 
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by smaller standard deviations) of the TFTs fabricated on the Si/YSZ/glass than on the Si/glass is considered to be due to the more 

uniform grain size and crystalline defects distributions in the Si films for the former than for the latter. 

                  

Fig. 6   Transfer characteristics of fabricated poly-Si TFTs for (a) the Si/YSZ/glass and (b) Si/glass structures with W=L=40 µm. 

 

4. Conclusion:  

 We crystallized Si films on glass substrates with/without a YSZ-CI layer in the solid phase by PLA, and investigated not only 

their crystalline but also electrical properties. It was found that, for Si/YSZ/glass, nucleation occurs faster at the YSZ interface than 

in the bulk of the a-Si film at a low energy density E. For further improving the crystallinity of the Si films, we proposed the two-

step method. The Raman analysis and SEM observation show that higher crystallization degree with better quality, and large-sized 

grains were obtained by the two-step method compared with the conventional method at the same total pulse number N and high 

total irradiation energy density Et. Comparing the Si/YSZ/glass and Si/glass at their own optimized irradiation conditions, we 

obtained a higher crystallization degree with better quality in the former. The electrical property measurement results for both the 

undoped and doped Si films revealed that higher carrier concentration, Hall mobility, and conductivity are obtained for the 

Si/YSZ/glass structure compared with those of the Si/glass. Further, we fabricated poly-Si TFTs on both the structures. The device 

parameters of µeff, Vth, S.S, and ON/OFF current ratio of the fabricated TFTs were estimated as well as their uniformity. It was found 

that the TFTs fabricated on the Si/YSZ/glass exhibit a relatively better performance and superior device-to-device uniformity than 

those on the Si/glass. This result is considered owing to the better crystalline quality of the Si film on the YSZ/glass and uniform 

distribution of grains as well as crystalline defects, which indicating effectiveness of the crystallization-induction effect of the YSZ 

layer. 

References:  1) M. T. K. Lien and S. Horita, Jpn. J. Appl. Phys. 53, 03CB01 (2014) and refs. in there. 

 2) M. T. K. Lien and S. Horita, Jpn. J. Appl. Phys. 54, 03CA01 (2015) and refs. in there. 

Keywords: poly-Si, pulsed laser, YSZ, crystallization-induction layer, low temperature, solid phase crystallization, TFT. 

Table I   Average values of µeff, Vth, and S.S together with their standard deviations, and average ON/OFF ratio of the TFTs 

with W = L = 40 µm for the two structures of the Si/glass and Si/YSZ/glass. 
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Chapter 1:  

Introduction 

1.1  Overview of thin-film transistors (TFTs) 

 In the more than eight decades since their conception in Lilienfeld’s patent1) (1933), 

thin-film transistors (TFTs) have been experienced extensive evolution, development, and 

refinement. Up to now, many new materials, structures, and fabrication techniques have 

been introduced in order to apply TFTs to switching systems, low-cost computer logic, flat 

panel display addressing, and so on.  

 A TFT is a special kind of field-effect transistor made by depositing thin films of a 

semiconductor active layer as well as a dielectric layer and metallic contacts over a 

substrate. Its structure and operation principles are similar to those of the metal oxide field 

effect transistor (MOSFET), which is the most critical device component in modern 

integrated circuits (ICs). The early popular TFT versions were made of compound 

semiconductors, such as CdS and CdSe.2,3) This kind of TFT has a high field effect 

mobility (> 40 cm2V-1s-1). However, mass production of liquid crystal displays (LCDs) on 

large-area substrates of these TFTs has never been realized due to complications in 

controlling the properties of the thin film compound semiconductor material and device 

reliability over large areas.4) The innovation came from a report in 1979 of the first 

functional TFT made from hydrogenated amorphous silicon (a-Si:H) with a silicon nitride 

gate dielectric layer.5) The fabrication process is simple and the device is stable at room 

temperature under atmospheric conditions. The a-Si:H TFT was recognized as the most 

suitable device for large-area active matrix (AM) LCDs immediately after its invention. 

Almost major electronics companies in the world had activities on this device with the 

common goal of realizing mass production of high performance flat panel displays. 

However, few large-scale production facilities were built. This is because there are some 

drawbacks remaining in the a-Si:H TFTs device although their characteristics are good 

enough for pixel switching in LCD. First, the mobility is too low (≤ 1 cm2V-1s-1) for high-

speed or large-current applications, such as the driving circuit of the display and the pixel 

driving in the organic light emitting diode (OLED) display. Second, since a-Si:H is a 

photoconductor, the TFT has a large leakage current under light exposure conditions. 



Chapter 1 

Introduction 

 

2 
 

Third, stability of the TFT, e.g., threshold voltage shift under extensive stress condition, 

has been a concern.6-8) 

 In order to improve properties of TFTs such as higher mobility and higher reliability, 

and to lower production costs to meet application needs, a large number of studies of TFTs 

channel materials using oxides,9-11) organic materials,12,13) and crystalline silicon (c-Si)14,15) 

have been carried out extensively. Oxide TFTs are transparent and can be fabricated on 

flexible substrates at a low temperature. Oxide TFTs such as indium gallium zinc oxide 

(IGZO) and zinc oxide (ZnO) have low production cost and relatively high reliability. 

They are much attractive to many researchers. In spite of their attraction, they still have 

some issues of instability under bias stress and illumination.16-18) Organic TFTs have the 

advantages of flexibility, low manufacturing costs, but the serious problem is 

unreliability.19-20) On the other hand, although having higher fabrication cost than that of a-

Si:H, polycrystalline silicon (poly-Si) TFTs have great advantages of stability, higher 

reliability, and higher mobility, compared with the above TFTs. 

 Poly-Si is a material consisting of multiple small Si crystals, which are oriented 

randomly with respect to one another. Various techniques have been developed to improve 

quality of the poly-Si films so that single-crystal like behavior is realized. Roughly, there 

are two kinds of methods. One is direct deposition of a polycrystalline film, and the other 

is crystallization of an a-Si film deposited on an insulator. These methods will be discussed 

in detail in the next section. Crystalline grain size of poly-Si is from tens nanometers up to 

three micrometers, which depends on the fabrication process. In order to satisfy the 

demands for low cost and high performance, it is necessary to develop a low-temperature 

fabrication process of poly-Si TFTs with uniform grain size, uniform orientation of grain, 

and smooth surface.  The uniform grain size and orientation of poly-Si films are desired to 

obtain high carrier mobility uniformly over a system. The smooth surface of poly-Si films 

is also necessary to obtain uniform threshold voltage (Vth) and subthreshold swing (S), 

which determine a system performance, consisting of many devices. 

  

1.2  Conventional fabrication methods of poly-Si thin films 

1.2.1  Direct deposition method of poly-Si thin films  

 There are various methods reported by several groups such as chemical vapor 

deposition (CVD) and magnetron sputtering to deposit a poly-Si film on a substrate 
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directly. In CVD methods, a poly-Si film is deposited by catalytic CVD at a substrate 

temperature lower than 450 oC,21-22) or plasma enhanced CVD (PECVD) 23)  using a gas 

mixture of silane (SiH4) and hydrogen (H2). For magnetron sputtering methods, a poly-Si 

thin-film is successfully deposited on a glass substrate at temperatures lower than 250  °C 

with a mixture of H2 and argon (Ar).24) P. Reinig et al. reported that poly-Si films were 

grown successfully by pulsed-dc magnetron sputtering in pure Ar atmosphere.25)   

 It is found that the directly deposited poly-Si thin films have grain sizes less than 50 

nm with a considerable surface roughness (up to 0.1 µm). Due to the presence of small 

grains as well as defects, TFTs made in this poly-Si material exhibit a very low mobility 

less than 1 cm2V-1s-1.26) Moreover, an a-Si phase incubation (or transition) layer is formed 

between the glass substrate and the polycrystalline region during film growth. This is 

because there is a transition time for the formation of Si nuclei during the deposition. In 

other words, nucleation does not occur on the substrate surface. By decreasing the 

deposition pressure, the grain size can be increased up to 100 nm and defect density can be 

reduced, resulting in an increased mobility to ~10 cm2V-1s-1. However, lowering the 

pressure even further is not effective any more since the TFT mobility is degraded by 

increase in surface roughness with decreasing the deposition pressure.27)   

1.2.2  Crystallization methods of deposited amorphous Si (a-Si) films  

 A solution to the problems of grain size and surface roughness encountered in the 

direct deposition technique is obtained when processes of Si film deposition and grain 

growth are separated. Firstly, a film is fabricated mainly in amorphous phase. When this 

material is annealed, the amorphous material will crystallize, and a poly-Si film is 

obtained. This approach results in a higher mobility due to a larger grain size and a lower 

crystalline defect density. The crystallization of deposited a-Si films can be carried out by 

several methods, such as solid phase crystallization (SPC), nucleation enhancement, and 

pulsed laser annealing. 

 a) Solid phase crystallization (SPC) method 

 A clear difference between amorphous and crystalline phases of Si is free energy. 

Although crystalline state has lower free energy than amorphous state, it is needed to 

supply some energy for the crystallization of a-Si in order to overcome activation energy 

barrier. The simplest method for supplying energy is raising temperature, which is so-

called solid phase crystallization (SPC) method. The SPC of a-Si film consists of two main 
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steps, which are nucleation and growth of crystalline clusters.28) The more detailed 

mechanism will be mentioned in chapter 2. R. B. Iverson and R. Reif29) reported that large 

grain size of crystalline film could be obtained when the crystal growth rate was high and 

the nucleation rate was low. This can be easily achieved at low temperature crystallization 

(< 700 oC) because nucleation needs higher activation energy compared to that of crystal 

growth.  

 There are two general ways to obtain a starting a-Si material. The first way is to subject 

a directly deposited poly-Si film to a high dose Si ion implantation.30,31) The second way is 

to use systems of direct deposition of poly-Si, but reduce the deposition temperature such 

that an a-Si layer instead of poly-Si is deposited. For the first way, the ion implantation 

will amorphize most of the poly-Si film, except for certain crystals. Under optimum 

condition of ion dose and crystallization time, films with a grain size up to 3 µm have been 

reported.32,33) Due to this large grain-size, a significant higher mobility has been obtained, 

compared with the direct deposition case. However, in practice, self-implantation of poly-

Si is not an economical way of obtaining a-Si films. On the other hand, the second way is 

more preferable in practice due to its lower cost. There are several methods to deposit a 

precursor a-Si film, namely vacuum evaporation, sputtering, CVD, hot-wire CVD, 

PECVD, etc.  

 The precursor film is crystallized by various techniques. The simplest and most 

common technique is to anneal the film in a furnace filled with inert gases (like N2) or in 

vacuum at temperatures ranging from 500 to 600 oC. However, a disadvantage of this 

technique is long annealing time. In order to solve this problem, there are some groups 

reported a faster annealing technique or rapid thermal annealing (RTA), which heats a-Si 

films at higher temperature (> 700 oC) with a broad-spectrum tungsten-halogen lamp. 34,35) 

Even if annealing temperature is higher than glass soften temperature ( 660 oC),36) some 

short annealing time is expected to induce small thermal stress on a glass substrate. 

However, grain size of the poly-Si film obtained by short annealing time is smaller than 

that of normal furnace annealing due to increasing number of nucleation sites during RTA. 

 A poly-Si film fabricated by SPC method has smooth surface and uniform in grain size. 

Furthermore, SPC by furnace annealing can be applied for large area fabrication. However, 

not only high annealing temperature by either furnace annealing or RTA, but also long 

annealing time by furnace annealing are disadvantages of the SPC method. Recently, a 

new SPC technique using microwave heating37) has been applied in order to decrease 
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annealing temperature and time. a-Si thin films were annealed by microwave heating at 

550 °C in N2 after the deposition at temperature range of 100 – 400 oC by PECVD. 

Microwave heating can lower annealing temperature and reduce annealing time for 

complete crystallization thanks to interaction between microwave and silicon atoms. 

However, this method is difficult to anneal a large area. Further, up to now, the mechanism 

of microwave heating effect is not well-known. It is also necessary for further work to 

understand the microwave heating effect in order to apply this technique more effectively. 

 (b) Nucleation enhancement method 

 In order to reduce the drawbacks of SPC method, various methods and techniques have 

been proposed. In this section, we briefly introduce the nucleation enhancement methods, 

which include metal-induced crystallization, ion beam-induced crystallization, and plasma-

induced crystallization. 

 Metal-induced crystallization (MIC) method 

 In 1969, Oki et al.38) observed that amorphous Ge crystallizes at surprisingly low 

temperatures when it is in contact with a metal such as Al, Ag, Au, Cu, or Sn. Shortly 

thereafter, Bosnell and Voisey39) reported that such decreased crystallization temperatures 

also occur for a-Si in contact with a metal. In both studies, the amorphous semiconductors 

and the metals were prepared by vacuum evaporation and an electron diffraction technique 

was used to detect the occurrence of crystallization. The more detailed investigations were 

carried out by Herd et al.,40) and this phenomenon was named metal-contact-induced 

crystallization, nowadays usually referred to as metal-induced crystallization (MIC). In 

MIC method, there are some ways to introduce a metal in a semiconductor, such as 

covering a capping metal layer onto a semiconductor,38-40) ion implantation,41) spin 

coating,42) co-deposition of semiconductor-metal alloys,43)  and so on. After that, the film is 

annealed to transform from amorphous into crystalline phase. It was found that the MIC 

process does not involve the formation of any liquid phase: it is a fully solid-state process. 

Furthermore, no formation of any (metastable) metal semiconductor compound was 

detected during MIC in such systems.  

 The crystallization temperature is reduced thanks to dissolution of metal atoms in 

semiconductor films. In the case of Si, the metallic impurities lower activation energy for 

nucleation and growth of c-Si by weakening Si-Si bonds. As a variant of this method, 

metal-induced lateral crystallization (MILC) was identified in the late 1990s, 44-46) in which 
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some metal is deposited only on some area of the a-Si. Upon annealing, crystallization 

starts from a portion of a-Si, which is covered by metal, and proceeds laterally. Unlike 

MIC process, where metal contamination in obtained poly-Si films is relatively high, 

laterally crystallized Si films in MILC process contain a very small amount of metal. Its 

crystallization speed is low, but is sufficient for applications such as fabrication of TFTs. 

In this case, metal is deposited on the source/drain area of the transistor and the channel is 

laterally crystallized. Although MIC and MILC can hasten the crystallization process or 

reduce the crystallization temperature, high leakage current due to remaining metal 

contaminant in the Si films is a main drawback of these methods. 

 Ion-beam-induced crystallization method 

 As mentioned earlier, free energy of a-Si is higher than that of c-Si. This implies the 

presence of a driving force for transition from amorphous to crystalline phase. At room 

temperature, a-Si is metastable and it transforms into c-Si upon heating. In the case of an a-

Si layer formed on the top of a single-crystal substrate, this transition occurs by a planar 

motion of the crystalline-amorphous interface from the interface towards the surface of a-

Si. This process is referred to as epitaxial crystallization.47) The growth rate of epitaxial 

crystallization is strongly dependent on temperature. At lower temperature, this rate is very 

small and amorphous to crystal transition becomes kinetically inhibited.  

 Epitaxial crystallization of a-Si layers can be promoted by ion-beam-induced epitaxial 

crystallization (IBIEC) at low temperature (150−300 oC). For typical ion fluxes, irradiation 

has been shown to produce crystallization of Si through displacement of a planar interface, 

and induce a planar crystal growth. However, in amorphous matrix, small crystalline grains 

are embedded and they collide one another accompanying with grain boundaries. More 

interestingly, ion bombardment has been shown to dramatically enhance SPC with respect 

to pure thermal process. For instance, when a-Si is bombarded by xenon ions at 1.5 MeV, 

nucleation and growth rates can be enhanced by eight and four orders of magnitude, 

respectively, compared to pure thermal processes.48) Some reports showed that ion-

bombardment-induced crystallization is controlled by beam parameters such as dose rate 

and average energy deposited by elastic collisions in the solid, and finally it may allow 

independent control of nucleation and growth rates.49,50) This method is still being studied 

to optimize the conditions in order to achieve large grain Si. However, IBIEC method is 

high cost, low productivity, and unsuitable for large area crystallization. They are serious 

drawbacks for TFT fabrication. 
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 Plasma-induced crystallization method 

 In addition to the above-mentioned techniques to enhance the nucleation rate and 

thereby the crystallization kinetics of a-Si films, it has been reported that plasma treatment 

of a-Si:H deposited by PECVD resulted in enhancement of the crystallization rate of the 

film during subsequent annealing. The plasma treatment using either oxygen,51,52) 

helium,53) or hydrogen54) was conducted in an electron cyclotron resonance (ECR) plasma 

system at a substrate temperature of  400 °C for 1 h. During the successive annealing of the 

films in a furnace, it was found that the films exposed to the plasma prior to annealing 

were crystallized faster than the untreated films. In addition, it was also found that the 

plasma effect could be masked using a hard mask like SiO2, and hence be used to create 

both polycrystalline and amorphous regions in the same single silicon layer. 

 In comparison with MIC method, plasma-enhanced crystallization of a-Si:H might be a 

method that introduces less contaminations in the films. The radiation damage by this 

method is also lower than ion beam-induced crystallization. However, comparing with the 

conventional furnace annealing, a main disadvantage of this method is to use toxic, 

explosive, and expensive gases, such as silane (SiH4), monomethylsilane (MMS), methane 

(CH4), and hydrogen (H2), etc. The other drawback is that it requires the use of a vacuum 

system to generate plasma, and a more complex reactor to contain the plasma. Therefore, it 

is an expensive method.  

 (c) Pulsed laser annealing (PLA) method 

 The field of laser crystallization and laser annealing has its origin in the late 1970s. The 

utilization of a laser beam as a direct energy source was considered advantageous since the 

time of the heat flow, and the location of the specimen can be controlled in a unique way. 

One of the first utilization of laser annealing was the removal of implantation damage and 

the subsequent electrical activation of dopants.55) Crystallization of a-Si films using pulsed 

laser beams has quickly become one of the leading techniques to fabricate poly-Si films at 

low temperature. The success of PLA method results from the fact that it is appropriate for 

inexpensive low temperature glass and plastic substrates. The crystallization process using 

a short and high-intensity pulsed laser is carried out through fast selective melting and 

subsequent solidification of a-Si layers without significant thermal loading of substrates. 

Moreover, the pulsed laser can produces poly-Si films with relatively large grains (up to 

hundreds of micron depending on the laser energy density used for the crystallization) and 
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with electrical properties suitable for fabrication of thin film electronic devices. In 

comparison with SPC and MIC methods, PLA method can limit rapid heating and cooling 

to thin surface layers. This is mainly controlled by pulse duration time and absorption 

depth of the laser beam irradiating the material. A variety of lasers has been used for the 

processing of materials, such as gas laser (Ar ion),56) excimer laser (ArF, XeCl, KrF),57,58) 

solid-state laser (Nd:YAG, Nd:YLF),59) and so on. However, melting-crystallized films by 

PLA method have the drawbacks of high film surface roughness and nonuniformity of 

grain size, which lead to nonuniform device performance as mentioned before. 

 Table 1.1 shows the summary of process temperature, carrier mobility, grain 

size/uniformity, and drawbacks in conventional fabrication methods and the deposited Si 

film characteristics.60) 

Table 1.1   Summary of process temperature, carrier mobility, grain size/uniformity, 

and drawbacks in conventional fabrication methods and characteristics 

of the deposited Si films. 

Film 
Process 

temp. 
Carrier mobility 

Grain size 

/uniformity 
Drawbacks 

a-Si 300 oC ~1 cm2V-1s-1 
uniform over 

large area 

- Low carrier mobility 

- Low device reliability 

Direct deposited 

poly-Si (CVD, 

sputtering) 

250  

600 oC 
5~ 10 cm2V-1s-1 50 nm 

- High rough surface 

- A lot of crystalline 

defects 

- Formation of 

amorphous transition 

layer 

Poly-Si 

SPC 500 oC  50 cm2/V.s 

- Small and 

uniform grain 

size 

- Smooth 

surface 

- High process 

temperature 

- Long annealing time 

MIC 

MILC 

150  

500 oC 
120 cm2/V.s 

Larger grain 

size than SPC 

- Remnant of metal 

impurities in poly-Si 

film 

PLA 
Room 

temp.  
500 cm2/V.s 

- Tens to 

hundreds nm 

- Nonuniform of 

grain size 

- High surface 

roughness 
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1.3  Crystallization method using a crystallization-induction (CI) layer  

1.3.1  Overview of CI layer method  

 The directly deposited poly-Si film on glass substrate has relatively uniform grain size, 

but formation of incubation layer and low field-effect mobility are drawbacks for 

application. The nucleation enhancement and PLA methods can produce poly-Si films with 

high carrier mobility at low temperature. However, high leakage current due to remaining 

contaminant is a main drawback of the former. The disadvantages of the latter is non-

uniformity in grain size and crystallographic orientation, which reduces device quality. 

Therefore, in order to obtain a low temperature poly-Si film without any incubation layer, 

uniformity in grain size and crystallographic orientation, low impurities and smooth 

surface, we propose a crystallization induction (CI) layer method. In this method, an Si 

film is deposited on a CI layer that covers surface of a substrate as shown in Fig. 1.1, 

comparing with no CI layer or conventional method. The CI layer, which is a 

polycrystalline dielectric, should have similar lattice constant and crystal structure to Si. 

The small lattice mismatch and same crystal structure give some advantages for low-

temperature crystallization, although the heteroepitaxial growth of the Si film may not 

occur on the CI layer because of its too low process temperature. It is expected that the CI 

layer provides nucleation sites for arriving a-Si atoms during the deposition, and hence 

leading crystallization of the Si film at low temperature. Also, it is believed that the 

nucleation starts at the interface between the Si film and the CI layer, and crystalline 

information of the CI layer can be transmitted to the deposited Si film. Consequently, 

crystal growth of the Si film can take place smoothy and uniformly from nuclei at the CI 

layer surface. By this way, the obtained poly-Si film has a uniform grain size and 

crystallographic orientation. Moreover, it can be expected that there is no incubation layer 

at the CI layer interface. 

Fig. 1.1  Schematic illustrations of deposited Si films on glass substrates. 



Chapter 1 

Introduction 

 

10 
 

1.3.2  Materials for CI layer  

 As a CI material, there are several candidates have been proposed and investigated, 

such as ZrO2
61) and CaF2.

62,63) However, on the ZrO2 layer, an amorphous incubation layer 

is formed, which means that ZrO2 does not act as an actual CI material. CaF2 is not an 

appropriate candidate material for electron devices owing to its low breakdown voltage and 

fluoride trap charges. On the other hand, we use a polycrystalline yttria-stabilized zirconia 

[(ZrO2)1-x(Y2O3)x : YSZ] layer, whose structure is shown in Fig. 1.2. It is a zirconium 

oxide (ZrO2) based ceramic, in which its particular crystal structure is made stable at room 

temperature by an addition of yttrium oxide (Y2O3). The addition of Y2O3 to pure ZrO2 

replaces some of the Zr4+ ions in the ZrO2 lattice with Y3+ ions. This produces oxygen 

vacancies because three O2- ions replace four O2- ions. YSZ is a thermally and chemically 

stable material. It has been reported that YSZ films can be grown heteroepitaxially at 

temperatures higher than 800 oC on Si and vice versa66,67) thanks to YSZ properties, which 

are small lattice mismatch 5% (the lattice constants of YSZ and Si are 0.515 nm and 

0.543 nm,64) respectively) and the same cubic crystal structure with Si. These are important 

and favorable factors for the CI effect of YSZ on crystallization of an a-Si film. Table 1.2 

shows the properties of YSZ. 

 Based on the YSZ properties which are the small lattice mismatch and same cubic 

crystal structure with Si, we choose it as a CI material to enhance crystallization of a 

deposited a-Si film at low temperature. We expect that an obtained poly-Si film has 

Fig. 1.2   Crystal structure of YSZ.65) 
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uniform grain size and crystallographic information, which is achieved thanks to the 

crystallographic information of the YSZ layer. 

 

Table 1.2  Properties of yttria-stabilized zirconia (YSZ).64,68,69) 

  Melting point    2700 oC 

  Thermal expansion coefficient    11x10-6 / oC 

  Thermal conductivity    3.8 Wm-1K-1 

  Dielectric constant    25 29.7 

  Band gap    4.96 eV 

  Resistivity    1013 1016  .cm 

  

1.3.3  Previous works in YSZ-CI layer method  

 Previously in our laboratory, it was reported that Si films directly deposited on YSZ 

layers were crystallized, while Si films on glass substrates were still amorphous at the 

deposition temperature of 430 oC.70) It was also found that the chemical cleaning of the 

surface of a YSZ layer just prior to Si film deposition is a critical key process, as follows: 

After dipping YSZ layers into HF solution for removing contaminated and damaged 

surface layers, they were rinsed with ethanol solution or deionized water (DIW). The Si 

films deposited on the ethanol-rinsed YSZ layers were crystallized, but not those on the 

DIW-rinsed YSZ layers. The following reason was proposed. During the HF etching 

process, F atoms adsorb on the YSZ layer surface. Even after the ethanol rinsing process, 

some of the F atoms remain on the layer surface, and the residual F atoms may protect the 

bare etched YSZ surface from exposure to contaminants in the preparation atmosphere. 

Just before Si film deposition in a vacuum chamber, most of the F atoms desorb at 

substrate heating. Therefore, the residual F atoms can contribute to the smooth 

transmission of crystallographic information from the YSZ surface to the deposited Si. 

Because the residual amount of F atoms after the DIW rinsing process was much smaller 

than that after the ethanol rinsing process, Si crystallization on the DIW-rinsed YSZ layers 

hardly occurred.  
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 Another report had found that crystalline fractions of Si films were strongly 

dependent of the yttrium content ratios RYA = Y/(Zr + Y) of as-deposited YSZ layers. 

When RYA was 0.21, even on DIW-rinsed YSZ layers, the crystallization of Si films 

occurred at 430 oC.71) By further improving rinse process, the crystallization of a Si film 

directly deposited on a YSZ layer occurs at a lower substrate temperature of 320°C, which 

is lower than that on a glass substrate without a YSZ layer by more than 100°C.72) 

However, the deposition temperature >300°C is not low enough for non-heat-resistant 

device applications such as flexible displays with a plastic substrate, and the surface of the 

directly deposited poly-Si film is generally much rougher than that of SPC poly-Si films. 

Therefore, for reduction in fabrication temperature and surface roughness of crystallized Si 

films, we tried to crystallize an a-Si film in the solid phase by the PLA method at room 

temperature as shown in Fig. 1.3. The combination of the CI layer and SPC-PLA methods 

is thought to have high potential not only for eliminating the drawback of the melting-PLA 

method, but also for satisfying the demands of uniform performance in both short time and 

low temperature for the application of poly-Si TFTs. 

 

Fig. 1.3  Schematic illustrations of PLA method for crystallization of an a-Si film 

deposited on a glass substrate with a CI layer of YSZ. 

 

1.4  Purpose of this study 

 The main research purpose is to improve crystallization technique of Si thin film on 

non-heat resistant and cheap insulating substrates of glass or plastic for state-of-the-art 

electronic device applications by using YSZ CI layer combined with SPC-PLA methods.  

 In order to achieve the purpose, firstly, we investigate the crystallinity of pulsed-laser 

crystallized Si films on YSZ layers, comparing with those on glass substrates. The 
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crystallized Si films are measured mainly by Raman spectroscopies, from which the 

crystallization degree, and the FWHM and position of the c-Si peak are evaluated. We can 

roughly estimate crystalline quality from the FWHM of the c-Si peak and film stress from 

the peak position. Also, Secco-etched Si films are observed by scanning electron 

microscopy (SEM) for comparison with the films observed by Raman spectral analysis. 

From these measurements, the results are discussed including the CI effect of YSZ layer 

and a crystallization model of an a-Si film on a YSZ layer is speculated, comparing with 

that of an a-Si film on a glass substrate. 

 From the obtained results, for further improving the crystallinity of Si films, we 

propose a new irradiation method using a pulsed laser, which will be mentioned in the next 

chapters in more detail. We then investigate the crystalline quality of crystallized Si films 

with or without the YSZ layers obtained by the new method, in comparison with the 

conventional method. The crystalline quality are estimated mainly by Raman spectroscopy 

as above-mentioned and by SEM observation of Secco-etched Si films. Further, reflection 

high energy electron diffraction (RHEED) is used to observe and compare the surface 

crystalline quality of YSZ, as-deposited a-Si, and crystallized Si films. Transmission 

electron microscopy (TEM) is used to observe micro- or atomic structure of the fabricated 

sample. Resistivity and Hall effect measurements are used to characterize transport 

properties (resistivity, carrier concentration, and mobility) of the Si films. After improving 

and optimizing crystallization conditions of Si films on YSZ/glass substrates by the new 

method, poly-Si TFTs are fabricated and their properties are evaluated. The final structure 

of fabricated poly-Si TFTs is shown in Fig. 1.4. The factors influencing electrical 

properties of poly-Si TFTs should be found out. Thence, solutions are proposed and 

studied for improvement of their performance.  

 

Fig. 1.4  Cross-section of a final fabricated poly-Si TFT structure. 
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1.5  Structure of dissertation 

 The structure of this thesis is as follows: 

 Chapter 1, this chapter, has already briefly introduced about poly-Si TFTs as well as 

fabrication methods of poly-Si thin films. Also, crystallization-induction (CI) layer method 

used in this study has been introduced in combination with pulsed-laser annealing (PLA) 

method. 

 Chapter 2 shows principle of the solid-phase crystallization (SPC) of an amorphous 

film to understand experimental results or crystallization mechanism of crystallized Si film 

by the CI layer in combination with PLA method. 

 Chapter 3 outlines fabrication procedures of film structure for crystallization and for 

material properties investigation by resistivity and Hall effect measurements, TFTs 

fabrication procedure, and evaluation methods for fabricated films. 

 Chapter 4 shows effect of YSZ–CI layer on quality of crystallized Si films by 

investigation the dependences of crystallinity on laser energy density and pulse number. 

Then, we speculate a model for crystallization mechanism of Si films with and without 

YSZ–CI layers. 

 In order to further improve the crystalline quality of Si films, we propose a new 

irradiation method and investigate the film quality. The investigated results are shown in 

chapter 5. After optimizing the irradiation conditions of this new method, we try to expand 

the crystallization area. Chapter 5 also shows some results on the expanded area. 

 When Si films crystallized on the YSZ–CI layer are used for TFT fabrication, it is 

better to use the YSZ layer as a gate insulator. To do this, a gate electrode layer must be 

deposited on a glass substrate, followed by a YSZ–CI layer. Therefore, after obtaining the 

optimal crystallization condition for a-Si thin films on YSZ/glass substrates by the new 

method using PLA, we deposit a-Si thin films on YSZ/metal/glass substrates and 

crystallize them. Then, we estimate crystalline quality of Si/YSZ/metal/glass structure as 

well as the role of metal film in enhancing crystallization rate of the Si film. The 

estimation results are shown in chapter 6. 

 For more investigation of electrical properties of Si films by the new irradiation 

method, we perform the resistivity and Hall effect measurements, whose results are 

mentioned and discussed in chapter 7. We compare the resistivity and Hall effect 
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measurements results for both structures of Si/glass and Si/YSZ/glass in two cases of 

undoped and P-doped films. Further, we show the investigation results of the fabricated 

poly-Si TFTs. The device-to-device uniformity in TFT performance is shown and 

compared between two structures of Si/glass and Si/YSZ/glass.   

 Finally, we summarize our results and give some suggestions for future work in 

chapter 8. 
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Chapter 2:  

Theory of Solid-Phase Crystallization (SPC) of an 

Amorphous Film 

 In chapter 1, we have introduced that the poly-Si formed by the solid phase 

crystallization (SPC) of a-Si has better qualities than the directly deposited poly-Si due to 

the larger grains and smooth surface. Many extensive research efforts have been carried 

out to develop a comprehensive understanding of the kinetics and mechanisms of SPC in a-

Si thin films. This is not only because Si has an important technological role in electronic 

applications, but also because of the many interesting scientific questions that underlie a 

detailed description of phase transformations in this material.73) The SPC of a-Si consists 

of two distinct processes, namely the nucleation of seeds (formation of clusters of c-Si) and 

their growth to polycrystalline films.74) The rate-limiting step of the crystallization process 

is the rate of nucleation of seeds, which has an activation energy of about 5 eV.75) The rate 

of crystal growth has an activation energy of about 2.7 eV. 73,75,76) In this chapter, we will 

introduce the theory of SPC method in order to understand more about SPC mechanism of 

amorphous alloyed thin films and semiconducting films, especially a-Si films. 

 The composition of the film in crystalline phase can be either different from or the 

same with that in amorphous phase. The former case is due to the phase separation into a 

crystalline and an amorphous phase, or into two crystalline phases, and including a certain 

amount of long-range diffusion. Otherwise, the latter case is simpler, which is often 

preferable to crystallize an amorphous compound film which is deposited. This is because 

no long-range diffusion is needed, and thus it takes less time than producing the same 

compound film by interdiffusion of a multilayer film with the same overall composition. 

Here, we only consider the process of nucleation and growth of crystalline grains, which 

have the same composition as the amorphous film.77) K.-N. Tu, J. W. Mayer, and L.C. 

Feidman investigated thin film and surface phenomena more than twenty years ago. They 

described the nucleation and growth of thin films from amorphous to crystalline phase as 

follows.  

 In the initial stage, the number of nucleated grains is small and increases with time as 

well as their size. When the grain size is large enough, their collision occurs and a grain 
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boundary is formed between grains. The process continues and leads to the formation of a 

polycrystalline microstructure. If the nucleation and growth processes can be controlled to 

produce microstructure of a thin film, the extrinsic film properties can be controlled. By 

understanding well the nucleation and growth, the development of microstructure can be 

modified.   

 The kinetics of crystallization is described by KJMA theory, which was derived 

independently by Kolmogorov, Johnson and Mehl, and Avrami. This theory has been used 

intensively by materials scientists to study various mechanisms of phase transformations in 

metals, polymers, and glasses. In order to understand KJMA theory, we start with the 

consideration a volume V participated in the transformation, which is described by: 

 V = VU + VT,  (2.1) 

where VU and VT are untransformed and transformed volumes, respectively, which are 

shown in Fig. 2.1. If we set XU = VU/V and XT = VT/V, which are called the fractions of 

untransformed and transformed volumes, respectively, eq. (2.1) is rewritten: 

 1 = XU + XT .  (2.2) 

 Avrami showed that XT is given by:  

 XT = 1 – exp (– Xext ),   (2.3) 

where Xext = Vext/V is the fraction of extended volume Vext, which is described more later. 

To obtain the eq. (2.3), we assume that the transformation occurs by nucleation and 

growth, and that the nucleation is random in time and in space. We also set RN as a 

nucleation rate, which is the number of nuclei per unit time and unit volume. Then, the 

nucleus VT 

VU V 

Fig. 2.1   Illustration of a considered volume V, which is participated in the 

transformation. 
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number dN of new transformed regions nucleated in VU in the interval between t and t + dτ 

is: 

 dN = RN VU dτ.  (2.4) 

 We also assume that each of the transformed regions has the same isotropic growth 

rate of RG. This means that the transformed regions shape is nearly sphere, whose radius is

 GR t  . The volume Vτ of a transformed region, which started from τ, is given by: 

 

 
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  (2.5) 

 From eq. (2.4), the differential change of the unstransformed volume in the period dτ 

is described by: 

 – dVU = dNVτ = Vτ RN VU d ,  (2.6) 

in which the negative sign means the reduction of the unstransformed volume. We have     

– dVU = dVT from eq. (2.1) and rewrite eq. (2.6) as: 

 dVT = Vτ RN VU d .  (2.7) 

 By substitution eq. (2.5) into (2.7) and then integration, we have:  
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  (2.8) 

 With the assumption that the nucleation rate is constant in time and in the initial stage 

of the transformation VT << VU (or VUV ), we obtain the next equation: 

 

3 4T
T N G

3

V
X R R t

V


  .  (2.9) 

 Equation (2.9) describes the fraction of transformed volume and it is correct if there is 

no interference between transformed regions (i.e., no overlapping and no collision) as 

shown in Fig. 2.2(a). This means that it is only correct in the initial stage, however, that it 

is incorrect for later stages of the transformation when interference or collision occurs 

between individual growth grains [Fig. 2.2(b) and (c)]. 
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 To solve this problem, it is needed to introduce the concept of “extended volume” Vext, 

whose value in the interval between t and t + d  is defined as: 

 dVext = V
RN (VU + VT) d ,  (2.10)  

where dVext is called as the differential change in volume in both transformed and 

untransformed regions during dτ. 

 An illustration of Vext is given in Fig. 2.3. If we only consider three grains whose 

volumes are V1, V2, and V3; Vext and VT are calculated as shown in Fig. 2.3, in which V12 

and V23 are the overlapping volumes between grains. A different point between eq. (2.10) 

and eq. (2.7) is that eq. (2.10) consists of the random nucleation and isotropic growth in 

both transformed and untransformed regions, i.e, total volume of V = VU + VT regardless 

of whether transformed or not. Avrami called nuclei in the transformed region as “phantom 

nuclei” because their growth does not affect the untransformed region and does not provide 

(a) 

(b) 

(c) 

Fig. 2.2  Sequential growth of the two circular grains and the formation of a grain 

boundary between them.78) 
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any more transformation information. Noting that only the transformation in the 

untransformed region is important and meaningful. 

 In order to understand more about “phantom nuclei”, we consider interference of 

raindrops on surface of a lake, which is illustrated in Fig 2.4. Circular ripples are formed 

and expand when raindrops fall and touch the surface of the lake. If there are few raindrops 

and they separate from each other, no interference phenomenon is observed. When number 

of raindrops increases, the interference occurs. Note that we can see some of raindrops fall 

inside of the existing ones and form smaller ripples in the existing larger ripples. They can 

be considered as “phantom nuclei”. Although they produce changes, these changes are in 

the transformed region and do not influence the transformation of the unstranformed 

region. However, it is needed to take account of phantom nuclei when we consider the 

random nucleation in space and in time. From eq. (2.1), we have: 

 

 T

U T

V V V
V V V
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
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1 V V .
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   (2.11) 

 Substituting eqs. (2.10) and (2.11) into eq. (2.7), we have: 

 

 T T
T N U T extd 1 d 1 d

V V
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V V
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   
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   

.  (2.12) 

 It is clearly seen that dVT < dVext because of 0 < VT < V. The quantity of (1 – VT/V) in 

eq. (2.12) is the fraction of the untransformed region to total volume V. Rewriting eq. 

(2.12): 

 

T

T
ext

T T
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1 1
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V V
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 
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.  (2.13) 

Vext = V1 + V2 +V3 

VT  = V1 + V2 +V3 – V12 – V23 V12 

V23 

V2 

V3 V1 

Fig. 2.3    Illustration of the difference between VT and Vext. 
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Fig. 2.4    Illustrated image of raindrops on the surface of a lake.77) 

  

 Integrating this equation, we obtain: 

 

T
ext ln 1 + constant

V
V V

V

 
   

 
.  (2.14) 

 Because of Vext = 0 when VT = 0, the constant in eq. (2.14) is zero. Eq. (2.14) 

becomes: 

 

ext Tln 1
V V

V V

 
   

 
.

 

(2.15) 

 We obtain Avrami’s equation as eq. (2.3) by taking the exponential function of eq. 

(2.15). To derive the formula for Xext, we integrate eq. (2.10): 

  ext N U T
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d

t

V V R V V
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


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
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where t is the transformation time. Substituting eq. (2.5) into (2.16), we obtain: 

  
33

ext N G

0

4
d

3

t

V V R R t






 





  .  (2.17) 



Chapter 2 

Theory of Solid-Phase Crystallization (SPC) of an Amorphous Film 
 

22 

 

or 
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 Eq. (2.17) is more general than eq. (2.8) because it can be applied for any stage of the 

transformation. If the nucleation is random and continuous at a constant rate, and the 

growth is isotropic and linear with time, eq. (2.18) becomes: 
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
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 Setting 3

N G
3

K R R


 , XT is described as: 

 XT = 1 – exp (– Xext ) = 1 – exp(– K t 4 ). (2.20) 

 If we assume that RN and RG follow Boltzmann’s distribution, they are given by: 
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in which 
NH  and 

GH  are the activation enthalpies of nucleation and of growth, 

respectively. Then quantity K is rewritten as: 
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(2.23) 

 Experimentally, XT is measured as a function of time and temperature. Keeping XT 

constant, we can have: 

 Kt4 = constant. (2.24) 

 Then, substituting eq. (2.23) into (2.24) and taking logarithm it: 

 

N G3
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 The activation enthalpy of transformation,
TH , can be estimated from the slope of the 

graph of ln t versus 1 / kT (as shown in Fig. 2.5): 
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Fig. 2.5    Relation between ln t and 1 / kT, keeping XT constant. 

 From eq. (2.26), if we know the activation enthalpy of nucleation or of growth, we can 

infer the other. As mentioned above, we assume many conditions. In order to get the 

general description, eq. (2.20) is rewritten as: 

 XT = 1 – exp(– K t n ),  (2.27) 

where n is the mode parameter of transformation. Setting  0

-n
K  , we obtain: 

 

T

0

1 exp

n

t
X



  
    
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. (2.28) 

 When t = 
0 , XT = 1 – 1/e = 0.63. By taking twice taking the logarithm of eq. (2.27), 

we obtain: 

 ln[  ln(1   XT)] = n ln t + constant.  (2.29) 

 From eq. (2.29), n is the the slope of a graph of ln[  ln(1   XT)] versus ln t and can 

be calculated from experimental data. n is termed the Avrami exponent, whose value 

depends on the dimensionality of growth process and on the kinetic order of nucleation. 

The growth process is either 1, 2, or 3 dimensional, corresponding to rod-like, disc-like, or 

spherulitic growth. The time dependence of nucleation is either zero order or first order, 

which means that all nuclei form instantaneously or number of formed nuclei increases 

linearly with time, respectively. Exponents n of the Avrami equation for different 

nucleation and growth mechanisms are listed in Table 2.1. In most general case, where 3 

dimensional growth is combined with the first order nucleation, the value of n is 4. If the 

film thickness is very thin, the growth in thickness direction can be neglected. In this case, 

we can assume that the growth of thin film is in 2 dimensional (2-D). Then, n = 3 or 2. For 

1 dimensional (1-D) growth, n = 2 or 1. 

ln t 

1 / kT 
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Table 2.1   Exponents n of the Avrami equation for different 

nucleation and growth mechanisms. 

n Growth and nucleation mechanisms 

3 + 1 = 4 Spherulitic growth + random nucleation 

3 + 0 = 3 Spherulitic growth + instantaneous nucleation 

2 + 1 = 3 Disc-like growth + random nucleation 

2 + 0 = 2 Disc-like growth + instantaneous nucleation 

1 + 1 = 2 Rod-like growth + random nucleation 

1 + 0 = 1 Rod-like growth + instantaneous nucleation 

 

 For the case of a-Si, since the free energy of the crystalline state is lower than for the 

amorphous state, a-Si tends to crystallize. Si forms strongly covalent and directional bonds, 

and the  condition of minimum free energy in solid state is  achieved by arranging these  bonds 

in a tetrahedral configuration.73) On the contrary, the amorphous state of Si maintains 

tetrahedral coordination locally but does not possess the long-range order seen in the 

crystal. The most important feature distinguishing a-Si from the crystalline phase is a 

relatively well defined free energy difference of higher about 0.1 eV per atom at 300 K. 

This energy is taken up mostly in the form of bond angle distortions, which is required to 

accommodate the disordered atom arrangement in the amorphous solid. Since the 

crystalline state has a lower free energy, there is always a driving force toward rearranging 

the atom positions of a-Si into those of the crystal. 

 The thermodynamic considerations of the transformations between amorphous, 

crystalline, and liquid states of Si have been reported by Turnbull79) and by Spaepen and 

Turnbull.80) Fig. 2.6 shows the calculation by Donovan et al. of the Gibbs free energy 

difference ΔG for a-Si and liquid Si (ℓ-Si), referring the crystalline phase one.81,82) The ℓ-

Si curve was calculated using existing thermodynamic data, and the free energy of the 

amorphous phase was calculated using the measured heat of crystallization and an estimate 

of the difference in specific heat. It can be seen that a-Si is thermodynamically less stable 

than c-Si at temperatures up to and beyond the c-Si melting temperature (  𝑇𝑐ℓ ). Another 

interesting feature of this calculation is that a-Si and ℓ-Si have equal free energies at a 

temperature 𝑇𝑎ℓ which is lower than 𝑇𝑐ℓ. This indicates that above 𝑇𝑎ℓ the free energy of a-

Si can be lowered by a transition to the liquid state. Thus, a-Si can have a lower melting 

point than that of  c-Si.  Because of  the free  energy difference  between  a-Si and c-Si,  an 
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isolated piece of a-Si would eventually become crystalline even at room temperature. 

Raising the temperature will speed up the transformation but the basic homogeneous 

crystallization process is the same at all temperatures. 

 Figure 2.7 shows the illustrations of cross-section and top-view for the growth of c-Si 

grains in a-Si matrix on a glass substrate and a YSZ layer for this work. First, we consider 

models for c-Si growth on glass substrate. It can be seen that the nucleation is random and 

c-Si grains grow laterally (or disc-like as shown in the top-view) in 2-D on the glass 

substrate [Fig. 2.7 (a)]. Therefore, n = 1 + 2 = 3. In the case of 1-D growth, n = 2 [Fig. 2.7 

(b)] corresponds to a slab-like growth from a random nucleation sheet in the film. Next, the 

CI-YSZ case is considered. If nucleation occurs simultaneously at the interface between 

the YSZ layer and a-Si film due to the CI effect of YSZ, crystallization growth of a-Si 

proceeds toward the surface uniformly as shown in Fig. 2.7(c). This condition is suitable 

for n = 1. 

Fig. 2.6  Gibbs free energy differences for Si crystal (c), metallic liquid (𝓵), and  

amorphous (a).81) 
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Fig. 2.7   Illustrations for the crystallization growth in (a) 2-D, (b) 1-D randomly, and 

(c) 1-D uniformly. 
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Chapter 3:  

Fabrication Procedures and Evaluation Methods 

3.1  Sample preparation for Si film crystallization 

 The fabricated sample structure for Si film crystallization is cross-sectional illustrated 

in Fig. 3.1. The outline of full sequence of the sample fabrication is shown in Fig. 3.2. 

First, a quartz substrate is cleaned by chemical solution before the deposition of a 

crystallization induction (CI) layer of YSZ by sputtering method. Then, the YSZ/quartz 

film is treated by a series of chemical solutions, followed by an a-Si film deposition by 

electron-beam evaporation method. Thickness of the a-Si film is 60 nm and equals to that 

of the YSZ layer. Next, the a-Si/YSZ/quartz film is cleaned by a succession of chemical 

solutions before the micro-crystallization of the a-Si film in solid phase by PLA method to 

form poly-Si film. For comparison, the a-Si film is also deposited and crystallized on a 

glass substrate directly. In the following, we will introduce the detailed method and 

apparatus to fabricate poly-Si/YSZ/quartz sample. 

 

 

 

 

Fig. 3.1  Cross-sectional illustration of the fabricated sample structure for Si film 

crystallization. 
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Fig. 3.2   Poly-Si/YSZ/quartz sample fabrication process sequence. 

 

3.1.1 Deposition of yttria-stabilized zirconia (YSZ) crystallization-induction (CI) 

layer  

 a) Reactive magnetron sputtering system 

 Figure 3.3 shows a schematic illustration of the direct current (DC) magnetron 

sputtering system used to deposit YSZ-CI layers in this work. The system consists of a 

custom-made deposition chamber connected to a sample exchange chamber. Both the 

deposition and sample exchange chambers are exhausted by ULVAC turbo molecular 

pumps UTM-500M and UTM-150M, respectively. The background and sputtering 

pressures are measured by the Bayard-Alpert (B-A) gauge (operating pressure range from 

10-10 to 10-3 Torr) and capacitance manometer (operating pressure range from 10-5 to 102 

Torr), respectively. The deposition chamber is usually exhausted until a background 

pressure less than 1×10-7 Torr before the deposition. The sputtering target is a 99.9% 

zirconium (Zr) metallic target with 98-nm-diameter, on which 8 pieces of 10×10 mm2 

99.9% yttrium (Y) metallic chips are arranged circularly as shown in Fig. 3.3. The Y 

content in the YSZ layer is controlled by varying the diameter of the Y chips circle, and 

balancing two magnetic fields applied to the system. One magnetic field is produced by a 

permanent rod beneath the target, and the other one is produced by the solenoid coil placed 

surrounding the target. An anode plate with a 30×40 mm2 window in the center is placed 

between the  target and  the  shutter, over  which  a substrate  is located. The sputtering and 

Cleaning of quartz substrate 

YSZ-CI layer deposition by sputtering 

Chemical cleaning of YSZ/quartz film  

a-Si film deposition by electron-beam evaporation 

Chemical cleaning of a-Si/YSZ/quartz film  

Crystallization of a-Si film on YSZ layer by PLA 
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reactive gases are argon (Ar) (99.999%) and oxygen (O2) (99.999%), respectively. In 

general, when a metallic target is used in DC reactive sputtering method to deposit 

insulator films, the target surface will be oxidized during the sputtering process. So, the 

target surface is charged-up and anomalous discharge sometimes occurs. In our system, the 

DC source is coupled with an anomalous discharge prevention unit (ULVAC: A2KH) that 

applies a pulse voltage up to 20 kHz. 

 b) Deposition procedure  

 Figure 3.4 shows the full process series of the 

YSZ layer deposition. A 20×10 mm2 quartz 

substrate is chemically cleaned before a YSZ-CI 

layer deposition. The detailed cleaning process is 

mentioned in the Appendix A.1. After cleaning, 

the substrate is immediately loaded into a sample 

exchange chamber of a DC magnetron sputtering 

system, which is evacuated to less than 5x10-6 

Torr. Next, the pre-sputtering process is done in 

pure Ar gas for 10 min before loading the 

Loading substrate into 

exchange chamber 

Pre-sputtering  

Loading substrate into 

deposition chamber 

Fig. 3.4 YSZ film deposition 

process sequence. 

Target oxidation  

YSZ film deposition  

Fig. 3.3  Schematic illustration of the DC magnetron sputtering system used to 

deposit YSZ-CI layers in this work. 
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substrate into the deposition chamber. This step is necessary to remove an unfavorable 

oxide layer, which covered the metallic sputtering target due to the previous sputtering 

process, or natural oxide, and contaminants. When the sample is in the deposition chamber, 

target oxidation process is carried out to oxidize the clean metallic target surface in pure O2 

gas for 10 min. This is because the YSZ films in this study are deposited in the oxide 

mode. The detail of deposition modes for the YSZ layer is mentioned in the Appendix B. 

After that, the deposition of YSZ layer is performed under the conditions listed in Table 

3.1 at the substrate temperature of 50 oC by a ceramic heater. However, during the YSZ 

deposition, the substrate might be heated up to more than 200 oC by plasma radiation to the 

substrate.  

Table 3.1  YSZ layer deposition conditions. 

DC power 100 W 

Sputtering pressure 6.5 mTorr 

Sputtering time 10 min 

Ar flow 5.8 sccm 

O2 flow 0.75 sccm 

Substrate setting temperature 50 oC 

Target oxidation pressure 40 mTorr 

Target oxidation time 10 min 

YSZ layer thickness  60 nm 

  

3.1.2 Fabrication of a-Si film  

 a) Electron-beam evaporation system 

 Figure 3.5 shows the schematic illustration of the electron-beam evaporation system 

used in this work for a-Si film deposition. An ultra-high vacuum evaporation chamber is 

connected to a sample exchange chamber by a load lock system. It is vacuumed to a 

background pressure of ~3×10-9 Torr by an ion pump (Variant). The sample exchange 

chamber is pumped down to less than 1×10-6 Torr by a turbo molecular pump (ULVAC 

GLD-135) before transferring the sample into the deposition chamber by a transfer rod. 

The  deposition  chamber  is  also  equipped  with  a  titanium  sublimation  pump (Cannon 
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ANELVA 922-9119), which is used at appropriate time. There is a shroud attached inside 

the deposition chamber, in which liquid nitrogen is inserted before and during the Si film 

deposition to maintain a high vacuum. 

 The pressures of the deposition and sample exchange chambers are measured by the 

cold-cathode gauge (BALSERS PKR250) and nude-ion gauge (Canon ANELVA 954-

7912), respectively. A quadrupole mass analyzer (SPECTRA/SKK) is used to monitor the 

residual gas in the deposition chamber. The deposition rate and Si film thickness are 

measured by a crystal oscillator (LEYBOLD INFICON XTC/2) during the film deposition. 

The substrate temperature was measured by the infrared pyrometer. 

 b) Deposition procedure 

 Figure 3.6 shows the full process series of the a-Si film deposition. A YSZ/glass film is 

chemically cleaned before an a-Si film deposition. Then, the sample is set on the sample 

holder carefully. The detailed cleaning and setting processes are mentioned in the 

Appendix A.2. After fixing on the sample holder, the sample is immediately loaded into 

the sample exchange chamber, which is evacuated less than 1×10-6 Torr. The sample is 

next loaded  into the deposition chamber of electron-beam  evaporation system.  When the 

Fig. 3.5   Schematic illustration of the electron-beam evaporation system used to 

deposit a-Si films in this work. 
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pressure of deposition chamber is 

less than 3×10-9  Torr, the deposition 

of a-Si film is done under the 

condition listed in Table 3.2. It is 

noted that, during the temperature 

increasing up to the deposition 

temperature, F atoms which are 

adsorbed on the YSZ layer surface 

due to dipping the sample in HF 

solution are also removed. For 

comparison, a-Si films are also 

deposited directly on quartz 

substrates without YSZ layers. 

 

 

 

 

 

 

 

 

3.1.3  Crystallization of a-Si film in solid phase by pulsed-laser annealing (PLA) 

method  

 The as-deposited a-Si/YSZ/quartz sample is chemically cleaned with the detailed 

process shown in the Appendix A.3 before the crystallization. It is then micro-crystallized 

by PLA in N2 ambient. A Q-switched Nd:YAG laser (λ = 532 nm) is used for annealing 

with a repetition frequency of 10 Hz, a pulse duration of 6–7 ns, and a beam diameter of ~4 

mm. The laser system setup for annealing is shown in Fig. 3.7. The irradiation energy 

density E and the pulse number N are 14–160 mJ/cm2 and 10–300, respectively. The 

detailed irradiation techniques and conditions will be introduced in the next chapters. An a-

Si film is irradiated normal to its surface by an incident beam with a beam energy adjusted 

by an attenuator. Laser beam patterns are taken for each beam power by a CCD camera 

and analyzed by using a software, namely Image J, for the estimation of the energy density 

Table 3.2   a-Si film deposition conditions. 

Deposition pressure 1x10-8 Torr 

Deposition temperature 300 oC 

Deposition rate 1 nm/min 

a-Si film thickness 60 nm 

Setting sample on holder 

Loading sample into exchange chamber 

Loading sample into deposition chamber 

Pre-annealing 

Fig. 3.6   a-Si film deposition process sequence. 

 

a-Si film deposition  
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distribution. Figure 3.8 shows an example of an actual beam pattern of 1 irradiation shot 

captured by the CCD camera and its time-average energy density distribution profile at a 

laser power of 150 mW. In Fig. 3.8(b), the x-axis is the horizontal distance through the 

scanning length and the y-axis is the averaged laser energy density through the beam width 

along the vertical distance at each scanning point. Figure 3.9 shows the line profiles, which 

are indicated by yellow lines in the insets, of energy density distribution along the scanning 

length at 4 different positions of beam width. From these line profiles, we can determine 

the irradiation energy density at a position being investigated. 

Fig. 3.7  Schematic illustration of laser annealing system. 

  (a)  (b) 

Fig. 3.8    (a) Actual beam pattern of 1 irradiation shot and (b) its average energy 

density distribution profile at laser power of 150 mW. 
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Fig. 3.9   Line profiles of energy density distribution along the scanning length for 1 

irradiation shot in Fig. 3.8 at various positions of beam width, which are 

indicated by yellow lines in the insets. 

 

3.2  Fabrication of patterns for resistivity and Hall effect measurements  

 The fabrication sequence of patterns for resistivity and Hall effect measurements is 

illustrated in Fig. 3.10, which shows the sample cross sections schematically. For 

investigating electrical properties, undoped and doped samples are prepared. In the doping 

case, a SiO2 capping layer with thickness of 50~60 nm is deposited by atmospheric 

pressure chemical vapor deposition (APCVD) at 200 oC after cleaning the as-deposited a-

Si film. Then, it is annealed in N2 ambient at 350 oC for 30 min. Next, P ion implantation is 

performed on the whole Si film at an acceleration voltage and ion dose of 40~50 kV and 

4.44×1012 ~ 5.56×1014 cm-2, respectively. The average estimated doping concentration in 

the Si film is about 3.7×1017 ~ 4.9×1019 cm-3. Subsequently, the capping layer is removed, 

following by the crystallization of the a-Si film in solid phase by PLA together with 

activation of the implanted P ions in N2 ambient. For this annealing, we use the two-step 

method, where the detailed experimental condition will be mentioned later in chapter 5. 
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For comparison, some samples without doping are also prepared by a one-step (or 

conventional) method at a fixed high laser energy. After crystallization, the deposition of 

135-nm-thick SiO2 passivation layer is done by APCVD. Patterns for resistivity and Hall 

effect measurements are then formed, and Al metal electrodes are deposited by vacuum 

evaporation. Finally, sintering process is carried out at 350 oC in N2 for 30 min. The 

patterns for the undoping case are formed after the same processes as those of the doping 

case except deposition of a SiO2 capping layer and P ion implantation. The Appendix C 

shows the detailed processes of SiO2 capping and passivation layers deposition by 

APCVD, and the ion implantation. The final pattern for Van der Pauw method is formed as 

shown in Fig. 3.11 from the top view. The regions 1, 2, 3, and 4 are for contacting, and the 

area 5 is the main region for measurement. Depositions of the YSZ layer and the a-Si film 

as well as crystallization of the a-Si film are the same with those in section 3.1.  

Fig. 3.10 Cross-sectional illustrations of the fabricated patterns for Hall effect 

measurement. 

50~60 nm 
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3.3  TFT fabrication  

 Figure 3.12 shows the process flow of top-gate poly-Si TFTs. The reason for 

fabrication of not bottom-gate but top-gate TFTs will be discussed later. First, an undoped 

60-nm-thick a-Si film is deposited on a substrate (YSZ/glass or glass) by electron-beam 

evaporation. Then, a 45~50-nm-thick SiO2 capping layer is deposited on the as-deposited 

a-Si film by APCVD. After that, the sample is annealed in N2 ambient at 350 oC for 30 

min. After lithography patterning and removing SiO2 capping layer by HF on source and 

drain (S&D) regions, P ion implantation is performed with an acceleration voltage and an 

ion dose of 40~50 kV and 4.29×1014 ~ 4.53×1014 cm-2, respectively. The average estimated 

doping concentration in the S&D regions is about 5×1019 cm-3. Subsequently, the capping 

layer is removed before the crystallization of the a-Si film in solid phase by the two-step 

method with pulsed laser together with activation of the implanted P ions in N2 ambient. 

After crystallization, Si islands are patterned by lithography and a chemical solution of 

1HF: 20HNO3: 20CH3COOH is used for etching the film outside of the Si islands. Then, 

the deposition of ~110-nm-thick SiO2 passivation layer is carried out on the whole film by 

APCVD. Lithography patterning of contact holes is performed and the SiO2 passivation 

layer on these contact holes is removed before the deposition of Al metal electrodes by 

vacuum evaporation. Finally, sintering process is carried out at 350 oC in N2 for 30 min. In 

this work, three types of TFTs having the different designed channel lengths L of 10, 20, 

and 40 µm are fabricated, in which the designed channel width W is fixed at 40 µm. 

Fig. 3.11   Top-view illustration of the final Hall effect measurement pattern, which 

is a form of Van der Pauw pattern. 
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Totally, 4 masks are used for fabrication of TFTs. Figures 3.13 shows a schematic 

illustration of the fabricated TFT. 

 

Fig. 3.12   Process flow of TFTs fabrication. 

 

Fig. 3.13   Cross-sectional schematic illustration of the fabricated poly-Si TFTs. 

 

3.4  Evaluation methods  

3.4.1 Crystallinity of Si films  

 a) X-ray diffraction (XRD) 

 A non-destructive X-ray diffraction (XRD) technique is used to determine crystallinity 

of YSZ layer. The used XRD system is produced by Philips (MRD). The voltage and 

current used in this study are 40 kV and 20 mA, respectively, with a Cu Kα radiation at 

wavelength of 0.15406 nm in steps of 0.06o of θ-2θ scan mode. The measurement mode is 

parallel diffracted beam optics. In Appendix D, the measurement principle is described in 

detail. 
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 b) Raman spectroscopies 

 The crystallization degree of Si films is estimated by two kinds of Raman 

spectroscopies. The first one is He-Ne system with the excitation wavelength of 632.8 nm. 

The absorption depth D for a-Si is more than 200 nm. So, the He-Ne system is used to 

evaluate average crystalline quality of a whole Si film. The second one is He-Cd system 

with the wavelength of 441.6 nm. The Ds for a-Si and poly-Si are 20–30 nm and more than 

200 nm, respectively. Therefore, the He-Cd system can be used to not only estimate 

crystalline quality of local region, i.e., surface or interface between Si/substrate, but also 

identify the location of a-Si region. Figure 3.14 shows the schematic illustrations of the 

measurement methods and the obtained spectra by two kinds of Raman spectroscopies. 

The crystalline fraction of the Si film is calculated based on decomposition result of He-Ne 

Raman spectrum as shown in Fig. 3. 15. 

 The spectrum is decomposed into:  

 amorphous silicon (a-Si)/TO phonon: 470–490 cm-1 

 intermediate silicon (m-Si)/TO phonon: 503–510 cm-1 

 crystalline silicon (c-Si)/TO phonon: 514–520 cm-1 

 LO phonon: 380 20 cm-1 

 LA phonon: 300 10 cm-1 

 The crystalline fraction Xc and intermediate-crystalline fraction Xm are determined by: 

 m c
c

m c a

I I
X

I I I




 
, (3.1) 

and m
m

m c a

I
X

I I I


 
, (3.2) 

where Ic, Im, Ia and are integrated intensities of c-Si, m-Si, and a-Si peaks, respectively.83) 

For estimation of the crystalline fraction, many researchers considered the differences 

between a-Si and c-Si with respect to the scattering cross section. The ratio of the cross 

section is denoted as α in eqs. (3.1) and (3.2), whose value is usually 0.8~0.9.84,85) In our 

work, for simplicity, we used α = 1. The principle of Raman spectroscopy is mentioned in 

Appendix E. The detailed calculations of power reflectivity, power transmissivity, and total 

absorptivity in the Si films for three kinds of incident laser wavelengths (441.6 nm–He-Cd 
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(a)                                                                       (b) 

Fig. 3.14  Schematic illustrations of the measurement methods and the obtained 

spectra by (a) He-Ne and (b) He-Cd Raman spectroscopies. 

  

Fig. 3.15   Decomposition example in a Raman spectrum of a crystallized Si film. 

Raman system, 532 nm–Nd:YAG pulsed laser annealing system, and 632.8 nm–He-Ne 

Raman system) are shown in Appendix F. 

 c) Reflection high-energy electron diffraction (RHEED) 

 Reflection high energy electron diffraction (RHEED) is a representative electron 

diffraction technique used to estimate surface structure. In this study, RHEED (Vacuum 

Products) is used to observe the surface crystalline quality of the YSZ layer prior to the Si 

film deposition, the as-deposited a-Si, and crystallized Si films. The acceleration voltage, 

glass peak 

c-Si 

m-Si 

a-Si (TO) 

LO 

LA 
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filament current, and emission current of the electron gun are 20 kV, 2 A, and 50 µA, 

respectively. In Appendix G, the measurement principle of RHEED is shown. 

 d) Scanning electron microscopy (SEM) 

 Scanning electron microscopy (SEM) is used to observe surface morphology of the 

crystallized Si film. In this work, we use the SEM apparatus by HITACHI (S-4100) with 

the accelerating voltage of 20 kV. Before SEM observation, Si films are Secco-etched in 

order to observe the grains easier. Then, the deposition of ~10-nm-thick Pt-Pd thin layer on 

the surface of Si film is carried out by ion-sputtering to reduce a charge-up phenomenon 

due to insulating substrate (YSZ layer or glass). Appendix H shows the measurement 

principle of SEM. 

 e) Transmission electron microscopy (TEM) 

 Microstructure of the fabricated Si/YSZ/glass sample is observed by the transmission 

electron microscopy (TEM) with the acceleration voltage of 300 kV. The principle of TEM 

is described in Appendix I. 

3.4.2 Chemical composition of YSZ layer by X-ray photoelectron spectroscopy 

(XPS)  

 Chemical composition of the YSZ layer surface are estimated by X-ray photoelectron 

spectroscopy (XPS). The used XPS apparatus is Surface Science Instruments (S-PROBE) 

with the X-ray source of AlK (1486.6 eV). During the measurement by XPS, an 

insulating sample of YSZ is easily charged up, which balances with electron loss from the 

surface. To minimize this, an adjacent neutralizer or electron flood gun is recommended to 

use. They add low energy electrons to the sample surface. Also, any shift in electron 

binding energies is calibrated using adventitious carbon (C) 1s whose binding energy is 

284.6 eV. The Y component of YSZ layer, RY, is determined by dividing the integrated 

intensity of Y3d peak to the total integrated intensities of Y3d and Zr3d: 

 

Y

Y Y
Y

Zr Y Zr Y

Zr Y

A
C I

R
A A I I

C C

 


,  (3.3) 

where IY = AY / CY and IZr = AZr / CZr are integrated intensities while AY and AZr are spectra 

areas of Y3d and Zr3d, respectively. CY = 6.61 and CZr = 7.65 are sensitivity factors of 

Y3d and Zr3d, respectively. In Appendix J, principle of XPS measurement is described. 
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3.4.3 Impurities diffusion into an Si film by secondary ion mass spectroscopy 

(SIMS)  

 Secondary ion mass spectroscopy (SIMS), namely CAMECA IMS-6f, is used to 

measure impurities diffusion into the crystallized Si film from the YSZ layer. The primary 

ion species is O2
+ with the primary acceleration voltage of 3.0 kV. The quantitative 

concentrations were estimated by using a standard sample of an ion-implanted Si. 

Appendix K will show the measurement principle of SIMS. 

3.4.4 Electrical properties by resistivity and Hall effect measurements 

 In order to estimate electrical properties of the crystallized Si film, resistivity and AC 

Hall effect measurements are performed by Model 8403, ToYo Corporation, using the Van 

der Pauw method. The measurement temperature is varied from room temperature (RT) to 

300 oC, and activation energies of carrier concentration n, Hall mobility µH, and 

conductivity σ are estimated.  Detailed explanations on the resistivity and Hall effect 

measurements are mentioned in Appendix L. 

 



Chapter 4 

Effect of Crystallization-Induction Layers of YSZ on Quality of Crystallized Si Films 

 

42 

 

Chapter 4*:  

Effect of Crystallization-Induction Layers of YSZ 

on Quality of Crystallized Si Films  

4.1  Property of the YSZ crystallization-induction (CI) layer 

 Since a YSZ layer acts as a CI layer, its crystalline quality is expected to influence 

crystallization of an a-Si film strongly. It is supposed that the higher quality of the YSZ is, 

the higher quality of the crystallized Si film can be obtained. Influence factors of 

crystalline quality of the deposited YSZ film by sputtering are target oxidation, yttrium 

content, substrate temperature, O2 flow rate, sputtering pressure, etc.. In previous studies, 

Hana et al. reported that a YSZ layer deposited from oxidized surface of a metallic 

sputtering target had better crystalline quality than that from metallic surface under the 

same sputtering deposition conditions.86) They also suggested the optimum conditions of 

all influence factors for improving the YSZ crystalline quality. On the basis of these 

conditions, the actual conditions used in this study are summarized in Table 3.1 of chapter 

3. They are a little different from the previous study because the optimum conditions are 

very critical due to unknown and uncontrolled factors.   

 Figure 4.1 shows the XRD and RHEED patterns of the 60-nm-thick YSZ layer 

Fig. 4.1 XRD and RHEED patterns of the 60-nm-thick YSZ layer deposited on the 

quartz substrate. 

* This chapter is referred from Jpn. J. Appl. Phys. 53, 03CB01 (2014), in which I am the first author. 
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deposited on a fused quartz glass substrate. It can be seen from the XRD pattern that the 

deposited YSZ layer has a preferential orientation of (111). Moreover, a spotty pattern can 

be observed from the RHEED measurement, which indicates a highly oriented film                                         

surface. The YSZ layer is found to be uniaxially (111)-oriented because the observed 

RHEED pattern does not change with rotation along the normal axis of the sample surface, 

which is in good agreement with the XRD pattern.87,88) 

4.2 Irradiation energy density dependences of nucleation and 

crystallization growth of Si films on YSZ layers 

 Figure 4.2(a) and 4.2(b) shows the He-Ne Raman spectra of the Si films deposited on 

the YSZ/glass and glass substrates at the irradiation energy densities E of 29–31 and 104–

106 mJ/cm2, respectively, with the pulse number N = 300. The irradiation He-Ne laser 

beams for the measurement are illustrated schematically as the insets. At a low E of 29–31 

mJ/cm2 [Fig. 4.2(a)], we observe broad and large peaks at ~480 cm-1 corresponding to an a-

Si phase accompanied by very small c-Si peaks at ~517 cm-1 for both the Si/glass and 

Si/YSZ/glass. This suggests that the crystallization of Si films starts at approximately this 

irradiation energy density. At a high E of 104–106 mJ/cm2, the Raman spectra in Fig. 

4.2(b) show high and sharp c-Si peaks at ~515 cm-1 with small a-Si peaks, which indicate 

that a small fraction of a-Si phase still remains. Around this irradiation energy density, it 

seems that the crystallization process is almost completed. It can also be seen that the c-Si 

Fig. 4.2  He-Ne Raman spectra of the Si films deposited on the YSZ/glass and glass 

substrates at irradiation energy densities E of (a) 29–31 and (b) 104–106 

mJ/cm2 with pulse number N = 300. The irradiation He-Ne laser beams in 

the measurement are illustrated schematically as the insets. 
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peaks of Si/glass are slightly higher than those of Si/YSZ/glass at both energy densities. 

The reason will be explained in the next section. 

 From the He-Ne Raman spectra, we have observed an average evaluation of crystalline 

quality for a whole Si film. Next, we show the He-Cd Raman spectra at a middle 

irradiation energy density for local estimation of the Si surface and the interface between 

Si film and substrate (YSZ/glass or glass). Figures 4.3(a) and (b) show the He–Cd Raman 

spectra of the Si/glass and Si/YSZ/glass, respectively, obtained from the front and back 

surface measurements at the pulse number N = 10. It can be seen that, from the front side 

measurement for both the structures, a very small c-Si peak might be formed. From the 

back surface measurement, a relatively high and sharp c-Si peak clearly appears. This 

indicates that, at this irradiation energy density, the crystallization growth is enhanced from 

the interface between the Si film and the underlayer (YSZ/glass or glass), but little 

nucleation occurs near the surface of the Si film. This enhancement of crystallization from 

the interface is considered to be due to the heterostructure.89,90) If E is much higher than 

those in Fig. 4.3, the crystallization would be nearly completed, which would show no 

Fig. 4.3   He–Cd Raman spectra of (a) Si/glass and (b) Si/YSZ/glass from the front 

side and back side measurements. The dotted circles indicate crystalline Si 

peak regions. 
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significant difference in crystallization behavior at the surface and interface of the Si films. 

On the other hand, if E is much lower, the nucleation would be less and the crystallization 

growth would be local, which would hardly be observed by He–Cd Raman spectroscopy.  

4.3  Irradiation energy density dependences of crystalline fraction and 

film quality 

 In this section, we show the results of crystalline quality of the Si film, which are 

obtained from He-Ne Raman spectroscopy measurement. Figures 4.4(a) and (b) show the 

dependence of crystalline fraction Xc on irradiation energy density E with the pulse 

numbers N of 300 and 50, respectively. The analyzed data of Xc (vertical axis) are shown 

as averages, where the error bars indicate the upper and lower values among three 

measurements at the same point. The estimation error of E (horizontal axis) is ± 2%. It can 

be seen from these figures that Xc increases monotonously with E for both the Si/glass and 

Si/YSZ/glass. With pulse number N = 300 in Fig. 4.4(a), at E  105 and 110 mJ/cm2 for 

Si/glass and Si/YSZ/glass, respectively, Si films begin to melt, and Xc nearly saturates at a 

high value. The critical melting energy densities for Si/glass and Si/YSZ/glass with N = 50 

in Fig. 4.4(b) are in turn 110 and 115 mJ/cm2, which are a little higher than those with N = 

300 due to the shorter annealing time. It is considered that, in the low-E region, Si films do 

not receive sufficient thermal energy for completion of crystalline phase transformation 

from amorphous. Therefore, most of films are in amorphous phase. Then, with increasing 

 (a)  (b) 

Fig. 4.4   Dependence of crystalline fraction Xc on the laser energy density E with (a)  

N = 300 and (b) N = 50. The broken lines are curves redrawn for the data of 

the Si/YSZ/glass, considering the difference in optical absorption.  
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E, more new nuclei are more formed and crystallization area extends, causing Xc to 

increase. The Xcs of the Si films on the glass substrates are higher, indicating faster 

crystallization of the films than those on the YSZ layers at the same energy density for 

both cases of pulse numbers. This is due to the difference in the optical absorption of the a-

Si film between the Si/glass and Si/YSZ cases. This difference also leads to a difference in 

the critical E for melting between Si/glass and Si/YSZ/glass, as shown in Figs. 4.4(a) and 

(b). The blue broken lines in both figures are the curves redrawn for the data of the 

Si/YSZ/glass, considering the difference in optical absorption. The horizontal energy 

density E is reduced by 18.5% or the whole curve is shifted along the negative E direction 

by ΔE = 0.185E. The derivation of these lines will be discussed later. 

 Figure 4.5 shows the YSZ film thickness (d) dependences of the optical absorptivities 

A of a-Si and poly-Si films, which are calculated using a fundamental optics theory. The 

calculation model of the sample structure is drawn schematically in the inset of Fig. 4.5, in 

accordance with the actual experimental conditions. In this model, we consider 

multireflection in a Si film and a YSZ layer in a normal incidence case. The refractive 

indices of a-Si, poly-Si, YSZ, and the glass substrate are na-Si ≈ 4.53−i0.897, npoly-Si ≈ 

4.15−i0.0428, nYSZ ≈ 2.18, and nSiO2 ≈ 1.46, respectively, at a wavelength of 532 nm.91,92) 

The derivation of A is described in detail in Appendix F. It can be seen that the absorptivity 

Fig. 4.5   Dependences of absorptivity in Si on the YSZ film thickness d for 60-nm-a-

Si/YSZ/glass and 60-nm-poly-Si/YSZ/glass structures. 
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of the a-Si film in a 60-nm-a-Si/glass structure (d = 0), A ≈ 0.546, is higher than that in a 

60-nm-a-Si/YSZ/glass structure with d = 60 nm, A ≈ 0.445. For a poly-Si film, a similar 

result is obtained, but with much smaller values, i.e., A ≈ 0.075 and 0.042 for d = 0 and 60 

nm, respectively. This indicates that the Si film in Si/glass is heated more than that in 

Si/YSZ/glass at a same irradiation energy density E because the amount of heat H 

generated by optical absorption can be proportional to the product (A•E). This essentially 

results from the smaller difference in refractive index between Si (nSi) and YSZ (nYSZ) than 

between Si (nSi) and glass (nSiO2), which leads to the smaller absorptivity in the former 

compared with the latter.  

 Considering the above differences, the data for the Si/YSZ/glass in Figs. 4.4(a) and (b) 

are redrawn by the broken blue lines, as mentioned earlier. The value of 18.5% is 

calculated using A ≈ 0.546 for a-Si/glass and A ≈ 0.445 for a-Si/YSZ/glass by taking 

(0.546−0.445)/0.546 ≈ 18.5%. We can see that the corrected line for Si/YSZ/glass becomes 

more fitted to the red line curve for Si/glass in the low-E region. In the high-E or high-Xc 

region, since the Si film contains both amorphous and polycrystalline phases, the refractive 

index should be considered not only of the poly-Si but also of the a-Si. Therefore, it can be 

concluded that the difference in Xc at the same E between Si/YSZ/glass and Si/glass is 

mainly attributed to the difference in optical absorption between them. Actually, in order to 

explain the behavior shown in Fig. 4.4 in more detail, we should take the temperature 

dependence of the refractive index into account. Owing to this, the absorptivity of poly-Si 

increases with temperature monotonically, and thus the Si film should be exposed to more 

heating than that predicted from the calculated absorptivity in Fig. 4.4.93) 

 Figures 4.6(a) and (b) show the energy density E dependences of the intermediate-

crystalline fraction Xm and the FWHM of the c-Si peak with the pulse number N = 300, 

respectively. Xm, which is associated with small size nano- or micro-crystals, is determined 

by [Xm = Im/(Im + Ic + Ia)], where Ic, Im, and Ia are integrated intensities of c-Si, m-Si, and a-

Si peaks, respectively. The analyzed data of Xm in Fig. 4.6(a) are also shown as averages, 

where the error bars indicate the same as in Fig. 4.4. The estimation errors of FWHM in 

Fig. 4.6(b) is about ± 1 and the estimation error of E in both figures is ± 2%. It can be seen 

from Fig. 4.6(a) that the Xm initially increases with E and decreases gradually after E ≈ 45–

55 mJ/cm2. In the low-E region, since most of the Si films are in the amorphous phase, Xm 

increases with E. However, after passing a maximum value, the Xm decreases with 

increasing  E  probably because the  crystal Si–Si  bond network  extends with higher  E  or  
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higher heating so that grain size becomes larger. It should be noted that the Xm of 

Si/YSZ/glass is slightly lower than that of Si/glass. This may indicate that the volume of 

small grains or micro-grains is smaller in the former than in the latter.  

 In Fig. 4.6(b), the FWHM of the c-Si peak varies from 4 to 10.5, with increasing E in 

both Si/glass and Si/YSZ/glass in the SPC regime (i.e., E < 105 and 110 mJ/cm2 for 

Si/glass and Si/YSZ/glass, respectively). However, near/in the melting regime (i.e., E ≥ 

105 and 110 mJ/cm2 for Si/glass and Si/YSZ/glass, respectively), the opposite tendency 

occurs. The increase in FWHM with E in the SPC regime can be explained by the increase 

in the defect density inside and outside of the grains owing to the rapid crystallization and 

impingement of grains grown in an inhomogeneous direction.94,95) In contrast, near/in the 

melting regime of E, defects inside and outside of the grains are removed and reduced in 

number by a higher temperature or a melting process. Moreover, the good lattice 

realignment of Si atoms in the melting regime makes films more homogeneous. Also, as a 

whole, it can be seen that the FWHMs of the c-Si peaks for Si/YSZ/glass are smaller than 

those for Si/glass, which is similar to the result of Xm in Fig. 4.6(a). Since FWHM is taken 

as one of indicators of crystalline quality of c-Si grains, the crystalline quality of the Si 

films on the YSZ layers can be better than that on the glass substrates.  

 The same results as Fig. 4.6 are obtained with smaller pulse number N of 50. Figures 

4.7(a) and (b) show the energy density E dependences of the intermediate-crystalline 

fraction Xm and the FWHM of the c-Si peak with the pulse number N = 50, respectively. 

However, both the Xm and FWHM of the c-Si peak in Fig. 4.7 reach the maximum values 

Fig. 4.6     Dependences of (a) intermediate-crystalline fraction Xm and (b) FWHM of 

c-Si peak on the laser energy density E with pulse number N = 300. 
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at energy densities higher than those in Fig. 4.6. This is because the film in the former case 

is irradiated with the smaller pulse number or shorter annealing time than the latter one as 

the same with the difference in critical melting energy densities, which was mentioned 

before.    

 Figures 4.8(a) and (b) show the SEM images of the Secco-etched SPC Si films on the 

glass and YSZ/glass, respectively, where the annealing conditions are E = 60–80 mJ/cm2 

and  N = 300. The grain size is roughly about 20 nm for the Si films on both the YSZ layer  

and glass substrate. Carefully observing some areas in the Si/glass sample of Fig. 4.8(a), 

we can find a large difference in grain size or nonuniform grains. For example, in the left-

hand and right-hand circles, smaller and larger grains exist, respectively. This is probably 

due to the random nucleation of Si on the glass substrate. In contrast, on the YSZ layer, the 

grain sizes become relatively uniform, as shown in Fig. 4.8(b). This is probably because, 

owing to the CI effect of the YSZ layer, the random nucleation and crystallization of the Si 

film are suppressed more on the YSZ layer than on the glass substrate. Therefore, it can be 

considered that crystallization with uniform grain size due to the presence of the YSZ layer 

may contribute to a smaller FWHM or better crystalline quality of crystallized Si films 

than of Si films on glass. 

Fig. 4.7     Dependences of (a) intermediate-crystalline fraction Xm and (b) FWHM of 

c-Si peak on the laser energy density E with pulse number N = 50. 
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 (a)  (b) 

Fig. 4.8    SEM images of the crystallized Si films on the (a) glass and (b) YSZ/glass at 

E = 60–80 mJ/cm2 with N = 300. 

 

4.4   Pulse number N dependences of crystalline fraction and film quality 

 Figures 4.9(a) and (b) show the dependences of the crystalline fraction Xc and the 

FWHM of the c-Si peak, respectively, on the pulse number N, where the energy density is 

a parameter. These results are obtained from He-Ne Raman spectroscopy measurement. It 

can be seen from Fig. 4.9(a) that the Xc of Si films increases with N because increasing N 

increases annealing time substantially, which enhances the crystallization of Si films. It is 

well known that, for bulk nucleation, the initial crystalline fraction depends on annealing 

time with the power of 4, under the assumptions that nucleation occurs randomly at a 

constant rate and that crystallization proceeds isotropically in direction and linearly in time 

as mentioned in the chapter 2. Therefore, we can say that the rapid increase and saturation 

larger 

smaller 

200 nm 200 nm 

Fig. 4.9   Dependences of (a) crystalline fraction Xc and (b) c-Si peak FWHM on the 

pulse number N. The energy density E is the parameter. 
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tendency of Xc with a small N at a high E indicates bulk nucleation and growth. It can also 

be seen that the Xcs of the Si films on the YSZ/glass are lower than those on the glass 

substrates at the same E and N, in general. This is due to the difference in optical 

absorption of the a-Si film between the two structures of Si/glass and Si/YSZ/glass as 

discussed earlier. The saturation behavior Xc of will be discussed later in more details. 

 In Fig. 4.9(b), at a low E = 29–31 mJ/cm2, the FWHMs are small and almost the same 

for all the pulse numbers. This indicates that annealing with a small E enables 

crystallization that retains relatively good quality with low defect density. However, by 

increasing E within the SPC regime, the FWHM becomes larger and increases slightly with 

N. The increase in FWHM with E is due to increase in defect density or degraded 

crystalline quality, as mentioned earlier in Fig. 4.6(b).  Since the crystallization rate is very 

high owing to the high E, sudden impingement of grains may promote defect generation 

not only in grain boundary regions, but also inside grains. Furthermore, it is notable that, at 

the same N, the FWHMs for Si/YSZ/glass are smaller than those for Si/glass. This suggests 

the better crystalline quality of the former than of the latter, as in Fig. 4.6. 

  

4.5 Crystalline fraction dependences of FWHM and position of 

crystalline Si peak by He-Ne Raman spectroscopy 

 In the above results (sections 4. 3 and 4.4), we compare the FWHMs of the c-Si peak 

of the Si/YSZ/glass and Si/glass samples at the same energy density and pulse number. 

Carefully seeing the data, it seems that FWHM or crystalline quality in the SPC region is 

determined by Xc. In other words, when Xc increases, FWHM increases or crystalline 

quality becomes poor. When Xc is smaller, FWHM is smaller or crystalline quality is 

better. Although FWHM actually depends on E and N, it can be considered that a unique 

determination factor for FWHM is Xc. Therefore, as a function of Xc, we check the 

behaviors of the FWHM and position of the c-Si peak, which are measures of crystalline 

quality and film stress, respectively. Figure 4.10 shows the dependences of the FWHM and 

position of the c-Si peak on Xc with N = 300 for the Si/YSZ/glass and Si/glass. FWHM and 

position of c-Si peak are estimated within the error of ± 0.5. Also, the estimation error of E 

is ± 2%. In this figure, every set of two data points with the same E is enclosed together by 

one solid circle. The critical Xcs for melting are almost the same for both the Si/YSZ/glass 

and Si/glass.  From  this  figure,  it can be seen that the FWHMs  for both Si films  increase  
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with Xc up to ~60%, then decrease beyond it. Also, at Xc ≥ 30%, it can be seen that the 

FWHMs for the Si/YSZ/glass are smaller than those for the Si/glass. The differences 

between them are clearly larger than the measurement error bars. Therefore, it can be 

concluded that the crystalline quality of the SPC Si film on the YSZ layer is essentially 

better than that on the glass substrate. 

 Also, it can be seen from Fig. 4.10 that the c-Si peak positions in both the cases are 

nearly the same at the identified Xc and in the range from 514.5 to 517.4 cm-1, which is 

lower than the peak position of single-crystalline Si (520 cm-1). This indicates that the Si 

films exhibit tensile stress on both the YSZ layer and glass substrate, and that the YSZ 

layer does not serve as a strain buffer layer. Therefore, it can be considered that the small 

FWHM of the Si/YSZ/glass is not related to film stress. Generally, tensile stress in a 

crystallized Si film on a glass substrate can be explained by the difference in thermal 

expansion coefficients (TECs) between Si and glass (quartz), which are 2.8×10-6/°C and 

0.5×10-6/°C,96)  respectively. Since the TEC of Si is much larger than that of glass and the 

crystallization or atomic arrangement temperature, e.g., the melting temperature is higher, 

crystallized Si films at room temperature suffer from tensile stress.94,95,97,98) However, in 

our case, since the TEC of YSZ is 11×10-6/°C,99) it is expected that the Si film will be 

compressed by the YSZ layer. However, this is opposite to the result in Fig. 4.10, which 

shows almost the same stress in Si/YSZ/glass and Si/glass. Therefore, we infer that the 

tensile stress in Fig. 4.10 may be caused by the densification during the phase transition 

Fig. 4.10   Dependences of the FWHM and position of c-Si peak on the crystalline 

fraction Xc for the pulse number N = 300. 
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from amorphous to crystalline. This is because the mass density of a-Si containing voids 

and defects is generally lower than that of crystalline Si.100,101) Since Si atoms at the 

interface are tightly bonded to the underlayer atoms, the Si position there may be almost 

fixed or negligibly changed even after subsequent pulse irradiation. On the other hand, Si 

atoms in the bulk of the film over the interface move from their original position in the as-

deposition state during crystallization, which may lead to the densification or shrinkage of 

the Si film. Therefore, this densification causes tensile stress in the crystallized Si film.  

 On the basis of this hypothesis, we can explain the behavior of the stress in Fig. 4.10 as 

follows. The c-Si peak position gradually shifts to lower values with Xc up to ~40% or E ≤ 

70m J/cm2. This may be in a transition state of densification, in which small crystallized Si 

regions that have been isolated from one another with amorphous regions make contact 

with and bind tightly to one another. With further increase in Xc to 80% or in E to ~100 

mJ/cm2, the peak position remains almost constant or unchanged, which means that the 

strength of the stress or the bonding of Si atoms in the crystallized region is in a steady 

state. However, with increasing Xc beyond 80% or E beyond 100 mJ/cm2, the annealed Si 

films become nearly melted in solid or melted. Then, the lattice alignment of Si atoms 

occurs and the stress is partially relaxed or released.   

 Comparison of the FWHM curve with the peak position curve reveals that they seem to 

be related to each other. When Xc is smaller than 40%, the crystalline quality shown by 

FWHM is relatively good but is gradually degraded with increasing Xc, and the film stress 

is not so large but gradually increases with Xc. This is probably because, in the smaller 

range of Xc, the amount of amorphous phase remains large such that it could relax stress, 

acting like a sponge. Furthermore, the defective crystallization region is small owing to the 

small E. However, Xc or E increases, since the amorphous region reduces in size and the 

defective crystallization region extends with Xc. In the midrange of Xc, the FWHM and 

stress are almost constant. This is considered to be a critical for the complete change from 

an amorphous network region into a crystalline network, including defects and isolated or 

non-network atomic regions. Atoms constituting the defects and non-network atomic 

regions rarely move into the lattice sites at an E lower than the critical E for melting. 

However, at Xc of more than 80%, i.e., near or higher than the critical E, some Si atoms in 

the defect and non-network regions can bond well to other atoms so that FWHM and film 

stress can be reduced.  
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4.6  Discussion on the saturation behavior of crystalline fraction Xc

 Figure 4.11 explains the saturation behavior of Xc, which was mentioned in Fig. 4.9. 

The dotted line in Fig. 4.11(a) shows the theoretical calculation for the relationship 

between the total film absorptivity A and the poly-Si film thickness dp from the interface. 

Figure 4.11(b) shows a sample structure model for the calculation, where da is an a-Si film 

thickness and the total thickness of the Si film (dp + da) is constant of 60 nm. The 

absorptivity A is defined as the ratio of (E − ER − ET )/E, where ER is the reflected beam 

energy density at the Si film surface and ET is the transmitted one at the YSZ layer 

interface. Additionally, in Fig. 4.11(a), the experimental data for the relationship between 

the saturation Xc and the irradiation energy density E are shown by closed circles and the 

solid line is shown as a visual guide. The two relationships (i.e., dp–A and Xc–E) are shown 

together because they are interdependent on each other; this aspect is discussed later. The 

assumptions for the calculation of the total film absorptivity A is the same as in section 4.3. 

It can be seen from Fig. 4.11(a) that A decreases with increasing dp. Because the 

absorptivity of a-Si (∼0.445) is much higher than that of poly-Si (∼0.042) for the incident 

beam, increasing dp leads to a decrease in da such that A should decrease in the case of a 

constant total Si film thickness of 60 nm. Moreover, in Fig. 4.11(a), increasing the 

irradiation energy density E leads to an increase in the experimental saturation Xc, which is 

  (a)  (b) 

Fig. 4.11    (a) Theoretical calculation curve of the Si film absorptivity as a function of 

the poly-Si thickness dp (dotted line) from the YSZ interface and 

experimental data relationship between saturation crystalline fraction Xc 

and laser energy density E (closed circles and solid line), and (b) sample 

structure for the calculation in (a). 



Chapter 4 

Effect of Crystallization-Induction Layers of YSZ on Quality of Crystallized Si Films 

 

55 

 

exactly opposite to the relationship between A and dp. From the above results, we can 

explain the saturation Xc behavior related to E as follows: First, it can be postulated that the 

ratio between the poly-Si film thickness and the total thickness, [dp/(dp + da)] = dp (nm)/60, 

corresponds or roughly equals the saturation Xc. That is, Xc (%) = 100 × dp (nm)/60 = 5dp 

(nm)/3. This is possible because Xc reveals the ratio between the crystallized volume and 

the total volume of the Si film, which are proportional to the thickness ratio between dp and 

(dp+da). The amount of heat H generated by optical absorption in the irradiated Si film can 

be proportional to the product A • E of the total absorptivity A and irradiation energy 

density E (H ∝ A • E), and the heat increases the film temperature Tf (Tf ∝ H). Therefore, 

Tf strongly depends on A • E (Tf ∝ A • E). Strictly speaking, the temperature distribution in 

the film thickness direction is not uniform and depends on the depth position in the film 

because the beam energy decreases with the traveling or penetration depth in the film 

owing to optical absorption. However, the thermal diffusion lengths of a-Si and c-Si are 

calculated to be ∼75 and ∼738 nm at 300 K, respectively, for the pulse duration time of 6 

ns, which are larger than the total film thickness of 60 nm. The film temperature Tf may 

become almost uniform in the film thickness direction at least after the pulse duration time. 

That is, A • E (mJ/cm2) is the dissipation energy in the film per unit area and the heat H 

generated due to A • E is diffused instantaneously and uniformly in the Si film. Therefore, 

we can hypothesize that Tf is uniform in the film. At a very low E, the crystallization 

cannot start because Tf is smaller than the critical crystallization temperature Tc. To induce 

crystallization growth, Tf should be more than or equal to Tc. To keep Tf constant above Tc, 

the sample should be irradiated at a higher E. At Tf ≥ Tc and E = constant, the 

crystallization progresses continuously with increasing pulse number N. Thus, the 

thickness dp of the poly-Si film also increases, accompanied by the decrease in A, as shown 

in Fig. 4.10(a). Then, H and Tf decrease because H ∝ A • E and Tf ∝ H. Therefore, the 

crystallization is suspended or stopped and the crystalline fraction Xc saturates since Tf 

decreases below Tc. Owing to this negative feedback phenomenon, Xc finally saturates at a 

fixed E. If you want to increase Xc further by raising Tf above Tc again, a higher E should 

be needed because A is a lower and Tf ∝ A • E. Thanks to the self-limiting process of the 

saturation behavior, the crystallization of Si films can be performed in a relatively stable 

manner even if E fluctuates within a certain range during irradiation. 
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4.7  Models of crystallization mechanism of Si films with and without 

YSZ CI layers  

 From the aforementioned experimental results and discussion, we speculate a 

mechanism of Si film crystallization with/without the YSZ CI layer at low and high energy 

densities E. The schematic models are shown in Fig. 4.12. At a low energy density in Fig. 

4.12(a) (e.g., E ≈ 29–31 mJ/cm2 in Fig. 4.9) and in the initial state (e.g., N ≤ 50 in Fig. 4.9), 

nucleation sites may be formed mainly at the interface between Si and the underlayer in 

both Si/glass and Si/YSZ/glass. According to the previous reports from other 

researchers,89,90) nucleation in a-Si films occurs faster at the interface than in the bulk. In 

Si/glass, due to the lack of crystallographic information on glass, crystallization growth 

proceeds randomly as does random nucleation. In the Si/YSZ/glass case, in contrast, owing 

to YSZ being highly oriented or fiber-textured (Fig. 4.1), nucleation might be induced 

more uniformly like a sheet at the interface of the YSZ layer. For example, at Xc ≈ 0 for N 

= 50 and E ≈ 29–31 mJ/cm2 in Fig. 4.9, there is no observable crystallized region grown 

from the nucleation. This is probably because the optical absorptivity is smaller than that 

of Si/glass, as shown in Fig.4.5. With increasing annealing time or pulse number (e.g., N > 

50), crystallization occurs from the interface and proceeds at a low rate, as shown in Fig. 

4.12(a). The orientation of the crystallized regions might be similar to that of the grains of 

(a)                                                    (b) 

Fig. 4.12   Schematic models of crystallization mechanism of Si films with/without 

YSZ CI layers at (a) low and (b) high energy densities. 
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the YSZ layer, as shown in the right-hand side in Fig. 4.12(a), in contrast to the random 

nucleation and crystallization growth of the Si/glass. With increasing N, film bulk 

nucleation may occur in not only Si/glass but also Si/YSZ/glass, although the crystallized 

region extends more from the interface, where the nucleation density in the bulk for 

Si/YSZ/glass is lower than that for Si/glass because of the lower optical absorptivity. On 

the other hand, at high E in Fig. 4.12(b) (e.g., E > 90 mJ/cm2), since the crystallization rate 

is very high, nucleation and growth occur quickly even with a short annealing time or a 

small pulse number (e.g., N ≈ 10). Due to the higher nucleus density and the lack of 

crystallographic information in the bulk, crystallization growth from the interface is 

impeded by bulk random growth and terminates midway in not only Si/glass but also 

Si/YSZ/glass. From the above discussion, we expect that annealing with low E will 

produce Si films with better crystallinity. However, the crystallization rate is so low that it 

should take a long time for complete crystallization. Annealing with high E can reduce the 

annealing time, but the crystallized Si film quality becomes poorer or more defective due 

to faster random nucleation and crystallization growth. 

 

4.8  Summary 

 We crystallized Si films on glass substrates with and without a YSZ CI layer in the 

solid phase by PLA, and investigated their properties mainly by Raman spectroscopy. We 

obtained the following results. For the Si/YSZ/glass, nucleation occurs faster at the YSZ 

interface than in the bulk of the a-Si film at a low irradiation energy density E. This 

enhancement is considered to be due to not only the heterostructure (e.g., Si/SiO2) but also 

the crystallization-induction (CI) effect of the YSZ layer. Therefore, in the CI layer method 

using a small E, it is possible to control nucleation sites on the YSZ interface to make 

crystallization growth proceed to the film surface smoothly without random nucleation. 

From the results of irradiation energy density E dependences, it was revealed that the 

crystalline fraction Xc increased with the E monotonically in both the Si/YSZ/glass and 

Si/glass. The crystallization rate to E was lower for the Si/YSZ/glass than for the Si/glass. 

This is because the optical absorption in the Si film for the Si/YSZ/glass is lower than that 

for the Si/glass owing to the difference in refractive index between nYSZ and nSiO2. At the 

same Xc, the FWHM of the c-Si peak for the Si/YSZ/glass was smaller than that for 

Si/glass, which indicates better crystalline quality of the Si film on the YSZ layer than that 
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on the glass substrate. It can be considered from this result that Si atoms in the 

Si/YSZ/glass are arranged more orderly during the phase transition from amorphous to 

crystalline and that the defect density is lower in the Si/YSZ/glass than in the Si/glass. This 

may be due to the CI effect of the YSZ layer. The film stress was tensile and increased 

with Xc, and almost saturated at approximately Xc = 40%, regardless of using a YSZ layer 

or not. This can be explained by the mass density change from the amorphous phase to the 

crystalline phase. From the pulse number N dependences of Xc, it was found that Xc 

increases with the pulse number N and tends to saturate around a certain number, e.g., 10, 

at a fixed E and the saturation value increases with increasing E. This saturation behavior 

was found to be a self-limiting process, by which the crystallization of Si films can be 

performed in a relatively stable manner even if E fluctuates within a certain range during 

irradiation. It is expected that annealing with low E will produce Si films with better 

crystallinity. However, since the crystallization rate is so low and the crystalline fraction is 

saturated at a short annealing time with self-limiting behavior, it should take a very long 

time or might be impossible to complete the crystallization. Annealing with high E can 

reduce the annealing time, but the crystallized Si film quality becomes poorer or more 

defective due to faster random nucleation and crystallization growth. For these reasons, we 

should consider a better method of producing good-quality Si films within a shorter time.  
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Chapter 5*:  

Improving Crystalline Quality by a Two-Step 

Irradiation Method  

5.1  Proposal model of a two-step method 

 It was found from chapter 4 that, for the Si/YSZ/glass, interface nucleation is 

stimulated at the YSZ interface due to YSZ properties. On the other hand, for the Si/glass, 

random Si nucleation occurs at the glass interface owing to the lack of crystallographic 

information on glass. Probably because of this, the grain size of the poly-Si film on the 

YSZ layer is more uniform than that on glass. However, before the crystallization growth 

front from the interface reaches the a-Si film surface, film bulk random nucleation and 

growth occur even using the YSZ layer as shown in Fig. 5.1(a). Thus, the crystalline 

quality of the entire Si film decreases. To further improve the crystalline quality of Si 

Fig. 5.1   Schematic illustrations of crystallization in Si/YSZ/glass for the (a) one-step 

(conventional) and (b) two-step methods together with the irradiation 

conditions. dp is the thickness of the crystallized Si film from the YSZ 

interface and da is the thickness of the remaining a-Si film. 

* This chapter is referred from Jpn. J. Appl. Phys. 54, 03CA01(2015), in which I am the first author. 
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films, we have proposed a new two-step irradiation method (hereafter referred to as the 

two-step method), in which an a-Si film is irradiated using two irradiation energy densities 

Ei and Eg, as shown in Fig. 5.1(b). First, in the initial stage, the film is irradiated at a low 

irradiation energy density Ei for a short time to promote Si nucleation at the YSZ interface 

with the complete suppression of bulk nucleation. Next, in the second step of the growth 

stage, the Si film is irradiated at a higher irradiation energy density Eg to accelerate the 

growth from the nuclei and complete the crystallization. The procedure will be discussed in 

detail later. In fact, the concept of the two-step method is based on the following two 

important findings obtained by the one-step (or conventional) method with a fixed E: 

interface nucleation enhancement with the suppression of bulk nucleation at a lower E and 

the energy-self-limiting crystallization. It is noted that, without the energy-self-limiting 

crystallization, a stable process in the two-step method could never be expected. 

 

5.2   Effect of the two-step method on enhancing the interface nucleation 

and growth 

 Figure 5.2 shows the He–Cd Raman spectra of the front side and back side 

measurements of Si/YSZ/glass crystallized by the two-step method. First, this sample was 

irradiated at a low initial energy density Ei of 18–22 mJ/cm2 with the initial pulse number 

(a)                                                                       (b) 

Fig. 5.2   He–Cd Raman spectra of Si/YSZ/glass crystallized by the two-step method 

from the (a) front side and (b) back side measurements. The dotted circles 

indicate crystalline Si peak regions. 
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Ni of 10 and then at a high growth energy density Eg of 78–80mJ/cm2 with the growth 

pulse number Ng of 6. Eg is chosen for comparison with the result of the one-step method 

in Fig. 4.3(b) of chapter 4. From the front side measurement in Fig. 5.2(a), an unclear small 

c-Si peak might be observed similarly to that in the case of the one-step method in Fig. 

4.3(b), which indicates that the near-surface crystallization hardly occurs. However, from 

the back side measurement, a high and sharp c-Si peak is clearly observed, compared with 

that in the case of the one-step method. This means that the interface growth is more 

enhanced by the two-step method even with the smaller pulse number at the high energy 

density Eg and lower total irradiation energy density Et, where Et = Ei • Ni + Eg • Ng for the 

two-step method. For the one-step method case, Et = E • N. From this result, it can be 

considered as follows: In the two-step method, the initial irradiation with a low Ei induces 

formation of nuclei at the YSZ interface with suppression of bulk nucleation, and the next 

irradiation with a high Eg accelerates crystallization growth from the interface nuclei at a 

higher rate than in the one-step method. 

 

5.3   Optimization of irradiation conditions  

 In this section, irradiation conditions of the initial stage, i.e., Ni and Ei, are investigated 

and optimized because they are very important in the two-step method. If there is little 

nucleation in the initial stage at a very low Ei, the crystallinity of the Si film is almost as 

same as the case of the one-step method probably because of the nearly same irradiation 

condition. On the other hand, if, at a very high Ei, the nucleation occurs not only at the 

YSZ interface but also in the bulk or near the surface of the Si film, crystallization growths 

from the bulk nuclei prevents growth from the interface nuclei. As a result, crystallinity of 

the Si film becomes not good. Figure 5.3(a) shows the dependences of the FWHM of the c-

Si peak and the crystalline fraction Xc on the pulse number Ni = N – Ng (N = 100) in the 

Si/YSZ/glass case in the two-step method (Ni ≠ 0), compared with those in the one-step 

method (Ni = 0). The closed squares and open circles indicate the data of Xc and the 

FWHM of the c-Si peak, respectively. Also, the energy densities for the initial and growth 

stages are 26–29 and 92–96 mJ/cm2, respectively. It can be seen that, at Ni = 10, FWHM 

decreases abruptly and Xc increases from Ni = 0. Then, both FWHM and Xc decrease 

slightly with further increase in Ni. The decrease in Xc is due to the reduction in the 

irradiation number Ng or annealing time at a high energy density Eg with increasing Ni. The 

slight decrease in FHWM with increasing Ni indicates that a longer annealing time at a low  
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One-step 

(a) 

(b) 

Fig. 5.3  Dependences of c-Si peak FWHM and crystalline fraction Xc on (a) the 

initial pulse number Ni for the two-step (Ni ≠ 0) and one-step (Ni = 0) 

methods, and (b) dependences of FWHM and position kp of c-Si peak, and 

Xc on the initial energy density Ei for the two-step method. The upper 

horizontal axis in (a) indicates the pulse number of the growth stage, Ng = 

N − Ni, with N = 100. 
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energy density might promote interface nucleation, which is effective for the direction 

alignment of the crystallization growth caused by irradiation with a high energy density Eg. 

From this figure, it can be concluded that the two-step method can improve the crystalline 

quality of the Si film significantly. At a constant N = 100, we choose Ni = 10 and Ng = 90 

for the next investigation because Xc is apparently maximum and FWHM is relatively low. 

 We also investigated the dependence of the degree of crystallization in the crystallized 

Si films on the initial energy density Ei. This is because Ei is a very important factor that 

controls the location of nucleus generation, i.e., only at the YSZ interface. Figure 5.3(b) 

shows the dependences of the FWHM and position kp of the c-Si peak, and the crystalline 

fraction Xc on the initial Ei for the Si/YSZ/glass structure in the two-step method, where Eg, 

Ni, and Ng are fixed at 106–109 mJ/cm2, 10, and 90, respectively. The growth energy 

density Eg is close to but less than the critical melting energy density of the Si film such 

that the Si film would not be intentionally melt-crystallized. Generally, because of using Eg 

higher than that in Fig. 5.3(a), the crystallized Si films show a higher crystalline fraction or 

a higher Xc and a higher crystalline quality or a lower FWHM. It can be seen from Fig. 

5.3(b) that Xc increases with Ei to ∼22 mJ/cm2, then decreases with Ei in the higher range. 

An opposite tendency is observed for the FWHM. At Ei = 18.5–22 mJ/cm2, Xc is 

maximum, while FWHM is minimum. Now, the case of Ei < 18.5 mJ/cm2 is considered. 

Very few nuclei might be generated at the interface between the Si film and the YSZ layer 

at the initial irradiation. Next, under the high-Eg irradiation, the crystallization growth from 

these interface nuclei proceeds rapidly. Also, in the other interface region, new nuclei are 

formed and then crystallization proceeds rapidly from there. However, the crystallization 

front may not be uniformly flat or may not be parallel to the interface. That is, it may be 

rugged and irregular. This irregular crystallization front might enhance random nucleation 

near the front and induce a change in growth direction. As a result, many small grains are 

formed after the crystallization at the high Eg. Xc, therefore, is not very high and FWHM is 

large at Eg < 18.5 mJ/cm2. At the higher Ei of approximately 20 mJ/cm2, a larger number of 

interface nuclei might be formed without bulk nucleation. Under the high-Eg irradiation, 

the crystallization growth from these nuclei proceeds smoothly and the front is relatively 

flat and parallel to the interface, compared with that of the low-Ei case. Therefore, the 

crystalline fraction Xc increases significantly and the defect density decreases, which leads 

to the decrease in FWHM. When Ei > 22 mJ/cm2, the nucleation might occur not only at 

the interface but also slightly in the bulk Si film. The crystallization growth from bulk 

nuclei under the high-Eg irradiation partially prevents the growth from the interface nuclei. 
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As a result, the Xc of the Si film and FWHM decreases and increases, respectively, slightly. 

Also, it can be seen in Fig. 5.3(b) that the peak positions are nearly the same for all initial 

energy density Ei values and are in the range from 515 to 517cm−1, which is lower than the 

peak position of single-crystalline Si (520 cm−1). This indicates that the Si films exhibit 

tensile stress on the YSZ layer at all Ei values. On the other hand, the variations in Xc and 

FWHM with Ei for Si/YSZ/glass are not clearly related to kp or the film stress. This might 

be due to a reason that the film stress is mainly caused by densification during the phase 

transition from amorphous to crystalline as mentioned in chapter 4. From the Fig. 5.3(b), it 

can be concluded that the value Ei = 18.5–22 mJ/cm2 is nearly optimum from the 

viewpoints of Si film crystalline fraction and crystallinity. 

 

5.4   Comparison between the one-step and two-step methods 

 Table 5.1 shows the comparison of the typical Xc and FWHM values of the c-Si peak of 

the Si/glass and Si/YSZ/glass for the one-step method with N = 100 and the two-step 

method with Ni = 10 and Ng = 90, which are obtained by He–Ne Raman spectral analysis. 

For the one-step method, the samples were irradiated at a constant E = 104–106 mJ/cm2. 

The obtained crystallinities (crystalline fraction Xc and FWHM) of the Si/glass and 

Si/YSZ/glass by the one-step method are labelled ① and ②, respectively, in Table 5.1. In 

the two-step method, two irradiation conditions were used, (A) and (B). For the condition 

(A), Ei = 18–22 mJ/cm2 and Eg = 106–109 mJ/cm2, which is the optimized condition for 

the Si/glass. The condition (B) is the optimized condition for the Si/YSZ/glass, which is Ei 

Table 5.1 Crystalline fraction Xc and FWHM of c-Si peak of Si/glass and 

Si/YSZ/glass for the one-step and two-step methods. The two-step 

method has the two kinds of irradiation conditions (A) and (B). 
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= 20–24 mJ/cm2 and Eg = 111–114 mJ/cm2. The Xc and FWHM values of Si/glass and 

Si/YSZ/glass obtained under the condition (A) are labelled ③ and ④, respectively, in 

Table 5.1. The crystallinity of the Si/YSZ/glass obtained under the condition (B) is labelled 

⑤ in Table 5.1. Both the optimized Ei and Eg for Si/YSZ/glass are slightly higher than 

those for Si/glass. This is because the calculated absorptivity of the a-Si film in the a-

Si/glass structure (∼0.546) is higher than that in the a-Si/YSZ/glass structure (∼0.445). A 

similar calculation result is obtained in the case of a poly-Si film, but the absorptivities of 

poly-Si films are much lower, i.e., ∼0.075 and ∼0.042 for the poly-Si/glass and poly-

Si/YSZ/glass structures, respectively. (These calculations have been mentioned in chapter 

4 and the detail is shown in Appendix L.) This means that, under the same irradiation 

condition, the Si film in Si/glass is heated more than that in Si/YSZ/glass. This suggests 

that, in order to compare these two structures fairly, we should examine Si films 

crystallized at their own optimized conditions. This will be carried out and discussed in 

detail later.  

 From the Table 5.1, first, it can be clearly seen that the crystalline quality of the 

crystallized Si films is more improved by the two-step method (③ and ④) for both the 

Si/glass and Si/YSZ/glass structures than by the one-step method (① and ②). That is, a 

higher Xc and a smaller FWHM are obtained by the two-step method despite using the 

same total pulse number and a lower total irradiation energy density Et. The reason for the 

improvement in the crystallinity of the Si film on, for example, YSZ/glass, by the two-step 

method is discussed later using a growth model. Next, we compare the Si/YSZ/glass case 

④ with the Si/glass case ③ in the two-step method. Although Xc = 82% for the 

Si/YSZ/glass is apparently smaller than 87% for the Si/glass, and the difference is more 

than the estimation error of ±2%, the FWHM for both is approximately 6.0 and is within 

the estimation error of ±0.5. This indicates that it is still possible to increase Xc and 

improve crystalline quality for Si/YSZ/glass by optimizing E. Actually, using the 

optimized irradiation condition for the Si/YSZ/glass in the two-step method, we obtain a 

higher Xc and a smaller FWHM in ⑤ than in ③ and ④. From these results, it can be 

concluded that a Si film with a higher crystalline quality can be obtained on YSZ/glass 

than on glass substrate for both the one-step and two-step methods, which may be due to 

the CI effect of the YSZ layer.  
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 The actual Raman spectra of the samples in Table 5.1 are shown. Figures 5.4(a) show 

the He–Ne Raman spectra of the Si/glass and Si/YSZ/glass irradiated under the condition 

(A) of Table 5.1 by the two-step method. Figure 5.4(b) shows the spectrum of only the 

Si/YSZ/glass under its optimized condition of (B) in Table 5.1. It can be seen from Fig. 

5.4(a) that the shoulder of the amorphous phase (denoted by the dotted circle) in the 

spectrum from the Si/glass is smaller than that in the spectrum from the Si/YSZ/glass, 

indicating the higher Xc. Moreover, the height and width of crystalline Si peaks are the 

same for both the structures, indicating the same FWHM. On the other hand, under the 

condition (B) for Si/YSZ/glass shown in Fig. 5.4(b), an obviously higher crystalline peak 

intensity with a much smaller a-Si phase shoulder can be observed, compared with those in 

Fig. 5.4(a).   

 To determine the effect of the two-step method clearly, by using SEM, we observed 

Secco-etched Si films crystallized by both the one-step and two-step methods. The images 

are shown in Fig. 5.5 and the used irradiation conditions are the same as those in Table 5.1. 

Figure 5.5(a) shows the SEM image of the Si film irradiated by the one-step method while 

Figs. 5.5(b)– 5.5(d) show those by the two-step method, where the sample structures are 

Si/YSZ/glass except for (b), i.e., Si/glass. The labels ②–⑤ in Fig. 5.5 correspond to the 

numbers or the same irradiation conditions in Table 5.1.  

Fig. 5.4   He–Ne Raman spectra of (a) Si/glass and Si/YSZ/glass under the condition 

(A) of Ei = 18–22 mJ/cm2 and Eg = 106–109 mJ/cm2 and (b) Si/YSZ/glass 

under the condition (B) of Ei = 20–24 mJ/cm2 and Eg = 111–114 mJ/cm2. 

The shoulders of the a-Si phase are encircled. 
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 Firstly, from the comparison between Fig. 5.5(a) for the one-step method and Fig. 

5.5(c) for the two-step method, it can be seen that large grains are obtained in the 

Si/YSZ/glass by the two-step method. This clearly indicates the effectiveness of the two-

step method in promoting the crystallization of the a-Si film. Next, we compare the Si film 

on glass with that on YSZ in the two-step method under the same irradiation conditions, as 

shown in Figs. 5.5(b) and 5.5(c), respectively. It can be found easily that the difference in 

grain size or grain size nonuniformity  is larger in the Si/glass than in the Si/YSZ/glass, for 

instance, as shown by circles in Figs. 5.5(b) and 5.5(c). For the Si/YSZ/glass irradiated 

under its optimized conditions as shown in Fig. (d), the grain size apparently becomes 

larger than that for the Si/glass under its optimized irradiation conditions [Fig. 5.5(b)]. This 

can be explained as follows:   

 In the initial stage at the low energy density Ei and small pulse number Ni for each 

structure, the Si nucleation only occurs at the interface between the Si film and the 

underlayer (SiO2 or YSZ) for both the structures. However, in the Si/glass, random Si 

nucleation occurs at the interface owing to the lack of crystallographic information on the 

glass substrate. On the other hand, in the Si/YSZ/glass, owing to the CI effect of the YSZ 

layer, uniform nucleation may occur at the YSZ interface. With the higher energy density 

Eg and larger pulse number Ng in the growth stage, for the Si/glass, the direction and rate of 

crystallization growth from the individual nucleus are not uniform due to the random 

nucleation. Also, since the nonuniform crystallization growth prevents a smooth 

crystallization process, bulk nucleation might occur before the completion of 

 (a)  (b)      (c)   (d)  

Fig. 5.5  SEM images of the Secco-etched Si films crystallized by the one-step and 

two-step methods. (a)–(d) irradiation conditions are the same as those 

indicated by ②–⑤ in Table 5.1, respectively. Note that the difference in 

grain size uniformity between (b) and (c) is encircled. Arrows in (d) 

indicate examples of twins on the film surface. 
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crystallization. On the other hand, for the Si/YSZ/glass, crystallization proceeds from the 

interface more smoothly owing to the formation of interface nuclei induced promptly by 

the YSZ. Therefore, the grains in the Si/YSZ/glass have larger and more uniform sizes than 

those in Si/glass. 

 By carefully analyzing Fig. 5.5(d), some twins can be observed as straight lines along 

the Si film surface, some of which are indicated by arrows inside. It is reported that the 

typical deformation twinning mode in diamond-type crystals is {111}/〈112〉, which is the 

major defect mode observed in a stressed crystal.102) If it is assumed that the twins 

observed in Fig. 5.4(d) are due to the {111}/〈112〉 mode, the surface orientation of the Si 

film might be (110).  

 

5.5  Crystallization growth models of Si films on YSZ CI layers  

 On the basis of the aforementioned experimental results and discussion, we discuss a 

growth model for the Si film crystallization on the YSZ layer for the one-step and two-step 

methods, as shown in Fig. 5.6. In the one-step method at a high energy density E [Fig. 

5.6(a)], although crystallization from the interface nuclei is more preferable than that from 

the bulk of the Si film owing to the YSZ layer, crystallization growth from the interface is 

impeded by the bulk random nucleation and growth. This might be due to the high nucleus 

density at a high E and the lack of ordered crystallographic information in the bulk of the 

a-Si film. On the other hand, in the two-step method in Fig. 5.6(b), nucleation preferably 

occurs in the a-Si film only on the YSZ layer surface with the suppression of bulk 

nucleation in the initial stage with a low Ei. Then, in the growth stage with a high Eg, 

crystallization from the interface nuclei proceeds in a cone shape at a high rate toward the 

surface. Therefore, the Si film crystallized by the two-step method has a higher Xc and a 

much smaller FWHM as well as a larger grain size than that by the one-step method, as 

shown in Table 5.1 and Fig. 5.5. 
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     (a)                                                                    (b) 

Fig. 5.6  Si film crystallization growth models of Si/YSZ/glass for the (a) one-step and 

(b) two-step methods. 

 

5.6  Three-step irradiation method for further improvement of 

crystalline quality 

5.6.1 Irradiation condition of a three-step method   

 In the previous sections, the two-step method can produce the better crystalline quality 

of the Si film than that by one-step method. Since the difference in energy density between 

the initial and growth stages of the two-step method seems quite large, we proposed a 

three-step method for further improving crystalline quality of the Si film, in which a 

middle energy density is used in addition to the initial and growth energy densities in the 

two-step method. The irradiation process is shown in Fig. 5.7. Firstly, an a-Si film is 

irradiated at a low energy density Ei to generate nuclei only at the interface between Si and 

underlayer. Next, in the second step, the Si film continues to be irradiated at a middle 

energy density Em to slightly accelerate the growth of nuclei at the interface. Finally, it is 

irradiated at a high energy density Eg to speed up the nuclei growth and film 

crystallization. The initial and growth irradiation energy densities are taken as the optimum 

values for the Si/glass, i.e., Ei = 18–22 mJ/cm2 and Eg = 106–109 mJ/cm2. There are two 

possible values of middle energy density Em, which are 46–48 and 78–80 mJ/cm2, 

considering the results of Fig. 4.8 in chapter 4. If Em is a smaller value than 46 mJ/cm2, the  
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crystallization growth of nuclei from the interface is not accelerated much for a small 

middle pulse number (Nm) and the crystalline quality seems to be the same with the two-

step method. On the other hand, if Em is larger than 80 mJ/cm2, bulk crystallization will 

impede crystallization growth from the interface crystallization. The initial pulse number 

Ni is kept constant at 10 while the middle Nm and growth Ng pulse numbers are changed so 

as to N = Ni + Nm + Ng = 100 (fixed). From Fig. 4.8 in chapter 4, it was found that Xc in 

both the Em cases (46–48 and 78–80 mJ/cm2) become saturate even with small pulse 

number (N = 10). In order to perform the annealing effectively by means of avoiding too 

much irradiation in the saturation region of Xc, Nm should be smaller than 10. Under this 

condition, Em and Nm are optimized for the three-step method in the next section.  

 

5.6.2 Middle pulse number Nm and middle energy density Em dependences of 

film quality   

 Figures 5.8(a) and (b) show the middle pulse number Nm dependences of crystalline 

fraction Xc and intermediate-crystalline fraction Xm for the two samples irradiated with the 

middle energy density Em of 46–48 and 78–80 mJ/cm2, respectively. Xc and Xm are in turn 

determined by Xc = (Im+Ic)/(Im + Ic + Ia) and Xm = Im/(Im + Ic + Ia), where Ic, Im, and Ia are 

integrated intensities of c-Si, m-Si, and a-Si peaks, respectively. Figures 5.9(a) and (b) 

show the middle pulse number Nm dependences of FWHM and position of c-Si peak for 

the two samples irradiated with the middle energy density Em of 46–48 and 78–80 mJ/cm2, 

respectively. These results are obtained from He-Ne Raman spectroscopy measurement. 

Other parameters of Ei, Eg, and Ni are the same for both the samples and shown in the inset 

of each figure. The middle pulse number Nm and growth pulse number Ng are changed 

Fig. 5.7   Schematic illustrations of crystallization in Si/YSZ/glass for the three-step 

method together with the irradiation condition. 
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from 2 to 6 and 88 to 84, respectively. For comparison, data of the two-step method are 

shown at Ni = 10 and Ng = 90 (i.e., Nm = 0).  

 Firstly, the results for the two conditions of Em are discussed. In general, it can be seen 

from Figs. 5.8(a) and (b) that the crystalline fractions Xcs are a little improved with Nm 

whereas the crystalline fractions Xms are almost unchanged for two structures of Si/glass 

and Si/YSZ/glass in both the cases of Em. The FWHM and position of c-Si peak in Fig. 

5.9(a) and (b) are almost the same within the error bars of ± 0.5 and ± 1, respectively, for 

both the structures of Si/glass and Si/YSZ/glass in both the cases of Em. Among three 

  (a)  (b) 

Fig. 5.8   Middle pulse number Nm dependences of crystalline fraction Xc and 

intermediate-crystalline fraction Xm for two samples irradiated with 

middle energy density Em of (a) 46–48 and (b) 78–80 mJ/cm2. 

  (a)  (b) 

Fig. 5.9   Middle pulse number Nm dependences of FWHM and position of c-Si peak 

for two samples irradiated with middle energy density Em of (a) 46–48 and 

(b) 78–80 mJ/cm2. 
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investigated values of Nm in the three-step method (i.e., 2, 4, and 6), Nm = 6 is considered 

to be the optimized value due to its highest crystalline fraction Xc and relatively good 

quality. However, from these results, it is seen that there is no difference between the two 

conditions of Em. 

  Next, we compare results of the three-step method at Nm = 6 for the both cases of Em  

(46–48 and 78–80 mJ/cm2) and those of the two-step method (Nm = 0). Although Xcs of the 

three-step method are higher than those of the two-step method, the film quality (indicated 

by Xms, FWHM, and c-Si peak position) of the former seems to be not improved, 

compared with the latter. Considering the mass production, the two-step method is more 

suitable than the three-step method. Therefore, in the next investigations, we use the two-

step method for annealing a-Si films.  

 

  5.7  Expansion of crystallization area by the two-step method 

5.7.1 Setup of annealing system   

 After obtaining the optimum irradiation condition for the two-step method as 

mentioned in the previous sections, we apply it to expand the crystallization area. The 

schematic illustration for the expansion experiment is shown in Fig. 5.10, in which the 

total crystallized area is 10×20 mm2. The optical line of a 4-mm-diameter laser beam is 

fixed while the sample is moved during the irradiation by a stage controller with a stepping 

motor, where the moving speed v is 1 mm/s and the moving step distance per one shot is 

100 μm. In this experiment, the initial energy Pi and growth energy Pg are set 6.3 and 15 

mJ/pulse, respectively, which correspond to the optimized energy densities in the static 

case without sample moving for the Si/YSZ/glass structure. However, for expansion of 

crystallization area to keep crystallized film quality uniformly, a sample should be 

annealed with the initial energy Pi three times, then it is annealed with growth energy Pg 

three times for each scanning line as shown in Fig. 5. 10. The detailed investigation for 

optimizing irradiation condition will be mentioned in the next sub-section. For comparison, 

samples are also irradiated by the one-step method with a fixed high energy of Pg. 
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Fig. 5.10   Schematic illustration for expansion of crystallization area by moving the 

sample stage during irradiation with the moving speed v of 1 mm/s.  

 

5.7.2 Optimization of scanning conditions   

 When, for area expansion, we used the optimized irradiation condition of the static 

case without sample moving, we had a trouble of non-uniformity in crystallization degree 

of the scanned area. This is because the beam pattern is not uniform as shown in Fig. 3.8 of 

chapter 3. Since uniformity of crystallization degree is one of the most important 

requirements for device application, it should be as high as possible. Figure 5.11 shows the 

schematic illustration of scanning condition together with an actual laser beam profile, in 

which a sample is scanned at  Pi = 6.3 mJ/pulse only one time, followed by the one-time 

scanning at Pg = 15 mJ/pulse. The actual beam profile in Fig. 5.11(b) seems to be non-

uniform, in which a whiter region is irradiated at a higher laser energy density. However, it 

is difficult to determine the non-uniformity degree from the color framework of the actual 

beam profile. In order to identify the uniformity degree more clearly, this beam profile is 

changed into another color framework using the Image J software. The analyzed results are 

shown in Fig. 5.12. It can be seen from Fig. 5.12 that the analyzed laser beam intensity 

distribution is non-uniform on the whole of the scanned area. In order to homogenize the 

laser beam intensity on the scanned area, we tried to double and triple scannings for both 



Chapter 5 

Improving Crystalline Quality by a Two-Step Irradiation Method 

 

74 

 

initial and growth stages. The schematic illustration of scanning condition and analyzed 

laser beam profiles of double and triple scannings are shown in Figs. 5.13 and 5.14, 

respectively. 

     

(a) 

 

 (b) 

Fig. 5.11   (a) Schematic illustration of scanning condition of Pi = 6.3 mJ/pulse only 

one time, followed by the one-time scanning at Pg = 15 mJ/pulse, and (b) 

an actual laser beam profile. 

 

Fig. 5.12   Analyzed profile of the actual laser beam in Fig. 5.11(b). 
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(a) 

 

 (b) 

Fig. 5.13   (a) Schematic illustration of scanning condition of Pi = 6.3 mJ/pulse × 2 

times scanning, followed by Pg = 15 mJ/pulse × 2 times scanning, and (b) 

an analyzed laser beam profile. 

     

(a) 

 

 (b) 

Fig. 5.14   (a) Schematic illustration of scanning condition of Pi = 6.3 mJ/pulse × 3 

times scanning, followed by Pg = 15 mJ/pulse × 3 times scanning, and (b) 

an analyzed laser beam profile. 
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 Comparing Figs. 5.14(b) with 5.13(b), it is found that the distribution of laser beam 

intensity on the scanned area for the former is more uniform than for the latter, except 

border region. Therefore, the scanning condition of Pi = 6.3 mJ/pulse × 3 times scanning, 

followed by Pg = 15 mJ/pulse × 3 times scanning seems to be more suitable for expansion 

of crystallization area. In order to apply this condition for the next experiments, we 

crystallized a test sample of a-Si/YSZ/glass and observed the sample morphology after 

crystallization by optical microscopy. Its optical microscope image is shown in Fig. 5.15. It 

can be seen that the morphology is quite uniform and smooth, which suggests that the 

sample is crystallized in solid phase without melting. 

 

 

Fig. 5.15    Optical microscope image of the test Si/YSZ/glass sample irradiated by the 

two-step method under condition of Pi = 6.3 mJ/pulse × 3 times scanning, 

followed by Pg = 15 mJ/pulse × 3 times scanning. 

  

5.8  Crystalline quality of the crystallized Si film on expanded area  

 Figure 5.16 shows the comparison of the He-Cd Raman spectra of localized regions of 

the crystallized Si films on the expanded area between the one-step (with a fixed beam 

energy) and two-step methods. It can be seen that Raman intensities from the front side and 

back side measurements are the same for the one-step method, indicating the surface and 

interface crystallizations occur simultaneously as well as in film bulk without preference. 

On the other hand, in the two-step method, higher Raman intensities with smaller 

shoulders of a-Si phase (denoted by the dash circles) can be seen from the both front and 

back side measurements, compared with those of the one-step method. This result indicates 

Scanning direction 
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that crystallinity of the Si films is improved by the two-step method in the case of moving 

during irradiation as well as non-sample moving or static irradiation. Moreover, in the two-

step method, the Raman intensity obtained from the back side measurement is about twice 

higher with a smaller shoulder of a-Si phase, indicating the smaller FWHM of c-Si peak 

and higher crystalline fraction than those from the front side. It is considered that the 

interface crystallization in the two-step method proceeds better than the surface 

crystallization.  

 

Fig. 5.16  He-Cd Raman spectra of the Si/YSZ/glass for the one-step and two-step 

methods from (a) the front side and (b) the back side measurements under 

the sample-moving condition of Fig. 5.10. 

  

 Since the thickness of the Si film is thin (~ 60 nm) and the grain size is small and 

roughly less than 200 nm, it was found that estimation of its crystallinity by X-ray 

diffraction technique was difficult. Therefore, we used RHEED technique to observe the 

surface crystalline structure of the Si films. Figures 5.17(a), (b), (c), and (d) show the 

RHEED patterns of the bare YSZ layer on the glass substrate, a-Si film on the YSZ/glass, 

crystallized Si film on the YSZ/glass, and crystallized Si film on the glass, respectively. 

The Si films were crystallized by the two-step method under sample-moving condition of 

Fig. 5.10. All of these patterns were observed at room temperature. Figure 5.17(a) is the 

same with RHEED pattern in Fig. 4.1 of chapter 4, which shows the uniaxially (111)-

oriented YSZ layer. The spotty patterns disappear after deposition of the a-Si film as 

shown in Fig. 5.17(b), which suggests that the deposited Si film is in amorphous phase 

completely. On the other hand, in Figs. 5.17(c) and 5.17(d), after crystallization of the a-Si 



Chapter 5 

Improving Crystalline Quality by a Two-Step Irradiation Method 

 

78 

 

films, the spotty patterns reappear, which confirms the crystallization of a-Si films. 

Moreover, the spotty patterns in Fig. 5.17(c) are more clear than in Fig. 5.17(d) and similar 

to those of the bare YSZ layer in Fig. 5.17(a). From this result, it can be inferred that the 

(111)-preferential orientation of the YSZ is transferred into the crystallized Si film, thanks 

to the crystallization-induction effect of the YSZ. 

                           

 (a) bare YSZ layer   (b) a-Si/YSZ/glass 

                              

 (c) crystallized Si/YSZ/glass   (d) crystallized Si/glass 

Fig. 5.17   RHEED patterns of the bare (a) YSZ layer on the glass substrate, (b) 60-

nm-thick a-Si film on the YSZ/glass, (c) 60-nm-thick crystallized Si film on 

the YSZ/glass, and (d) 60-nm-thick crystallized Si film on the glass at 

room temperature. 

  

 Figures 5.18(a) and (b) show the cross-sectional low-resolution and high-resolution 

(HR-) TEM images, respectively, of the Si film on the YSZ/glass crystallized by the two-

step method under the sample-moving condition of Fig. 5.10. The HR-TEM image in Fig. 

5.18(b) shows a close-up image of one area around the interface. This also shows the 

electron-diffraction (ED) patterns simulated by using the fast Fourier transform (FFT) 

based on the local  lattice images  enclosed by white (labeled as points 1 and 3)  and  black  
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(labeled as points 2 and 4) square frames in the YSZ layer and the crystallized Si film, 

respectively. It can be seen from Fig. 5.18(a) that the crystallized Si film has a smooth 

surface, which is probably due to non-intentionally melting crystallization of the Si film, 

Fig. 5.18    Cross-sectional TEM images of the Si film on the YSZ/glass crystallized 

by the two-step method, where (a) is in low resolution and (b) is in high 

resolution (HR). The HR-TEM image (b) shows a close-up image around 

the interface in (a). The electron-diffraction patterns simulated based on 

the local lattice images enclosed by the white (points 1 and 3) and black 

(points 2 and 4) square frames for the YSZ layer and the crystallized Si 

film, respectively, are also shown. 

(a) 

(b) 
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compared with the direct deposited Si film at 430 oC103) and melting crystallized Si film by 

excimer pulsed laser.104) Further, incubation layer near the YSZ layer interface is hardly 

observed, suggesting that crystallization of the Si film grows directly from the YSZ layer 

without an amorphous transition region. This is confirmed by the HR-image in Fig. 

5.18(b). All spots in the ED patterns of the YSZ layer (points 1 and 3) and the Si film 

(points 2 and 4) correspond to {111} planes, except for the two spots of YSZ {200} 

indicated by white arrows. From these patterns, the crystallographic orientation normal to 

the interface can be identified as <111>, which is the preferential orientation of the YSZ 

layer. From this result, it can be considered as follows: Nucleation at the YSZ interface is 

stimulated by the CI effect of the YSZ layer, and then crystallization of the amorphous 

region around the nuclei occurs and progresses up to the surface smoothly. The slight 

roughness at the interface is just localized and due to the surface roughness of the YSZ 

layer.  

 The impurities in the Si film were measured by SIMS. Figure 5.19 shows the 

concentration depth profiles of Zr and Y in the 50-nm-thick Si film, which was crystallized 

by the two-step method with sample moving on the YSZ/glass substrate. Since the 

quantitative concentrations were estimated by using a standard sample of an ion-implanted 

Si, only the concentrations in the Si film are valid. The concentrations near the interface 

Fig. 5.19   Concentration depth profiles of Zr and Y in the crystallized Si/YSZ/glass 

by two-step method with sample moving. They were measured by SIMS. 

As a reference, the Si secondary ion intensity is shown.  
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and in the YSZ layer are incorrect because of the so-called matrix and charge-up effects 

due to the insulator of YSZ. 105) It can be seen that Zr atoms diffuse into the crystallized Si 

film slightly. The Zr concentration at the Si/YSZ interface is about 3×1017 atoms/cm3 and 

slightly increases towards the surface of the Si. The Zr concentration at the Si/YSZ 

interface in this work is about one order smaller than that in the direct  deposited Si  film at 

430 oC (about 5×1018 atoms/cm3).103) This shows the effectiveness of the two-step method 

using pulsed laser in suppression of Zr diffusion into the Si film. The Y concentration at 

the Si/YSZ interface is about 9×1016 atoms/cm3, which is about three times lower than that 

of Zr, and also slightly increases towards the surface of the Si. It has been reported that, in 

the application of a gate insulator, Zr atoms from the ZrO2 film hardly diffuse into Si even 

at 700 oC for 5min annealing.106) The diffusion of Y from Y2O3 gate oxide into the Si film 

also does not occur at annealing temperature ≤ 800 oC for 2 min.107) In our case, a certain 

amounts of chemically unstable Zr and Y due to HF dipping might remain on the YSZ 

surface before the Si film deposition. Although it is supposed that the subsequent 

crystallization by the pulsed laser is performed at temperature less than the melting 

temperature of a-Si – 1420 K or 1147 oC,108) it maybe induce the diffusion of Zr and Y into 

the Si film even for a very short irradiation time.  From this result, we can consider that the 

diffusion of Zr and Y into the crystallized Si film from the YSZ layer is small, but they 

should be further suppressed for device application. 

 

5.9  Summary 

 From the results of the one-step method mentioned in chapter 4, we proposed the two-

step method to further improve the crystallinity of the Si films, and crystallized a-Si films 

on YSZ CI layers by the two-step method with PLA without intentional melting. Their 

properties were investigated and compared with those obtained by the one-step method, 

using Raman spectroscopies and SEM. The obtained results are mentioned as follows: The 

crystallization growth from the YSZ interface is more enhanced by the two-step method 

than by the one-step method. The Raman analysis and SEM observation show that a high 

Xc, a small FWHM, and a large grain size were obtained by the two-step method compared 

with the one-step method at the same total pulse number N and lower total irradiation 

energy density Et. Comparing the two structures of Si/YSZ/glass and Si/glass at their own 

optimized irradiation conditions, we obtained a higher Xc and a smaller FWHM in the 
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former. From these results, it can be concluded that the crystalline quality of Si films is 

much improved by the two-step method with the YSZ CI layer in PLA. 

 On the basic of the obtained optimum irradiation condition for the two-step method, we 

also proposed a three-step method for further improving crystalline quality of the Si film. 

Although crystalline fraction of the Si films obtained by the three-step method are a little 

higher than those of the two-step method, the film quality of the former seems to be not 

improved in comparison with the latter. Considering the mass production, the three-step 

method is not suitable. Therefore, we decided to use the two-step method for next 

investigations. 

 By applying the two-step method, the pulsed-laser crystallized a-Si films on YSZ CI 

layers were obtained successfully without intentionally melting under the crystallization 

condition for area expansion. Their film crystalline quality was investigated and compared 

with those of the one-step method. The results of the He-Cd Raman spectroscopy 

confirmed that the crystallinity of the Si films is improved by the two-step method in the 

case of the sample moving during the irradiation as well as the static case. Furthermore, it 

was found from the RHEED measurement that the (111)-preferential orientation of the 

YSZ was transferred into the crystallized Si film, thanks to the CI effect of the YSZ. The 

TEM observation showed the smooth surface of the crystallized Si film and no incubation 

layer at the interface. From these results, it can be expected that uniform crystalline quality 

of the Si film is obtained on the YSZ layer by the two-step method. SIMS results reveals 

that the diffusion of Zr and Y from the YSZ layer into the crystallized Si film is as small as 

or lower than the order of 1017 atoms/cm3. However, these impurities should be further 

suppressed for device application. 
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Chapter 6:  

Effect of Metal Films on Enhancing Crystalline 

Quality of Si Films  

6.1   Sample structure for investigation  

 When Si films crystallized on the YSZ crystallization-induction (CI) layer by PLA 

method are used for TFT fabrication, it is better to use the YSZ layer as a gate insulator. To 

do this, a gate electrode layer must be deposited on a glass substrate, followed by a 

YSZ−CI layer. In this chapter, we investigate the effect of metal layer on crystalline 

quality of YSZ and Si films and whether our film structure is suitable for bottom-gate TFT 

fabrication or not. The sample structure for investigating is shown in Fig. 6.1. The 

fabrication process is the same with that of section 3.1 in chapter 3, except the deposition 

of the metal layer. A triple-layered structure of 30-nm SiNx/30-nm W/30-nm Ti is formed 

on a cleaned quartz substrate prior to deposition of a 120-nm YSZ CI layer. The process 

sequence of the metal film deposition is shown in Fig. 6.2. Before metal films deposition, 

the substrate holder is heated and kept at 100 oC. A cleaned quartz substrate is loaded into 

the deposition chamber, which is evacuated to less than 2x10-4 Pa prior to depositing the 

films. Before each film deposition, the pre-sputtering process is conducted for 5 min in 

order to remove the contaminants from the previous sputtering process. Next, a Ti film is 

deposited by RF reactive sputtering with Ar gas, using a Ti metallic target with 2-inch-

Fig. 6.1   Cross-sectional illustration of the fabricated sample structure of 

Si/YSZ/SiNx/W/Ti/glass. 
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diameter. After the pre-sputtering, a W film is deposited on the Ti/glass substrate by RF 

reactive sputtering with Ar gas, using a W metallic target with 2-inch-diameter. 

Subsequently, a SiNx film is deposited on the W/Ti/glass substrate by RF reactive 

sputtering, using a Si3N4 target with 2-inch-diameter in reactive N2−Ar atmosphere. The 

deposition conditions of Ti, W, and SiNx films are listed in Table 6.1.  

 Table 6.1   Sputtering deposition conditions of Ti, W, and SiNx films. 

 Ti W SiNx 

Target Ti metal (2 in.- ) W metal (2 in.- ) 
Si3N4 compound 

 (2 in.- ) 

Target purity 99.9% 99.99% 99.99% 

Substrate temperature (oC) 100 100 100 

RF power (W) 40 40 50 

Gas flow (sccm) Ar = 3.8 Ar = 3.8 Ar = 3.8, N2 = 0.5 

Gas pressure (Pa) 1.5 1.5 3.0 

Thickness (nm) 30 30 30 

Heating the substrate holder 

Loading substrate into the chamber 

Pre-sputtering  

Ti film deposition  

Fig. 6.2   Metal films deposition process sequence. 

 

Changing cathode and pre-sputtering  

W film deposition  

Changing cathode and pre-sputtering  

SiNx film deposition  
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 W and its compounds are widely used as an electrode in fabrication of TFT due to its 

chemical stability and high conductivity.109,110) However, the adhesion of W on glass 

substrate is very poor because of their different expansion coefficients. Therefore, prior to 

depositing a W film, it is needed to deposit a Ti layer whose role is increasing the adhesion 

of W on the substrate. Ti is an active metal, which is easily reacted with oxygen atoms at a 

surface of glass SiO2 substrate to form titanium dioxide (TiO2). TiO2 is the strong and 

stable chemical bond, thus, it enhances the adhesion. Although deposition of the metal 

films are performed in clean room, there are a small amount of contaminants adsorbed on a 

surface of glass substrate during the transportation from cleaning space to the RF 

sputtering system. After metal films deposition, these contaminants are easily removed by 

mechanical cleaning process in ultrasonic together with W, so an insulator film of SiNx is 

deposited to cover surface of the W to protect it from removal. 

 

6.2   Pulse number N dependence of crystalline fraction by the one-step 

or conventional method  

 First, results obtained from the He-Ne Raman spectroscopy measurement of the one-

step annealing are shown as a basic annealing information. Figures 6.3(a) and (b) show the 

dependences of crystalline fraction Xc and the FWHM of the c-Si peak, respectively, on the 

pulse number N for the Si/YSZ/SiNx/W/Ti/glass structure (hereafter Si/YSZ/metal/glass 

for simplicity), where the energy density E is a parameter. The results of the Si/glass and 

Si/YSZ/glass, which were discussed in chapter 4, are also shown as references for 

comparison. It can be seen from Fig. 6.3(a) that increasing N (or annealing time) makes Xcs 

Fig. 6.3  Dependences of (a) crystalline fraction Xc and (b) c-Si peak FWHM on the 

pulse number N. The energy density E is the parameter. 

 

(a) 
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of Si films increase for all structures. At the high energy density E, Xc increases rapidly 

and saturates even with the small N, which indicates bulk nucleation and growth for all 

structures. Xc of the Si films on the glass substrates are found to be higher, indicating faster 

crystallization, than those on YSZ/glass and YSZ/metal/glass at the same E and N. This is 

because optical absorption in Si film for the former is larger than those for the two latters 

as mentioned in chapter 4. The Xc of Si/YSZ/metal/glass is a little higher than that of 

Si/YSZ/glass. This is probably due to the metal film, which absorbs optical energy of the 

laser beam, so that temperature of the Si film is a little higher than that in the Si/YSZ/glass. 

The detailed derivation of absorptivity for the Si/YSZ/metal/glass structure is described in 

Appendix F.  

 In Fig. 6.3 (b), the behavior of FWHM for the Si/YSZ/metal/glass is the same with 

those of the Si/glass and Si/YSZ/glass, as mentioned at section 4.4 in chapter 4. This 

means, at the low E, the FWHM are small and almost the same for all the pulse numbers. 

However, by increasing E, the FWHM becomes larger and increases slightly with N. At the 

same N, the FWHMs of the Si/YSZ/metal/glass is nearly same with those of the 

Si/YSZ/glass and smaller than those of the Si/glass. This suggests the better crystalline 

quality of Si/YSZ/metal/glass than the Si/glass. 

 

6.3   Improving crystalline quality of the Si film by the two-step method 

6.3.1 Initial energy density Ei dependences of crystalline fraction and film 

quality  

 We applied the two-step method in order to further improve crystalline quality of the 

Si/YSZ/metal/glass. It was found that the growth energy density Eg of 108-112 mJ/cm2 is 

the optimized value because it is close to but less than the critical melting energy density of 

the Si film on YSZ/metal/glass substrate. In the two-step method, since initial energy 

density Ei is a very important factor that controls the location of nucleus generation, we 

should optimize it by investigating the dependence of crystallization degree in the 

crystallized Si films on the Ei where Eg, Ni, and Ng are fixed at 108–112 mJ/cm2, 10, and 

90, respectively. Figure 6.4 shows the Ei dependences of crystalline fraction Xc and 

FWHM of c-Si peak for the Si/YSZ/metal/glass. The data of the Si/YSZ/glass at its 

optimized condition are also shown for comparison. It can be seen that, at Ei = 20–24 

mJ/cm2, Xc is maximum while FWHM of c-Si peak is minimum, suggesting the crystalline 
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quality is maximum. Comparing with the Si/YSZ/glass, the FWHM of the 

Si/YSZ/metal/glass is almost equal, indicating that the Si films crystallized on both the 

YSZ/glass and YSZ/metal/glass exhibit the same quality. However, Xc of the 

Si/YSZ/metal/glass is a little higher than that of the Si/YSZ/glass. This indicates the 

heating effect of metal layer on enhancing crystallization degree of the Si film. 

 

Fig. 6.4   Dependences of Xc and FWHM on Ei for the Si/YSZ/metal/glass by the two-

step method. The data of Si/YSZ/glass at its optimized condition are shown 

for comparison. 

 

6.3.2 Initial pulse number Ni dependences of crystalline fraction and film 

quality  

It has been determined that the optimized energy densities for initial and growth stages of 

the two-step method for the Si/YSZ/metal/glass are 20-24 and 108-112 mJ/cm2, 

respectively. Now, we investigate the dependences of crystalline quality on the initial pulse 

number Ni. Figure 6.5 shows the dependences of crystalline fraction Xc and FWHM of c-Si 

peak on the initial pulse number Ni for the Si/YSZ/metal/glass and Si/YSZ/glass in the 

two-step method (Ni ≠ 0), compared with the one-step or conventional method (Ni = 0), 

where N = Ni + Ng. It can be seen that FWHM is reduced while Xc increases with Ni, 

compared with Ni = 0 for both the structures. This indicates that the crystalline quality of 

the Si film is improved significantly by using the two-step method. Moreover, at the same 

Ni > 0 (for the two-step method), Xc of Si/YSZ/metal/glass is a little larger while its 
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FWHM is slightly smaller than those of Si/YSZ/glass. This also shows that the metal film 

has a role in enhancing crystalline quality of the Si film on the YSZ by the two-step 

method. 

 

Fig. 6.5   Dependences of Xc and FWHM on Ni for the Si/YSZ/metal/glass and 

Si/YSZ/glass by the two-step method, where the different optimized 

annealing condition is used for each structure. 

 

6.3.3 Comparison of crystalline quality of Si films among the three kinds of 

substrates: glass, YSZ/glass, and YSZ/metal/glass  

 In this section, we compare crystalline quality among the three structures of Si/glass, 

Si/YSZ/glass, and Si/YSZ/metal/glass by using He-Ne Raman spectroscopy and SEM 

results. Some data, which were already discussed in chapter 5, are shown again for easy 

comparison. Table 6.2 shows the typical Xc and FWHM values of the c-Si peak of the 

Si/glass, Si/YSZ/glass, and Si/YSZ/metal/glass in the two-step method with Ni = 10 and Ng 

= 90, which are obtained by He–Ne Raman spectral analysis. Three irradiation conditions 

were used, (A), (B), and (C). The conditions (A) and (B) are the same as Table 5.1 in 

chapter 5, which are Ei = 18–22 mJ/cm2 and Eg = 106–109 mJ/cm2 (optimized condition 

for the Si/glass), and Ei = 20–24 mJ/cm2 and Eg = 111–114 mJ/cm2 (optimized condition 

for the Si/YSZ/glass), respectively. The condition (C), which is the optimized condition for 

the Si/YSZ/metal/glass, is Ei = 20–24 mJ/cm2 and Eg = 108–112 mJ/cm2. The obtained 

crystallinities (crystalline fraction Xc and FWHM) of the Si/glass, Si/YSZ/glass, and 
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Si/YSZ/metal/glass by the condition (A) are labelled ①, ②, and ③, respectively, in Table 

6.2. The crystallinity of the Si/YSZ/glass obtained under the condition (B) is labelled ④ 

and that of the Si/YSZ/metal/glass under the condition (C) is labelled ⑤ in Table 6.2. 

First, the comparison of ①, ②, and ③ shows that, although Xc of the Si/glass is highest 

among three structures, its FWHM is the same with those of the other structures. The 

difference in Xc is considered due to the difference in optical absorption in three structures. 

On the other hand, the FWHMs are equal for three structures and around 6, which suggests 

that we can improve the crystalline quality by irradiating the Si/YSZ/glass and 

Si/YSZ/metal/glass at their optimized conditions. In fact, we obtain higher Xcs and smaller 

FWHMs in ④ and ⑤ than in ① when using their optimized conditions. However, 

comparing ④ and ⑤, it is found that the crystallinities are tiny different between both the 

structures of Si/YSZ/glass and Si/YSZ/metal/glass, suggesting a small heating role of the 

metal layer on enhancing crystalline quality of the Si film on the YSZ. 

 We also observed the Secco-etched Si film crystallized on YSZ/metal/glass by two-

step method and compare with those of the Si/glass and Si/YSZ/glass. The images are 

shown in Fig. 6.6 and the used irradiation conditions are the same as those in Table 6.2. 

The labels ①–⑤ in Fig. 6.6 correspond to the numbers or the same irradiation conditions 

in Table 6.2. It can be seen from Fig. 6.6 that, at the same irradiation condition (A), grain 

size of the Si/YSZ/glass and Si/YSZ/metal/glass is more uniform than that of the Si/glass. 

At the optimized irradiation condition for each structure, larger and uniform-sized grains 

are obtained for Si/YSZ/glass and Si/YSZ/metal/glass, compared with those of Si/glass.  

Table 6.2  Crystalline fraction Xc and FWHM of c-Si peak of Si/glass, Si/YSZ/glass, 

and Si/YSZ/metal/glass for the two-step method.   
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Fig. 6.6 SEM images of the Secco-etched Si films crystallized by the two-step 

method for the Si/glass, Si/YSZ/glass, and Si/YSZ/metal/glass. The labels ①

–⑤ correspond to the numbers or the same irradiation conditions in Table 

6.2. 

 The crystalline quality of the Si films on YSZ/metal/glass substrate has been 

investigated. The optimized irradiation condition in the two-step method was also 

obtained. However, after crystallization of the Si film on the YSZ/metal/glass substrate, we 

observed many bubbles or holes with the size of tens m  order appear on the surface of 

the Si film as shown by optical microscope image in Fig. 6.7. The forward light irradiation 

mode image is shown in Fig. 6.7(a), in which light irradiates the surface of the sample 

from the top of optical microscope. This is the normal operation mode of an optical 

microscope. If the light irradiates the back surface of the sample from the bottom of optical 

microscope, we obtain the backside light irradiation mode image [Fig. 6.7(b)]. Although 

the bottom of the sample is transparent glass substrate, the metal layer exist between the Si 

film and the glass substrate. So, the whole optical image is dark. It can be seen from Fig. 

6.7(b) that bubble areas are brighter than other areas, which means that some metal regions 

are removed.  
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 (a)  (b) 

Fig. 6.7 Optical microscope images of the Si/YSZ/SiNx/W/Ti/glass structure from (a) 

forward light irradiation mode and (b) backside light irradiation mode. 

 

 Figure 6.8 shows schematic drawings of bubble formation model. The occurrence of 

bubbles or holes is probably due to two causes. One is the difference in thermal expansion 

coefficient (TEC) between W metal ( 4.5×10-6/oC at 20 oC) and quartz substrate (

0.59×10-6/oC at 20 oC). After deposition of a YSZ layer, the substrate induces thermal 

compressive stress to the YSZ, SiNx, and metal layers, which may be non-uniformly. Since 

the SiNx is an amorphous and hard material compared with metals, atomic bonds in the 

SiNx layers are compressed one another, and then something like small cracks are 

generated in the SiNx. The second is many grain boundaries of the deposited poly-YSZ 

layer with grain size ~20 nm. When a sample is dipped in diluted HF solution prior to 

deposition of an a-Si film, the HF solution easily etched the YSZ layer through it grain 

boundaries and seeps through the cracks in the SiNx film to the bottom metal layers as 

shown in Fig. 6.8(a). Then, the W and Ti films may be eroded or etched through their grain 

boundaries. Some small amount of HF penetrating to the Ti layer maybe remains on the 

glass substrate even after a-Si film deposition as shown in Fig. 6.8(b). When the sample is 

irradiated for crystallization, some remained HF reacts with the Ti film and glass substrate 

due to high temperature, and then some reaction gas is generated, which pushes the over 

layer of Si as shown in Fig. 6.8(c). As a result, the bubbles actually appear on the 

Si/YSZ/metal/glass as shown in Fig. 6.7. Actually, small black points can be observed 

around the centers of the bubbles, which seems as centers of cracks. These bubbles are 

considered to affect device performance if the Si/YSZ/metal/glass structure is applied for a 

bottom-gate TFT. Therefore, it is supposed that the Si/YSZ/glass structure is more suitable 

for TFT fabrication as a top-gate type. 
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Fig. 6.8 Illustration for bubbles or holes formation on the surface of 

Si/YSZ/SiNx/W/Ti/glass. 

 

6.4   Summary 

 On the basis of the results obtained for the Si/glass and Si/YSZ/glass mentioned in 

chapters 4 and 5, we investigated crystalline quality of the Si/YSZ/metal/glass structure by 

using Raman spectroscopy and SEM. It is found that higher Xc and smaller FWHM were 

obtained by the two-step method compared with the one-step method at the same total 

pulse number N and lower total irradiation energy density. This indicates that the two-step 

method is effective in improving crystalline quality of Si films on YSZ/metal/glass. 

Moreover, the metal layer has a small heating effect on enhancing crystalline quality of the 

Si film. Irradiation condition was optimized for bottom-gate poly-Si TFTs fabrication. 

However, considering the occurrence of bubbles or holes on surface of the crystallized Si 

film, the Si/YSZ/metal/glass structure is not suitable for bottom-gate TFT fabrication.  
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Chapter 7:  

Electrical Properties of Crystallized Si Films and 

Performance of Fabricated TFTs 

7.1   Electrical properties of crystallized Si films measured by resistivity 

and Hall effect measurements 

7.1.1  Hall effect measurement setup  

 In this study, electrical properties of the crystallized Si films (conductivity, carrier 

concentration, and Hall mobility) were measured by resistivity and alternating current 

(AC) Hall effect measurements using the Van der Pauw method. The most popular 

structure for resistivity and Hall effect measurements is probably the Van der Pauw 

structure because it requires fewer geometrical measurements of the sample and allows 

resistivity measurements to be made on any sample of uniform thickness, provided that the 

sample was homogeneous and there were no physical holes in it. These requirements on 

sample shape simplify fabrication and measurement in comparison to Hall bar techniques. 

The AC field Hall measurement method is effective on low mobility materials that are 

extremely difficult or practically impossible to measure with direct current (DC) methods. 

The AC field method is used for measuring Hall voltage only, not for resistivity. It is 

compatible with Van der Pauw sample structures at all temperature options, and with the 

standard and high resistance methods. In the following, we introduce more details about 

techniques used in our Hall effect measurements. 

 (a)  Current reversal technique 

 The Hall voltage measurements using AC technique suffer from all of the unwanted 

signals, such as thermoelectric voltage, offset voltage, and offset current. The desired 

voltage is proportional to the excitation current magnitude and polarity. This linearity 

characteristic will be estimated for our samples in the next section. On the other hand, the 

unwanted signals are not proportional to the excitation current. Therefore, we used current 

reversal technique in order to separate the desired signals from the undesired ones. This 

technique is especially necessary with the AC technique because it helps eliminate 

uncertainty from phase calibration that is only present in the AC method. Even in a 
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properly calibrated system, there is some error in the lock-in amplifier phase, which can 

create a meaningful measurement error when the Hall voltage is small compared to the 

induced voltage in the leads.  

 (b)  Geometry averaging technique 

 Measurement uncertainty can result if a sample is not homogeneous. For a 

homogeneous sample, the measured voltage Vij,kl  is expected to equal to the voltage Vkl,ij 

when the current and voltage leads are interchanged, where i, j, k, and l are indicators of 

contact terminals. For non-homogenous samples, the final voltage can be obtained by 

averaging these two voltages. This technique is called geometry averaging. It can be 

implemented in both Hall voltage and resistivity measurements. We used this technique to 

measure resistivity and Hall voltage in our samples. 

 (c)  Temperature dependent Hall measurements technique 

 Temperature dependent resistivity and Hall effect measurements of a material measure 

the resistivity, carrier concentration, and Hall mobility as a function of temperature. The 

details of the temperature dependency of these material characteristics are used to 

understand the electronic transport properties of the material. There are many material 

properties that can be determined from variable temperature resistivity and Hall effect 

measurements. The results from temperature dependence of carrier concentration can 

provide information about band gap of the semiconductor, activation energy of donors or 

acceptors, and doping concentration values. The mobility of carriers is determined by the 

scattering of the carriers in the material. Each of the possible scattering mechanism will 

have a different temperature dependency. Careful analysis of the temperature dependent 

mobility will determine the major scattering mechanism in the material. In this study, we 

performed the temperature dependent resistivity and Hall effect measurements on the Si 

films with the temperature range from room temperature (RT) to 300 oC in vacuum 

ambient. The temperature was measured by a thermocouple in direct contact with the back 

of the sample. The whole setup was placed in a temperature chamber. The temperature 

variation during a measurement was less than ± 0.5 oC. 
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7.1.2  Ohmic contact check  

 All direct measurements of the electronic transport properties of a material require 

sufficient electrical contacts between the sample and the measuring instrument. Generally, 

low resistance ohmic contacts are desired. For Hall effect measurement performed in our 

work,  an ohmic contact is required. Ohmic contact usually means a contact with a small 

linear resistance compared to the resistance of the sample being studied, and therefore 

having insignificant non-linear current-voltage characteristics. The most important method 

to characterize the contact is the ohmic check procedure. The plot of voltage versus current 

should be a straight line. In our Hall effect measurements, Al metal electrodes are 

deposited at corners of a typical square pattern as shown in Fig. 7.1 (Fig. 3.11 of chapter 

3), followed by annealing in N2 ambient at 350 oC for 30 min. to improve the contacts. We 

show Fig. 7.1 again for ease in the next investigation and discussion. Figures 7.2, 7.3, 7.4, 

and 7.5 show the ohmic check of four kinds of sample structures used for Hall effect 

measurement in our work: undoped poly-Si/YSZ/glass, undoped poly-Si/glass, P-doped 

Si/YSZ/glass, and P-doped Si/glass, respectively. In each figure, the ohmic check of two 

terminals (1−3 and 2−4) are shown together with resistances. It can be seen that contacts of 

all samples are ohmic, which is sufficient for Hall effect measurement. 

 

 

Fig. 7.1  Top-view illustration of the final Hall effect measurement pattern, which is 

a form of Van der Pauw pattern (the same as Fig. 3.11 of chapter 3). 
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Fig. 7.2 Ohmic contact check for undoped Si/YSZ/glass structure. 

 

 

      

Fig. 7.3  Ohmic contact check for undoped Si/glass structure. 

 

    

Fig. 7.4 Ohmic contact check for P-doped Si/YSZ/glass structure. 
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Fig. 7.5 Ohmic contact check for undoped Si/glass structure. 

 

7.1.3  Linearity characteristics of the Hall effect measurement  

 The desired Hall voltage (VH) in the Hall effect measurement is proportional to the 

excitation current (I) magnitude and magnetic field (B) as mentioned previously. To verify 

the linearity of the Hall signal, we performed measurements of VH versus I on all undoped 

and doped Si films for both structures of Si/YSZ/glass and Si/glass at room temperature. In 

these measurements, we used two magnetic fields of 0.4 and 0.27 T. The results are shown 

in Figs. 7.6, 7.7. 7.8, and 7.9. In each figure, the slope ratio (
𝑎1

𝑎2⁄ ) is shown, where a1 

and a2 are the slopes of the linearly extrapolated lines at 0.4 and 0.27 T, respectively. It can 

be seen that VH increases almost linearly with increasing I, and increases with increasing B. 

Ideally, the (
𝑎1

𝑎2⁄ ) ratio is considered approximately equal the magnetic field ratio, i.e., 

0.4/0.27 ≈ 1.48. In our films, (
𝑎1

𝑎2⁄ ) ratios are slightly deviated from the value of 1.48, 

which can be explained as follows. 

The Hall voltage is related with carrier concentration by: 

 
H

H i

i

BI R BI
V a I

t tqn
   ,  (7.1) 

 where RH, t, and ai are the Hall coefficient, thickness of Si film, and proportional factor, 

respectively. ai is given by: 

 i

i

B
a

tqn
 , where i = 1 or 2 (7.2) 
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 From eq. (7.2), it is considered that the proportional factor ai depends on the carrier 

concentration, which is changed when changing the excitation current I. However, the 

calculated carrier concentrations for all measurement values of excitation current are 

almost in the same order. This suggests that the deviation of (
𝑎1

𝑎2⁄ ) ratios from the 

expected value of 1.48 is acceptable within an error. 

 

   

 (a)  (b) 

Fig. 7.6 Dependences of Hall voltage on the excitation current and applied magnetic 

field for the (a) undoped Si/YSZ/glass and (b) undoped Si/glass structures. 

 

  

 (a)  (b) 

Fig. 7.7 Dependences of Hall voltage on the excitation current and applied magnetic 

field for the (a) doped Si/YSZ/glass and (b) doped Si/glass structures at 

doping concentration of 3.7 × 1017/cm3. 
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 (a)  (b) 

Fig. 7.8 Dependences of Hall voltage on the excitation current and applied magnetic 

field for the (a) doped Si/YSZ/glass and (b) doped Si/glass structures at 

doping concentration of 4.9 × 1018/cm3. 

 

 

 

 (a)  (b) 

Fig. 7.9 Dependence of Hall voltage on the excitation current and applied magnetic 

field for the (a) doped Si/YSZ/glass and (b) doped Si/glass structures at 

doping concentration of 4.9 × 1019/cm3. 
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7.1.4   Electrical properties of the undoped and P-doped crystallized Si/glass 

samples  

 Figures 7.10(a), (b), and (c) show the measurement temperature T dependences of 

carrier concentration n, Hall mobility µH, and conductivity σ for the undoped and P-doped 

Si films on the glasses with different average doping concentrations. The Si films were 

crystallized by the two-step method under area expansion condition of Fig. 5.10 in chapter 

5. The activation energies Eni, Eµi, and Eσi for n, µH, and σ, respectively, which are 

calculated by least squares method, are also shown in Fig. 7.10. The subscript “i” indicates 

an integer of 1 to 5. The solid black line in Fig. 7.10(a) shows the intrinsic concentration of 

Si for a reference. It is found that all of the Si films are n-type or the carriers are electrons. 

In Fig. 7.10(a), at the low doping concentration of 3.7×1017cm-3, the carrier concentrations 

are almost the same as those of the undoped film at any measurement temperature except 

the RT. The value at RT is probably due to a process contamination by accident. Increasing 

the doping concentration, the carrier concentration increases with it too, and the 

temperature dependence disappears or the activation energy is almost zero. In Fig. 7.10(b), 

the Hall mobilities for the low doped film of 3.7×1017cm-3 are slightly higher than those of 

undoped film at any measurement temperature. However, at a higher doping concentration 

of 4.9×1018cm-3, mobilities abruptly decrease and the activation energy Eµ becomes higher. 

Further doping, Hall mobility increases again with the lower Eµ. The detailed explanation 

will be summarized and discussed later. In Fig. 7.10(c), on the whole, excepting at high 

doping concentration of 4.9×1019 cm-3, the conductivity exhibits the behavior of an 

activation process for both the undoped and P-doped Si films on the glasses. The activation 

energies of the doped films are constant all over the temperature range, but that of the 

undoped film is changed from Eσ1 = 0.12 to Eσ2 =0.54 eV, a higher value, around 100 oC. 

The σ is proportional to a product of n and µH. When σ, n, and µH are expressed as σ = 

σoexp(−Eσ/kT), n = noexp(−En/kT), and µH = µHoexp(−Eµ/kT), respectively, σ can be shown 

as σ = σoexp(−Eσ/kT)  = enoµHoexp[−(En+Eµ)/kT]. That is, Eσ = En + Eµ. In these equations, 

σo, no, and µHo are pre-factors, and k is the Boltzmann constant. Since Eµ is just 0.06 eV for 

the undoped film as shown in Fig. 7.10(b), the activation behavior of σ is mainly governed 

by the carrier concentration behavior. Therefore, the change of the activation energy Eσ 

around 100 oC for the undoped film in Fig. 7.10(c) is due to difference in En between low 

temperature region (T ≤ 100 oC) and high temperature region (T ≥ 100 oC). For the films at 
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the highest doping concentration of 4.9×1019 cm-3, the saturation tendency of conductivity 

can be attributed mainly to the saturation of carrier concentration. 

   

    (a)   (b) 

 

(c) 

Fig. 7.10  Measurement temperature dependences of (a) carrier concentration n, (b) 

Hall mobility µH, and (c) conductivity σ for the undoped and P-doped Si 

films crystallized by the two-step method on the glasses. 

 

7.1.5 Electrical properties of the undoped and P-doped crystallized 

Si/YSZ/glass samples  

 Figures 7.11(a), (b), and (c) show the measurement temperature T dependences of 

carrier concentration n, Hall mobility µH, and conductivity σ for the undoped and P-doped 

Si films on the YSZs/glasses under the same fabrication and measurement conditions of 
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Fig. 7.10. We can see from Fig. 7.11(a) that, on the whole, the carrier concentrations 

increase with the measurement temperature and doping concentration including the 

undoped film. For the undoped case, the activation energy is changed from En1 = 0.23 to 

En2 = 0.46 eV around 100 oC. Increasing the doping concentration to 3.7×1017cm-3, the 

activation energy En3 is lowered to 0.22 eV from En1. Further increasing the doping 

concentration to 4.9×1018 cm-3 and higher, the carrier concentrations become higher with it 

too, and the temperature dependence disappears as shown in Fig. 7.11(a). The Hall 

mobility tendency in Fig. 7.11(b) is almost the same with the carrier concentration, i.e., µH 

increases with T and doping concentration, except in the high temperature region of 

4.9×1018 cm-3. The detailed explanation will be summarized and discussed in the next 

section. A noticeable behavior is that, for the undoped film in Fig. 7.11(b), the activation 

energy of µH corresponding to mobility barrier height rapidly increases from Eµ1 = 0.02 eV 

to Eµ2 = 0.09 eV with increasing temperature in spite of the increase of µH. This seems 

contrary to a general concept, in which a Hall mobility decreases when a barrier height 

becomes higher. We discuss this behavior as shown below. 

 The crystallized Si film consists of lots of small grains, accompanied by formation of 

grain boundaries which are much defective due to dangling bonds, etc. as shown by SEM 

images in Fig. 5.5 of chapter 5. So, at the grain boundaries, electrical potential barriers are 

formed by trapped carriers of electrons, as well-known. The Hall mobility is expressed in 

term of activation energy Eµ as µH = µHo exp (–Eµ/kT). If the Eµ of the undoped Si film on 

the YSZ/glass is assumed to be constant and equal to 0.09 eV (=Eµ2) of the high 

temperature region (T ≥ 100 oC), an extrapolated line of Hall mobility can be drawn like a 

violet-dashed line in Fig. 7.11(b). Expected Hall mobilities from the extrapolated line in 

the low temperature region (T ≤ 100 oC) are smaller than our experimental results. On the 

other hand, if we assume Eµ of the undoped Si film on the YSZ/glass changes from Eµ2 = 

0.09 eV to Eµ1 = 0.02 eV at 100 oC and a pre-factor µHo are constant through the whole of 

measurement temperature range, an extrapolated line of Hall mobility can be drawn like a 

black-dotted line in Fig. 7.11(b). In this case, expected Hall mobilities from the 

extrapolated line in the low temperature region (T ≤ 100 oC) are higher than our 

experimental results. By the two general assumptions, the obtained mobility behavior in 

our film cannot be explained simply or the behavior of µH for the undoped case cannot be 

explained without simultaneous changes of Eµ and µHo around T = 100 oC. 



Chapter 7 

Electrical Properties of Crystallized Si Films and Performance of Fabricated TFTs 

 

103 

 

      

 (a)  (b) 

 

(c) 

Fig. 7.11  Measurement temperature dependences of (a) carrier concentration n, (b) 

Hall mobility µH, and (c) conductivity σ for the undoped and doped Si films 

crystallized by the two-step method on the YSZs/glasses under the same 

fabrication and measurement conditions with Fig. 7.10. 

 

 In order to support our discussion on Hall mobility behavior of undoped film in Fig. 

7.11(b), we draw energy band diagram models at the measurement temperatures of RT and 

200 oC as shown in Figs. 7.12(a) and (b), respectively, based on the results of Fig. 7.11. 

From the carrier concentration n, the Fermi level EF can be estimated by using n = ni exp 

[(EF – Ei)/kT], where ni and Ei are the intrinsic carrier concentration and the intrinsic Fermi 

level, respectively. A free carrier concentration due to a donor level Ed from the conduction 

band edge  Ec can be expressed as  n ≡ (NdNc)
1/2 exp (Ed−Ec/2kT), where Nd  and Nc  are the  
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donor concentration and effective density of states of conduction band, respectively.111)
 At 

the low temperature region (T ≤ 100 oC), from the activation energy of En1 = 0.23 eV for 

the undoped film [Fig. 7.11(a)], we can estimate a donor level of Ed  = 2En1 = 0.46 eV. It is 

also considered that the activation energy of En2 = 0.46 eV is not a donor level but a trap 

level Et at the grain boundary. This is not only because the trap levels in the Si film are 

generally distributed near the intrinsic Fermi level Ei of ~0.56 eV, but also because 2En2 = 

0.92 eV is near the valence band, which is hardly considered as a donor level. It seems too 

coincidental that the Ed is almost equal to Et, but the reason is not known well at present. 

At RT, since the donor level of 0.46 eV is lower than the Fermi level of 0.34 eV, most of 

the donor level sites are occupied by electrons so that they should be neutral. On the other 

hand, the trap levels which are probably located near the mid-gap of Ei at the grain 

boundaries (GBs) are charged much negatively by the electrons trapped fully there. For 

charge neutrality, the trapped electrons at the grain boundaries should be mainly 

terminated by holes in the valence band because ionized donors at the donor level are few 

at RT. When the measurement temperature increases, electrons are excited from both 

donor levels and trap sites at GBs to the conduction band, and the Fermi level lowers as 

shown in Fig. 7.12(b). As a result, the barrier height should be reduced and the mobility 

should increase. However, for the undoped Si film on the YSZ/glass, both the barrier 

 (a)  (b) 

Fig. 7.12  Energy band diagrams for the undoped Si film on the YSZ/glass at the 

measurement temperatures of (a) RT and (b) 200 oC. 
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height and Hall mobility increase with the measurement temperature as shown in Fig. 

7.11(b). The difference between them can be explained as follows:  

 At RT, as the trapped electrons are mainly terminated by holes in the valence band, it 

is possible that the holes gather in a very narrow region around the GBs to screen the 

negative charges of the trapped electrons. If so, the barrier height should be small, and the 

barrier width should be so thin that a tunneling effect maybe occur in the low temperature 

region (T ≤ 100 oC). Figure 7.13 shows a schematic illustration of charge density 

distribution at a GB, where ρ+ and ρ− are the positive charge density of holes and ionized 

donor and negative charge density of electrons which shows a Dirac delta function, 

respectively. The total charge density (ρ+ + ρ−) is a summation of both the positive and 

negative charge densities. For the ρ−, its value due to trapped electrons at the grain 

boundary is large and distributed in a very narrow space.  ρ− at the neutral region  in grain 

for free electrons is constant and decreases toward near the grain boundary. This is due to 

the decrease of free electron concentration near the grain boundary because EF approaches 

Ei. On the other hand, ρ+ at the neutral region in grain for ionized donor is constant and 

equal to ρ− at the same positions. ρ+ increases toward near the grain boundary due to the 

increase of hole concentration, which is also because EF approaches Ei. Actually, the 

tunneling effect on carrier transportation has been reported previously in the poly-Si 

film.112,113) Taking the tunneling effect into account, the barrier height should be reduced 

effectively. At the high temperature region (100 oC ≤ T ≤ 300 oC), since the carrier 

concentration n increases and the charge density at the GBs is reduced as mentioned above, 

the barrier height should be decreased, but probably still high. As the trapped electrons at 

Fig. 7.13  Schematic illustration of charge density distribution at a grain boundary 

for energy band diagram in Fig. 7.12. 
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the boundaries are terminated not only by holes but also by the thermally generated donor 

ions, the barrier width is more extended than in the lower temperature. Because extension 

of the barrier width suppresses the screening of the trapped electrons and tunneling effect 

of electron transportation, the effective activation energy of Eµ2 increased to be 0.09 eV 

and higher than Eµ1 in spite of reduction of the actual barrier height. 

 The results of conductivity σ for the undoped and doped Si films on the YSZs/glasses 

in Fig. 7.11(c) are quite similar to those of the Si films on the glasses in Fig. 7.10(c). That 

means the conductivity exhibits the behavior of an activation process for both the undoped 

and P-doped films, excepting at high doping concentration of 4.9×1019 cm-3. In Fig. 

7.11(c), the activation energy of the undoped Si film on the YSZ/glass is changed from 

0.25 to 0.55 eV around 100 oC. Since Eσ2 is near half of energy gap Eg/2 or intrinsic energy 

level Ei, the carrier may be generated from carrier traps at grain boundaries due to thermal 

excitation. On the other hand, in the low temperature region (T ≤ 100 oC), carriers are 

excited from the some donors with an impurity level around 0.46 eV [Fig. 7.11(b)]. Also, 

at the low temperature, free carriers are hardly excited from the trap levels at the GBs. For 

the doped Si film on the YSZ/glass cases, the activation energies are lower than Eσ2 = 0.55 

eV of the undoped film and decrease with increasing doping concentration. For the films at 

the highest doping concentration of 4.9×1019 cm-3, the saturation tendency of conductivity 

can be also attributed mainly to the saturation of carrier concentration. 

 

7.1.6   Summary of electrical properties and models for the undoped and P-

doped crystallized Si films at room temperature  

 (a)  For crystallized Si films on the glasses 

 In order to discuss the behaviors of electrical properties more in details, Figs. 7.14(a) 

and (b) show the summaries of the doping concentration dependences of carrier 

concentration and its activation energy, and the doping concentration dependences of Hall 

mobility and its activation energy, respectively, for the undoped and P-doped Si films on 

the glasses at RT. In Fig. 7.14(a), the solid black line shows the carrier concentration, 

equal to the doping concentration or 100 % activation line. Figures 7.14(c) and (d) show 

the schematic models for doped P effect on electrical property for the Si/glass films in the 

low and high doping concentrations, respectively. It can be seen from Fig. 7.14(a) that, for 

the undoped and low doped films, carrier concentrations n and activation energies Ens are 
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almost the same. Moreover, n of the low doped film is much lower than the doping 

concentration (indicated by the solid black line). The Ens are near the intrinsic Fermi level 

Ei (~0.56 eV) and considered to be the trap levels as mentioned earlier. Increasing the 

doping concentration up to the middle of 1018 cm-3, the carrier concentration increases 

rapidly whereas its activation energy decreases abruptly to around the ionization energy of 

P dopants (~0.045 eV).114,115) Further increasing doping concentration, the carrier 

concentration further increases and the activation energy decreases. From this result, it is 

considered that, for the low doped film, all of P dopants probably segregate to the GBs and 

passivate  the crystalline defects there, such as  termination of  dangling bonds, as shown in  

      

 (a)  (b) 

 

 (c)  (d) 

Fig. 7.14  (a) and (b) are the summaries of the doping concentration dependences of 

carrier concentration and its activation energy, and the doping 

concentration dependences of Hall mobility and its activation energy, 

respectively, for the undoped and P-doped Si films on the glasses at RT. (c) 

and (d) are the schematic models for the doped P effect on electrical 

property in the low and high doping concentrations, respectively. 



Chapter 7 

Electrical Properties of Crystallized Si Films and Performance of Fabricated TFTs 

 

108 

 

Fig. 7.14(c). However, since the amount of defects is too large, the amount of P dopants 

are not enough to passivate most of them. On the other hand, at the high doping 

concentration as shown in Fig. 7.14(d), the amount of P for passivation is enough and a 

large number of P are thermally activated to supply the free electrons. 

 From Fig. 7.14(b), it is found that the Hall mobility µH and its activation energy Eµs 

for the undoped and low doped around middle of 1017 cm-3 films are almost the same. This 

is because the free electrons hardly move due to the large amount of crystalline defects as 

mentioned above. Increasing the doping concentration to around the middle of 1018 cm-3, 

the µH decreases to a minimum whereas the Eµ or barrier height reaches a maximum. This 

is because the thermally activated electrons are more trapped at the GBs, which extends the 

depletion regions around the GBs. The doping concentration around the middle of 1018 cm-

3 is considered as the critical value at which the depletion regions reach maxima or the 

grains are fully depleted. Further doping, the barrier height or Eµ is reduced due to the 

reduction of the depletion region. Free electrons can move easier and smoother. As a 

result, the µH increases again. 

 

(b)  For crystallized Si films on the YSZs/glasses 

 Figures 7.15(a) and (b) show the summaries of the doping concentration dependences 

of carrier concentration and its activation energy, and the doping concentration 

dependences of Hall mobility and its activation energy, respectively, for the undoped and 

P-doped Si films on the YSZs/glasses at RT. The solid black line also indicates the same in 

Fig. 7.14(a). Figures 7.15(c) and (d) show the schematic models for the doped P effect on 

electrical property for the Si/YSZ/glass films in the low and high doping concentrations, 

respectively. Comparing Fig. 7.15(a) with Fig. 7.14(a), the carrier concentrations of the 

undoped and middle 1017 cm-3 doped Si films on the YSZs/glasses are higher than those of 

the Si films on the glasses, indicating the larger amount of activated carriers. The 

activation energies Ens of the formers are about half of those for the latters.  These results 

suggest that the amount of crystalline defects in the Si films on the YSZs/glasses is much 

less than in the Si films on the glasses, or that the trap density is lower than that of the 

Si/glass case as shown in Fig. 7.15(c). The origin of this donor level for the Si/YSZ/glass, 

which is much deeper than the ionization energy of P dopant (0.045 eV) is not well-known 

at present, but this might be due to Zr atoms116) diffused from the YSZ layer into the Si 

film as shown in the SIMS profile of Fig. 5.19 in chapter 5.  At the higher doping 
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concentration, behaviors of n and En of the Si/YSZ/glass case are similar to those of the 

Si/glass case in Fig. 7.14(a), but a little larger. Actually, the activation ratio of the 

Si/YSZ/glass is near 100 %, but that of the Si/glass is ~90 % at the doping concentration of 

4.9×1019 cm-3. The Hall mobility of the Si films on the YSZs/glasses in Fig. 7.15(b) 

increases without a minimum and the maximum of activation energy Eµ shifts toward the 

lower doping concentration, compared with that of the Si films on the glasses in Fig. 

7.14(b). This result is also considered due to the smaller amount of crystalline defects in 

the  Si/YSZ/glass  case, compared with the  Si/glass  case, which leads to the smaller Eµ or 

     

 (a)  (b) 

 

 (c)  (d) 

Fig. 7.15  (a) and (b) are the summaries of the doping concentration dependences of 

carrier concentration and its activation energy, and the doping 

concentration dependences of Hall mobility and its activation energy, 

respectively, for the undoped and P-doped Si films on the YSZs/glasses at 

RT. (c) and (d) are the schematic models for the doped P effect on 

electrical property in the low and high doping concentrations, respectively. 
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lower barrier height. As a result, free electrons can move more easily, leading to the higher 

Hall mobility. 

 

7.2   Performance of fabricated TFTs 

 We have discussed in chapter 6 that the Si/YSZ/metal/glass structure is not suitable 

for bottom-gate TFT fabrication due to the occurrence of bubbles or holes on surface of the 

crystallized Si film. On the basic of crystallinity of the Si films crystallized by the two-step 

method using pulsed laser, we proceeded the fabrication of top-gate TFTs for the two 

structures of the Si/glass and Si/YSZ/glass. The fabrication procedure was already 

mentioned in chapter 3. It is supposed that uniform crystallization of the Si film influences 

the uniformity in performance of the fabricated TFTs strongly. Therefore, after fabrication, 

we measured and estimated the uniformity in performance of fabricated TFTs for each 

structure of Si/glass and Si/YSZ/glass. Figures 7.16(a) and (b) show typical transfer and 

output characteristics of the fabricated TFTs for the Si/glass structure with W = L = 40 µm. 

In Fig. 7.16(a), the transfer characteristic was measured at drain voltage VD = 0.1 V. It can 

be seen that the TFTs can operate with relatively small off leakage current of ~10-12 A. The 

gate leakage current is also smaller than the order of 10-10 A (the data are not shown). The 

ON/OFF ratio is in the order of 106. Also, the highest achieved electron field-effect 

mobility is up to 105 cm2V-1s-1. In Fig. 7.16(b), we can observe appropriate operation 

although the linear and saturation regions are not distinguished obviously. This may be 

ascribed to ion drift in the gate oxide film. The details will be discussed later. 

 Figures 7.17(a) and (b) show typical transfer and output characteristics of the 

fabricated TFTs for Si/YSZ/glass structure under the same condition as Fig. 7.16. From 

Fig. 7.17(a), it can be also seen that the TFTs can operate with relatively small off leakage 

current of ~10-12 A. The gate leakage current is also smaller than the order of 10-10 A (the 

data are not shown). The ON/OFF ratio is also in the order of 106. The highest achieved 

electron field effect mobility is up to 115 cm2V-1s-1, a little higher than that for the Si/glass. 

From Fig. 7.17(b), we can also observe appropriate operation with higher drain currents 

than those of the Si/glass in Fig. 7.16(b). However, the linear and saturation regions are not 

also distinguished clearly like the case of Si/glass. 
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Fig. 7.16  (a) Transfer and (b) output characteristics of a fabricated poly-Si TFT for 

Si/glass structure with W = L = 40 µm. 
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Fig. 7.17  (a) Transfer and (b) output characteristics of a fabricated poly-Si TFT for 

Si/YSZ/glass structure with W = L = 40 µm. 

  

 We estimated and summarized several important parameters of the device 

characteristics for the two structures of the Si/glass and Si/YSZ/glass. The field-effect 

mobility (µeff) and subthreshold swing (S.S) are evaluated from the linear and subthreshold 

regions, respectively, at VD = 0.1 V. The ON/OFF current ratio is defined as the ratio of 

maximum drain current IDmax over minimum drain current IDmin within the measured range 

of ID-VG curve at VD = 0.1 V. The threshold voltage (Vth) is determined by an interception 

of linear extrapolation of the ID-VG curve at VD = 0.1 V. The detailed determination of 

these parameters is mentioned in Appendix K. Table 7.1 summarizes the average values of 
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device parameters together with their standard deviations of the TFTs with W = L = 40 µm 

for the two structures. For each structure, 15 TFTs were measured. It can be seen that the 

TFTs fabricated on the Si/YSZ/glass structure exhibit a relatively higher µeff with smaller 

deviation than those on the Si/glass. The average Vth and average S.S of TFTs fabricated 

on the Si/YSZ/glass are both smaller with smaller deviations than those on the Si/glass. On 

the other hand, the average ON/OFF current ratio of TFTs fabricated on the Si/YSZ/glass 

is a little lower than those on the Si/glass. The field-effect mobility, threshold voltage, and 

subthreshold swing are strongly affected by the presence of grain boundaries and defects 

inside the channel. Therefore, comparing to the TFTs fabricated on the Si/glass, the 

relatively better performance of the TFTs fabricated on the Si/YSZ/glass are considered 

owing to the better crystalline quality of the Si film on the YSZ/glass. This is thank to the 

crystallization-induction effect of the YSZ layer as discussed in the previous chapters. The 

superior device-to-device uniformity (expressed by smaller standard deviations) of the 

TFTs fabricated on the Si/YSZ/glass than on the Si/glass is considered to be due to the 

more uniform grain size and crystalline defects distributions in the Si films for the former 

than for the latter. 

 

Table 7.1   Average values of field-effect mobility µeff, threshold voltage Vth, and 

subthreshold swing S.S together with their standard deviations, and 

average ON/OFF ratio of the TFTs with W = L = 40 µm for the two 

structures of the Si/glass and Si/YSZ/glass. 

 
Field-effect mobility 

µeff (cm2V-1s-1) 

Threshold voltage 

Vth (V) 

Subthreshold swing 

S.S (mV/dec.) 

ON/OFF 

ratio 

 
Average 

value 

Standard 

deviation 

Average 

value 

Standard 

deviation 

Average 

value 

Standard 

deviation 

Average 

value 

Si/glass 40.3 28 2.83 0.78 426 99 1.74×106 

Si/YSZ/glass 78.1 18 2 0.22 306 31 9.14×105 

 

 We also observed a hysteresis phenomenon in the fabricated TFTs for the both 

structures of the Si/glass and Si/YSZ/glass. Figure 7.18 shows transfer characteristics of 

the TFTs with W = L = 40 µm fabricated on both the Si/glass and Si/YSZ/glass structures. 

In the measurements, the gate voltage was swept forward from -5 to 8 V, and then 

backward from 8 to -5 V. It can be seen clearly that the threshold voltages of backward 

sweeping (BS) curve shift to lower values than those of the forward sweeping (FS). The 
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width of hysteresis for the Si/glass is a little larger than that for the Si/YSZ/glass. Further, 

the BS curve seems to show some improvement in subthreshold swing in comparison with 

the FS curve. At present, the reason for these hysteresises is not well known. In the C-V 

measurement, a hysteresis was observed in ion-drift type, which means the presence of 

mobile ions in the gate oxide. It is supposed that these mobile ions strongly affect the 

device performance of the fabricated TFTs and cause the hysteresis phenomenon. The drift 

ions are probably produced due to low-temperature fabrication process of the gate oxide of 

SiO2. Since low-temperature process sometimes brings imperfect structure, impurities, and 

unreacted ions in produced films. If the post-annealing is performed at a higher 

temperature, e.g., 400 oC, the hysteresis width might be reduced. Also, these drift ions 

affect TFTs output characteristics like Figs. 17.6(b) and 17.7(b). Pinch-off voltage Vp is 

expressed by Vp = VG – Vth. If Vth is a negative value due to ion drift effect, Vp should be a 

large positive value. For example, when Vth is -3 V as shown in the dashed circle A region 

of Fig. 7.18, Vp is 7 V for VG = 4 V. Then, a linear region should be observed in TFT 

output characteristics like Figs. 7. 16(b) and 7.17 (b). But, if Vth is a positive value, we 

maybe observe a saturation region. From now on, we should further investigate to find 

causes for the hysteresis phenomenon clearly, including other unideal ones. 

   

 

Fig. 7.18  Hysteresis phenomenon occurring in the transfer characteristics of 

fabricated poly-Si TFTs with W = L = 40 µm at VD = 0.1 V for the two 

structures of the Si/glass and Si/YSZ/glass. 

 

A 

B 
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7.3   Summary 

 We measured the carrier concentration, Hall mobility, and conductivity of the Si films 

crystallized by pulsed laser in solid phase by using the two-step method and YSZ CI layer. 

The resistivity and AC Hall effect measurement results for both the undoped and doped Si 

films revealed that higher mobility and carrier concentration (therefore higher 

conductivities) are obtained for the Si/YSZ/glass structure, compared with those of the 

Si/glass. Therefore, we can conclude that Si films crystallized on the YSZ layers are more 

suitable for application in electronic devices. From these results, we can expect a high 

performance of TFTs made from an Si film crystallized on the YSZ layer by the two-step 

method.  

 Actually, we have fabricated poly-Si TFTs on the two structures of the Si/glass and 

Si/YSZ/glass. The device parameters of field-effect mobility µeff, threshold voltage Vth, 

subthreshold voltage S.S, and ON/OFF current ratio of the fabricated TFTs were estimated 

as well as their uniformity. It was found that the TFTs fabricated on the Si/YSZ/glass 

exhibit a relatively better performance and superior device-to-device uniformity than those 

on the Si/glass. This result is considered owing to the better crystalline quality of the Si 

film on the YSZ/glass and uniform distribution of grains as well as crystalline defects, 

which indicating effectiveness of the crystallization-induction effect of the YSZ layer. 

However, a hysteresis phenomenon was observed in the TFTs characteristics. Although the 

hysteresis mechanism is not well known at present, it might be related to the presence of 

mobile ions in the gate oxide. 
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Chapter 8:  

General Conclusions and Future Prospects  

 In this study, in order to obtain a low-temperature poly-Si film with uniform grain size 

and crystallographic orientation, low impurities, and smooth surface, our laboratory has 

used a crystallization-induction (CI) layer of YSZ, which enhances the crystallization of a 

deposited poly-Si film due to its crystalline information. Further, to reduce the fabrication 

temperature to around room temperature and to reduce surface roughness as well as to 

avoid the diffusion of impurity from the CI-YSZ layer, we proposed to use the two-step 

irradiation method with pulsed laser annealing (PLA). To do this, we investigated the 

crystallization of a-Si films on YSZ layers by PLA. This study includes the two main parts. 

The first part is investigating and comparing crystalline quality of Si films crystallized on 

YSZ layers and on glass substrates by PLA. Thence, crystallinity information of the Si film 

including the CI effect of YSZ layer can be obtained. The second one is the proposal of a 

new irradiation method or the two-step method for further improving the crystallinity of Si 

films. The crystalline quality of Si films crystallized by the two-step method is 

investigated. In this chapter, the results and discussion of this study are summarized, 

followed by some suggestions for future works. 

 

8.1   General conclusions  

8.1.1  CI effect of YSZ layer on quality of crystallized Si film 

 Quality of the solid-phase crystallized Si films on the glass substrates with and without 

a YSZ-CI layer by PLA was investigated. The obtained results are as follows:  

 For the Si/YSZ/glass, at a low irradiation energy density E, nucleation occurred 

faster at the YSZ interface than in the bulk of the a-Si film, which is considered 

thanks to the CI effect of the YSZ layer. This suggests that the nucleation sites can 

be controlled on the YSZ interface to make crystallization growth proceed to the 

film surface smoothly without random nucleation.  

 It was revealed that the crystallization rate to E was lower for the Si/YSZ/glass than 

for the Si/glass. This is because the optical absorption in the Si film for the 

Si/YSZ/glass is lower than that for the Si/glass.  
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 At the same crystallization degree, crystalline quality of the Si film on the YSZ 

layer was better than that on the glass substrate. It can be considered that, in the 

Si/YSZ/glass, Si atoms are arranged more orderly during the phase transition from 

amorphous to crystalline and the defect density is lower than in the Si/glass. This 

may be due to the CI effect of the YSZ layer.  

 The film tensile stress behavior was explained by the mass density change from the 

amorphous phase to the crystalline phase.  

 The crystallization degrees of both the structures Si/glass and Si/YSZ/glass 

increased with the pulse number (or annealing time) and tended to saturate even at 

a short annealing time. This saturation behavior was found to be a self-limiting 

process, by which the crystallization of Si films can be performed in a relatively 

stable manner even if E fluctuates within a certain range during irradiation.  

 From the above results, it is expected that annealing with low E produces Si films with 

better crystallinity. However, since the crystallization rate is so low and the crystalline 

fraction is saturated at a short annealing time with self-limiting behavior, it should take a 

very long time or might be impossible to complete the crystallization. Annealing with high 

E can reduce the annealing time, but the crystallized Si film quality becomes poorer or 

more defective due to faster random nucleation and crystallization growth.  

 

8.1.2  By using the two-step method, improving the Si film crystalline quality 

 On the basis of the aforementioned results, we proposed the two-step method to 

further improve the crystallinity of the Si films, and crystallized a-Si films on YSZ-CI 

layers by the two-step method with PLA without intentional melting. Their properties were 

investigated and compared with those obtained by the one-step method. We obtained the 

following results:  

 The crystallization growth from the YSZ interface is more enhanced by the two-

step method than by the one-step (or conventional) method. It was found that a 

higher crystallization degree, better crystalline quality, and a larger grain size were 

obtained by the two-step method, compared with the one-step method at the same 

total annealing time and lower total irradiation energy density.  

 Comparing the two structures of Si/YSZ/glass and Si/glass at their own optimized 

irradiation conditions, we obtained a better crystalline quality in the former.  
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 Since the crystalline quality of Si films is much improved by the two-step method, 

we also proposed a three-step method for further improving crystalline quality of 

the Si film. Although crystalline fraction of the Si films obtained by the three-step 

method is a little higher than that of the two-step method, the film quality of the 

former seems to be inferior in comparison with the latter. Also, considering mass 

production, the three-step method is not suitable. Therefore, we decided to use the 

two-step method for next investigations. 

 By applying the two-step method, we succeeded in crystallization of a-Si films on 

YSZ-CI layers under the crystallization condition for area expansion. Their film 

crystalline quality was investigated and compared with those of the one-step 

method. It was revealed that the crystallinity of the Si films is improved by the two-

step method in the case of the sample moving during the irradiation as well as the 

static case. The (111)-preferential orientation of the YSZ was found to be 

transferred into the crystallized Si film, thanks to the CI effect of the YSZ. The 

smooth surface of the crystallized Si film and no incubation layer at the interface 

was obtained. The diffusion of Zr and Y from the YSZ layer into the crystallized Si 

film was found to be as small as or lower than the order of 1017 atoms/cm3. 

However, these impurities should be further suppressed for device application. 

 We also measured the carrier concentration, Hall mobility, and conductivity of the 

crystallized Si films by using the resistivity and AC Hall effect measurements. The 

results for both the undoped and doped Si films revealed that the higher mobility 

and carrier concentration (therefore higher conductivities) are obtained for the 

Si/YSZ/glass structure compared with those of the Si/glass.  

 

8.1.3  Effect of metal films on enhancing crystalline quality of Si films 

 On the basis of the results obtained for the Si/glass and Si/YSZ/glass, we investigated 

crystalline quality of the Si/YSZ/metal/glass structure crystallized by both the one-step 

and two-step methods. It was found that higher crystallization degree and better crystalline 

quality were obtained by the two-step method compared with the one-step method at the 

same annealing time and lower total irradiation energy density. This indicates that the two-

step method is also effective in improving crystalline quality of Si films on 

YSZ/metal/glass. Moreover, the metal layer has a small heating effect on enhancing 

crystalline quality of the Si film. Irradiation condition was optimized for bottom-gate poly-
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Si TFTs fabrication. However, considering the occurrence of bubbles or holes on surface 

of the crystallized Si film, the Si/YSZ/metal/glass structure is not suitable for bottom-gate 

TFT fabrication. 

8.1.4  Performance of the fabricated top-gate TFTs 

 The investigation of film crystalline quality reveals that Si films crystallized on the 

YSZ layers by the two-step method are more suitable for application in electronic devices. 

Moreover, the Si/YSZ/metal/glass structure is not suitable for bottom-gate TFT 

fabrication. Therefore, we proceeded the fabrication of top-gate TFTs on two structures of 

Si/glass and Si/YSZ/glass, in which Si films were crystallized by the two-step method with 

pulsed laser. The device parameters of field-effect mobility µeff, threshold voltage Vth, 

subthreshold voltage S.S, and ON/OFF current ratio of the fabricated TFTs were estimated 

as well as their uniformity. It was found that the TFTs fabricated on the Si/YSZ/glass 

exhibit a relatively better performance and superior device-to-device uniformity than those 

on the Si/glass. This result is considered owing to the better crystalline quality of the Si 

film on the YSZ/glass and uniform distribution of grains as well as crystalline defects, 

which indicating effectiveness of the crystallization-induction effect of the YSZ layer. 

However, a hysteresis phenomenon was observed in the TFTs characteristics. Although the 

hysteresis mechanism is not well known at present, it might be related to the presence of 

mobile ions in the gate oxide. 

 

8.2   Future prospects 

 In this study, material properties of the Si thin films crystallized on the YSZ layers in 

solid phase by PLA method have been investigated. It is believed that Si films crystallized 

on the YSZ layers are more suitable for application in electronic devices than on the glass 

substrates. On the basis of the investigated results, we fabricated top-gate TFTs and 

investigated their characteristics. Although the fabricated TFTs exhibit appropriate 

operation with relatively high characteristics, hysteresis and other undesired phenomena 

occurred. Therefore, firstly, it is needed to further improve the film fabrication process as 

well as the crystallization process, using a CI layer of YSZ. Then, issues of TFTs should be 

solved and their performance should be improved. The future prospects can be concretized 

as follows: 
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8.2.1  Improving crystalline quality of Si films 

 a) Surface treatment of YSZ layer 

 Previous study pointed out that an a-Si film deposited on cleaned surface of a YSZ 

layer will crystallized at a lower temperature in SPC process, compared with on a glass 

substrate as mentioned in the chapter 1. It is considered that a cleaned surface of the YSZ 

layer can also enhance crystalline quality of the Si film. Therefore, in-situ cleaning of the 

YSZ surface in the Si film deposition chamber just before an a-Si film deposition can be 

considered as a method to obtain a better crystalline quality of poly-Si film. To do this, we 

will use a reflection high-energy electron diffraction (RHEED) beam to irradiate surface of 

the YSZ layer during the vacuum annealing process before an a-Si film deposition. We can 

expect that the electron beam irradiation has an effect on enhancement of a-Si 

crystallization with its better quality. 

 

 b) Reducing the diffusion of Zr and Y into the Si film 

 In chapter 5, we have discussed the reason of slight diffusion of Zr and Y into the Si 

film. This is because a certain amounts of chemically unstable Zr and Y due to HF dipping 

might remained on the YSZ surface before an a-Si film deposition. In order to reduce their 

diffusion, it is supposed that the cleaning process as well as the HF dipping before the a-Si 

film deposition should be optimized. 

 

8.2.2  Improving performance of TFTs 

 Although the origin and mechanism of hysteresis in TFT operation have not been 

identified clearly at present, it is supposed that it is related to the mobile ions existing in 

the gate oxide. In order to reduce these mobile ions, after TFTs fabrication, we will 

perform a post-annealing at a higher temperature (e.g., 400 oC) than 350 oC at present, 

and/or longer time (e.g., 60 min) than 30 min at present. Further, in order to reduce the 

large subthreshold swing, the interface property between gate oxide layer and crystallized 

Si film should be improved by optimizing the oxide deposition and post-annealing 

conditions. 
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Appendix A:  

Films Cleaning Processes 

A.1  Substrate cleaning before a YSZ layer deposition 

 Figure A.1 shows a substrate cleaning 

process before the deposition of YSZ layer. 

First, the substrate is cleaned with Semico 

Clean 56 glass cleaner for 5 min in ultrasonic 

to remove adsorbed contaminants from the 

atmosphere. Then, it is rinsed twice with 

deionized water (DIW) in ultrasonic to remove 

Semico Clean 56 solution. Next, the substrate 

is rinsed with ethanol in ultrasonic to further 

cleaning the surface. After that, it is dipped in 

boiled ethanol for ten minutes. Finally, it is 

dried with nitrogen gun. 

 

A.2  Cleaning and setting processes of a YSZ/glass film before deposition 

of an a-Si film 

 A chemical cleaning process of a 

YSZ/glass film before an a-Si film 

deposition is shown in Fig. A.2. The 

cleaning process can be divided into 

three main parts of pre-cleaning, HF-

dipping, and rinsing. The pre-cleaning 

consists of three steps, starting from 

cleaning with DIW to cleaning with 

ethanol, followed by rinsing with DIW. 

It is known that the as-deposited YSZ 

layer surface is dirty because of the 

exposure to the atmosphere when the 

sample is stored and transported in the 

Fig. A.1  Substrate cleaning process 

sequence before YSZ film 

deposition. 

Cleaning with Semico Clean 56 

Twice cleaning with DIW  

Cleaning with ethanol  

Dipping in boiled ethanol  

Fig. A.2   YSZ/glass film cleaning process 

sequence before a-Si film 

deposition. 

Cleaning with DIW 

Cleaning with ethanol 

Rinsing with DIW  

Dipping in diluted 5% HF  

Rinsing with DIW  

Pre-

cleaning 
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laboratory environment. These contaminants will be removed roughly by the pre-cleaning 

process. After that, the heavily contaminated and damaged surface of the as-deposited YSZ 

layer is removed more effectively by dipping in diluted 5 % HF for 3 min. The sample is 

then rinsed in DIW to remove HF and fluorine (F) from the YSZ layer surface. Finally, it is 

dried with nitrogen gun. The pre-cleaning and rinsing processes are carried out in 

ultrasonic for 3 min.  

 The cleaned YSZ/glass sample is then put on a molybdenum sample holder with 

indium (In) as a binder in order to increase the thermal contact between the holder and the 

substrate, which increases the heating uniformity for the sample. First, the sample holder is 

heated up to 250 oC by using hot plate. Then, a small amount of pure In is put on the 

sample holder. Under the condition of 250 oC, In is quickly melted because it has a low 

melting point of 156.60 oC. After that, the melting In is spread out an area which equals in 

size to the sample. Next, the sample is put on the sample holder carefully. 

A.3  Cleaning process of an as-deposited a-Si film before crystallization 

 The as-deposited a-Si film is cleaned with Radio Corporation of America (RCA) 

method before the crystallization. RCA cleaning method involves three main steps: 

removal of the organic contaminants, removal of thin oxide layer, and removal of ionic 

contamination. The Si wafer or glass substrate is prepared by soaking them in DI water. 

The first step is performed with a 1:1:4 solution of NH4OH (ammonium hydroxide) + H2O2 

(hydrogen peroxide) + H2O (water) at 75 or 80 °C typically for 10 minutes. This treatment 

results in the formation of a thin silicon dioxide layer (about 0.1 nm) on the Si surface or 

glass substrate, along with a certain degree of metallic contamination (notably Iron) that 

will be removed in subsequent steps. This is 

followed by transferring the wafer or glass 

substrate into a DI water bath. The second step 

is a short immersion in a 1:50 solution of HF + 

H2O at 25 °C, in order to remove the thin oxide 

layer and some fraction of ionic contaminants. 

The third and last step is performed with a 

1:1:6 solution of HCl + H2O2 + H2O at 75 or 80 

°C. This treatment effectively removes the 

remaining traces of metallic (ionic) 

contaminants. 

Fig. A.3  RCA cleaning method. 

Cleaning with DIW 

Dipping in 1NH4OH + 1H2O2 + 4H2O 

Rinsing with DIW  

Dipping in 1HF + 50H2O 

Dipping in 1HCl + 1H2O2 + 6H2O 
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Appendix B:  

Deposition Modes for YSZ Layers 

Generally, the changes in condition of the metallic target surface are affected by the 

reactive gas flow. In the deposition of YSZ film, sputtering target consist of (Zr + Y) 

metallic cathode target. Sputtering deposition is conducted at (Ar + O2) mixed gases. The 

oxygen is the reactive gas element, which will oxidize the metallic target surface at a 

certain flow rate or partial pressure. An increase in reactive-gas injection causes an 

increase in the density of reactive species on the cathode surface and/or growing surface of 

thin films. The reactive gas elements are incorporated in the deposited thin films. 

Depending on the flow of reactive gas, operating can be divided into two distinct regions, 

which are a metallic mode and a compound (or in our case, oxide) mode. The former 

occurs at a low flow rate of oxygen gas whereas the latter occurs at a high flow rate of 

oxygen gas. Figures B.1(a) and (b) show the schematic illustrations of the metallic and 

oxide modes, respectively. In the metallic mode, the target surface is free from reaction 

products and pure metal particles are sputtered. The reactive gas is absorbed by or reacted 

with the sputtered metal atoms at the substrate surface, so that an oxide film is deposited. 

For the oxide mode, the target surface is completely covered with a thin oxide layer. Oxide 

particles are sputtered from this layer. The sputtering yield of the oxide particles in most 

cases is lower, resulting in a lower deposition rate, than that in the metallic mode. The 

M: metal             

O: oxygen 

(a) Metallic mode                                                      (b) Oxide mode 

Fig. B.1  Schematic illustration of deposition modes for YSZ layers. 
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transition between both modes is normally abrupt and exhibits a hysteresis behavior, for 

example in the discharge, as shown in Fig. B.2.  

 Figure B.2 (a) shows the relationship between discharge voltage and O2 flow rate with 

a total pressure of 1 mTorr from the literature,117) and a similar characteristic is observed in 

our work as shown in Fig. B.2(b).118) The closed and open circles represent the increasing 

stage from 0% to 11% of O2 flow rate and decreasing stage from 11% to 0%, respectively. 

In Fig. B.2(a), the drop in discharge voltage from 530 to 390 V at point B in the increasing 

stage is attributed to the formation of oxides on the target surface. This oxide is removed 

when the O2 flow rate reduced to 4% in the decreasing stage where the oxygen flow can no 

longer maintain the oxide layer during the continuous sputtering. The target surface now 

becomes metallic again. It is supposed that emission of the secondary electrons from the 

(a) 

(c) 
Fig. B.2 Variations of (a) discharge 

voltage from literature, (b) 

discharge voltage in our work, 

and (c) deposition rates with 

O2 flow rates. In our work, the 

sputtering power is kept 

constant at 100 W.  

(b) 
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target surface is one of the causes for the changes in discharge voltage. Normally, the 

emission coefficient of the secondary electrons from an oxide surface is larger than that 

from metal surface. This means that more secondary electrons are emitted from the oxide 

surface than from the metallic surface, resulting in a higher discharge current. If the 

sputtering system power is kept constant, the increase in discharge current leads to the 

decrease in discharge voltage, and vice versa. In our work [Fig. B.2(b)], the final discharge 

voltage after decreasing oxygen flow to 0 sccm is higher than the voltage at the initial stage 

of the experiment. The reason can be considered that our target surface is partially oxidized 

before the experiment. 

 Since the sudden decrease of the discharge voltage is drastic, the deposition rate will 

also be affected and change with the O2 flow rate. Figure B.2(c) is a plot of deposition rate 

versus oxygen flow rate. It also shows a hysteresis loop similar to Fig. B.2(a), the 

deposition rate is almost constant at 40 nm/min from A to B for increasing O2 flow rate 

from zero, and the films obtained are metallic. At O2 flow rates greater than 10%, the 

target is completely covered with an oxide layer which causes a smaller sputtering yield so 

that the deposition rate decreases drastically to 4 nm/min and the film becomes a 

transparent oxide material. Upon reducing the O2 flow rate from C to A, the deposition rate 

returns to the original metallic mode at point E. 
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Appendix C:  

Capping and Passivation Layers Deposition by 

APCVD, and Ion Implantation 

C.1  Deposition of silicon oxide (SiO2) capping and passivation layers  

 C.1.1  Atmosphere pressure chemical vapor deposition (APCVD) system 

 Figure C.1 shows the schematic illustration of APCVD system used to deposit SiO2 

films in this work. The system consists of a deposition chamber, which is connected with a 

silicone oil (SO) flask and an ozonizer. The SO ([SiO(CH3)2]nO[Si(CH3)3]2) vapor (GE 

Toshiba Silicones TSF451-10, kinematic viscosity of 10 mm2/s) is vaporized directly by 

bubbling with N2 gas.119) The ozone (1–5%) is generated by the ozonizer from 99.9995% 

O2 gas. Since ozone (O3) is very harmful to the atmosphere and human health, the 

remaining O3 is destroyed by the reaction with atomic oxygen (O) to form O2 gas in the 

electric furnace before being exhausted to the atmosphere. 

 

Fig. C.1  Schematic illustration of the APCVD system used for the deposition of SiO2 

films using SO vapor and O2 + O3 gas. 
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 C.1.2  Deposition procedure 

 The chemically cleaned samples with as-deposited a-Si films by RCA method (see 

Appendix A.3) are put on the substrate holder, which then is loaded in the deposition 

chamber. Next, the showerhead, substrate holder, and the SO are heated at temperatures of 

50 oC, 200 oC, and 50 oC, respectively. Subsequently, the SO is vaporized directly by 

bubbling with N2 gas at a flow rate of 0.35 slm through a Teflon tube heated to about 50 oC 

to avoid condensation of SO vapor. The generated ozone by ozonizer at O2 gas flow rate of 

0.1 slm is introduced into the deposition chamber together with the SO vapor. The 

deposition of SiO2 is carried out with a deposition rate of ~12 nm/min. 

 

C.2  Phosphorus (P) ion implantation  

 After the deposition of SiO2 capping layer, the samples are post-annealed in N2 

ambient at 350 oC for 30 min to improve quality of the SiO2. Then, they are rinsed with 

ethanol prior to setting into the sample holder of ion implantation system. The used 

implantation system is NH-20SR produced by Nisshin electric company. Table C.1 lists 

some important features of the NH-20SR. Phosphorus atoms are implanted into the a-Si 

films at an acceleration voltage and ion dose of 40 kV and 4.44×1012 cm-2, respectively. 

 

Table C.1  Some important features of NH-20SR ion implanter. 

Acceleration energy 10 keV to 200 keV 

Implantation area within a diameter of 90 mm 

Ion species a lot of materials can be used 

Sample temperature −195.79 °C (liq. N2 temperature) to 400 °C 

Dose amount 1010 to 1016 (or 1017) atoms/cm2 
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Appendix D:  

X-ray Diffraction (XRD) 

 X-ray diffraction (XRD) is one of the non-destructive analytical techniques, which 

reveals information about crystal structure of materials and thin films. This technique is 

based on diffraction phenomenon of X-ray. The measurement system observes the 

scattered intensity of an X-ray beam hitting a sample as a function of incident and scattered 

angles. XRD is used in this study to evaluate crystallinity of YSZ layers.  

 In XRD, characteristics X-rays from materials such as copper (Cu), cobalt (Co), and 

molybdenum (Mo) are generally used. The used system has a Cu target for the X-ray 

beam. The diffraction of X-rays depends on the crystal structure and on the wavelength. At 

a wavelength of the radiation which is comparable with or smaller than the lattice constant, 

we may find diffracted beam directions quite different from the incident direction.120) W. 

L. Bragg presented a simple explanation of the diffracted beams from a crystal. It is 

supposed that the incident waves are reflected from parallel planes of atoms in the crystal, 

with each plane reflecting like a mirror, but only a very small fraction of the radiation. In 

mirror-like reflection, the angle of incidence is equal to the angle of reflection.  The 

diffracted beams are found when the reflections from parallel planes of atoms interfere 

constructively, as shown in Fig. D.1(a). Considering parallel lattice planes spaced d apart, 

the path difference for rays reflected from adjacent planes is 2d sin , where  is measured 

from the plane [Fig. D.1(b)]. Constructive interference of the radiation from successive 

planes occurs when the path difference is an integral number n of wavelengths , so that 

 2d sin n   (D.1) 

 This is the Bragg’s law, which can only be satisfied when  2d . 
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 (a) (b) 

Fig. D.1    Schematic illustration for XRD in a crystal. 

 XRD can be applied to: 

 measure the average spacing d between layers or row of atoms, 

 identify crystalline phases and orientation, 

 determine structural properties: lattice parameters, strain, grain size, epitaxy, 

phase composition, preferred orientation, order-disorder transformation, thermal 

expansion, 

 measure thickness of thin films and multi-layers, and 

 determine atomic arrangement. 
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Appendix E:  

Raman Spectroscopy 

 Raman spectroscopy is a spectroscopic technique used to study vibrational, rotational, 

and other low-frequency modes in a system.121) It relies on Raman scattering of 

monochromatic light, which is discovered by C. V. Raman in 1928. It can detect both 

organic and inorganic species, and measure crystallinity of solids. Raman spectroscopy is 

used in this study to evaluate crystallinity of Si films. 

 Raman scattering is inelastic scattering of light with a momentum energy transfer 

between photons and scattering materials. Raman effect itself is based on three single 

processes happening within the time limited by the Heisenberg uncertainty (Fig. E.1). First, 

an incoming photon with a wave vector 1k and frequency 
1 is absorbed, and the absorbing 

material is excited from its initial state i to an intermediate virtual state v. Then, an 

elementary excitation (phonon) with a wave vector q  and frequency   is created (Stokes 

process) or annihilated (anti-Stokes process). Finally, the material undergoes a transition 

from the intermediate state v to the final state f. This process is accompanied with the 

emission of a scattered photon with a wave vector Sk  and frequency
S . 

 In most cases, the energy transfer is small compared to the energy of the incoming 

photon. The maximum value of q for standard Raman experiments in typical solids is of 

107 m-1 order. This value, which occurs when the outgoing photon is emitted in the 

direction back towards the source, is very small compared to the size of the Brillouin zone 

in a typical crystal (~ 1010 m-1). Thus, Raman scattering can only probe the phonon modes 

with q 0 which gives little information about the dispersion of optical phonons, and its 

main use is to determine the frequencies of the longitudinal optic (LO) and transverse optic 

(TO) phonon modes near the Brillouin zone center.122) 

 

Fig. E.1  Raman scattering, Stokes (left) and anti-Stokes (right). 
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 Figure E.2 shows a basic experimental arrangement that can be used to measure 

Raman spectra. The sample is excited with a suitable laser, and the scattered light is 

collected and focused onto the entrance slit of a scanning spectrometer. The number of 

photons emitted at a particular wavelength is registered using a photon-counting detector 

[usually made with charge coupled devices (CCD arrays)]. Then, the results are stored on a 

computer for analysis. By orientating the sample appropriately, the reflected laser light can 

be arranged to miss the collection optics. In order to reduce the saturation of detector due 

to elastically scattered laser photons, a high resolution spectrometer with good stray light 

rejection characteristics is used. 

 

 

Fig. E.2    Experimental apparatus used to record Raman spectra. 
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Appendix F:  

Calculation of The Power Reflectivity 𝓡, Power 

Transmissivity 𝓣, and Total Absorptivity A for Si 

Films 

 In this section, we present the detailed calculation of the power reflectivity ℛ, power 

pransmissivity 𝒯, and total absorptivity A for Si films, which are mentioned in chapter 3, 

Fig. 4.5 of chapter 4, and chapter 7. Figure F.1 shows the schematic calculation model of 

the sample structure in accordance with the actual experimental conditions. In this model, 

we consider multireflection in a Si film, a YSZ layer, and metal layers in a normal 

incidence case. We also assume that the reflected beam from the bottom of the glass 

substrate is neglected. This is because the reflected power from the bottom of the substrate 

is very small (less than 5% for an incident angle ≤ 20o) and the thickness of glass is ~0.5 

mm, which is more than 900 times the wavelength λ = 532 nm. The reflection coefficient rj 

and transmission coefficient tj at the (j-1/ j) interface from layer j-1 to layer j and from 

Fig. F.1   Schematic model of the sample structure for the calculations of Si film 

power reflectivity, power transmissivity, and total absorptivity. 
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layer j to layer j-1, respectively, in the case of normal incidence are given by  
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 ,  j = 1 ÷ 5 (F.1) 

where nj and nj-1 are the refractive indices of layers j and j-1, respectively. The reflection 

and transmission coefficients Rj and Tj, respectively, at each interface in the sample 

structure of Fig. (F.1), taking into account the multireflection in the underlayers, are 

calculated as 
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where Ro = r1, To = t1, and ϕj = 2π×nj×dj/λ, in which dj is the thickness of layer j. It is 

noted that if layer j is absorbent, its refractive index contains real and imaginary parts. This 

means that n becomes  �̃� = n – ik. The power reflectivity ℛ and power transmissivity 𝒯, 

taking into account all multireflections, are given by 

 ℛ = |𝑅5|2 = 𝑅5 × 𝑅5
∗   and    𝒯 =

𝑛𝑜

𝑛6
|𝑇5|2 =

𝑛𝑜

𝑛6
× 𝑇5 × 𝑇5

∗,  (F.3) 

where R5
* and T5

* are the conjugates of R5 and T5, respectively. The total Si film 

absorptivity 𝐴, which is defined as the fraction of dissipated power of the laser beam when 

it goes through the Si film, is determined by 

 𝐴 = 1 − ℛ − 𝒯.  (F.4) 

 On the basis of the aforementioned derivation, we calculate the ℛ, 𝒯, and 𝐴 of Si films 

at three different incident laser wavelengths of 441.6, 532, and 632.8 nm for three 

structures of Si/glass, Si/YSZ/glass, and Si/YSZ/W/Ti/glass. Table F.1 lists the real and 

imaginary parts of refractive indexes for a-Si, poly-Si, YSZ, W, Ti, and glass (SiO2) at 

wavelengths of 441.6, 532, and 632.8 nm.91,123) Figures F.2, F.3, and F.4 show the ℛ, 𝒯, 

and 𝐴 as functions of the poly-Si thickness d4 from the glass substrate interface for the 

Si/glass structure (shown in Fig. F.1) at three normal incident laser wavelengths of 441.6, 

532, and 632.8 nm, respectively. Thicknesses of the total Si film (d4 + d5) are fixed to be 

60 nm. It is noted that the thicknesses of YSZ, W, and Ti layers are zero, or we remove 

these layers in calculation for the Si/glass structure. 
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Table F.1  Real and imaginary parts of refractive indexes for a-Si, poly-Si, YSZ, W, 

Ti, and glass (SiO2) at wavelengths of 441.2, 532, and 632.8 nm. 

Wavelength (nm) Material n k 

441.6 

a-Si 4.69 1.6474 

poly-Si 4.76 0.1654 

YSZ 2.18 − 

W 3.3 2.488 

Ti 1.68 2.248 

SiO2 1.46 − 

532 

 

a-Si 4.53 0.897 

poly-Si 4.15 0.0428 

YSZ 2.18 − 

W 3.49 2.719 

Ti 1.84 2.532 

SiO2 1.46 − 

632.8 

 

a-Si 4.21 0.4178 

poly-Si 3.88 0.0196 

YSZ 2.18 − 

W 3.64 2.915 

Ti 2.15 2.92 

SiO2 1.46 − 
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Fig. F.2  The calculated 𝓡, 𝓣, and 𝑨 as functions of the poly-Si thickness d4 from the 

glass substrate interface for Si/glass structure at normal incident laser 

wavelengths of 441.6 nm. 

 

Fig. F.3  The calculated 𝓡, 𝓣, and 𝑨 as functions of the poly-Si thickness d4 from the 

glass substrate interface for Si/glass structure at normal incident laser 

wavelengths of 532 nm. 
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Fig. F.4  The calculated 𝓡, 𝓣, and 𝑨 as functions of the poly-Si thickness d4 from the 

glass substrate interface for Si/glass structure at normal incident laser 

wavelengths of 632.8 nm. 

 Figures F.5, F.6, and F.7 show the ℛ, 𝒯, and 𝐴 as functions of the poly-Si thickness d4 

from the YSZ interface for the Si/YSZ/glass structure (shown in Fig. F.1) at three normal 

incident laser wavelengths of 441.6, 532, and 632.8 nm, respectively. Thicknesses of the 

YSZ film (d3) and the total Si film (d4 + d5) are fixed to be 60 nm. It is noted that the 

thicknesses of W and Ti layers are zero, or we remove these layers in calculation for the 

Si/YSZ/glass structure.  
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Fig. F.5  The calculated 𝓡, 𝓣, and 𝑨 as functions of the poly-Si thickness d4 from the 

YSZ interface for Si/YSZ/glass structure at normal incident laser 

wavelengths of 441.6 nm.  

 

Fig. F.6  The calculated 𝓡, 𝓣, and 𝑨 as functions of the poly-Si thickness d4 from the 

YSZ interface for Si/YSZ/glass structure at normal incident laser 

wavelengths of 532 nm. 

 

Fig. F.7  The calculated 𝓡, 𝓣, and 𝑨 as functions of the poly-Si thickness d4 from the 

YSZ interface for Si/YSZ/glass structure at normal incident laser 

wavelengths of 632.8 nm.  
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 Figures F.8, F.9, and F.10 show the ℛ, 𝒯, and 𝐴 as functions of the poly-Si thickness 

d4 from the YSZ interface for the Si/YSZ/W/Ti/glass structure (shown in Fig. F.1) at three 

normal incident laser wavelengths of 441.6, 532, and 632.8 nm, respectively. Thickness d3 

of the YSZ film is 60 nm. The total Si film (d4 + d5) are fixed at 60 nm. Thicknesses of the 

Ti (d1) and W (d2) layers are 30 nm.  

 

Fig. F.8  The calculated 𝓡, 𝓣, and 𝑨 as functions of the poly-Si thickness d4 from the 

YSZ interface for Si/YSZ/W/Ti/glass structure at normal incident laser 

wavelengths of 441.6 nm. 
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Fig. F.9 The calculated 𝓡, 𝓣, and 𝑨 as functions of the poly-Si thickness d4 from the 

YSZ interface for Si/YSZ/W/Ti/glass structure at normal incident laser 

wavelengths of 532 nm.  

 

Fig. F.10  The calculated 𝓡, 𝓣, and 𝑨 as functions of the poly-Si thickness d4 from the 

YSZ interface for Si/YSZ/W/Ti/glass structure at normal incident laser 

wavelengths of 632.8 nm. 

 From the results of total absorptivity A at the wavelength of 532 nm (pulsed laser 

beam), we estimate the component absorptivities of a-Si (Aa) and poly-Si (Ap) for the 

Si/glass and Si/YSZ/glass structures, and of a-Si (Aa), poly-Si (Ap), and metals (Am) for the 

Si/YSZ/W/Ti/glass structure at that wavelength.  

 According to the energy conservation law at layer j: 

Absorbed energy in layer j (PAj) = Incident energy (PI) – Reflected energy from layer j 

(PRj) – Transmitted energy through layer j (PTj). 

 Therefore, the absorptivity Aj in layer j is given by 

 
Aj

j

I

P
A

P
   (F.5) 

 If we call Ei the incident electric field from the air at the a-Si surface, incident energy 

into the a-Si is: 
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where εo, µo, and n6 are permittivity of free space, permeability of free space, and refractive 

index of the air, respectively. 

 The electric field Eap at the interface between the a-Si and poly-Si (in Fig. F.1) is 

determined by: 
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 The magnetic field Hap at the interface between the a-Si and poly-Si is given by: 
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 Intensity of the Poynting vector apS  or the electromagnetic power per area at the 

interface between the a-Si and poly-Si is the vector product of apE and apH 
(conjugate of 

apH ). The real part of apS  is the transmitted energy PTa through the a-Si and also the 

incident energy into the poly-Si. It is noted that, in the calculation of apS , we take into 

account the multireflection in the underlayers. In the case of normal incidence, we have: 
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 The absorptivity Aa in the a-Si is determined by: 
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 To estimate absorptivity Ap in the poly-Si, now we consider the interface between 

poly-Si and YSZ. The electric field Epy at the interface between the poly-Si and YSZ (in 

Fig. F.1) is determined by: 
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  (F.11) 

 The magnetic field Hpy at the interface between the poly-Si and YSZ is given by: 
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 Intensity of the Poynting vector pyS  at the interface between the poly-Si and YSZ in 

the case of normal incidence is: 
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 Since we have taken into account the multireflection in the underlayers when we 

calculated the apS , the absorbed energy PAp in the poly-Si is the subtract amount of the 

incident energy PIp into the poly-Si [=  Real
ap

S ] and the transmitted energy PTp through 

the poly-Si[=  Real
py

S ]. Therefore, the absorptivity Ap in the poly-Si is determined by: 
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 The absorptivity Am in the metal layers can be calculated as the same procedure as of 

Aa and Ap, or it is simply determined by: 

 Am = A – Aa – Ap , (F.15) 
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 where absorptivities of the YSZ layer and glass substrate are assumed to be zero. The 

calculated component absorptivities for the Si/glass, Si/YSZ/glass, and Si/YSZ/W/Ti/glass 

at an incident wavelength of 532 nm are shown in Figs. F.11, F.12, and F.13, respectively.  

 

 

Fig. F.11  The calculated 𝑨, 𝑨𝐩, and 𝑨𝐚 as functions of the poly-Si thickness d4 from 

the glass substrate interface for Si/glass structure at normal incident laser 

wavelengths of 532 nm. 
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Fig. F.12  The calculated 𝑨, 𝑨𝐩, and 𝑨𝐚 as functions of the poly-Si thickness d4 from 

the YSZ interface for Si/YSZ/glass structure at normal incident laser 

wavelengths of 532 nm. 

 

 

Fig. F.13  The calculated 𝑨, 𝑨𝐩, 𝑨𝐚, and 𝑨𝐦 as functions of the poly-Si thickness d4 

from the YSZ interface for Si/YSZ/W/Ti/glass structure at normal 

incident laser wavelengths of 532 nm. 

 

Appendix G:  

Reflection High-Energy Electron Diffraction 

(RHEED) 

 Reflection high-energy electron diffraction (RHEED or R-HEED) is a technique for 

surface structural analysis that is remarkably simple to implement, requiring at the 

minimum only an electron gun, a phosphor screen, and a clean surface. The first RHEED 

experiment was conducted by Nishikawa and Kikuchi in 1928 at nearly the same time as 

the discovery of electron diffraction by Davison and Germer (1927). However, until 1969, 

the RHEED measurement was incorporated into an apparatus for the molecular beam 
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epitaxy (MBE) by Arthur and LePore. RHEED has become an important technique 

because of its compatibility with the methods of vapor deposition used for the epitaxial 

growth of thin films. Since its penetration depth is small, owing to the interaction between 

incident electrons and atoms, RHEED is primarily sensitive to the atomic structure of the 

first few planes of a crystal lattice.124)  

 The principle behind RHEED is a high-energy electron beam (5-100 keV) that is 

directed to a sample at a grazing angle and subsequently picked up by detectors as it 

bounces off the sample. The atomic structure of the material being investigated disrupts the 

path of the high-speed electrons, which produces differing patterns of electron streaks on a 

phosphor screen detector. These patterns of streaks are then interpreted to yield the atomic 

structure of the material being investigated. The schematic illustration of RHEED 

measurement principle is shown in Fig. G.1. 

 

Fig. G.1    Schematic illustration of RHEED measurement principle. 

 

 

Appendix H:  

Scanning Electron Microscopy (SEM) 

 Scanning electron microscopy (SEM), which was first developed with a submicron 

probe by von Ardenne (1938),125) is a type of electron microscopy that produces images of 

a sample by scanning it with a focused beam of electrons. The electrons interact with 

atoms in the sample, producing various signals that can be detected and that contain 

information about the sample's surface topography and composition. The electron beam is 

generally scanned in a raster scan pattern, and the beam's position is combined with the 

detected signal to produce an image. SEM can achieve a resolution better than 1 nm. 

Specimens can be observed in high vacuum, in low vacuum, in dry conditions, and at a 
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wide range of cryogenic or elevated temperatures. Figure H.1 shows a schematic 

illustration of a SEM.  

 

Fig. H.1  Basic components of SEM. The various components of the microscope can 

be categorized as (1) electron column, (2) specimen chamber, (3) vacuum 

pumping system and (4) electron control and imaging system.126) (WDS: 

wavelength dispersive spectrometer; EDS: energy dispersive spectrometer; CRT: 

cathode ray tube) 

 The electron gun at the top of the column produces an electron beam that is focused 

into a fine spot as small as 1 nm in diameter on the specimen surface. This beam is scanned 

in a rectangular raster over the specimen and the intensities of various signals created by 

interactions between the beam electrons and the specimen are measured and stored in 

computer memory. The stored values are then mapped as variations in brightness on the 

image display. The secondary electron (SE) signal is the most frequently used signal. It 

varies with the topography of the sample surface. The ratio of the size of the displayed 

image to the size of the area scanned on the specimen gives the magnification. 
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Appendix I:  

Transmission Electron Microscopy (TEM) 

 Transmission electron microscopy (TEM) is a microscopy technique in which a beam 

of electrons is transmitted through an ultra-thin specimen, interacting with the specimen as 

it passes through. Figure I.1 shows an optical components layout of a conventional TEM 

system. A thin specimen is irradiated with an electron beam of uniform current density. 

Depending on the type of the system, the acceleration voltage is in the range from 100 kV 

(for routine instruments) to 3 MV (for high voltage electron microscopy). Electron beam 

emitted from the electron gun is condensed before being irradiated on the specimen. A 

three- or four-stage condenser-lens system permits variation of the illumination aperture 
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and the area of the illuminated specimen. The electron-intensity distribution behind the 

specimen is imaged with a lens system, composed of three to eight lenses. The image is 

magnified and focused onto an imaging device, or to be detected by a sensor such as CCD 

camera.  

 Electrons interact strongly with atoms by elastic and inelastic scatterings. The 

specimen must be very thin, typically of the order of 5 – 100 nm for 100 keV electrons, 

depending on the density and elemental composition of the object and the desired 

resolution. Special sample preparation techniques are needed for this. There are three 

primary imaging modes of TEM: bright field, dark field, and high resolution. Images 

formed with only transmitted electrons are bright field images and those formed with 

specific diffracted beam are dark field images. High resolution TEM (HR-TEM) gives 

structural information of the sample in an atomic scale, or also known as lattice imaging. 

HR-TEM has become a very important tool for interface analysis.  
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Fig. I.1   Schematic ray path for a TEM equipped with additional x-ray and electron 

energy-loss spectroscopy.127) 
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Appendix J:  

X-ray Photoelectron Spectroscopy (XPS)  

 X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA) is now a widely-used analytical technique for investigating the 

chemical composition of solid surfaces, allowing all elements except hydrogen and helium 

to be detected. The principle of XPS is illustrated in Fig. J.1. 

 Using a characteristic X-ray line from an X-ray tube to illuminate the sample, 

photoelectrons are emitted from the sample surface. An electron energy analyzer 

determines the binding energy of the photoelectrons. Usually, MgKα (1253.6 eV) or AlKα 

(1486.6 eV) is used. The used system in this study has the X-ray source of AlKα (1486.6 

eV). The photoelectrons have kinetic energies given by: 

 
k b sE h E    , (J.1) 

where h  is the energy of the photons, Eb is the binding energy of the atomic orbitals from 

which the electrons originate, and 
s is the spectrometer work function. Knowing h , the 

spectrometer measures Ek of the emitted electrons from the sample and Eb can be 

calculated. In XPS spectrum, intensity of photoelectrons is shown as a function of their 

binding energy.  

 XPS can provide the information about: 

 Surface analysis: XPS can analyze surface layers or thin film structures which is 

used in many applications such as polymer surface modification, catalysis, 

corrosion, adhesion, semiconductor and dielectric materials, electronics packaging, 

magnetic media, and thin film coatings. 

 

Fig. J.1   Schematic illustration of XPS measurement principle. 
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  Qualitative analysis: Qualitative analysis of a specimen consists in identifying 

elements that are present. 

 Quantitative analysis: XPS can determine surface composition of a specimen. 

  Chemical analysis: XPS allows to obtain information on chemical state of elements 

of a sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



163 

 

Appendix K:  

Secondary Ion Mass Spectroscopy (SIMS)  

 Secondary ion mass spectroscopy (SIMS) is a technique for surface and thin-film 

analysis developed from the early 1960s. SIMS technique is capable of detecting all 

elements as well as isotopes and molecular species. It is the most sensitive of all the beam 

techniques, with the detection limits for some elements in the 1014 to 1015/cm3 range. The 

basic components of a SIMS system is shown in Fig. K.1. 

 A destructive SIMS technique is basically a removal of material from the sample by 

sputtering and the ejected material is analyzed by a mass analyzer. During the SIMS 

analysis, the sample surface is slowly sputtered away. Continuous analysis while sputtering 

produces information as a function of depth, called a depth profile. During the 

bombardment of the sample surface by an ion beam, sputtering takes place when atoms 

near the surface receive sufficient energy from the incident ion to be ejected from the 

sample. The ejected particles are mostly neutral atoms, thus cannot be detected by the 

conventional SIMS. However, there are also positively or negatively charged ions and 

these ions are analyzed, with respect to their mass and energy. The escape depth of the 

sputtered atoms is generally a few monolayers for primary energies of 10 to 20 keV. The 

primary ions lose their energy in the process and come to rest tens of nm below the sample 

surface. This means that ion bombardment leads not only to sputtering, but also to ion 

implantation and lattice damage. 

 

Fig. K.1   SIMS technique block diagram.128) 
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Appendix L:  

Hall Effect Measurement  

 Hall effect measurement technique has found wide application in the characterization 

of semiconductor materials. It is used to evaluate the transport properties (carrier 

concentration, mobility, and resistivity) in semiconductors. The Hall effect is usually used 

with an extrinsic semiconductor so that one carrier dominates and the other has a negligible 

density. However, in this Appendix, we show the Hall effect for both electrons and holes. 

 The Hall effect is illustrated schematically in Fig. L.1. Considering a current-carrying 

conductor placed in a magnetic field B , the current carriers (electrons or holes) in a 

conductor experience a force in a direction perpendicular to both the magnetic field and the 

carrier velocity. When an electric current flows in positive x direction through a conductor 

in a magnetic field B (in positive z direction), the generated force (in minus y direction) 

pushes the moving charges toward one side of the conductor producing a charge 

separation. As a result, a measurable voltage in the direction perpendicular to both the 

magnetic field and the current is produced. This is known as the Hall effect, and the 

measureable voltage is known as the Hall voltage, VH. The force F  on the moving charge 

q in a magnetic field B  with velocity v  is written given by  

  F q E v B     (L.1) 

 In the steady state, this force is balanced by an induced electric field that results from a 

Fig. L.1   Schematic illustration of the Hall effect.129) 
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slight charge redistribution. These forces must be balance because there can be no net 

steady-state motion of the carriers in the transverse direction.129) The induced electric field 

is called the Hall field EH and along the y direction. The current flow in x direction for 

electrons is  

 
x x xI J A qnv A qnv wt     (L.2) 

and for holes 
x x xI J A qpv A qpv wt     (L.3) 

where n and p are in turn the carrier concentrations of electrons and holes, vx is the current 

drift velocity, and w and t are the width and thickness of the sample, respectively. In y 

direction, there is no net force, thus  

 
H xqE qv B   (L.4) 

where vx = −Jx/qn for electrons and vx = Jx/qp, which gives 

 x
H H x

J B
E R J B

qn
     for electrons (L.5) 

and  x
H H x

J B
E R J B

qp
    for holes (L.6) 

 Here, RH is called the Hall coefficient, which is defined simply as 

 H
H

x

E 1
R

J B qn
     for electrons (L.7) 

and  H
H

x

E 1
R

J B qp
    for holes  (L.8) 

 RH carries a (−) sign in the case where the current carriers are electrons and (+) sign for 

holes. The Hall voltage VH produced by the Hall field EH is 

 
0 0 0

x
H H

w w w

J B IB IB
V E dy

qn wtqn tqn
          for electrons (L.9) 

 
0 0 0

x
H H

w w w

J B IB IB
V E dy

qp wtqp tqp
           for holes (L.10) 

 RH can also be written as 

 H
H

tV
R

BI
   (L.11) 

  The voltage along the x direction Vs is 
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 s

I L
V IR

wt


    (L.12) 

 Therefore, the resistivity ρ is 

 swtV

IL
    (L.13) 

 The Hall mobility µH is defined by 

 
H

H

R



   (L.14) 

 In this work, we performed the AC Hall effect measurement using the Van der Pauw 

method. Generally, it is very difficult to measure low conductive or low carrier 

concentration thin films by DC Hall effect measurement because of its large noise. This 

time, by using the AC measurement, it was possible to estimate low conductive films. In 

the ideal case, AC and DC field Hall effect measurements are very similar. In practice, the 

system configuration is different. The primary difference is the presence of a lock-in 

amplifier in the AC field option. Modern, digital lock-in amplifiers are the perfect tool for 

extracting the small Hall voltage from its background. A model of this extraction is shown 

in Fig. L.2. 

 The DC current source provides the measurement current through the current leads of 

the sample. The lock-in amplifier’s oscillator output drives the power supply for the 

magnet that generates a sinusoidal, AC magnetic field at the desired frequency. The 

changing field generates an AC voltage across the samples voltage leads which is filtered 

Fig. L.2  Hall voltage extraction process for the lock-in amplifier in AC Hall effect 

measurement.130) 
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and directed back to the lock-in amplifier. The lock-in amplifier then measures the 

amplitude and phase of the filtered AC voltage. Synchronous detection in the lock-in 

amplifier allows it to discriminate the desired Hall voltage, which is at the same frequency 

as the lock-in amplifier’s oscillator output frequency and has a known phase. 
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Appendix M:  

Estimation of Thin-Film Transistor Parameters  

 Precision semiconductor parameter analyzer 4156A is used to measure several 

important parameters of the fabricated TFTs, which are the peak field-effect mobility (µeff), 

subthreshold swing (S.S), ON/OFF current ratio, and threshold voltage (Vth). 

M.1  Peak  field-effect mobility (µeff) 

 For VD < VDsat, the μeff (cm2V-1s-1) is determined by: 

 e

Lg
,

WC
 m

ff

ox D
V

  (M. 1) 

where L, W, gm, Cox, VD, and VDsat are channel length, channel width, transconductance, 

gate dielectric capacitance per unit area, drain voltage, and saturation drain voltage,  

respectively. The transconductance gm relates the output and input of the transistor and is 

defined by:  

 
D

m

G

I

V
g



  (M. 2) 

  At a fixed VD, μeff is maximum when gm is maximum under condition that L, W, and 

Cox are constant. The peak μeff is determined ad the maximum value of μeff. 

M.2  Subthreshold swing (S.S) 

 The measurement of subthreshold current can be used to obtain a value of the slope by 

the parameter S.S called the subthreshold slope or subthreshold swing. S.S is usually 

specified in units of mV of applied gate voltage VG per decade of subthreshold current 

change. An equation for S.S is: 

  
 

G

D

V
S.S 10

I
ln

ln




  

,  (M. 3) 

 

 In our study, S.S is determined as the smallest value when ∂[ln(ID)] is maximum at ∂VG 

= constant.  
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M.3  ON/OFF current ratio 

 The ON/OFF current ratio is defined as the ratio of maximum drain current IDmax over 

minimum drain current IDmin within the measured range of ID-VG curve at VD = 0.1 V. 

M.4  Threshold voltage (Vth) 

 The Vth in our study is determined by an interception of linear extrapolation of the ID-

VG curve at VD = 0.1 V. 
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