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Abstract 
 

Large grained film crystal silicon has been pursued for decades in hopes of 

replacing expensive wafer devices with lower cost film products with comparable 

electronic properties. The focus of these pursuits has been on directly producing thicker 

(>1um) films with bulk crystallization treatments. The recent development of a low cost, 

thin film compatible epi-thickening process of thin film template layers has opened up 

new possibilities for utilizing different methods of producing film crystal silicon. The 
focus of this research was an understanding of the nucleation and growth 

process sufficient to develop a “thin”(<1um) seed layer on an inexpensive (glass) 

substrate that replicates a large grained c-Si surface, thus presenting a template 

surface for the subsequent epitaxial growth of a “thick”(~10um) c-Si film. By 

combining laser nucleation and solid phase crystallization of a-Si:H films with different 

film hydrogen content (CH), the nucleation and crystallization processes were explored. 

The laser fluence necessary for nucleation through direct crystallization were 

explored for 100nm a-Si:H films with different film H content (CH). The affect of film H 

content and sub-crystallization threshold laser fluence were investigated by X-ray 

diffraction (XRD) measurements during in situ thermal annealing at 600°C of films with 

different CH treated with an array of fluences. The laser-treated films showed a reduced 

incubation time (t0) for crystallization compared to as-grown films, with the largest 

incubation time reduction exhibited for samples with higher film H and higher laser 

fluences.  

The grain sizes of HWCVD a-Si:H films which had been exposed to sub-

threshold laser prior to thermal annealing were measured with electron backscattering 

diffraction (EBSD) and compared to unexposed films. For large area laser processed 

and thermally annealed films which exhibited a reduced to, the EBSD grain sizes were 

unchanged as compared to those for the same film which were annealed directly from 

the as grown state. The trends in EBSD grain size with in situ XRD crystallization time tc 

are consistent with theoretical predictions obtained from the classical model of 

nucleation and grain growth. 
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An optical method was developed as a new and simple method to investigate 

crystallite nucleation and growth in stepwise, thermally annealed PECVD and HWCVD 

a-Si:H films.  By confining film thicknesses to the range 500-4000Å, optical microscopy 

in the reflection mode was used to readily detect crystallites in the thermally annealed a-

Si:H lattice.  Measurements of the crystallite density versus annealing time for identically 

prepared films of different thicknesses demonstrated crystallite nucleation rates smaller 

for thinner films, suggesting homogeneous nucleation, in agreement with previous 

results.  

The effect of film stress on crystallite nucleation was investigated in 0.11µm thick, 

thermally annealed hydrogenated amorphous silicon films. The nucleation rate was 

significantly suppressed around scratches, cleaved film edges, and laser ablated areas, 

extending laterally as much as 100-150um from these regions where the film 

connectivity was disrupted. u-Raman measurements of the transverse optical mode of 

Si demonstrated an accompanying reduction in tensile stress in the regions where 

nucleation was suppressed. The first measurements of nucleation rate in stress and in 

stress relieved areas in the same film are presented.  
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CHAPTER 1 INTRODUCTION AND BACKGROUND 

This chapter describes the specific goal of this study, the properties of 

amorphous silicon (a-Si), crystalline silicon (c-Si), and poly-silicon (poly-Si), the current 

silicon crystallization methods and finally the approach taken in this dissertation and 

how it relates to the goal. Portions of this chapter were published as "Laser nucleation 

and solid phase crystallization of a-Si:H", Matthew Dabney, A. Harv Mahan, Maikel van 

Hest, David S. Ginley, SPIE Proceedings Volume 8473: Laser Material Processing for 

Solar Energy, November 2012. Permissions are attached at the end of the chapter.	  I 

was the sole writer of the manuscript and used it as a review of the field. I presented this 

paper and an overview of my project to the optical community (SPIE). 

1.1 Motivation 
Silicon (Si) based photovoltaics (PV) still have the majority of the terrestrial 

photovoltaic market, because the semiconducting material is readily available 

(abundant), is nonhazardous, and has a long history of successful industrial production. 

Although wafer c-Si has the highest efficiency of the Si based PV, substantial 

improvements are possible to lower the cost of c-Si PV. Wafer c-Si’s expense lies in the 

two melt processes needed to grow a single crystal boule. These melt processes are 

very energy consuming and expensive both in capital and time. Another cost associated 

with wafer c-Si PV is the loss of about half of the material in trimming the boule and 

slicing it into wafers. 

One way to lower the cost of c-Si PV is to develop a thin film c-Si on an 

inexpensive substrate (i.e. glass). This would improve materials utilization, by depositing 

the Si directly, eliminating the trimming and wafering processes. Thin film Si is also 

potentially cheaper because it could exclude the two melt processes necessary for poly-

Si and c-Si. If film c-Si PV can approach the efficiency of wafer c-Si PV, it can reduce 

both the raw material usage and energy costs.  

This concept was investigated in the IC industry for silicon on insulator (SOI) or 

silicon on glass (SOG). CSG solar was using poly-Si technology to produce commercial 
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photovoltaics. Due to the dramatic decrease in poly and c-Si, parent company Suntech 

cut off funding for CSG Solar in July of 2011.1 

At NREL, a process for low cost, thin film compatible epitaxial growth on a c-Si 

seed layer is well established.2 NREL’s epitaxial hotwire c-Si growth has to date been 

demonstrated on a number of different crystalline templates, but has yet to be 

demonstrated on a suitably templated low cost substrate.  

The focus of this research was an understanding of the relationship 

between nucleation and growth sufficient to develop a “thin”(<1um) seed layer on 
an inexpensive (glass) substrate that replicates a large grained c-Si surface, thus 
presenting a template surface for the subsequent epitaxial growth of a 

“thick”(~10um) c-Si film.  Such a development would allow production of large grain, 

high quality thin film material suitable for PV.  

A common approach to produce the large grain Si film is to start with an 

amorphous Si(a-Si) film, then crystallize it in some fashion. The material properties of 

the phases need to be understood to properly approach the crystallization. In an ideal 

case the solid amorphous phase would initiate crystallization with one nucleus and 

proceed from this nucleus to crystallize the entire amorphous film as a single crystal. Si 

does not work this way and due to its nucleation rate, has limitations on the achievable 

grain size with solid phase crystallization as will be discussed in chapter 2. We also 

need to understand the electrical properties in order to achieve the necessary 
characteristics for the PV application. 

 

1.2 Silicon electronic characteristics and properties 
This section provides background information on amorphous, crystalline, and 

polycrystalline silicon electrical characteristics and properties specifically for 
photovoltaics.  
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1.2.1 Amorphous Si Characteristics and properties 

Due to the absence of long-range crystallographic order a-Si does not exhibit the 
indirect bandgap of c-Si and acts more like a direct bandgap material.  The description 

of this material, lacking the long-range periodic order, is developed using the chemical 

bonding between Si atoms.  Short-range bonding interactions replace the long-range 

order of a crystal.  The bond length variations, bond angle deviations (see figure 1.1), 

and broken bonds broaden the distribution of electronic states. There becomes a range 

of energies with only a few allowed states analogous to a bandgap.  The edge of this 

region of allowed states is not sharply separated from the regions with allowed states in 

which the carriers can move freely through the material.  Unlike the band gap in c-Si, 

the edges of the bandgap have high densities of localized states. Carriers in these 

states cannot move readily through the material.  The conduction occurs through the 

hopping between these localized states rather than band transport through well-defined 

bands typical of c-Si. At higher energies the carriers can hop through the material easier, 

but again lacking a basic periodic framework, the mobility of the carriers is hampered.3,4 

  

 

Figure 1.1: Schematic of the Si atomic positions in amorphous and crystalline Si 
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Dangling bonds increase the density of states within the forbidden gap and allow 

doping. Spear and Lecomber used this doping of a-Si to create the first reported a-Si p-

n junction in 1975.5 Electronic states deep within the band gap are produced from 

deviations from the ideal crystal structure, such as coordination defects. These defects 

define the electronic characteristics by controlling trapping and recombination effects.  

Figure 1.2 shows the electronic structure of amorphous silicon demonstrating the bands, 

the band tails, and the defect states in the band gap.  

Although thin film amorphous silicon has poorer electronic properties than crystal 

silicon, it offers important technological advantages, such as the ability to inexpensively 

and uniformly coat a large area. It is cheaper than single crystal silicon, due to the low 

raw material usage and the scalability of process; but it has a high density of 

electronically active defects and lacks in mobility which translates into less efficient 

extraction of charge from a solar cell. This project seeks to exploit the inexpensive and 

scalable deposition processes of a-Si, which will be post deposition processed to 

develop the requisite electronic characteristics. 

 
 a-Si:H Electronic Structure 

 
Figure 1.2: The electronic structure of a-Si:H 
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1.2.2 Crystal silicon (c-Si) electronic characteristics and properties 
Crystal silicon has a repeating structure, called a primitive cell. This orderly 

repeating arrangement causes the overlapping energy states of the atomic electrons to 

develop into a crystalline band structure. In some crystal materials there develops a 

region of energy with no allowed electronic states known as the band gap. Above this 

energy region is the conduction band and below this energy is the valence band.  The 

repeating arrangement along with the filling of the bands leads to the electrical 

properties of the crystal.  Silicon has a band gap between the valence and conduction 

bands of ~1.1 eV with the valence band being filled and the conduction band virtually 

empty, which leads to silicon’s semiconducting behavior.   

Crystal silicon is an indirect bandgap.  An indirect band gap Energy-crystal 

momentum relationship near the band edges is shown in figure 1.3. A consequence of 

being an indirect bandgap material, optical absorption in c-Si requires simultaneous 

phonon absorption or emission to conserve crystal momentum. Because of this two-step 

process required for the absorption, c-Si has a lower absorption coefficient than a-Si 

and needs to be considerably thicker than a-Si films to absorb the same fraction of 

incident sunlight.4 Another consequence of the indirect band gap is longer minority 

carrier lifetimes, which allows the carriers to travel longer distances before 

recombination or extraction. This distance allows the contacts to be farther apart and 

fewer without serious losses. This is precisely why the larger Si grain sizes are needed 

for PV. 

 

1.2.3 Polycrystalline silicon characteristics and properties 
Polysilicon (poly-Si) in its cast form in the past used the same high grade of raw 

material needed for single crystal Si, but does not go through the slow (expensive) 

process of pulling a single crystal boule. After upgraded metallurgical grade Si 

demonstrated similar solar efficiency as poly-Si produced by the Seimens process, poly-

Si for PV was ~20% of the cost and 50% the energy requirements. The electrically 

important regions in poly-Si are the grain boundaries.  An electrostatic barrier tends to 

develop on either side of the grain boundary3, blocking the majority carriers, acting as a 
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large series resistor.  As defects in the crystal structure, the grain boundaries introduce 

allowed energy levels in the forbidden gap, and act as recombination centers.   

 

 

Figure 1.3: Shows the difference between direct and indirect band gaps 

 

In a solar cell the junction needs to be within a diffusion length of the generation 

point in order for the minority carriers to be collected by the junction.  In a poly-Si cell the 

generated minority carriers are attracted to the grain boundaries and recombine, and do 

not contribute to the output current of the cell.  To avoid this the grains need to be larger 

than the diffusion length (~10um) in order to avoid significant current losses.2 Again a 

major detractor for cast poly-Si in the PV industry is the two melt processes and the 

losses in the wafering process. Thin film poly silicon can be deposited or recrystallized 
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via a number of different processes, but is limited in the grain sizes by the material 

properties and the deposition processes. A better fundamental understanding of the 

nucleation and growth processes is sought in this thesis to overcome these limitations at 

least for a thin film template layer. 

 

1.3 Nucleation and Growth Theory 
 The classical theory of homogenous nucleation and growth will be applied 

to the work in this dissertation. The determination of homogenous nucleation will be 

discussed in chapter 5. Crystallization can generally be described by 4 stages (see 

figure 4). The first two stages represent the nucleation processes and the last two are 

considered the growth process. 

Stage 1 is the incubation period (τ0) where the matrix phase is metastable and no 

stable clusters of the new phase have formed. Embryos of the new phase are 

continuously being created and dissolved. With increasing time the size distribution 

moves to larger more stable embryos, less likely to dissolve back into the matrix. At the 

end of t0 the largest of the embryos evolve into stable nuclei that continue to grow. 

In Stage 2 the cluster size distribution has grown into a quasi-steady state where 

stable nuclei are being created at a constant rate. 

In Stage 3 is where the number of nuclei being created starts to decline due to a 

decrease in the free energy driving nucleation in the untransformed regions. The 

number of stable nuclei becomes relatively constant. 

In Stage 4 the number of nucleated particles being created is negligible and 

some of the larger particles grow at the expense of the smaller particles. This results in 

a decrease in the total number of particles.6 

For the work presented here the idea is to plant nucleated seeds in the film in 

stage 1 and let them grow large during the incubation period of the unseeded film. 

 

1.3.1 Critical nucleus size 
Consider a cluster of “crystalline” Si atoms in an amorphous phase. The cluster 

can grow with the addition of atoms or shrink by losing atoms. Thermodynamics 
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  Figure 1.4: the four stages of crystallization 

 

determines which happens. If clusters are larger than a critical cluster size (i*), then it is 

thermodynamically favorable for them to grow. The stability of each cluster containing i 

atoms in the crystal phase is determined by the free energy, ΔGN, which is the sum of a 

negative volume term, proportional to i, and a positive term associated with the surface 

energy. The change in the energy of the system can be written as 

 

ΔGN = -Δgci + σcaSN     (1.1) 

 

Where Δgc is the change in free energy for the crystallization of one atom at the 

crystalline-amorphous (c-a) interface, σca is the interface free energy of each atom at 

the c-a interface (assumed to be positive as is the case with Si), and SN is the number 

of atoms at the grain surface.   The number of surface atoms can be approximated by 

dividing the grain surface area (4πR2 - where R is the cluster radius) by the surface area 

of the occupied by each atom, which is equal to the square of the atomic distance, d: 
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SN = 4πR2/d2       (1.2) 

 

The volume of the cluster is id3.  Using this, the number of atoms in the cluster is: 

 

    i = 4πR3/3d3        (1.3) 

 

Substituting back into Equation 1.3.2 gives: 

 

    SN =4π(3/4π)2/3 i2/3     (1.4) 

 

At small cluster sizes the function ΔGN in equation 1.1 reaches a maximum, ΔG*, 

at a critical cluster size of i*, and then decreases monotonically approaching the function 

-i Δgc . Clusters of size i<i* tend to shrink to reduce their free energy and clusters of size 

i>i* tend o grow. This maximum is at the coordinates of  

 

    i* = 32πσca
3/3Δgc

3      (1.5) 

 

and    ΔG* = 16π σca
3/3 Δgc

2    (1.6) 

 

These are depicted in figure 1.5. 

The growth or shrinking of a cluster is due to a thermally activated “jumping” 

process that is proportional to exp(-EA/kT) where EA is the activation energy for the jump, 

k is the Boltzmann constant, and T is the temperature. This gives a thermal relationship 

to the crystal growth process. Ideally with solid phase crystallization the lowest possible 

annealing temperature that still gives nucleation will give the largest grain size.7,8 Ideally 

the goal in this project is to seed nuclei and grow them out before any native nucleation 

occurs.  
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Figure 1.5: σcaSN and -ΔgcN curves added to give ΔGN, showing ΔG* and N*. 

 

 

1.3.2 Nucleation Rate8 

The growth or shrinking of the cluster is due to the addition or subtraction of 

atoms to the interface. This is controlled by two different jump rates J+ and J-, which is 

equal to the number of atoms at the cluster surface that jump from the amorphous to the 

crystal, and the reverse per unit of time. Assuming that the transition is due to the 

movement of structural defects, J+ and J- will be proportional to the number of surface 

atoms SN at the c-a interface and to the average concentration of these defects, Cavg. By 

using the reaction rate theory as developed by Turnbull and Fisher,9 we can write  

 

J+ = SNCavgΛf(exp(-Δgi/2kT))      (1.7) 
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J- = SNCavgΛf(exp(Δgi/2kT))     (1.8) 

 

Where Δgi = ΔGi+1 – ΔGi, Λ is the volume transformed by the defect jump to the 

crystal or amorphous phase, f=f0(exp(-Em/kT)) is the thermally activated defect jump 

frequency and Em is the corresponding activation energy. The exponential terms are the 

driving forces associated with the addition or subtraction of one atom from the cluster of 

size i, k is the Boltzman constant, and T is the absolute temperature. In thermal 

annealing the Cavg promoting the crystal transition is equal to the thermodynamic 

equilibrium value, Ce 

 

Ce = (pre-expontential factor)(exp(-Ef/kT))    (1.9) 

 

Where Ef is the activation energy for defect formation. The nucleation rate Ni,t of 

clusters larger than i at any time t can be written in general as 

 

Ni,t = Di,tJ+
i - Di+1,t J-

i+1      (1.10) 

 

Where Di,t is the density of clusters with size i at time t.  Ni,t will tend towards the 

equilibrium value of Ne which is defined as 

 

Ne = DSi(exp(-ΔGi/kT))      (1.11) 

 

Where DSi is the silicon atomic density. This equilibrium cannot be reached due 

to the fact that only single crystal silicon is implied. At subcritical size a cluster 

population can get close to the equilibrium value due to the natural tendency to form 

crystal phase is balanced by the high jump rates dissolving the crystalline clusters. At 

super critical cluster sizes the crystal growth becomes dominant because the clusters 

are continuously being removed from the R* region, and the equilibrium population 

cannot be reached. The steady state nucleation rate, Nss, can be defined by using the 
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method developed by Kelton, Greer, and Thompson10 (with the boundary conditions of 

Ni
s goes to Ni

e as i goes to 0 and Ni
s goes to 0 as i goes to ∞ as proposed by Becker 

and Döring.11 This gives  

 

 Nss = DaSN*ξ(Δgi/6πkTi*)1/2(exp(-ΔG*/kT))   (1.12) 

 

 Where ξ =CavgΛf is the transition rate for each atom at the c-a interface and Da is 

the atomic density of amorphous Si. The function Nss exhibits an activated temperature 

dependence, excepting the pre-exponential factor (a/kT)1/2 whose contribution is 

negligible in all of the temperature ranges in which nucleation is observed. The 

activation energy of Nss is the activation energy of vg plus the maximum of the cluster 

free energy curve, G*, also called the nucleation barrier. The main adjustable variable 

accessible for adjusting the nucleation rate in this work is temperature. 

1.3.3 Growth velocity8 

The net crystal growth velocity vi is defined as the increase in the number of 

atoms i in the crystal phase per unit time and will be equal to  

 

vi = di/dt = J+ - J-      (1.13) 

 

and the radial velocity v(R) = dR/dt can be obtained using the relationship between i and 

the cluster radius  

 

i = Vc/d3 = 4πR3/3d3      (1.14) 

 

Where Vc is the cluster volume, R is the cluster radius, and d is the average 

atomic spacing and by approximating Δgi ≈ dΔGi/di we get 

 

v(R) = dξ{exp[(Δgi - 2σcad/R)/2kT)] – exp[-Δgi + 2σcad/R)/2kT)]}  (1.15) 
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For values of (Δgi - 2σcad/R) low compared to 2kT, the following approximation gives 

 

v(R) = Δgidξ(1-R*/R)/kT      (1.16) 

 

Where R* = 2dσca/Δgi is the critical cluster radius. v(R) approaches the constant value 

of vg = dξ(Δgi/kT) as R goes to ∞. The quantity vg exhibits a temperature dependence 

dominated by the parameter ξ that has an activation energy of Ef (defect formation) plus 

Em (defect mobility).8 The main adjustable variable to alter the growth velocity in this 

work is the temperature, which is also tied to the nucleation rate. 

 

1.3.4 Incubation time (τ0) 

 The incubation time, also referred to as the transient nucleation time, is the time 

before the onset of nucleation. This time is proportional to the annealing temperature 

and the energy of the self-diffusion of Si, Ed as 

 

τ0 = τs(R/R* - 2 + ln(R/R*-1) + ln(6ΔG*/kT))   (1.17) 

 

where  

 

τs = δ2/ Ji*
+       (1.18) 

 

and 

 

δ = (-1/2kT)(-∂2ΔGi/∂i2)-1/2      (1.19) 

 

A simplified expression given by Iverson and Reif is  

 

 τ0 ∝ T exp(Ed/kT)       (1.20) 
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where Ed is the energy of self-diffusion of Si.(Iverson R.B., Reif R. JAP 62(5), p1675-

1681 (1987).) This says that largely the only contributors to the incubation time are the 

annealing temperature and the energy of self-diffusion of Si. By seeding large nuclei 

directly into the film I hope to selectively grow these out before competing with the 

normal or native nucleation takes place allowing for larger grains, which will have the 

electrical characteristics of large grained poly-Si. 

  

1.4 Nucleation and growth approach 
The crystallization method investigated in this study is the creation of a template 

layer by laser nucleation and solid phase crystallization of crystal Si grains in a thin a-Si 

film. This intentional nucleation then competes with the native nucleation of the film with 

the advantage of grain growth occurring during the native nucleation incubation time 

leading to larger grains. Nucleation and growth of amorphous silicon have been studied 

since the 1980’s.12 The basic principle is that nucleated crystal grains, when heated to 

above 470°C,7 subsequently grow in the amorphous matrix until they encounter other 

grains. However, in competition with the growth of these nucleated grains is the 

continued nucleation of the uncrystallized film. The nucleation rate and consequently the 

largest achievable grain size is determined by the deposition method and parameters of 

the initial amorphous film.13-16 At the growth temperatures used for plasma enhanced 

chemical vapor deposition (PECVD) and hotwire (HW) deposition of a-Si, around 200°C, 

the inclusion of the hydrogen from the silane (SiH4) gas precursor can complicate the 

nucleation and growth process.  Research into amorphous semiconductors has largely 

been directed towards understanding how the structural disorder leads to unique 

properties. In a-Si:H the disordered atomic structure combines with the presence of H to 

give new unique properties different from those of c-Si. While the structural disorder 

leads to localized band tail states, which leads to the optical, transport and 

recombination properties, the hydrogen gives unique defect, doping, and metastability 

effects. The hydrogen in a-Si:H can be bound to the silicon to form either SiH2 or SiH 

depending on the hydrogen content and other growth parameters;17 there is also a 

distinction made between isolated SiH and clustered SiH. The SiH bond is detectable 
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using infrared spectroscopy. The clustered SiH sites are only distinguishable using 

nuclear magnetic resonance (NMR). This distinction is made because these two 

different possibilities allow for very different mechanisms and energy used to alter 

bonds.15 The divalent hydrogen leaves at 400°C while the hydrogen from the SiH is 

bound until around 600°C.18 

When enough hydrogen evolves off at a temperature lower than the 

crystallization temperature it can leave a disordered structure with many broken 

bonds.19 At these higher temperatures the dangling bonds rearrange and the film 

becomes more compact.20 Crystallization can increase stress, but the stress relaxes out 

with further annealing.3 Along with the bond rearrangement, the volume of the film can 

decrease by as much as a few percent of the as-deposited film.21,22 This is process is 

depicted in figure 1.6 below. When crystallizing a-Si:H care must be taken to slowly 

evolve the H so as not to cause bubbles to form and destroy the film.   

In later chapters growth rates, designated vg, and nucleation rates rn will be 

measured as a function of temperature and H content to find regimes where growth 

rates are reasonable and nucleation rates are low so large grain crystals can be formed.  

It will be demonstrated that laser irradiation, H content, and residual stress can affect 

nucleation in Si.   

 
Figure 1.6: Two panels showing the film shrinkage due to film H evolution 
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1.5 Current thin film a-Si crystallization methods for high quality grain growth 
The epi thickening process described above requires a template that simulates c-

Si. The method discussed in this paper will focus on a Si seed layer not on foreign 

templates. There are a number of methods currently used to induce crystallization in 

amorphous silicon. These include Solid Phase Crystallization, Metal Induced 

Crystallization, Nanographoepitaxy, Excimer Laser Annealing, and Super Lateral 

Growth. The current state of the art for these crystallization methods is described in the 

following sections. The methods chosen for this study are laser nucleation coupled with 

solid phase crystallization for reasons explained in section 1.6.  

 

1.5.1 Solid Phase Crystallization (SPC)23,24 is basic thermal annealing usually above 

550°C and gives polycrystalline material. Considering the balance between the 

spontaneous nucleation rate which starts to measurably occur at 500°C, increasing 

rapidly at higher temperatures,8 and the growth rate to obtain the maximum grain size 

the lowest possible temperature should be used in order to obtain the maximum grain 

size. 

Different surface energies for differently oriented grains promote the growth of 

grains with the lowest surface energy. In Si films the rate of normal grain growth drops 

significantly when grains reach sizes roughly equal to the film thickness. Even with 

annealing induced grain growth, Si films grain sizes are typically limited by the thickness 

of the film.  In films 10’s of nm thick the surface energy anisotropy at the top or bottom 

of the film can provide sufficient driving force for secondary grain growth which can lead 

to grains significantly larger than the film thickness.13,20 In this regime, the grain size 

varies inversely with film thickness.  {111} oriented grains have the lowest surface 

energy and thus secondary grain growth leads to grains in this orientation.  However, 

{100} oriented grains dominate the Si/SiO2 interface due to the energy anisotropy.20 If 

top surface secondary grain growth dominates then {111} XRD line should prevail, but if 

the Si/SiO2 surface dominates the secondary grain growth then {100} line should be the 

most intense.  If not the film will appear as randomly oriented and the orientations will 

balance the intensity ratios appropriately. 
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Due to the simplicity of the process, solid-phase crystallization (SPC) of 

hydrogenated amorphous silicon (a-Si:H) was initially investigated.25 At an annealing 

temperature (Ta) of 600°C, the resultant grain sizes have been limited to typically 0.5-2 

µm21 While somewhat larger (3-4 µm) grains have been reported at a lower Ta (580°C), 

the incubation time (τ0) increases to an impractical 30-60 hrs. As a result, poly-Si 

fabrication by other techniques has been explored.  The final grain size is a function of 

the grain nucleation rate (rn), deposition and annealing temperatures, film thickness, and 

crystalline growth rate.9 If rn can be reduced while maintaining the vg, crystallites have 

more time to grow before they encounter neighboring grains which limit their size.  

Another possibility is that seeds could be introduced into the film that can fully grow 

before native nucleation occurs. There are a number of factors which influence rn; these 

include anneal temperature, deposition method,26 film hydrogen content,22,27-29  

structural disorder,22,27-31 and film stress.32 

 
1.5.2 Metal induced crystallization (MIC) and Metal induced laser crystallization 

(MILC)33-40 is the use of a metal catalysts to improve SPC temperature-time parameters 

of the phase transformation process. The mechanism is due to the electrical interaction 

of the free electron from the metal with the covalent a-Si bond at the growth interface. 

This interaction allows crystallizing at the metal interface or diffusing into the metal grain 

boundaries and crystallizing there depending on the metal. The metal catalysts of 

choice are Al, Ni, Cu, or Au. One of the difficulties MIC presents is metal contamination 

within the final material, which alters the photovoltaic properties.25 This particular 

difficulty and the added complication of other materials led to this method not being 

used in this study. 

 

1.5.3 Excimer laser crystallization or annealing (ELC or ELA)41 is the use of an 

excimer laser with sufficient fluence to directly crystallize the a-Si film, usually ELA 

requires multiple shots to fully crystallize a film. There are three regimes of ELA, low, 

intermediate, and high laser fluence.43,44 The low laser fluence regime describes the 

situation when the incident fluence is sufficient to induce melting of the Si film, but low 
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enough that a continuous layer of unmelted Si remains. This is sometimes referred to as 

the “partial melting” regime. Explosive crystallization and vertical solidification occur in 

this regime. 

 The high fluence regime is where the laser fluence is sufficient to 

completely melt the Si film. The transformation mechanism involves the nucleation of 

solids in a liquid and creates a stable solid-liquid interface that accommodates the liquid 

to solid tranformation. The nucleation occurs from the deep undercooling in the molten 

Si. Deep undercooling is where there exists a liquid substantially cooler than the melting 

point and leads to copious amounts of nucleation, resulting in small grains (typically 10’s 

of nm).  

 The intermediate regime is where near complete melting of the Si film 

occurs. The un-melted islands of solid material provide solidification “seeds”, from which 

lateral growth can ensue, propagating the solid-liquid interface this is called Super-
lateral growth (SLG)45,46 The fluence window of this regime is very narrow and must be 

precisely controlled. For the study presented here I operated below the low laser regime. 

Direct laser crystallization had demonstrated insufficient means to the large grain high 

quality, material needed. Staying below the direct crystallization threshold could lead to 

better quality seeds for subsequent growth later. 

 

1.5.4 Nanographoepitaxy47,48 is the use of sharp underlying substrate surface features 

to nucleate crystals at partial melt temperatures reached via ELA or strip heaters. The 

implications are that the stress of the corners drives the nucleation process. Although 

this method was not investigated here, it did lead to some clues about possible stress 

involvement in the nucleation and growth processes. 

 

1.6 Approach of this thesis 
The approach for this study is the combination of laser nucleation, and SPC.  

Laser induced nucleation has not been investigated fully and will be the focus of this 

project.  Laser nucleation provides a method for localized nucleation whether it is via an 
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optical process or a thermal process. A method to take the film to full crystallization by 

laser processes can be studied at a later time.  

In this approach to substrate replacement, the thin film template layer was 

composed of a-Si:H that was crystallized via laser nucleation then solid phase 

crystallization (see figure 1.7). By combining laser nucleation and solid phase 

crystallization an understanding of a-Si:H films with different hydrogen content, laser 

nucleation, and solid phase crystallization, was explored in the pursuit of a large grained 

silicon film for use as a template. 

Key questions to answer: 

• How do we measure crystallization parameters in processed Si films? 

• What are the laser fluence thresholds of nucleation and crystallization of a-

Si:H films? 

• Are large grain sizes achievable by direct sub crystallization threshold 

laser processing of a-Si:H films? 

• What are the key factors influencing the nucleation and growth rates in a-

Si:H fims? 

• What are the grain size limitations of nucleation by design in a-Si:H films? 

 

 
Figure 1.7: depiction of laser nucleated spots (left) growing into larger grains (right) 
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CHAPTER 2 – EXPERIMENTAL TOOLS EMPLOYED 

This chapter describes the specific experimental tools used in this 

study; beginning with the initial film growth methods, through the 

development of the laser processing system and annealing processes, and 

finally the characterization of the films.  

To accomplish this study we employed two deposition systems: a hot wire 

chemical vapor deposition system and a plasma enhanced chemical vapor deposition 

system. Laser nucleation was done with a dedicated laser processing system using the 

following elements: a Nd:YAG laser, JPSATM beam delivery system, and Newport 

sample platform linear stages. For the characterization of the films structural, 

morphological, and optoelectronic properties the following were used: X-ray Diffraction 

(XRD), scanning electron microscope (SEM), and an optical microscope. These tools 

will be discussed in more depth in this section. 

 

2.1 Film Growth approaches – PECVD and HWCVD 

 The films for this study were grown by hot wire chemical vapor deposition 

(HWCVD) and plasma enhanced chemical vapor deposition (PECVD) (Figure 2.1). 

These two methods were chosen due to their production capabilities and also their 

different film characteristics. Films deposited by different methods demonstrate different 

nucleation characteristics.1 The films were deposited at controlled substrate 

temperatures from 100°C to 450°C plus or minus 10°C producing similar film hydrogen 

contents from each deposition method.  

 

2.1.1 HWCVD – CVD processes use high temperatures to drive decomposition of SiH4 

and subsequent deposition of the silicon film. This is accomplished by heating the 

substrate and the chamber (hot walled reactors) or just the substrate (cold wall reactors). 

The HWCVD (Figure 1) approach admits silane into a vacuum chamber with a wire that 

is heated to ~1900° C to crack the silane bonds and deposit an amorphous silicon film 

on the substrate. For the reactor used in this study, the substrate is 5cm away from the 
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filament. The substrate is mounted on a hot stage and the temperature is used to 

regulate the final hydrogen content of the film. The films used in this study the substrate 

deposition temperatures were 184° C, 275° C, 475° C which gave corresponding film 

hydrogen contents of 14, 16, 21 atomic percent. The HWCVD system used to deposit 

the films presented in this dissertation is described elsewhere.2 The specific parameters 

for individual films are explicitly described in the text of the chapters which follow. 

HWCVD was chosen as a deposition method for this study due to the scalability, ease 

of deposition, and availability. 

 

 
Figure 2.1: General hot wire chemical vapor deposition and plasma enhanced 

chemical vapor deposition systems. 

 

 
2.1.2 PECVD – The Plasma enhanced chemical vapor deposition (PECVD) (Figure 1) 

approach admits silane (~20 sccm) into a vacuum chamber with a plasma generating 

source (9.5 mW/cm2 at 13.56 MHz RF in for the system used in this dissertation). This 

source generates intense electric fields to create energetic electrons, which can collide 

with the neutral molecules of the chamber gas and excite them. These collisions 

generate more electrons, ions, and excited neutral radicals. The probability of forming 
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each species is dependent on energy of formation, and the energy or temperature of the 

plasma.  In the case of SiH4, the energy needed to ionize a silicon molecule and create 

SiH4
+ ion and an electron is ~12.2 eV, and the energy needed to form the neutral SiH3 

radical and a H atom is ~3.5 eV. This discrepancy of the energies of formation leads to 

a much higher proportion of SiH3 species, which adsorbs onto the surface and 

decompose into a deposited silicon layer. Some of the H ions also can impinge on the 

film surface where they can become incorporated into the film. With the addition of 

plasma enhancement the deposition temperature can be lowered significantly as 

compared to chemical vapor deposition, allowing for deposition on lower thermal budget 

substrates. At lower temperatures PECVD films can contain large (>10 atomic percent) 

amounts of H. The actual deposition system for the films discussed here is described 

elsewhere.3 The specific parameters for individual films are explicitly described in the 

text in later chapters. PECVD was chosen as a deposition method due to availability of 

a system, and scalability, and as a secondary deposition method to delineate some 

variability in film characteristics. 

 

2.2 Substrates 

The substrates chosen for this study were Corning 1737 glass and Corning Eagle 

glass which are amorphous glasses that can with stand temperatures up to 700° C 

without softening. This is to allow the films to be annealed without the substrate failing. 

The glasses are also demonstrated by experience to not contaminate or influence the 

silicon deposited upon them. The 6” x 6” deposited substrate samples were scribed and 

cleaved to ~12mm x 12mm which allowed for XRD hot stage experiments, optical 

microscopy, easy handling and maximized the number of experiments that could be 

carried out with deposited film samples. 

 
2.3 Laser processing system and annealing methods 

Laser processing presents an opportunity to open up a myriad of possibilities in 

thin film preparation and control by offering changes in film structure typically associated 

with high substrate temperature in a low temperature process. This would allow for low 
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thermal budget applications including film formation on flexible substrates. An ideal laser 

processing system would have a high throughput to allow for large area applications 

and production. For the application envisioned in this thesis the laser would have a high 

repetition rate or a larger patterned, optical image. For the fundamental research 

presented here the requirements on the laser are different. 

The three main characteristics (setting aside the practical side of price, reliability, 

etc.) to consider in selecting the laser for this research were the wavelength, pulse width, 

and energy.  Repetition rate was not a limiting parameter due it being a research and 

not a production environment. 

 

2.3.1 Laser wavelength selection 

The laser is the principal component in this study, and as such selection of the 

laser is the principal consideration in the design of the system.  For this project one of 

the areas of interest is the wavelength dependence of the process.  The absorbance 

coefficient of a-Si varies significantly with wavelength.  Applying different laser 

wavelengths to the films permits probing not only the wavelength dependent coupling of 

the energy in the material, but also the energy penetration depth (plot in Figure 2.2). 

The bonds of the different species could also be addressed differently by the selection 

of wavelengths above and below these bond energies (bond energies are blue in plot in 

Figure 2.2).  The film could react dramatically different if the energy is coupled directly 

into one or more of these material bonds, or just thermally coupled to the film.  By 

having a broad selection of wavelengths available these different influences could be 

investigated. The Continuum Powerlite Plus II was ultimately selected with wavelength 

options of 1064nm, 532nm, 355nm, and 266nm multiples. Laser pulses could be 

delivered as a single pulse at up to 10 pulses per second. This laser can output 

maximum energies per pulse of 3J@1064nm, 1.5J@532nm, 0.8J@355nm, and 

0.275J@266nm. The actual fluence used for the experiments will be described in the 

chapters below. 
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Figure 2.2: Optical absorption coefficient and penetration depth vs wavelength 

and energy for c-Si, a-Si:H, and uc-Si:H. Optical energies of bonds in a-Si:H and laser 

emission wavelengths are given left above the Continuum Precision II Powerlite Plus 

laser chosen for this study.4 

 

2.3.2 Laser pulse width selection 

The pulse width of a laser is essentially the time window during which the energy 

of the laser is delivered. This is important because there are basically three time scale 

regimes that define how the laser interacts with the material. To characterize these 

regimes the following definitions are useful: Te – the electron cooling time (~1ps); Ti - 

The lattice heating time; TL - the pulse duration. Te and Ti are proportional to their 

respective heat capacities. The heat capacity of the electron is much less than that of 

the lattice therefore Te<<Ti.   

When TL>1ms>>Ti>>Te, where TL>1ms.  The laser pulse appears as continuous 

wave to the material. Classical heat transfer laws apply in this continuous wave (CW) 
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laser processing time frame. Laser annealing and welding occur in this regime. (Figure 

2.3) 

When TL>1ns>>Ti>>Te , electron absorbed laser energy is transferred to the 

material lattice and the main energy loss is to the surrounding bulk material. The heat 

affected zone (HAZ) is smaller than for the CW laser processing. This is the laser-

cutting realm. Ideally, this is the regime where this work will reside. This allows the 

limited transfer of energy to the lattice, allowing the material properties to be affected in 

a dosed and spatially controlled fashion. 

The final regime is when TL<< Te<< Ti is on the femtosecond time scale, the laser 

pulse duration is shorter than the electron cooling time. The laser energy is absorbed 

and the energy is transferred to the atoms and they have high enough energy to break 

bonds fast enough that energy is not passed on to the lattice. This is the melt free 

ablation or explosive solid-vapor regime and the HAZ is minimal.  

The Continuum Powerlite Plus II was ultimately selected with the laser pulse 

width of 3-7ns to allow some heat to be transferred to the lattice and give a controlled 

HAZ. This is ideal for the creation of nuclei.  For a nucleus to form the bonds need to 

reorder, but not enough heating so that melting of the film occurs.5 

2.3.3 Beam delivery and sample stage 
 The beam delivery system steers the laser to the sample targets, masks 

and conditions the beam to the desired target imaging aspects. Initially, larger areas 

(~5mm x 5mm) were to be exposed for XRD analysis. This was to allow for the 1mm 

diameter XRD beam to be easily aligned on the target spot.  As the project continued, 

arrays of small (~1um) spots were going to be made. This was to allow the investigation 

of growth of the nucleated spots into the unexposed film.  The beam delivery system 

therefore needed to be capable of large spot and ideally as small as ~1um in diameter. 

This was afforded in the design by including variable crossed slits in the imaging plane. 

Also included in the design is a variable attenuator. The variable attenuator is 

comprised of a 45° laser mirror mounted in the beam path on a rotating arm. At 45° this 

dielectric coated mirror reflects >99.5% of the laser light, but as the mirror deviates from 

45° the mirror allows a larger portion of the light through. At 90° the mirror is completely 



 29 

out of the beam allowing 100% of the laser light through to the target. This again allows 

the flexibility of using different laser wavelengths as needed without having to redesign 

the system. This is very important due to the varied experimental requirements of the 

delivered beam. The mirrors and variable attenuator need to be replaced and realigned 

for each change in experimental wavelength. 

 

 

 

Figure 2.3: Three regimes depicted; Tpulse<1nsec ablation, 1nsec<Tpulse<20nsec 

melting/ablation, and Tpulse>20nsec heating 

 

There were also some external factors involved in selecting the beam delivery 

system.  The system needed to be used for scribing of PV materials, thus beam shape 

needed to be more flexible.  All of these factors were taken into account when the beam 

delivery system was ultimately negotiated and designed with JPSA Laser (Figure 2.4).  
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Figure 2.4: Schematic of beam delivery system 

Provided by JPSA Laser 

 

The sample stage (Figure 2.5) is used to manipulate the sample under the beam 

to expose the desired pattern. This needed a submicron accuracy of linear motion in two 

directions.  Due to the multiuse plan for the system angular rotation was also 

incorporated in the sample stage system. Also in order to be located in the S&TF the 

system needed to be able to scribe 6” x 6” samples. Taking all of these requirements 

into consideration, the following were purchased and integrated into the final sample 

stage:   Two Newport ILS200CC Linear stages 

  Newport URS75BCC Rotational stage 

  Thorlabs Mini-Labjack (Z- axis) 

  Newport XPS Universal High-Performance Motion Controller 
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Figure 2.5: Beam delivery and sample stages 

 

2.3.4 Annealing Process 

The annealing was carried out in two ways; in a box furnace or on an Anton Paar 

DHS 900 hot stage(Figure 2.6) available only on the XRD system. The annealing 

temperatures were varied between 560° C and 625° C, depending on the study 

parameters. Both the box furnace and the hot stage annealing were preformed in 

ambient environments. Ramp up time for the box furnace was approximately 30 minutes 

and for the hot stage it was 20 minutes. A box furnace was chosen due to availability. 

The samples measured during stepwise annealing were removed from the furnace and 

placed on a cooling plate, quenching them to under 50°C in approximately 1 minute. 

Higher Temperatures lead to smaller grains and shorter crystallization times. Using the 

stepwise annealing process described in chapter 5, the samples could reproducibly be 

treated and evaluated for nucleation and growth characteristics.  

 

2.4 Characterization of Processed Films 

To evaluate the films structure and morphology after or ideally during the laser 

treatment and annealing processes, available methods for differentiating between the 

amorphous and the crystalline Si were assessed. Ultimately XRD, electron 

backscattering (EBSD), and optical microscopy were utilized. The experimental use of 

these tools is described in the following sections. 
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Figure 2.6: Furnace and Anton Paar hot stage both used for annealing samples 

 

2.4.1 X-ray Diffraction (XRD) uses X-rays to probe the local environment of the crystal 

structure. X-ray wavelengths are on the order of the atomic spacing and thus are ideal 

for probing the structural arrangement of atoms and molecules of many materials.6 The 

incident x-rays interact with the atoms of the material, primarily the electrons, and 

interfere with each other, creating an intensity distribution.  If the atoms are arranged in 

a periodic structure and Thompson scattering is assumed (no loss in photon energy, 

elastic interaction), then the resultant maxima/minima in the diffraction pattern allows 

the deduction of the atomic distribution of the material.  By Bragg’s law, 

 

2d sin θ  =  nλ     (2.1) 

 

where λ for is 1.54 Angstroms for the Cu-Kα radiation, d is the atomic plane spacing,  

and θ is ½ the angle between the incident angle of radiation, and the refracted angle of 

radiation.  This is the definition of θ-2θ diffraction used in this study.  

The c-Si x-ray lines are shown Figure 2.7. The Si(111) and the Si(220) peaks 

were used to evaluate the initial films at first due to their proximity and intensities. They 

both demonstrated the respective intensities shown in the plot and these did not appear 

to change from sample to sample. Due to the large sampling size of the XRD the 

intensity of the Si(111) peak was used to measure the crystallization fraction during the 

annealing process. 



 33 

 

 
Figure 2.7: Plot of Si, MgO, and Al2O3 XRD lines 

 

The sample crystallization was monitored with in situ x-ray diffraction (XRD) 

using a Bruker D8 Discover with a HiStar 2D detector and in conjunction with an Anton 

Paar DHS 900 hot stage. Each sample was placed on the hot stage with spring clips 

and illuminated with Xrays from a copper target (40 kV, 35 mA) using a Göebel mirror 

and a 1mm circular collimator. The stage was ramped to 625°C (sample temperature of 

600°C) from room temperature over 30 minutes, then held at 625°C until crystallization 

was complete. The XRD background (including the glass substrate) was subtracted out 

and the Si(111) peak was fit using a Gaussian shape. The peak amplitude was plotted 

versus anneal time, and the incubation times (τ0) were found by extrapolating these 

curves to the baseline. A representative plot is shown in Figure 2.8. 

Due to a number of factors the crystallite size was not able to be determined with 

the XRD data. With a series of perfect single size crystal powder samples of exactly the 

same sample thickness, one could potentially measure the crystallite sizes with the area 

under the peak, peak full width half maximum, and peak height. In this case we don’t 

know the crystallite sizes, there is a distribution of sizes, and the volume of crystallized 

material varies. These details complicated the interpretation of the data and XRD was 

abandoned as being a size determining method. Limitations of signal to noise also 
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created a problem with interpreting initial crystallization data to resolve the evolution of 

the crystallites. (Yagodkin,Vekilova, and Mungalov Materials Science Forum Vol. 321-

324(2000) pp 133-136)(Heiker and Zevin)(FW Jones, Proc of Royal Society of London, 

Series A Math. And Physical Sciences Vol 166 no 924 pp 16-4 (1938))(Bragg) 

 

 
Figure 2.8: Sample plot of XRD in situ measurement of crystallization. The plot 

shows the intensity of the Si (111) peaks as a function of anneal times. Identifying the 
point where the amplitude begins to deviate from zero, near 180 min, gives the 
incubation time τ0. 
 

2.4.2 Grain size determination 

 Methods for measuring the grain size resulting from the processes in this 

study were required. Although this seemed at first to be straight forward, it was more 

difficult than expected. The grain size was not measureable with the XRD as discussed 

above. Transmission electron microscopy required extensive time, resources, and was 

distructive. One of the methods decided upon was electron backscattering diffraction 

(EBSD), which uses a scanning electron microscope at high angle and measures the 

backscattered electrons and their corresponding diffraction patterns.7-9 

The EBSD analyses were performed in an FEI Nova NanoSEM 630 scanning 

electron microscope, using an EDAX Hikari EBSD detector. OIM Analysis 5.31 software, 

from EDAX, enabled a determination of the orientation of each pixel in the EBSD map 

from the Kikuchi patterns, and thus the final grain sizes, based upon adjacent pixels 
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with the same orientation down to 10s of nanometers resolution. A final cleaning routine 

was finally used to "clean up" the data. To increase the yield of diffracted electrons, the 

samples were tilted by 70° with respect to the normal direction.  This setup required the 

samples to be very smooth, because protruding surface features may prevent diffracted 

electrons from reaching the EBSD detector.  Also, because the diffracted electrons 

come from layers close to the surface (few tens of nanometers), it is important that the 

sample surface have good crystallinity. The final surface process chosen for sample 

smoothening is discussed below. 

 Figure 2.9 describes and illustrates the methodology used on the fully annealed 

(crystallized) film surfaces to enable good EBSD images.  With no surface treatment of 

any kind, only very faint Kikuchi patterns can be discerned (Fig. 2.9a), but these 

patterns are not sufficient for any grain size determination.  Using surface etching10 

some improvement in the Kikuchi patterns (Fig. 2.9b) were obtained, but this surface 

treatment was not sufficient to extract any grain size information.  A combination of HF 

dipping and ion milling led to the first quantitative grain size information, in that some 

surface areas are consistent with crystallite detection, as indicated by adjacent pixels 

having the same color.  These results are seen in Fig. 2.9c.  However, it is evident that 

large areas of the surface are still not smooth enough for quantitative analysis, even 

though the sample is fully crystallized. Finally, Fig. 2.9d shows the EBSD pattern 

obtained when the same sample surface is polished for 60 sec with a 50µm colloidal 

silica slurry.  Alpha-step profiling measurements performed before and after sample 

polishing have determined that only 200Å of the original film thickness was removed by 

this colloidal silica surface treatment.11  

 

2.4.3 Optical microscope technique 
Even though EBSD gave grain size it was still a destructive and time lag method 

for measuring crystallization. I noticed when looking at the first sample grids and ablated 

frame, used to locate the treated area, that the crystallized region around the ablated 

holes was noticeably different than the surrounding amorphous film. I then annealed the  
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(a) 

 

(b) 

                                                                      (c) 
 

 

 

 

 

 
(d) 

 

 

Figure 2.9: EBSD results with (a) no surface treatment, (b) HF surface dipping, (c) HF 

dipping and ion milling, and (d) mechanical polishing using a colloidal silica slurry. 
film for approximately the time for partial crystallization obtained from e XRD data. 

Crystallites were visually noticeable in the microscope. From this observation a new 
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robust optical method was developed to enable a dynamic research environment for this 

study. The optical indices of a-Si are different from c-Si. The films need to be on the 

order of the wavelength of light used for the measurement.12  

The films were examined by optical microscopy using a Nikon Eclipse LV100 

Optical Microscope, in the reflectance mode, and the images were collected using NIS-

Elements F2.20 software. Although this method allowed for quick turnaround and was 

nondestructive to the samples, it could not differentiate between grains, only crystallized 

from uncrystallized film. When the appropriate crystallite size was achieved then the 

actual grain sizes were measured with EBSD. 

The optical measurements described also allowed for nucleation rate 

measurements as well as crystallite size (Figure 2.10). 

 
Figure 2.10: Optical microscope images of stepwise annealed 1000Å  

thick a-Si:H sample @600°C. 
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Chapter 3: Altering the Nucleation of Thermally Annealed Hydrogenated 
Amorphous Silicon with Laser Processing 

 
This chapter discusses the determination of the direct crystallization threshold 

laser fluence down to the nucleation threshold laser fluence the lowest fluence where a 

reduction in the final incubation time was observed.  

The first step in this experimental investigation required the exploration of the 

nucleation and crystallization thresholds for Si films with different hydrogen content.  

These thresholds define essentially the operational window for the laser nucleation and 

crystallization processes.  I also explored the role of film hydrogen in the laser 

nucleation process. By adding a hot stage to the XRD and measuring the exposed and 

unexposed film the crystallization fractions of the two could be compared for any 

significant changes.  This method was utilized to evaluate the laser fluence from the 

exposure necessary to cause any noticeable effect all the way to direct laser 

crystallization.  These experiments determined that larger film hydrogen content 

resulted in a larger reduction in the incubation time (the time before the onset of 

crystallization) for the laser treated film versus the untreated film. For the 21 atomic 

percent hydrogen film the nucleation threshold was determined to be ~36 mJ/cm2 and 

there appeared to be a continuum change in incubation time with increasing fluence 

until the crystallization threshold was reached of ~64 mJ/cm2.  

These experiments support the ‘short lived large energy fluctuation’ model, and 

the multivacancy model is introduced which gives a more specific explanation of the film 

hydrogen content and it’s role in the laser nucleation process. This model differentiates 

between the better-ordered regions and the less ordered regions at clustered hydrogen 

sites. 

The following is a reproduction of a paper published in Applied Physics Letters. 

This chapter is reproduced as published except that section numbers and figure labels 

were changed to conform to the thesis format. Permission to publish this is attached 

towards the end of the chapter.	  This was my first paper on this topic and I was not only 

the major writer of the manuscript, but also designed and carried out the major portions 
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of the study. This included the laser processing of the films, measuring the XRD 

measurements and processing the data for the different H content films. 

 
Altering the Nucleation of Thermally Annealed Hydrogenated Amorphous 

Silicon with Laser Processing 

M.S. Dabney, P.A. Parilla, L.M. Gedvilas, A.H. Mahan, and D.S. Ginley 

National Renewable Energy Laboratory, Golden, CO 80401, USA 

Applied Physics Letters, Vol 95, Issues 25, p251902 (2009). 

 

3.1 Abstract 

We demonstrate the use of laser processing to affect the nucleation of crystallites 

in thermally annealed hydrogenated amorphous silicon (a-Si:H) thin films. The influence 

of film H content and sub-crystallization threshold laser fluence are investigated by X-

ray diffraction measurements during in situ thermal annealing at 600°C. All laser-treated 

films show a reduced incubation time for crystallization compared to as-grown films, with 

the largest differences exhibited for samples with higher film H and higher laser fluences. 

These results are consistent with multivacancy annihilation by laser processing, based 

upon a recently developed model for a nucleation center in a-Si:H. 

 

3.2 Introduction 
The ability to grow large-area, large-grained polycrystalline silicon (poly-Si) on 

inexpensive substrates is becoming increasingly important for applications such as thin-

film transistors (TFTs) and photovoltaic (PV) devices. For TFT poly-Si applications, the 

primary motivation is to utilize the higher mobility of the polycrystalline material1. In the 

case of solar cells, if large-grained (grain size >10 µm) 10 µm thick films can be 

obtained, it is possible with light trapping to achieve solar-cell efficiencies exceeding 

15% 2. An alternative approach to growing thick, large-grained films is to grow a much 

thinner large-grained seed layer that can be subsequently thickened by a variety of 

techniques. The key in both cases is to produce grains larger than 10 µm. 
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Due to the simplicity of the process, solid-phase crystallization (SPC) of 

hydrogenated amorphous silicon (a-Si:H) was initially investigated3. At an annealing 

temperature (Ta) of 600°C, the resultant grain sizes have been limited to typically 0.5-2 

µm 3,4. While somewhat larger (3-4 µm) grains have been reported at a lower Ta (580°C), 

the incubation time (τ0) increases to an impractical 30-60 hrs3. As a result, poly-Si 

fabrication by other techniques has been explored. Such techniques potentially include 

Excimer Laser Annealing (ELA) 5, Super-Lateral Growth (SLG)6, and Metal-Induced-

Crystallization (MIC)7.  

A combination of laser processing and SPC has also been investigated to 

examine whether crystallite nucleation can be sufficiently altered to reduce τ0 and 

produce larger grained poly-Si. In an ideal situation, an a-Si:H film would be illuminated 

in a grid pattern. If the activation energy for crystallite growth is smaller than that for 

spontaneous crystallite nucleation3, then in the right temperature range, laser-nucleated 

seeds can grow below the threshold of the material’s native nucleation energy. Toet et 

al.8,9 experimented with this approach, but used the laser to create small crystallites 

directly, and while they did observe crystallite growth into the untreated regions, they 

found multiple (>10), smaller crystallites in their 5-10 µm diameter cauliflower-shaped 

growth pattern. Efremov et al. 10 tried a similar approach using a laser fluence both 

above and below the crystallization threshold, and while they observed a reduction in τ0 

with increased laser fluence, they explained their results in terms of stress generated by 

the laser fluence, which then changed the nucleation kinetics. No measurements of 

grain size were reported.  

Based upon a recent model describing the nature of a nucleation center11, we 

revisit Efremov et al.’s approach10 by investigating if the reduction in τ0 generated by 

sub-threshold laser processing can be explained by this model. In the present study, 

samples with different (similar) initial film hydrogen content (CH) were illuminated with 

constant (different) laser fluence, after which all samples were thermally annealed to 

determine the different sample τ0s. We find that the results so obtained are consistent 

with multivacancy annihilation, which leads to earlier nucleation and crystallite growth. 
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3.3 Experimental 
The 60-100 nm thick a-Si:H thin film samples in this study were deposited by hot 

wire chemical vapor deposition (HWCVD) using a 0.5 mm diameter tungsten filament 

located 5 cm from the substrate, using deposition conditions described elsewhere12. 

Depositions were made on Corning 1737 glass and c-Si substrates, with the substrate 

temperature varied to enable a-Si:H films exhibiting different as-grown CH.  The film H 

contents were determined by IR spectroscopy using a System 510 Nicolet Fourier 

Transform Infrared Spectrometer with a deuterated tryglycine sulfate detector operating 

at 4 cm-1 resolution on the as grown films, deposited on the double polished c-Si 

substrates.  Transmission spectra were first obtained using Omnic spectroscopy 

software.  Each spectrum was then corrected for CO2 artifacts using previously 

generated reference spectra, followed by manual baseline correction to remove 

sinusoidal fringes.  The film CHs were calculated from the Si-H wag mode using a 

proportionality constant Aw = 2.6 x 1019 cm-2. 

The laser processing was performed using a Continuum Powerlite Plus Nd:YAG 

laser operating at 355 nm. The beam was delivered to the films with a Beam Delivery 

System supplied by JPSA laser. The spot size was 5 mm x 5 mm, which was chosen for 

ease of sample characterization. Each sample deposited on glass was exposed to one 

3-7 ns laser pulse in an ambient environment, with the fluence ranging from 26 mJ/cm2 

to 64 mJ/cm2; the control sample remained unexposed to provide a baseline 

measurement. 

The sample crystallization was monitored with in situ X-ray diffraction (XRD) 

using a Bruker D8 Discover with a HiStar 2D detector and an Anton Paar DHS 900 hot 

stage. Each sample was placed on the hot stage with spring clips and illuminated with 

X-rays from a copper target (40 kV, 35 mA) using a Göebel mirror and a 1mm circular 

collimator. The stage was ramped to 625°C (sample temperature of 600°C) from room 

temperature over 30 minutes, then held at 625°C until crystallization was complete. The 

XRD background (including the glass substrate) was subtracted out and the Si(111) 

peak was fit using a Gaussian shape. The peak amplitude was plotted versus anneal 
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time, and the incubation times (τ0) were found by extrapolating these curves to the 

baseline. 

 
3.4 Results and Discussion 

Figure 3.1 shows the XRD Silicon (111) peak amplitude versus anneal time for 

samples with initial film CH varying from 14 to 21 at.%. While there is some variation in 

the saturated XRD peak amplitudes for samples of different film CH, these amplitudes 

are all normalized to the same value (20, arbitrary units) for ease of display. As can be 

seen for the as-grown films (solid symbols, no laser treatment), τ0 is reduced as the film 

CH is reduced, in agreement with previous results4,11.  

Pieces of the same samples were then laser treated with one 36 mJ/cm2 laser 

shot, and annealed in the XRD hot stage. Looking at the differences in τ0 for the as-

grown versus laser-treated samples (open symbols), once again there exists a trend, 

with the lowest CH sample exhibiting the smallest change compared to that for the 

corresponding as-grown sample. In particular, the CH ~14 at.% sample shows a 

reduction in τ0 of ~10 minutes. While this represents only one measurement unit in our 

experiment, the two curves are offset enough to discern a statistically significant  

change. This effect of decreasing the τ0 with exposure to the laser fluence is more 

pronounced with increasing CH. For the laser treated samples with CH ~16 at.% (21 

at.%), τ0 decreases by 40 minutes (170 minutes), relative to the respective as-grown 

sample τ0s. For the CH ~21 at.% sample, the τ0 of the laser treated film is approximately 

half the τ0 of the untreated film. 

Figure 3.2 shows the anneal time versus XRD Silicon (111) peak amplitude for 

another 21 at.% CH sample illuminated with one shot laser fluences of 26, 32, 46, and 

64 mJ/cm2. For the 26 mJ/cm2 laser treatment, there is no distinguishable change in to 

compared to that for the as-grown (untreated) sample. When the laser fluence is 

increased to 36 mJ/cm2, there is an ~90 minute decrease in τ0. As the laser fluence is 

increased to 46 mJ/cm2, τ0 decreases still further, dropping by ~ 200 minutes compared 

to that for the untreated sample. Finally, at a laser fluence of 64 mJ/cm2, τ0 drops to  
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Figure	  3.1:	  XRD	  Si(111)	  peak	  amplitude	  versus	  600°C	  anneal	  time	  for	  samples	  

containing	  different	  film	  CH.	  The	  laser	  intensity	  in	  the	  laser 

 

near 0, which implies that the crystallization threshold has been reached and that 

crystallites might be formed directly from laser processing. For the curves in this figure, 

it should be noted that the final crystallization XRD peak intensity decreases with 

increasing laser fluence. This could be due to film ablation or exfoliation, and will be the 

subject of a future study. 

Laser-induced crystallization of a-Si:H has been previously examined13. The 

basic tenets of the ‘short lived large energy fluctuation’ (SLEF) crystallization model are: 

(1) the atoms in the laser-affected volume receive a non-equilibrium thermal energy 

‘shock’ from the laser illumination; (2) within this volume, many bonds are broken 

around these atoms; (3) the ‘momentarily unbonded atoms’ diffuse (hop) towards more 

ordered states; and (4) the electron thermalization facilitates this hopping. As a result, 

this better-ordered structure exhibits a reduced crystallization time. 
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The results presented in Figures 3.1 and 3.2 are consistent with the basic tenets 

of the SLEF model even when sub-threshold laser illumination is used, in that all 

samples show a reduced crystallization time (reduction in τ0) upon laser illumination. 

However, this model does not address how this reduction in τ0 depends upon the initial 

film CH, as variations in film CH were not investigated in that study13.  

To address this issue, we present an alternative explanation based upon a 

recently proposed model for a nucleation center11, and show how the present data is 

consistent with multivacancy annihilation when the a-Si:H samples are laser irradiated. 

The idea behind this model is that upon thermal annealing, nucleation occurs in the 

better-ordered regions of the inhomogeneous a-Si network, whose sizes are defined by 

the less well-ordered clustered hydrogen densities (H bonded on multivacancy sites). 

Even after the H is evolved, the local film inhomogeneity is preserved, allowing for 

different volumes of better-ordered regions to crystallize and grow with different τ0s. 

 
 

Figure	  3.2:	  XRD	  Si(111)	  peak	  amplitude	  versus	  laser	  fluence	  for	  a-‐Si:H	  samples	  containing	  

21	  at.%	  H.	  
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Accordingly, Figure 3.3 shows the clustered hydrogen versus τ0 for the data 

presented in Mahan et al. (solid symbols) 11. Added to this figure are data for the 21 

at.% sample in its as-grown state, after laser treatments of 36 mJ/cm2, and 46 mJ/cm2 

respectively. Having determined the tos from Figure 2 (dashed lines), fitting the data to 

the curve enables the cluster densities for the untreated as well as laser-treated 

samples to be estimated. As can be seen, the 36 mJ/cm2 laser treatment causes an ~ 

30% loss in the clustered hydrogen density14, while increasing the laser fluence to 46 

mJ/cm2 results in an even more significant cluster loss (to > 90%).  

Since τ0 is reduced upon laser irradiation for the present films, the SLEF and 

nucleation center models are in agreement that the “momentarily unbonded Si atoms” 

must diffuse towards more ordered states. However, the nucleation center model goes a 

step further in that it differentiates between Si atoms in the less well-ordered regions at 

the clustered H sites and those in the better-ordered regions between the clusters. The 

present results suggest that the largest change (improvement) in order upon sub-

threshold illumination occurs at the clustered H sites, which are much more disordered 

originally. As a result of the better ordering where the clustered H atoms were, the 

better-ordered regions between the clusters unaffected by the laser irradiation become 

larger, and can thus incubate and grow more quickly upon thermal annealing, resulting 

in a shortened τ0. This better ordering can occur by multivacancy annihilation, where the 

‘open regions’ associated with the multivacancy become more compact, and thus more 

ordered, due to Si (and H) atom rearrangement (diffusion, rebonding) 15. Although many 

bonds must also be broken in the better-ordered regions by the laser irradiation, it is not 

necessary to invoke an improvement in this order to explain the present results. 

 

3.5 Conclusion	  

In conclusion, laser processing below the crystallization threshold has been used 

to change the nucleation of thermally annealed a-Si:H. Samples with higher as-grown 
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CH exhibit the largest reduction in τ0 when illuminated at constant laser fluence, as does 

increasing the laser fluence for samples of constant as-grown CH. These results support 

multivacancy annihilation by laser processing, consistent with a recently developed 

model for a nucleation center in a-Si:H. 	  

 

 

 
 
Figure	  3.3:	  Cluster	  density,	  extrapolated	  from	  film	  incubation	  times,	  for	  a	  21	  at.%	  H	  a-‐Si:H	  

sample	  in	  the	  as	  grown	  state,	  and	  for	  one	  shot	  laser	  fluences	  of	  36	  mJ/cm2	  	  and	  46	  mJ/cm2	  .	  
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15 No loss in film H is observed upon multiple laser pulse illumination, 

suggesting that the momentarily unbonded H must also diffuse and rebond, 

but no longer on clustered H sites. 
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CHAPTER 4: RELATIVE CRYSTALLITE SIZES FOR THERMALLY 
ANNEALED HWCVD A-SI:H FILMS WITH AND WITHOUT A SUB-THRESHOLD 

LASER FLUENCE 
 

Based upon the previous paper’s demonstration that the laser treatment shortens 

the incubation time, the next step was to evaluate the affect on grain size of  the large 

area sub crystallization threshold laser exposure. A number of techniques were 

evaluated to determine what was the most useful way of measuring the grain size in 

these large area exposures; TEM, XRD, and SEM.  

SEM electron backscattering diffraction (EBSD) was determined to give the best 

measurement of grain size with less preparatory time and effort than the TEM.8 In EBSD 

some of the electrons of the SEM are diffracted by the crystalline planes of the sample 

and are collected by the detector.  These collected scanned electrons form Kikuchi lines, 

which are characteristic of the crystal structure and orientation, forming maps of the 

crystallographic orientation.  

The results demonstrate that the grain size was not altered by the laser treatment. 

A trend did emerge that the laser treated films with their shorter incubation times have a 

larger grain size compared to films of the same incubation time. It was concluded that 

large area exposure to one pulse of sub crystallization threshold laser fluence was not 

sufficient to directly create the large grain size needed.  

The following paper published in IEEE Photovoltaic Specialists Conference 

proceedings (003702-003705 (2010))(10.1109PVSC.2010.5617127) addresses this 

issue. This paper is reproduced as published except that section numbers and figure 

labels were changed to conform to the thesis format. Permission to publish this is 

attached towards the end of the chapter.	  For this paper I was the major writer of the 

manuscript, and also the major contributor to the intellectual concepts. I searched for 

possible methods for determining the grain sizes of the crystallized films. EBSD 

(measured by Helio Moutinho) was selected as the best method for this study. I 

determined to use this method to compare grain sizes for large area laser processed 

films versus untreated films.	  	  
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RELATIVE CRYSTALLITE SIZES FOR THERMALLY ANNEALED HWCVD A-
SI:H FILMS WITH AND WITHOUT A SUB-THRESHOLD LASER FLUENCE 

M.S. Dabney, B. To, H. Moutinho, P.C. Dippo, Y. Yan, P.A. Parilla, A.H. Mahan, 

and D.S. Ginley, IEEE Photovoltaic Specialists Conference proceedings 	  (003702-

003705 (2010))(10.1109PVSC.2010.5617127). 

 
4.1 ABSTRACT 

We report data on the relative EBSD grain sizes for HWCVD a-Si:H films which 

have been sub-threshold laser illuminated prior to thermal annealing compared to films 

which have undergone no prior laser processing. For laser processed and thermally 

annealed films which exhibit a reduced incubation period to, the EBSD grain sizes are 

not changed compared to those for the same film which is annealed directly from its as 

grown state. However, when comparing different films with similar (short) tos, the laser 

processed film exhibiting a reduced to has much larger grains.  The trends in EBSD 

grain size with in situ XRD crystallization time tc are consistent with theoretical 

predictions obtained from the classical model of nucleation and grain growth.  

Predictions on the final grain size versus tc for samples which have not yet been 

measured by EBSD are reported. 

 

4.2 INTRODUCTION 

The crystallization kinetics of thermally annealed amorphous silicon (a-Si:H) films 

have been actively investigated for the past 25 years.  Employing a classical model of 

nucleation and grain growth [1], the film incubation time to (the time before the onset of 

nucleation), steady state nucleation rate (rn), grain growth rate (sg), and crystallization 

time tc (measured from time to) have been extensively examined versus anneal 

temperature for a wide variety of a-Si:H film systems.  While some variation in final grain 

size has been reported, it appears that the largest grain size that can be obtained by 

straight thermal annealing is limited to 2-3 µm [1].  This has led researchers to 

investigate whether the interaction of a sub-threshold laser fluence with a-Si:H [2] can 

change the nature of the a-Si:H crystallite nucleation centers and thus change 



 52 

(influence) the final grain size when such films are subsequently annealed. 

 

In a previous publication [3] we examined the change in to that occurred when hot 

wire chemical vapor deposited (HWCVD) a-Si:H films were subjected to different sub-

threshold laser fluences prior to 600°C film annealing. Using XRD with an in situ sample 

annealing stage as a film diagnostic, we found that to was reduced by laser processing, 

and that the amount of this reduction scaled both with the as grown film H content and 

with the sub-threshold laser power. At higher laser powers we suggested that direct 

laser crystallization of the a-Si:H was initiated.  The trends in the data versus film H 

content and laser power density were seen to be consistent with NMR clustered H site 

annihilation [4], in the context of a model recently proposed for a nucleation center [5]. 

Missing to date was any examination of the final crystallite sizes with and without 

sub-threshold laser illumination.  In this work we report data on the relative crystallite 

sizes for both as grown (no laser illumination) and sub-threshold laser illuminated films, 

which are subsequently annealed to full crystallization, as obtained from EBSD 

measurements. We find that, for sub-threshold laser processed and thermally annealed 

films which exhibit a reduced to, the EBSD grain sizes are similar compared to those for 

the same film which is annealed directly from its as grown state. On the other hand, for 

films which have the same (short) to, the film that has been laser processed to shorten to 

exhibits much larger grains compared to an as grown film having the same (short) to 

which has not been laser processed. We show that the trends in grain size are 

consistent with tc values obtained from the in situ XRD measurements, in the context of 

the nucleation and grain growth model proposed in Ref. 1.  Finally, for samples which 

have not yet been analyzed by EBSD, we present predictions for the final grain size as 

obtained from the tc values, assuming a sg to be relatively insensitive to film preparation 

conditions. 

 

4.3 EXPERIMENTAL 
The 1000-1200Å thick a-Si:H samples in this study were deposited by HWCVD 

using a 0.5 mm diameter tungsten filament located 5 cm from the substrate, using 
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deposition conditions described elsewhere [6]. Depositions were made on Corning 1737 

glass, with the substrate temperature (Ts) varied to enable a-Si:H films exhibiting 

different as-grown CH. The CH values for the films investigated in this study were 8 and 

21 at.%, and were deposited using a TS of 325°C and 200°C respectively. 

The laser processing was performed using a coherent Powerlite Plus Nd:YAG 

laser operating at 355 nm, with the beam delivered to the films using a Beam Delivery 

System supplied by JPSA laser.  The spot size was 5 mm x 5 mm, chosen for ease of 

sample characterization. Each test sample was exposed to one 3-7 ns laser pulse in an 

ambient environment, with the power ranging from 26 mJ/cm2 to 64 mJ/cm2; the 

unexposed control sample enabled a baseline measurement. 

The sample crystallization was monitored with in situ x-ray diffraction (XRD) 

using a Bruker D8 Discover with a HiStar 2D detector and an Anton Paar DHS 900 hot 

stage. The stage was ramped to 625°C from room temperature over 30 minutes and 

was then held at 625°C until crystallization was complete; the actual substrate 

temperature was estimated to be ~ 600°C.  Five-minute XRD data frames centered at 

~40° 2-Θ were acquired every 10 minutes starting with the temperature ramp onset. The 

XRD background (including the glass substrate) was subtracted out, and the Si (111) 

peak amplitude was plotted versus anneal time until saturation. The τ0s were found by 

extrapolating these curves to the baseline, while the tcs were obtained by extrapolating 

the crystallization slopes between the baselines and the final saturation values. 

The EBSD analyses were performed in an FEI Nova NanoSEM 630 scanning 

electron microscope, using an EDAX Hikari EBSD detector. OIM Analysis 5.31 software, 

from EDAX, enabled a determination of the orientation of each pixel in the EBSD map 

from the Kikuchi patterns, and thus the final grain sizes, based upon adjacent pixels 

with the same orientation. A cleaning routine was finally used to "clean up" the data. To 

increase the yield of diffracted electrons, the samples were tilted by 70° with respect to 

the normal direction.  This setup required the samples to be very smooth, because 

protruding surface features may prevent diffracted electrons from reaching the EBSD 

detector.  Also, because the diffracted electrons come from layers close to the surface 
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(few tens of nanometers), it is important that the sample surface have good crystallinity.  

The final surface process chosen for sample smoothening is discussed below. 

4.4 RESULTS AND DISCUSSION 
 In Fig. 4.1 we describe and illustrate the methodology used on the fully annealed 

(crystallized) film surfaces to enable good EBSD images.  With no surface treatment of 

any kind, only very faint Kikuchi patterns can be discerned (Fig. 4.1a), but these 

patterns are not sufficient for any grain size determination.  If we then try surface 

etching (HF dip), we do obtain some improvement in the Kikuchi patterns (Fig. 4.1b), but 

this surface treatment is still not sufficient to enable any grain size information.  A 

combination of HF dipping and ion milling leads to the first quantitative grain size 

information, in that some surface areas are consistent with crystallite detection, as 

indicated by adjacent pixels having the same color.  These results are seen in Fig. 1c.  

However, it is evident that large areas of the surface are still not smooth enough for 

quantitative analysis, even though the sample is fully crystallized. 

Finally, Fig. 4.1d shows the EBSD pattern obtained when the sample surface is 

polished for 60 sec with a 50µm colloidal silica slurry.  Alpha-step profiling 

measurements performed before and after sample polishing have determined that only 

200Å of the original film thickness was removed by this colloidal silica surface treatment. 

In Figure 4.2 we show the in situ XRD 600°C annealing curves (Fig. 4.2a) for a sample 

with a CH =  21 at.% H, both for the sample in its as grown state (no laser fluence) and 

also after a one shot laser fluence of 46 mJ/cm2 before sample annealing.  As can be 

seen, the laser illumination has reduced the film to from ~ 200 min to ~ 80 min.  

However, the EBSD grain sizes of these films (Fig. 4.2b) seem not to have been 

influenced by the laser fluence, as the maximum grain sizes are seen to be 3-4 µm in 

both cases, and the grain size distributions are also similar. 

On the other hand, Figure 4.3 shows XRD and EBSD results for a different 

sample (no laser irradiation) which has a (short) to value (~ 120 min) similar to that for 

the laser processed sample seen in Fig. 4.2a and Fig. 4.2b.  This sample contained 7 

at.% H in its as grown state.  Of interest is the comparison of grain sizes for samples 

with and without laser processing which have similar (short) tos.  As can be seen, when 
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comparing the EBSD results presented in Fig. 4.2b and Fig. 4.3b, the sample which was 

laser processed to shorten its to value (from 220 min to ~ 80 min) contains 

 
(a) 
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                                                                     (c) 
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Figure 4.1: EBSD results with (a) no surface treatment, (b) HF surface dipping, (c) HF 

dipping and ion milling, and (d) mechanical polishing using a colloidal silica slurry. 

 

 

 

 
 

 
 
 

 

 

 
 

 

 

 

 
 

 

 
 

 
 

 
 
 

 
Figure 4.2:  In situ XRD crystallization versus (a) sample anneal time and resultant 

EBSD grain sizes for (b) laser irradiated (Fig. 2b) and (c) as grown samples with a film 
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CH = 21 at.%.   

 

  

much larger grains than the sample (Fig. 3a,b) which exhibits a similar to  (~ 120 min) 

and a smaller as grown film CH, but which has not been laser processed. A grain size 

analysis of the EBSD results of Fig. 4.2b (laser illumination) versus that of Fig. 4.3b (no 

laser illumination), seen in Figure 4.4, confirms this result.  In particular, using the 

formula  

 

 (4.1) 

          

  

 

where A is the area of each grain and N is the number of grains in the EBSD figure, the 

average grain sizes of the two samples in question is presented.  The results of these 

calculations show that the average grain size for the 21 at.% H laser processed sample 

is 1.12 µm, while that for the 7 at.% H non-laser processed sample is 0.60 µm.   

Finally, experiments are in progress to determine how large a grain size can be 

obtained for a laser processed sample exhibiting an even longer as grown to.  These 

samples include PECVD in addition to HWCVD samples, the latter containing even 

more H than the 21 at.% H sample already examined.  It is worth noting that, consistent 

with the classical model of nucleation and grain growth [1], the differences in grain size 

seen in Fig. 2 and Fig. 3 track with the film tcs, in that the tc for the 7 at.% H sample (80 

min) is shorter than that for the laser irradiated 21 at.% sample (135 min), and the latter 

sample has larger grains.  Carrying this argument a step further, in situ XRD 

measurements have determined that the film tcs for the PECVD and high H content 

PWCVD films are 400 and 900 min respectively [4].  Assuming an sg of 30Å/min for both 

films [7], the tc values enable a determination of not only the rn rates, but also the 

extrapolated final grain sizes.  For the HWCVD film exhibiting a 900 min tc, the grain 

size is predicted to be >3.5 µm.  More details on these results will be reported 
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elsewhere.    

 
(a) 
 

(b) 

 

 

 

 

 

 

 

 

 

Figure 4.3: (a) In situ XRD crystallization versus sample anneal time and (b) 

resultant EBSD grain sizes for an as grown sample (no laser irradiation) with a film CH 

of 7 at.% H. 

 
4.5 CONCLUSIONS 

 The grain sizes of fully crystallized a-Si:H samples subjected to 600°C 

thermal annealing have been examined for samples that have been both sub-threshold 

laser processed prior to annealing, and for samples that have been thermally annealed 

from its as grown state.  For samples that have undergone laser processing to shorten  

the sample to, the EBSD grain size is seen not to change relative to that for the same 

sample, which has not been laser processed.  On the other hand, when comparing the 

EBSD grain sizes for samples, which exhibit the same to, one of which has not been 
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laser processed, the laser processed sample exhibits much larger grains.  

 

 
(a) 

(b) 

 

Figure 4.4:  Grain size distribution for (a) a laser processed sample containing 

21 at.% H  and (b) a non-laser processed sample containing 7 at.% H. 
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CHAPTER 5: OPTICAL TECHNIQUE DEVELOPED FOR QUICK EVALUATION OF 

CRYSTALLIZATION 
 

  Now that the laser fluence had been demonstrated to affect the incubation 

time, a method for measuring crystallite size that was not as labor and instrument 

intensive as electron backscattering diffraction (EBSD) needed to be developed. Ideally 

this robust approach to crystallite measurement would be nondestructive and quick 

turnaround and allow the evaluation of small (~1um) laser nucleated spot arrays. Optical 

reflection microscopy was used to detect crystallites in thermally annealed a-Si:H films 

in the thickness range of 50-400nm. This was used to establish nucleation rates in 

different film thicknesses, which confirmed that the nucleation in these films was a 

homogeneous process. The effect of impurity (oxygen) incorporation on crystallite 

nucleation in stepwise annealed films was discounted by comparison of SIMS impurity 

profiles on continuous versus stepwise annealed films. 

This optical method allowed for a quick turnaround, nondestructive method of 

analyzing crystallite growth. Also this study established that stepwise annealing in air 

does not alter the nucleation of these films versus a continuous anneal, allowing for the 

samples to be evaluated during the annealing process to establish nucleation rates on 

the same film sample. These nucleated crystallites would ultimately still need to be 

evaluated by EBSD to fully evaluate the final grain size. 

The following is a reproduction of a paper published in The Journal of Applied 

Physics. This chapter is reproduced as published except that section numbers and 

figure labels were changed to conform to the thesis format. Permission to publish this is 

attached towards the end of the chapter.	  Although I was not the writer of this manuscript, 

I was however the major contributor to the intellectual concepts and the designer of the 

experiments. I observed that the optical microscope could be used to see crystallite 

formation in the films thicker than 500 angstroms. I also suggested that although 

separate grains could not be differentiated, this method could be used as a method for 

determining the nucleation and growth rates in the films.	  	  
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The use of optical microscopy to examine crystallite nucleation and growth in 
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5.1 Abstract 

We report a new and simple method to investigate crystallite nucleation and 

growth in stepwise, thermally annealed PECVD and HWCVD a-Si:H films.  By confining 

film thicknesses to the range 500-4000Å, optical microscopy in the reflection mode can 

be used to readily detect crystallites in the thermally annealed a-Si:H lattice.  

Measurements of the crystallite density versus annealing time for identically prepared 

films of different thickness shows that the crystallite nucleation rate is smaller for thinner 

films, suggesting that crystallite nucleation is homogeneous, in agreement with previous 

results.  A comparison of film nucleation rates with those obtained by other methods on 

identically prepared films shows excellent agreement, thus establishing the validity of 

the current technique.  The potential effect of impurity (oxygen) incorporation during the 

stepwise annealing in air is shown not to affect crystallite nucleation and growth, in that 

SIMS oxygen profiles for stepwise versus continuous annealing show not only similar 

impurity profiles but also similar bulk impurity densities.      

 

5.2 Introduction 
The classical model of nucleation and grain growth has been extensively studied 

for thermally annealed amorphous silicon (a-Si) (1), and values for the model 

parameters rn (steady state nucleation rate), vg (grain growth velocity), and tc 

(characteristic crystallization time) have been obtained for a large number of material 

systems, where the samples were deposited by various techniques with and without H 
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incorporation (2-5).  The measurement of these parameters versus anneal temperature 

has enabled activation energies for these processes to be obtained.  Explicit to this 

classical model is the assumption that nucleation occurs homogeneously throughout the 

volume of the material (1).  This can, in practice, be difficult to demonstrate, in that 

heterogeneous nucleation often occurs at interfaces, at impurities, and/or at defect sites.  

Various experimental techniques have been used to address this issue.  One such 

technique used Transmission Electron Microscopy (TEM) imaging on a partially 

annealed a-Si:H film which was thickness milled to enable crystallite detection at 

different depths into the film (6).  A second technique used Scanning Electron 

Microscope (SEM) imaging on identically deposited (and annealed) films of different 

thickness (7); if the rate (per unit area) at which crystallites nucleate increases with film 

thickness, this is a strong indication that nucleation occurs throughout the film volume. 

In both cases, for Hot Wire Chemical Vapor Deposition (HWCVD) and electron-gun 

evaporated a-Si films, homogeneous nucleation was inferred.   

In the present work, we investigate crystallite nucleation in thermally annealed 

HWCVD and Plasma Enhanced Chemical Vapor Deposition (PECVD) a-Si:H films of 

varying thicknesses, deposited on glass substrates, using a different and very simple 

technique, optical microscopy.  In this technique, the different absorption coefficients of 

the amorphous and crystalline components illuminated by visible (microscope) light 

enable the possibility of counting crystallites in small crystalline volume fraction 

materials versus film thickness and anneal time.  By plotting the grain density versus 

anneal time for identical observation areas, we show that rn is smaller for thinner films, 

in agreement with the earlier SEM results obtained on a-Si films which did not 

incorporate H.  However, we extend the results of the SEM investigation to much thinner 

films, quantify rn, and show that rn is consistent with the results of previous works which 

used different techniques, thus validating the methodology of the present approach.  We 

emphasize the simplicity of the current approach, which eliminates the laborious sample 

preparation used by other methods. 
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5.3 Experimental  
The a-Si:H films investigated in this study were deposited by HWCVD and by 

PECVD on Eagle Corning glass substrates, using deposition conditions described 

elsewhere (8,9).  The substrate temperatures of the depositions were 156C and 230C 

for the HWCVD and PECVD films respectively, resulting in film H contents of 21 at.% 

and 12 at.% respectively for these films.  The film thicknesses investigated were 4000Å, 

1200Å, and 350Å for the HWCVD films and 1100Å, 600Å and 350Å for the PECVD films.  

The isothermal annealings were performed, in air, in 1 hour intervals at 600°C using a 

box furnace. After each anneal, the films were examined by optical microscopy using a 

Nikon Eclipse LV100 Optical Microscope, in the reflectance mode, and the images were 

collected using NIS-Elements F2.20 software.  When necessary, the contrast between 

the crystallite and amorphous components was enhanced by using the ‘Adjust Color’ 

features of the Preview Version 5.0.2 image software.  The crystallites were counted 

using a 34 µm x 34 µm grid area.  The Raman measurements were obtained using a 

Jasco NRS 3100 Micro-Raman Spectrometer with a 532 nm laser operating at a power 

of 10 mW and a spot size of ~ 2-3 µm. The possible effects of O in-diffusion, and its 

possible effects on crystallite nucleation and growth, were explored using SIMS impurity 

measurements on thermally annealed films which were stepwise versus continually 

annealed to the same final anneal time. 

 

5.4 Results and discussion 
Figure 5.1 shows an example of the optical microscopy film images that can be 

obtained by this technique, using a 1100Å thick HWCVD film that has undergone seven 

1 hour isothermal 600°C anneals; for this image, the Preview software brightness and 

contract adjustments have been only slightly adjusted to accentuate the crystallites, 

which appear green against an orange amorphous background.  It should be noted that 

minimal Preview software adjustments were needed to investigate crystallite nucleation 

for films in the 600Å-1200Å thickness range, whereas the film brightness and contrast 

had to be enhanced for the thicker (4000Å) HWCVD film.  On the other hand, for films 

thinner than 500Å, it was very difficult to see and/or quantify any crystallites.  While the 



 65 

existence of crystallites could be discerned for a 600Å PECVD film, they could not be 

reliably quantified versus anneal time, while for the thinner (350Å) HWCVD film, 

considerable Preview software adjustments were needed to see any crystallites at all.  

The crystalline nature of the ‘spots’ in the optical micrographs can be readily verified by 

µ-Raman Spectroscopy.  These results are seen in Figure 5.2 for a 1000Å thick 

HWCVD sample annealed for 8 hours at 600°C.  Fig. 5.2(a) shows an optical image 

taken from the µ-Raman system, showing not only the laser position but also the 

increased crystalline volume fraction compared to that seen in Figure 5.1; in this figure 

the crystallites appear as a lighter blue against a darker background.  Fig. 5.2(b) shows 

the accompanying silicon Raman spectrum. The existence of crystallization in the 

spectrum is clearly evident, as seen by the sharp peak occurring at ~ 520 cm-1.  An a-Si 

peak centered at ~ 480 cm-1 is also seen.   

 

 
 

 

Figure 5.1: Optical microscope image of 1100Å thick HWCVD film that has 

been stepwise annealed in 1 hour intervals at 600°C for 7 hours. 
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Figure 5.3 shows the number of crystallites counted per unit area (34 µm x 34 

µm) for two PECVD films grown at different thicknesses.  As can be seen, the crystallite 

incubation period is ~ 4-5 hours for these films, in agreement with previous results for 

PECVD films examined using other methods (10).  In addition, for similar anneal times 

after nucleation has been initiated, it is also noted that fewer crystallites are counted for 

the thinner film. Figure 5.4 shows the crystallite density (106/cm2) versus 600°C anneal 

time for the currently investigated films, as well as those from Roorda et al. (7), 

annealed at a higher temperature (620C).  The shorter film incubation period for the 

latter samples is consistent with the data of Iverson and Reif (1), who reported the film 

transient time (incubation period) versus anneal temperature for amorphized 

polycrystalline silicon films, while the longer (5-6 hr) incubation period for the present 

samples is also consistent with values for HWCVD and PECVD films published 

elsewhere (10).  In all cases, the crystallite density at identical anneal times is lower for 

thinner, identically prepared samples.  In addition, the incubation times for identically 

prepared samples are also constant versus film thickness. The only exception to the 

latter trend is the extrapolated value for the 4000Å HWCVD sample, which is slightly 

longer than that for the 1200Å film; however, this discrepancy is small, and could 

possibly be accounted for by variations in film deposition conditions such as substrate 

temperature (film H content).  The reduction in crystallite density for thinner films 

strongly suggests that crystallite nucleation in the current HWCVD and PECVD films is 

homogeneous in nature, in agreement with previous works on evaporated a-Si films (7). 

Figure 5.5 shows values of rn ((min-µm3)-1) for the thermally annealed HWCVD 

and PECVD a-Si:H films versus as deposited H film content.  The red circle symbols are 

obtained from TEM grain counting versus 600°C anneal time in the usual manner, while 

the open blue symbols are obtained from calculations using the XRD crystallization time 

and the final EBSD grain size, using a novel method described previously (11); in both 

methods, a heated stage was attached to the (TEM, XRD) apparatus, and the ~ 1000Å 

thick films were continually annealed to full crystallization.  The new data (labeled 

‘microscope’ in figure key) are obtained from the slopes of the optically determined 
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Figure 5.2: (a) Optical micrograph from µ-Raman spectrometer, and (b) silicon 

Raman spectrum for a HWCVD film annealed for 8 hours at 600°C. 
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Figure 5.3: Number of crystallites counted per unit area (34 µm x 34 µm) versus 

600°C anneal time for identically deposited PECVD films of different thickness. 
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Figure 5.4:  Crystallite density versus anneal time for evaporated, HWCVD and 

PECVD a-Si films of different thickness.  Data for the evaporated films is from Roorda et 

al. (Ref. 7).  The anneal temperatures are indicated in the legend. 
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Figure 5.5: Crystallite nucleation rate rn versus as grown film H content for 

HWCVD and PECVD films examined using different techniques.  The film anneal 

temperature was 600°C. 
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crystallite density versus 600°C anneal times seen in Figure 5.3, with the film 

thicknesses now taken into account.  For the HWCVD films, the higher point was 

obtained from the data for the stepwise annealed 1200Å thick film, and the lower point 

from the data for the stepwise annealed 4000Å thick film.  As can be seen, there is 

excellent agreement between the present data and the previous data using the novel 

XRD/EBSD approach.  Going further, the slopes of the data in Figure 5.4 for the PECVD 

films enable a determination of rn for these films as well, once again taking the film 

thicknesses into account; these values are 0.020 and 0.027 (min/µm3)-1 for the 1100Å 

and 600Å thick films, respectively.  Once again the current PECVD data agree quite well 

with previous results, this time using TEM grain counting (2). The one experimental 

value that has not been measured for the current PECVD films is the film H content.  In  

particular, while the substrate temperature (230C) used for the current PECVD samples 

was identical to that used for the samples undergoing the TEM measurements, the film 

H contents were not measured for current samples, as they were deposited in a 

different deposition system; therefore, we estimate that the H contents for the current 

PECVD films could be uncertain by +/- 2 at.% compared to the previously reported 

value of 11 at. %.  A possible explanation for the decrease in rn with increasing H 

content has been given previously (11). 

To investigate whether repetitive 600°C anneals in air resulted in any 

atmospheric impurity in-diffusion, which could hamper crystallite nucleation and growth 

at elevated levels, SIMS depth profiling measurements of film impurity contents (O,N,C) 

were performed on a 1100Å thick PECVD film, in the as grown state (no thermal 

annealing), after a single 8 hr 600°C anneal, and also after 4 consecutive 2 hour 600°C 

anneals, resulting in a similar cumulative anneal time. From Figure 5.3, this 8 hour 

anneal is long enough to induce a high crystalline volume fraction in these films.  These 

depth profiles are seen in Figure 5.6(a,b,c).  Focusing on the O impurity content profiles, 

the bulk film O content for the as grown a-Si:H film, as seen in Figure 5.6(a), is in the 

low to mid 1019/cm3, a value consistent with O impurity contents in many other 

unannealed a-Si:H films (12).  A comparison is now made between the O impurity 

content depth profile in the unannealed a-Si:H film with that for the two (continuous, 
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stepwise) annealed films, seen in Figs. 5.6(b,c). As can be seen, the O impurity content 

profiles for all three samples are virtually identical, with the bulk film O content again 

reaching the low to mid 1019/cm3 level for the two annealed samples.  This suggests that 

a stepwise 600°C sample anneal in air does not significantly affect the O impurity in-

diffusion or, by inference, crystallite nucleation.  SIMS impurity profiles were also 

measured for the thinner PECVD (600Å) film, and while these profiles do not reach the 

bulk values seen in Figs. 5.6(a,b,c), the profiles for this film exactly track the profiles for 

the 1100Å thick film when they are overlaid on the same thickness scale. This result 

strongly suggests that the steeply sloping impurity profiles for the thinner (600Å) films 

may be due not only to surface roughness, but also to artifacts of the SIMS sputtering 

technique, in that the 5 kV Cs ions also drive surface impurities into the film in addition 

 

 
 

Figure 5.6:  SIMS impurity (O,C,N) profiles versus sputtering depth (µm) for an 1100Å 

thick PECVD film (a) (Top)  in its as grown state (no thermal annealing), (b) (bottom) 

continuously annealed at 600°C for 8 hours, and (c) stepwise annealed at 600°C for four 

2 hour anneals (letting the samples sit at room temperature in air overnight between 

anneals).   
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Figure 5.6 continued: (c) stepwise annealed at 600°C for four 2 hour anneals 

(letting the samples sit at room temperature in air overnight between anneals).   
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to sputtering them away, from whence they are thus detected at depths further into the 

film.  

Finally, it is important to emphasize the simplicity of this current technique to 

enable an accurate determination of rn. As opposed to the techniques previously 

mentioned (TEM, SEM with acid etch, EBSD combined with XRD), no special film 

preparation is necessary other than depositing such films on glass substrates that can 

withstand the high (600°C) anneal temperatures.  In particular, the current technique 

replicates the counting technique used in TEM, but without any necessity to deposit 

films directly onto TEM grids, or to transfer as grown films onto such grids, a laborious 

and tedious process. While it is probably unable to accurately determine other 

parameters defined in the classical model of crystallite nucleation and grain growth, 

such as vg and the final grain size (dg), it can easily replicate the TEM grain counting 

method to enable a reliable determination of rn. 

 

5.5 Conclusions 

We have used optical microscopy to examine crystallite nucleation and growth in 

thermally annealed HWCVD and PECVD a-Si:H films.  By restricting film thicknesses to 

the range 600-4000Å, optical microscopy can be reliably used to quantify crystallite 

nucleation rates.  A comparison of nucleation rates for identically prepared films of 

different thickness shows that crystallite nucleation is less in thinner films, thus inferring 

that the nucleation is homogeneous, in agreement with previous results.  A comparison 

of nucleation rates on identically prepared films determined by other techniques 

establishes the validity of this technique.  The effect of impurity (oxygen) incorporation 

on crystallite nucleation in stepwise annealed films is discounted by a comparison of 

SIMS impurity profiles on continuous versus stepwise annealed films 
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CHAPTER 6 THE INFLUENCE OF FILM STRESS 
 

Through this investigation the influence of film stress became apparent. This 

effect was discovered fortuitously during a set of experiment that involved laser 

irradiation of hydrogenated amorphous silicon in a series of spots of ~1 um diameter in 

a 100x100um region. To allow the region to be identified in subsequent studies, it was 

demarked using laser ablation to create marks on the substrate. Near the ablation 

marks, there was an observed dilation in the incubation time. This increase in the 

incubation time was also observed for ~150 μm around scratches and substrate edges 

where the film connectivity had been disrupted. The incubation time dialation was 

attributed to the reduction in film stress in these areas as measured by μ-raman. 

However, a laser scribe line was also applied to an identically deposited PECVD film 

after it had been pre-annealed at 600°C for 30 minutes (no crystallization) to evolve a 

significant portion of the H. When this film was subsequently further annealed to 

facilitate crystallite nucleation, the aforementioned lateral stress relief effect was 

confined to a much smaller lateral distance of ~25μm. Two theories that rely on the 

demonstrated role of CH and film stress are presented to account for this large lateral 

distance of the increase in incubation time. This presents opportunity for larger grains to 

be grown before competing with this now dialated incubation time. 

The following is a reproduction of a paper submitted to The Journal of Applied 

Physics that further explains this behavior. This chapter is reproduced as submitted with 

the exception of figure labels and section numbers, which have been altered to conform 

to the thesis format. I was the major writer of the manuscript, the observer of the stress 

effects, and acquirer of the data. I noticed that the ablation spots that I made to demark 

the laser treated area demonstrated a noticeable impact on the nucleation rates in the 

PECVD films. I then applied the previous techniques to analyze the effect.	  
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Nucleation Rate Reduction Through Stress Relief of Thermally Annealed 
Hydrogenated Amorphous Silicon Films 
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National Renewable Energy Laboratory, Golden, Colorado 80401, USA 

 

6.1 Abstract 
The effect of film stress on crystallite nucleation is investigated in 0.11µm thick, 

thermally annealed hydrogenated amorphous silicon films. Using a recently developed 

optical method, the crystallite density is measured as the films are isochronally 

annealed at 600°C, which enables the determination of the crystallite nucleation rate.  

This rate is significantly suppressed around scratches, cleaved film edges, and laser 

ablated areas, extending laterally as much as 100-150um from these regions where the 

film connectivity is disrupted. u-Raman measurements of the transverse optical mode of 

Si demonstrate an accompanying reduction in tensile stress in the regions where 

nucleation is suppressed. The first measurements of nucleation rate in stress and in 

stress relieved areas in the same film are presented.  

 

6.2 Introduction 
The ability to grow large-area, large-grained polycrystalline silicon (poly-Si) on 

inexpensive substrates is becoming increasingly important for applications such as thin-

film transistors (TFTs) and photovoltaic (PV) devices. For TFT poly-Si applications, the 

primary motivation is to utilize the higher mobility of the larger grained polycrystalline 

material.1 In the case of solar cells, if large-grained (grain size >20 µm) 4 µm thick films 

can be obtained, it is possible with light trapping to achieve solar-cell efficiencies 

exceeding 15%.2 Developing a thick film (~4um) with grains larger than 3-4um has 

proven difficult. An alternative approach to directly growing thick, large-grained films is 

to thermally crystallize an hydrogenated amorphous silicon (a-Si:H) thin film for use as a 

template layer for subsequent thickening.  Such a process has been developed at NREL 

that allows for the epitaxial growth of c-Si from a variety of c-Si and foreign templates3.  
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The final grain size in a thin, thermally annealed a-Si:H film is a function of the grain 

nucleation rate (rn), deposition and annealing temperatures, film thickness, and crystalline 

growth rate.4 If rn can be reduced while maintaining the crystalline growth rate, crystallites 

have more time to grow before they encounter neighboring grains which limit their size.  

There are a number of factors which influence rn; these include anneal temperature4, 

deposition method,5 film hydrogen content,6-9 structural disorder,6-11 and film stress.12  

While there have been numerous investigations of the first four factors,4-11 the effect 

of film stress on crystallite nucleation has received less attention. Bo et al.12 compared 

crystallite formation by TEM in annealed a-Si:H films deposited by PECVD on a cantilever 

structure. After removing the underlying oxide on one structure and isochronally annealing 

both structures at 600C, they observed significant crystallite suppression in the structure 

with the underlying oxide layer removed, and attributed the lower rn to a lower resultant 

tensile stress in the cantilever film.  No rn data was reported. 

This work uses optical microscopy to measure rn in stepwise 600°C thermally 

annealed PECVD a-Si:H films deposited on glass substrates13 to investigate potential 

stress effects on the crystallization of these films. Our data suggests that macroscopic 

defects such as edges, scratches, and laser ablated areas provide stress relief by 

interrupting the surface connectivity. The existence of a reduction in film stress around 

these macroscopic defects is confirmed by µ-Raman measurements of the crystallite 

transverse optical (TO) peak position relative to that of c-Si,14-16 and is correlated with a 

significant reduction in rn in the stress-relieved regions of the films. These results are the 

first quantitative measurements of rn in stressed and stress relieved regions in the same 

thermally annealed a-Si:H film.  Possible mechanisms for why this stress relief extends 

laterally so far away from these surface features are presented.  

 
6.3 Experimental 

The a-Si:H films investigated in this study were deposited by PECVD (RF power 

of 12 mW/cm2 operating at 13.56 MHz, 16 sccm of SiH4 at 53.33 Pa) on 1.1 mm thick 

Corning Eagle XG glass substrates in a system described elsewhere.17 The substrate 

temperature of the depositions was 230°C, resulting in a film H content (CH) of ~12 
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atomic percent.  The film thickness investigated was 0.11µm.  Films were isothermally 

annealed in air for one or two hour intervals at 600°C using a box furnace. After each 

anneal, the films were examined by optical microscopy using a Nikon Eclipse LV100 

Optical Microscope, in the reflectance mode, and the images were collected using NIS-

Elements F2.20 software as described elsewhere.13 The crystallites were counted within 

a 35 µm x 35 µm grid area. A Continuum Powerlite Plus Nd:YAG laser operating at 532 

nm was used to reproducibly create macroscopic surface defects in the films. The beam 

was delivered to the films with a Beam Delivery System supplied by JPSA laser. The 

spot size was roughly 5 μm in diameter. Each sample deposited on glass was exposed 

to one 3-7 ns laser pulse in an ambient environment; when the fluence was >150 

mJ/cm2, ablation of the a-Si:H was observed. The laser spots were ablated at 10 hz, 

and were spaced at 50 µm spatial intervals in both the x- and y-axis directions to form 

the large area stress relief regions. To generate the scribe line the spot size increased 

to ~10um with a roughly a 50% overlap. 

 

6.4 Results and Discussion 

Figure 6.1 shows a typical image of an a-Si film which has been partially 

(stepwise) annealed to induce crystallization; this film has been scratched prior to 

annealing at 560°C.  As can be seen, nucleation has been suppressed around this 

scratch, with the crystallites appearing green against the light brown amorphous 

background.  This region of nucleation suppression extends out ~100-150um from the 

scratch.  We note that similar effects, with the same regions of lateral nucleation 

suppression, have also been seen around laser scribe lines and away from sample 

edges; in both cases, the scribe lines and sample cutting have occurred before the 

onset of sample annealing.  

We suggest that the differences in film rn seen in Figure 6.1 are not due to 

differences in film impurity (oxygen) content in these respective regions. SIMS depth 

impurity profiles on samples that were stepwise versus continually annealed  
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Figure 6.1: This image shows an optical image of a 0.11 um thick a-Si:H film 

which has been scratched. The features were introduced before stepwise annealing at 

600°C to induce crystallization.  

 

to the same final anneal time have already been published,13 and showed that no 

differences existed in these impurity profiles for stepwise versus continually annealed 

films.  In particular, the bulk film oxygen contents for these films were 1-3 x 1019/cm3, 

and were identical to those for an unannealed film. We note that this value is consistent 

with oxygen impurity contents in many other unannealed a-Si:H films. 13 In the present 

case, SIMS profiles were also measured in different regions of the same film which 

show ‘standard”’ and ‘suppressed’ rn.  The bulk film oxygen content was measured to be 

~ 1.3 x 1019/cm3, and did not change with measurement position (rn variation).  This 

strongly suggests that the observed differences in rn are not due to differences in film 

impurity levels.  
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We next examine the possibility of film stress causing these spatial differences in 

rn.  Film stress in a-Si:H has been examined in two different ways.  The first is the beam 

bending method, which has been used by Miura et al.18 and by Han.19   Both found that 

the stress in the as grown films was compressive, and that this compressive stress 

changed to tensile stress during film annealing. Alternatively, Raman shifts in the peak 

position of the Si transverse optical mode have also been correlated to the film stress 

and have been quantified through the relationship,14-16 

 

 σ(MPa) = -250 Δω(cm-1)                                   (6.1) 

 

where Δω is the Raman peak shift.15,16  

Accordingly, Figure 2 shows μ-Raman spectra for a partially annealed PECVD a-

Si film (anneal temperature of 600°C) both near (~10μm(dotted blue)) and far away from 

(~500μm(dashed red)) a film scratch.  The spectrum of a c-Si(solid black) sample is 

included for comparison. The curve from the region far from the scratch demonstrates a 

significant red shift (to lower frequencies) relative to c-Si. From equation 1, the tensile 

stress in the film far from the scratch, dashed red curve, is ~1066 MPa, while the film 

stress near the scratch, dotted blue curve, has been significantly reduced to a value of 

~300 MPa. We therefore consider the regions far away from the film penetrations 

(scratch) to be the film stressed and the film near the penetrations to be stress relieved 

regions. The trend in the Raman data is consistent with the stress relief that Bo et al.12 

observed on the cantilevered PECVD films with the underlying oxide layer removed.   

We next present quantitative data for the nucleation rates in our film.  The rn’s 

both near and far away from the affected zone can be obtained by counting the 

crystallites in a 35 um x 35 um area, as the films are stepwise annealed.13 To obtain 

these rates the crystallization volume fractions in these regions must be low enough 

such that the individual grains can be detected and counted. Figure 3 shows typical 

results obtained for the number of crystallites per unit area vs. 600 °C anneal time, 

where the crystallites were counted just outside a laser-ablated scribe area and >500 

μm away from the same laser-ablated scribe area.  From the respective slopes of the  
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Figure 6.2: μ-Raman spectra for annealed a-Si films from both ~10μm(dotted 

blue) and ~500μm(dashed red) away from the film penetrations as well as that of c-

Si(solid black). The peaks in all three curves are due the Si transverse optical mode. 

 

 

 

 



 84 

 

 

 

 
 

 

 

Figure 6.3: Number of crystallites per unit area vs 600 °C anneal time are plotted 

where the crystallites were counted just outside a laser-ablated scribe and >500 μm 

away from the same laser-ablated scribe. 
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Table 6.1:  Literature results of rn for an anneal temperature of 600°C  

 

 

a-Si type 

 

 

Rn 

(cm3sec)-1 

 

Reference 

 

Measur

ement 

Method 

Amorphized µc-

Si 

7.0e7 

 

Iverson & Reif 
4 

TEM 

PECVD 

(Ts = 300C) 

5.0e7 Masaki et al. 
10 

TEM 

PECVD 

(Ts = 200C) 

1.1e9 Lee et al. 21 TEM 

PECVD 

(Ts = 230C) 

4.5e8 Mahan et al. 6 TEM 

PECVD 

(Ts = 230C) 

3.3e8 Mahan et al. 13 Optical 

 

PECVD 

       (Ts = 230C) 

4.2e8 Mahan et al. 13 EBSD/X

RD 

HWCVD 

(Ts = 230C) 

2.5e9 Mahan et al. 9 Optical 

PECVD 

(Ts = 230C) 

(current study) 

3.4e8 Dabney et al.   

(stressed film) 

Optical 

PECVD 

(Ts = 230C) 

(current study) 

1.2e8 Dabney et al.   

(stress 

relieved film) 

Optical 

 

 



 86 

two curves the rn (cm3sec)-1 can be obtained for each region.  These results are shown 

in Table I.   As can be seen, the rn is significantly reduced in the stress relieved areas 

closely surrounding the film scratch or laser ablated scribe area.  We note that the 

current values of rn are not only consistent with (bracketed by) the available literature 

data, but are also the first results obtained for stressed and stress relieved a-Si:H 

measured on the same film.  The excellent agreement between the present rn data and 

other data measured on the same film using different techniques (TEM grain counting, 

XRD and EBSD - see Table 6.1) demonstrates the validity of the present technique.The 

mechanism for stress relief in our films appears to be related to the ‘connectivity’ of the 

film to the substrate.  We suggest that the surface features (scratches, laser ablation 

scribe lines) disrupt the ‘connectivity’ of the a-Si:H lattice which, when annealed, results 

in a reduction in or partial loss of film adherence to the substrate near these features, 

which relieves stress in these regions.  An analogy would be the existence of a ‘zipper’ 

in our film near a scratch or laser ablated region which, when ‘unzipped’ (by annealing), 

enables the film to (partially) peel away from the substrate near this ‘zipper’.  

The question then becomes how this stress relief extends over such large lateral 

areas. Two plausible mechanisms enabling the film stress reduction to extend so far 

away from the surface features might involve A) the diffusion of H2 along the film-

substrate interface, 20 and/or B) the change in stress from compressive to tensile, 

occurring either before19 or during the onset of crystallization, 18 both of which occur as 

the films are annealed.   

It has previously been shown that both mechanisms would involve the evolution 

of H during the first stages of the annealing process.  For mechanism A), H diffuses in 

all directions upon annealing after bond breakage, but at the film substrate interface H 

atoms can collect and combine to make H2, which can then preferentially diffuse along 

the substrate interface20 if the substrate solubility for H2 is small, as is the case for glass.  

For mechanism B), the evolution of the H from the film causes the volume of the film to 

‘shrink,’ 18-19 which leads to the overall film stress in a PECVD sample changing from 

compressive to tensile. As previously suggested, it is not clear in the latter case if this 

change in stress is related to crystallite formation, as Han 19 observed the stress change 
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(from compressive to tensile) with the film still remaining amorphous, while Miura et al. 

18 observed this change using annealing parameters (temperature, anneal time) which 

may have resulted in crystallite formation.  Nevertheless, we suggest that the evolution 

of H occurring in both of these mechanisms can result in the breaking of some 

interfacial bonds and the (somewhat) lessening of film adherence to the substrate, 

which might enable even more ‘unzipping’ of the film away from the substrate in the 

vicinity of these surface features.  

It is difficult to determine which of these mechanisms, or combination thereof, is 

responsible for the extended lateral stress relief that has been observed.  Further 

studies with different initial film H contents, film thicknesses, and/or as-deposited film 

stress are needed to differentiate between the two mechanisms. However, a laser 

scribe line was also applied to an identically deposited PECVD film after it had been 

pre-annealed at 600°C for 30 minutes (no crystallization) to evolve a significant portion 

of the H. When this film was subsequently further annealed to facilitate crystallite 

nucleation, the aforementioned (lateral stress relief) effect was confined to a much 

smaller lateral distance of ~25μm. This further demonstrates the involvement of H 

evolution in the extended area stress relief process. 

Returning now to the rn results summarized in Table I, it is not clear if the 

literature data refers to stressed films or stress relieved films.  For the data shown in the 

first three rows, all results were obtained from TEM measurements, and in all cases, 

these TEM structures were prepared in which the films were removed from the 

respective substrates by the liftoff technique and then transferred onto the TEM grids.  

What is not clear from these experimental discussions in these publications is whether 

the annealing was performed on the original substrates (glass, quartz, or wafer plus 

thermal oxide layer) or the TEM grids, and if, in the latter case, how good film 

adherence to the substrate (TEM grid) was.  We suggest, in the absence of specific 

information in this regard, that the former methodology (annealing on the original 

substrates) was used, which would suggest that the literature results refer to stressed 

films. We note, however, that no transfer method was used in the study by Mahan et al., 

6 as the a-Si:H film was deposited directly onto an a-C coated TEM grid and was 
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stepwise annealed in situ with a TEM heating stage.  No metal induced crystallization 

was evident here, as the results of this study are in excellent agreement with the current 

results (films deposited on glass).  

We finally show that, with appropriate laser ‘treatment’, the region of stress relief 

in an a-Si:H film can be extended over vary large (mm sized) lateral areas.  In particular, 

Figure 4 shows an optical image of a partially annealed film, which has been subjected 

to a laser ablation grid, consisting of a series of laser ablation spots 50µm apart in both 

the x- and y-directions, before film annealing.  As can be seen, crystallization is 

suppressed within this grid, which has the dimensions of 4 mm on a side, while 

immediately outside this grid almost full crystallization is clearly evident.  The generation 

of such a large stress relief surface area opens up the possibility of reducing the rn over 

large lateral areas, with the consequent possibility to generate crystallites over these 

lateral areas which are larger than those obtained by simple thermal annealing. This 

concept is supported by the data seen in figure 6.5, which shows preliminary Electron 

Backscattering Diffraction data for a film crystallized to completion using a 600C anneal 

temperature for (a) a sample area examined away from any surface feature (such areas 

exhibit crystallite sizes consistent with native nucleation), and (b) a sample area 

examined next to such a laser grid.  As can be seen, the suppression of rn in the stress 

relived area results in larger grains, since to first order the crystallite size in thermally 

annealed a-Si:H depends upon the crystallite nucleation rate.  It is suggested that 

further studies involving thinner films and/or lower annealing temperatures may result in 

even larger grain sizes. Such studies are in progress.  

6.5 Summary 
In summary, it has been shown that the stress in PECVD a-Si:H thin films is 

important in the solid phase crystallization process.  The stress in a-Si:H films can be 

relieved by film penetrations, which disrupt the film connectivity. The nucleation rate is 

significantly reduced in the stressed relieved areas, creating a larger separation 

between nucleation centers and thereby allowing for a potential increase the achievable 

grain size. With further study it is hoped that this effect could lead to inexpensive larger 
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Figure 6.4:  Optical microscope image of a partially annealed film with a grid 

array of ablation holes 50 μm apart in both the x and y directions. Nucleation is clearly 

suppressed within the stress relieved area allowing for larger grain growth.  The 

amorphous (crystalline) regions appear green (red). 
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Figure 6.5: EBSD of a) outside a grid (native nucleation) and b) inside the grid of 

laser ablation holes (stress relieved nucleation) 

 

grained material for use in the fields that currently utilize c-Si.  Future work is focused on 

annealing at different temperatures to find the activation energy for the stress relief 

versus stressed films. 
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CHAPTER 7: SUMMARY AND FUTURE WORK 
 

This chapter summarizes the knowledge gained from this work and presents 

important observations and future recommendations for study. 

 

7.1 Summary 
The development of a low cost, thin film compatible epi-thickening process from 

thin film template layers has unlocked new possibilities for producing film crystal silicon. 

Previous studies have used bulk treatments to crystallizing large grained silicon films 

from thick hydrogenated amorphous silicon (a-Si:H) films. The focus of this research 

was an understanding of the nucleation and growth processes for development 

of a “thin”(<1um) seed layer on an inexpensive (glass) substrate that replicates a 

large grained c-Si surface as a template for the subsequent epitaxial growth of a 
“thick”(~10um) c-Si film. Using a combination of laser processing and solid phase 

crystallization the effects of the laser fluence, film hydrogen content, film stress and 

thickness were investigated. 

As stated in chapter 1, the plan was to laser nucleate a thin film of a-Si:H and 

grow the grains using SPC to obtain a large grained, high quality template layer. To 

accomplish this the impact of laser fluence on nucleation in the films was required. 

Studies by Toet1,2 and Efremov3 showed that direct crystallization of crystallites led to 

poor material quality. To improve the end material quality the laser fluence was kept 

between the nucleation and direct crystallization thresholds. In chapter 3 it was 

observed that laser nucleation was not just a binary function. Decreasing the fluence 

from the direct laser crystallization threshold and subsequently SPC, led to a continuum 

of incubation times (τ0) until the untreated incubation time was reached. This data 

supported the ‘short lived large energy fluctuation’ (SLEF) crystallization model,4 the 

basic tenets of which are: (1) the atoms in the laser-affected volume receive a non-

equilibrium thermal energy ‘shock’ from the laser illumination; (2) within this volume, 

many bonds are broken around these atoms; (3) the ‘momentarily unbonded atoms’ 

diffuse (hop) towards more ordered states; and (4) the electron thermalization facilitates 
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this hopping. As a result, this better-ordered structure exhibits a reduced time to 

crystallize.  

The data presented here demonstrate a change in the incubation period without 

measurably affecting the nucleation rate, growth velocity, or final grain size. Given the 

standard incubation, nucleation, and growth equations presented in the introduction, the 

incubation period is affected by the activation energy of Si self-diffusion (EA) and the 

annealing temperature. In the basic nucleation and growth theory changes in the EA 

lead to measureable changes in the nucleation rate, crystal growth rate, and the final 

grain size, which is not observed in the data (figure 7.1). A description of the crystallized 

clusters enlargement can be constructed by considering “energy fluctuation dynamics”4 

originally developed in 1946 by Frenkel. Frenkel studied atoms and molecules in solids 

that possessed energy at least an order of magnitude greater than the average energy 

as given by conventional dynamics. This differences in energy then influences the 

evolution of the phase transitions and is related to heterophase fluctuations as 

described by Frenkel and Yukolov.4,5  Considering energy fluctuation dynamics it is 

likely that some of the atoms impacted by the laser processes, possess more energy 

than EA, allowing them to self-diffuse into larger proto-crystalline clusters. The non-

equilibrium dynamics on the individual atoms and associate bonds would be anticipated 

to affect various processes like diffusion, effusion, crystallization, conductivity, and 

compensation.  The effect of these types of fluctuation at phase transitions have been 

found to be effectively modeled by the JMAK equation in a range of other material 

systems.6,7  

The influence of the film hydrogen content (CH) on the nucleation process was 

also investigated in chapter 3. Although the τ0s of the untreated films increased with the 

film CH, the aforementioned effect of decreasing the τ0 with exposure to the laser 

fluence became more pronounced with increasing CH. The SLEF model does not 

address how this reduction in τ0 depends upon the initial film CH, as variations in film CH 

were not investigated in that study.8 To address this issue, an alternative explanation 

was presented and showed how the varied CH data is consistent with multivacancy 

annihilation when the a-Si:H samples are laser irradiated.9 The idea 
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Figure 7.1: The XRD time plots of the Si (111) peak for a CH=20% film with and 

without laser treatment. 
	  

 

behind this model is that upon thermal annealing, nucleation occurs in the better-

ordered regions of the inhomogeneous a-Si network, whose sizes are defined by the 

less well-ordered clustered hydrogen densities (H bonded on multivacancy sites). Even 

after the H is evolved, the local film inhomogeneity is preserved, allowing for different 

volumes of better-ordered regions to crystallize and grow with different τ0s. 

Since τ0 is reduced upon laser irradiation for the present films, the SLEF and 

nucleation center models are in agreement that the “momentarily unbonded Si atoms” 

must diffuse towards more ordered states. However, the nucleation center model goes a 

step further in that it differentiates between Si atoms in the less well-ordered regions at 

the clustered H sites and those in the better-ordered regions between the clusters. The 

results presented suggest that the largest change (improvement) in order upon sub-

threshold illumination occurs at the clustered H sites, which are much more disordered 

originally. As a result of the better ordering where the clustered H atoms were, the 
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better-ordered regions between the clusters unaffected by the laser irradiation become 

larger, and can thus incubate and grow more quickly upon thermal annealing, resulting 

in a shortened τ0. This better ordering can occur by multivacancy annihilation, where the 

‘open regions’ associated with multivacancy become more compact, and thus more 

ordered, due to Si (and H) atom rearrangement (diffusion, rebonding). Although many 

bonds must also be broken in the better-ordered regions by the laser irradiation, it is not 

necessary to invoke an improvement in this order to explain the present results. These 

results also imply that the CH contributes to the disorder of the film and increases the τ0 

without changing the nucleation rate, the crystallization time, the growth velocity, or the 

final grain size. The atomic density of the a-Si changing with the CH could alter the jump 

rate at the amorphous-crystalline interface and consequently affect the nucleation rate. 

In chapter 4 the films were once again exposed to large area laser fluence then 

annealed to complete crystallization at 600°C. This was done to equalize the 

crystallization fraction so that the final grain sizes would be comparable between the 

laser treated and the untreated samples. The large area laser treatment did not appear 

to change the EBSD measured grain sizes as compared to the untreated films even 

though the incubation time had been shortened. This demonstrates that the one laser 

pulse was insufficient to stimulate large grain growth alone, but does not preclude the 

premise for nucleating small spot arrays for large grain growth. 

In the previous experiments the films were annealed fully in one continuous 

anneal, but to measure the nucleation rate the samples needed to be evaluated through 

time. EBSD although a reliable measurement technique, compromised the samples 

from further experimentation. Chapter 5 describes a more robust, optical measurement 

technique was developed to assay the nucleation rates of the films. The crystallization 

volume fraction difference between films that were incrementally annealed versus a 

single anneal step was indiscernible. This newly developed method measured a 

significant decrease in the nucleation rate with film thickness. This indicated that the 

nucleation was by a homogeneous process in agreement with previous results. 

The crystallite nucleation rates were determined and the effects of film stress on 

crystallite nucleation were investigated in chapter 6. By measuring the crystallite density 
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in thermally annealed a-Si:H films, it was demonstrated that the nucleation rate was 

significantly suppressed around scratches, cleaved film edges, and laser ablated areas, 

extending laterally as much as 100-150um from these regions where the film 

connectivity was disrupted. Additionally u-Raman measurements confirmed a reduction 

in tensile stress in the regions where the nucleation was suppressed. Two mechanisms 

enabling the film stress reduction to extend so far away from the surface features were 

presented both of which are consistent with the vacancy annihilation model. They 

involved A) the diffusion of H2 along the film-substrate interface,10 and/or B) the change 

in stress from compressive to tensile, occurring either before11 or during the onset of 

crystallization,12 both of which occur as the films are annealed.  The suppressed 

nucleation allows intentionally nucleated grains to grow longer before competing with 

native nucleation. With further study it is hoped that this effect could lead to inexpensive 

larger grained material for use in the fields that currently utilize c-Si.  Stress could 

influence the other factors by decreasing the energy of defect formation (Ef), which 

would lead to a increase in the nucleation and growth rates. By relieving the stress in 

the film, the Ef would be increased leading to a decrease in the nucleation and growth 

rates.  

During the exploration of nucleation and growth of a-Si:H films, a two key 

experimental tools needed to be developed; the laser processing system, and a robust 

optical measurement method for measuring c-Si crystallites in a-Si:H films.  

The laser processing system was built to allow for large area exposures (up to 1”x1”) 

down to spot sizes <1 um and was negotiated and designed with JPSA to fit our 

applications. It has to date been used with the Continuum Nd:YAG laser for 1064nm, 

532nm, 355nm, and 266nm; but can also  be used with the Lambda excimer laser for 

248nm (with KrF), or 308nm (with XeCl gas) mounted to be put online as needed. The 

sample stages were selected to allow for processing of 6” x 6” samples commensurate 

with the requirements for the S&TF. The system has been used for scribing, hole drilling 

as well as laser nucleating and has added to NREL’s capabilities. It is fully in service 

with all four of the Nd:YAG wavelengths available with submicron spot sizes. 
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A simple method to investigate the crystallite nucleation and growth was 

developed, in chapter 5, to shorten the feedback loop and allow for quicker adjustment 

to the experimental plan. Although EBSD proved to be an excellent method for 

determining grain size, the labor, time, and consequently turnaround time were 

cumbersome. An optical method was developed that employed simple optical 

microscopy to determine the crystallite nucleation and growth in thermally annealed 

HWCVD and PECVD a-Si:H films. By restricting film thicknesses to the range 600-

4000Å, optical microscopy can be reliably used to quantify crystallite nucleation rates.  A 

comparison of nucleation rates for identically prepared films of different thickness shows 

that crystallite nucleation is less in thinner films, thus inferring that the nucleation is 

homogeneous, in agreement with previous results.  A comparison of nucleation rates on 

identically prepared films determined by other techniques established the validity of this 

technique.  The effect of impurity (oxygen) incorporation on crystallite nucleation in 

stepwise, annealed films was discounted by a comparison of SIMS impurity profiles on 

continuous versus stepwise, annealed films. 

This project advanced the understanding of the nucleation and growth processes 

of a-Si:H films, but the large grain (~10 um) sizes desired for a high quality seed layer 

were not achieved. The short native incubation times of HWCVD films limited the 

intentional nuclei growth to ~3um before competing with native nucleation. In PECVD 

films, larger crystallites formed, but the stress in the film led to twinning behavior as 

seen in Figure 7.2. Although EBSD cannot unambiguously identify twins it can check if 

the boundary satisfies some conditions to be twins. There are two kinds of twins present 

in Si samples (111) and (110). There were a large number of (111) identifiers indicating 

that the vast majority are probably twins.	  Further study needs to be done to tune the 

understanding to achieve the best results via deposition technique, and processing. 

I believe that laser nucleating and processing is promising and should continue 

with the main focus being on stress related research. One avenue that should be 

investigated is full optical processing from nucleation to crystallization. Rapid thermal 

processing, CO2 laser annealing, or other infrared laser annealing could lead to an all-

optical process. These optical crystallization techniques if properly applied could gain 
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the advantage over the native nucleation and lead to requisite large grains. Ideally some 

preferential orientation selectivity would lead to oriented grains with low boundary 

angles and better material. Directional strain fields grown or introduced into the film 

could induce this selective orientation.  

 

7.2 Future work 
 Promising future work on this topic should include work on exploring film 

stress’ role in grain development. The questions that need to be answered are: 

 

Do contaminates alter the grain growth process? 

How does the stress affect the individual processes of laser nucleation, and 

growth? 

Can the stress fields be controlled in a-Si:H films to accommodate the growth of 

large single grains? 

Do contaminates alter the laser interaction with the material? 

Can the film be nucleated in situ during the actual growth of the film? 

How does the structure of a-Si:H versus c-Si establish the nucleation and growth  

behavior observed? 

 These questions are answered with the following studies (addressed in order 

from least amount of capital investment): 

 

7.2.1 Inert annealing  

One of the potential hidden variables in the study to date is the influence of 

oxygen or other gas contaminants during the growth process. Although studies 

presented here allude to the banality of this influence, studies should be done to verify 

this idea. By performing a similar annealing study as was presented herein, under 

vacuum there is the potential that significant understanding of the growth process as 

well as achieve larger grains. 
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Figure 7.2: EBSD of p-doped PECVD a-Si:H film showing the stress twinning of 

the nucleated grains 
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7.2.2 Eliminating contaminants during laser exposure  

There are two ways of eliminating contaminants; 1) substrate side exposure and 

2) atmospheric control of the film environment exposed to the laser fluence. 

Substrate side laser exposure: The experiments to date have been front side 

exposures due to the simplicity, however front side exposures can potentially lead to 

very different interactions. If the laser nucleation is a surface interaction, then front side 

exposures potentially have oxygen or other contaminants present during the laser film 

interaction. Exposing the substrate side of the film to the laser could potentially eliminate 

contaminants from the laser material interaction as well as nucleate at the “bottom” of 

the film thus allowing for film thickness to participate in a different manner during the 

growth process. Substrate side exposure also introduces other variable such as 

changing the optical index change from air/film to glass/film. Another consideration is 

the possible delamination of the film due to the trapping of gases or pressure wave at 

the glass film interface.  

Atmospheric control of film environment: A complicated engineering task would 

be to accomplish minimizing or eliminating gas contaminants during the laser exposure 

by integrating the laser processing system into a glove box or vacuum chamber.  The 

inert or vacuum environment would eliminate these contaminants from the interaction 

thus potentially clarifying the laser film interaction processes. Another possible 

experiment in this direction is substrate side exposure. 

 
7.2.3 Stress measurements  

From the current study it is clear that film stress plays a pivotal role in both the 

nucleation and the growth processes. By accurately measuring the stress before and 

after, laser exposure and again after annealing, there is the potential to put numbers to 

the role that it plays in each of these processes and potentially stretch it further to find 

an optimal stress regime to operate within. Further studies on HWCVD and other low or 

non-stressed films would lead to a better understanding of grain nucleation and growth 

in low stress environments. 
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7.2.4 Adjust the focus creating a stress pattern  

By adjusting the laser exposure to create a diffraction grating pattern, a stress 

field in the film can be created which might allow for a directional growth pattern and 

create not only a potential for larger grains, but also a directional grain orientation. This 

will need to be performed on films with varying amounts of stress in order to tailor the 

pattern to the amount of inherent stress. 

 

7.2.5 PECVD laser nucleation then HWCVD 
By laser treating a PECVD film, which allows for retardation of the native 

nucleation, and sub sequentially depositing a HWCVD film there is a possibility that 

larger grains can be achieved. With the addition of the HWCVD film there is a shift in the 

film stress from one film to the other with the possibility of transferring the nucleation. 

Obviously this is a full study, requiring the investigation of both laser treating before and 

after the addition of the HWCVD film, as well as the annealing before and after the 

addition of the HWCVD film. Further investigations from this would be the layering of 

different films and allowing the nucleation and growth to propagate through the films. 

 

7.2.6 Laser nucleation during growth 
Investigation of laser nucleation actually during growth of the film. This would 

require expanding on the engineering feat described earlier in the section on eliminating 

contaminants during laser exposure. It would require plumbing the laser into the actual 

deposition chamber. By nucleating during growth it could be possible to “seed” the 

native nuclei in the film. 

 

7.2.7 Other Material Systems 
By expanding to other material systems a broader understanding of the stress 

influence on nucleation and growth processes. Materials not limited to semiconductors 

with similar crystal structures as well as very different crystal structures should be 

studied.  

The following have been achieved in my thesis work: 
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1. Sub threshold laser fluence and CH were demonstrated 

reductions in τ0 of a-Si:H films. 

2. Single large area exposures were demonstrated to not alter 

the final film grain size directly. 

3. An optical microscopy technique was developed and applied 

to measure nucleation rates in films of different thickness supporting 

homogeneous nucleation in agreement with previous studies. 

4. Film stress was demonstrated to delay incubation times 

allowing further time for growth of intentional nucleated grains. 

 

These results disseminated to the thin film silicon community through 

publications are expected to fill in some of the knowledge gap and help refine some of 

the research into the crystallization of film a-Si:H. There is still a number of questions 

that need to be answered and technological hurdles to be cleared in the search for large 

grained high quality thin film silicon. Each seemingly small advancement can lead to 

incrementally a better electronic material with more refined properties. With further study 

it is hoped that inexpensive larger grained material can be developed for use in the 

fields that currently utilize wafer c-Si such as photovoltaics. Such advancement could 

not only improve commercial products, but could lead to a more sustainable energy 

source. 
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