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Abstract

Microstructure Analysis and Surface Planarization

of Excimer-laser Annealed Si Thin Films

Miao Yu

The excimetlaser annealed (ELA) polycrystalline silicdp-Si or
polysilicon) thin film, which influences more that00-billion-dollar display
market,is the backplane materiadf the modern advanced LCD and OLED
products The microstructure (i.e. ELA microstructure) and surface
morphology of an ELAp-Si thin film are the two main factors determining
the material properties, and they significantly affect the performance of the
subsequently fabricated thin film transistors (TFTs). The microstructure is the
result ofa rather omplex crystallizatiorprocessduring the ELA which is
characterized as fdrom-equilibrium  multiple-pulseperarea and
processingparameter dependent. Studies of the ELA microstructure and the
surface morphology closely related to the device performance as well as the
microstructureevolution during the ELA process are letegmly demanded
by both the scientific research and the industrial applications, but
unfortunately have not been thoroughly performed in the past.

The main devicgerformanceaelated characteristics of the ELA
microstructure are generally considered to be the grain size and the presence
of the dense grain boundaries. In the work of this thesis, an ipragessing

based program (referred to as the GB extraction program) is developed to



extract the grain boundaryap (GB map) out of the transmission electron
microscope (TEM) images dhe ELA microstructure. The grain sizes are
straightforwardly calculated from the GB map and statistically analyzed.
More importantly, based on the GB maps, we propose and perfogoraus
scheme that we call the loealicrostructure analysis (LMA) to quantitatively
and systematically analyze the spatial distribution of the grain boundaries.
The fnl ocal areao i s ma ithelbcatiordo@THT.n e d
The successful xraction of the GB map and the subsequent LMA are
permitted by our unique TEM skills to produce higisolution TEM
micrographs containing statistically significant number of grains for sensible
guantitative analysis. The LMAnprecedentedlgnables quantitative and
rigorous analgis ofspatial characteristics of the microstructure, especially the
device geometry and locatiorrelated characteristics. Additionally, we
present and highlight the benefits of the LMA approach over the traditional
statistical grairsize analysis of the ELA microstructure.

From the grairsize analysis, we find that grain size acisstistically
significant number ofjrains generally follows the same distribution as in the
stochastic grain growth scenario at theginning of the ELA process when
the laser pulse (i.e. shot) number is small. As the shot number increases, the
overall grain size monotonically increases while the distribution profile
becomes broader. When the scan number reaches the ELA threshaldl (seve
tens of laser shots), the distribution profile substantially deviates from the
stochastic profile and shows two sharp peaks in grain size around 300nm and
450nm, which is consistent with the previously proposed theory of energy
coupling and nonunifornenergy deposition during ELA. From the LMA,
local nonuniformity of grain boundary density (GB density) at the device

length scales and regions of high grain boundary periodicity are identified.



More importantly, we find that the local nonuniformity is muotore
pronouncedvhenp-Si film exhibits some level of spatial ordering, but less
pronounced foarandom grain arrangement. It is worth noting that the devices
of different sizes and orientation have different sensitivity to the local
nonuniformity of theELA-generated 45i thin film. In addition, based on the
analysis results, the connection between the microstructure evolution and the
partial melting and resolidification process of 8idilm is discussed

Aside from the microstructure, treurface morphology othe ELA
films, featuring pronounced surface protrusions, is characterized via an
atomic force microscope (AFM). Attempts to planarize those surface
protrusions detrimental to the subsequent device performance are conducted.
In the atempts, the ass (oxide-cappedl ELA films and the BHRreated ELA
films are subjected to single shots of excimer irradiation. When the results are
compared, an anisotropic melting phenomenon gbt8egrains is identified,
which appears to be stronglyfedted by the presence of the surface oxide
cappinglayer. Conceptual models are developed and numerical simulations
are employed to explain the observation of the anisotropic melting
phenomenon and the effect of the surface oxide layer. Eventually, 41.8%
reduction of root mean square (RMS) surface roughness is achieved for BHF
treated ELA films.

The results gained in the systematic analysis of the ELA microstructure
and the attempt of surface planarization further our understanding about (1)
the device pdormancerelated material microstructure of the EIpASi thin
films, (2) the microstructure evolution occurring during multiple shots of the
ELA process, and (3) the fundamental phase transfornsatiaghe farfrom-
equilibrium meltmediated excimelaserannealingprocessingof p-Si thin

films. Such understanding could help engineers when designing the



microelectronic devices and the ELA manufacturing process, as well as
provide scientific researchers with insights on the melting and solidification
of geneal polycrystalline materials, thus profoundly contributing to both the
related scientific society and the technological community. The GB extraction
program and the LMA scheme developed and demonstrated in the thesis, as
another contribution to the relateesearch filed, could also be generalized to
the microstructural study of other polycrystalline materials where grain

geometry and arrangement are of concern.



Tabl e of Content s

T S S O ¢ T O N = S SPPPR

IS o) H =1 o] (=3 TR X1 Vv

ACKnowl edg.men.t S e X V

Chapterl | ntr 0 d.U.C.L.i 0N, 1

1.
1.
1.
1.

Exaismer Cr y.s.t.al.l.l.z.a.t.i.o.n...... 2
Edx@aismer Anneal.i.ng..Tec.hni.qguz

Approache.s..f.or.. . .t.he.. Wour.Kk.....6

A W N

Organi zati o.n..of..t.he..Di.sse8tation

Chapter2 Background an.d..Mat.l.v.at.l.onll

2 .

1 Fundament al Fr amewo.ur.k..of..llaser C
2. Ther modynamics of Mel.t.i.ngl3and So
2.1.2 Kinetics of .mel.t..ng..ah4d sol i c
2.1.3 ThlRomBs dm.sEf.f.ect.. ..o, 15

.2 Related Background Kn.owl.eldbge of

2.12 . Lanadrer i al | nt.er.ac.t.l.on..0ofl7Si
2.2.2 Different..Mel.t.l.ng...Reg?2hes
2.2.3 CrystSal ITihz at iFo-mensf ii mg2PRe dii md
2.2 .-¢4i tlun probing of Transi ent Ref |
Duri ngi ndwscad Phase Transif.ormati on

.3 Related Background Kn.awl.d/ge of

2.3. vViewerof the ...ELA..Techni.gqa&
2.3.2 The ELA Technique..i..n..BM06dern E
2.3.3 The Microstructure and Surf a
e T U o1 1~ TP 32



2.3.4 The I nfluences of Grain Bounct
t he Device..Reur.f.or.manc.e...... 36
2.4 The Microstructure Nonuniformit
N I = T BV O RO USPPPPPR 38
2.5 Mot i veaste aornc ha.nSdt..rRa.t.e.g.y..ccccounnnn.n. 41
Chapter3 An | npargoec esas ead Met hod for the Gr
[ G S - N o A o T 4 4
3.1 Necessity and Dif.fi.cul.ti.eds5 i n th

3.2 The | mpl ement ati on of the Water

E X T F @Gl 0N 4.7
3.2.1 The I dea of t.he. Wat.er.d48ed Seodg
3.2.2 Theoretical Fr.amew.o.r.k5hnd Def
3.2.3 The..Al.gor.i.tthm. ... 54
3.2.4 The..RPseudoac.ode. ... 57
3.3 The..Res. Ll L. S, 61
3 . 4 S U MMLA LY e 64
Chapter4 The Local Mi crostruct.ur.e.6Ahal ysi:
4.1 Grain .Si.z.e..St.atl.l.s.t.l.CS. ... 67
4.2 Spatial Anal ys..s..of...t.h.e..Mi8rostr

4. 2.1 TGBER DewAsi t.y...An.a.l.y.s.i.s...69
4. 2. 2 TFhrei eenmAat i..o.n...,An.al.y.s.i.s..73

4. 2.3 Peteoti.ont.y..De..................... 75

4. 3 Di S.CLUS. S0 eeeeeeeeeeeeeeeeiienenn
A4 SUMIMI@IY. ettt e et mmme e e e e et e e e et e e e s emnmeesaa e e e eesnaaeeeeees 79
Chapter 5 The ELA Experiments and Comprehensive Microstructure
ANAIYSIS. .o e e et —————— 80
5.1 ELA EXPEIMENTS. ...t it eee e ieeee e e e e vmmme e enaaaas 81



5.1.1 Experimental Plan...........ccoooovviiiiiicie e 81

5.1.2 Sample Configuration of the precurs@ia........................ 8 2
5.1.3 EXperiment SetUp.........ccouuuiiiiiiiiiiiceer e e 8 2
5.2 Grain Imaging by Transmissi&fectron Microscope.................. 8 3
5.3 Systematic Microstructure Analysis and Comparisan............. 8 7
5.3.1 Grain Size StatiStiCS.......ccvvvrrrrrriiiiiiire e 88
5.3.2 The LMAGB Density AnalyS8..........cccuvviieeeeeieiiinemeeeennnnns 90
5.3.3 The LMAOrientation Analysis...........ccciiiiiiiiiicciiin e, 914
5.3.4 PeriodiCity ANBUSIS........ovviiiiieiiieei e 96
5.4 DISCUSSION....uuiiiiiiiiiiiiiiee e e e e ieree e e eeeeetiias e e e e eeeesenmmme s e eeeaeeennes 99
5.5 SUMMAIY....uuiiiiiieiie e e et e e e e e e eaans 103
Chapter 6 Surface Planarization of Asis ELA Si Thin Films .......... 104
6.1 Characterization of Surface Morphology...........ccccevvvviiianens 105
6.2 The Previos Study of Surface Planarization......................... 106
6.3 Planarization EXPeriments............uuuuvueuiiiincceeeeeeeeeeeiiiiiieninnnns 107
6.3.1 Experimental DetailS..........coovuiiiiiiiiieee 107
6.3.2Results and AnalysiS..........oooooiiiiiiiiiiiiee 1009
6.3.3 Transient Reflectance and Transmittance Analysis.....1 1 2
6.4 DISCUSSION......eevuueuuurnnnnnnsimmeeeeeeeesensesnnnnnnnn s smmreeeesssessnsennnns 115
6.4.1 The Melting and Solidification ST&io...............cccvvvvnnnn.n. 116
6.4.2 The Numerical Simulation............ccccoveieiiiiieenn e 118
6.5 SUMMIAIY....uuiiiiieeiiiie et e et e e et e e e s e e e e e e e eanns 123
Chapter 7 Surface Planarization of BHFtreated ELA Si Thin Films
........................................................................................................... 124
7.1 Planarization EXPerimentS............uuuuuueeeiiincneeeeeeeeeeieeeinennnnnns 125
7.1.1 Results and AnalysiS...........cceeiiiiiiiiiiieee e 125
7.1.2 Transient Reflectance and Transmittance Analysis.....1 2 7



7.2 DISCUSSION ...ttt et e e e e meme e e e e e e eees 129

7.3 SUMIMATY. ettt eeeee ettt e e et s e e e e e e e e e eaan s 132
Chapter 8 CoONCIUSIONS........ccciiiiii e e reeee e 133
8.1 CONCIUSION.....cuueiiieie ittt ceer e et e e eerne e e e e e e aran s 133
8.2 Suggestions for the Future WarK...........ccooovviiiiceeen e, 136
BibliOgraphy ......cooi e 138
Appendix A Spot Beam Crystallization Geneated Si Thin Films.1 4 9
A.1 SpotBeam Crystallization Method...............cccooo v, 151
A.2 Microstructure of the SBC Si Thin Film...........ccccceeiiiiiiiiianeee. 152
A.3 DIiScuUSSION and SUMMALY......cooeevieiiiiiineeeeeeeeee e e eeeeeiinn e eeeeees 153



Li sEi glbres

Fig 2.1: The isobaric Gibbs free energies versus temperature respectively of
crystalline (eSi), amorphous (i) and liquid ((Si) phase of Si. Tmc

and Tma are the equilibrium melting temperatures respectivehsof ¢

Fig 2.2: Interface velocity versus temperature respectivehSifé A4 ) and
aSi (6 A4 ). Tmc and Tma denote the equilibrium melting
temperature of-Siand that of &i..........cccoevvviiiiiiiiiiiicee e, 15

Fig 2.3: Reflectivity and absorption coefficient 6fS¢ at room temperature,
which are wavelengtidependent. It can be seen that Si is very
absorptive for UV light (the range of the excimer laser) and becomes
much less absorptive for the light with larger wavelength........ 18

Fig 2.4:Time-resolved reflectance change of the probing laser during melting
and solidification of Si upon laser irradiation, wheted 2 land 2 A

respectively denote the reflectance of amorphous, liquid and crystalline

Fig 2.5: A schematic illustrating light and material interaction of planar Si
surface. When light is incident upon the planar surface of Si, part of the
energy is reflected and part of the energy is absorbed............ 20

Fig 2.6: Schematics of (a) partial melting, (b) reamplete melting, and (c)
complete melting regimes. In the partial melting regime, a continuous
layer of uimelted solid sustains, while, in complete melting regime, the

entire film transforms into liquid phase during laser irradiation.22



Fig 2.7: Planeview brightfield TEM images of the microstructure of the laser
crystallized precursor-8i thin films in partiaimelting regime ((a), (b),
(©), (M, (g) and (h)), neacompletemelting regime ((d) and (i)) and
completemelting regime ((e) and (J)) [42]-....cccoevvviiiieiiiiiiiienenn. 23

Fig 2.8: Schematic diagram illustrating the explosive crystallization
phenomenon of a precursoiSathin film during the first laser shot in
the ELA process,apresenting the fundamental phase transformation
mechanism involved in the partial melting regime @idilms upon
excimer laser irmadiation............ccooi e 25

Fig 2.9: (a) Schematic diagram of the melting and solidification process of a
Si film, where the front surface of the film first transforms into a
continuous lguid layer and the melting or solidification proceeds
respectively as the downward extension or the upward shrinkage of the
thickness of the liquid layer...........coooeiiiiiiiiieee e, 26

Fig 2.10: (a) The planaview brightfield TEM image of the microstructure
of an ELA-generated {5i thin film, and (b) diagrams of the average
grain size versusxcimerlaser energy under different gegredient
conditions and (c) the average grain size versusaps laseshot
numbers under different experimental conditions [87].............. 30

Fig 2.11: (a) A picture of the statd-art excimeflaser system used in the
current ELA manufacturing, developed by Coherent, Inc., and (b) a
schematic diagranfiustrating the lasescan process in the ELA.32

Fig 2.12: (a) The plangiew brightfield TEM image of the ELA grains, (b)
an AFM image of the ELA grains and (c) an AFM image of the
boundaryetched pSi thinfilm, which was done and reported by other
XY= L= Lol L= £ 2 33

Fig 2.13: (al) and (a2) the planew brightfield TEM image and AFM

Vi



image of pSi after a small number of laser shots, (b1l) and (b2) the
planeview brightfield TEM image and an AFM image of$i after a
medium number of laser shots, and (c1) and (c2) thepiamebright

field TEM image and AFM image of§i after a large number of laser

Fig 2.14: (a) A schematic diagram showing the structural configuration of an
OLED display panel, where the TFT backplane is fabricated by the
ELA process, andb) a schematic diagram illustrating a typical TFT
fabricated on an ELAyenerated i thin film.............................. 37

Fig 2.15: The planariew brightfield TEM image of an ELAgenerated {5i
thin film. The grains generally seem to be regular, while the grains in
the circled remns look irregular............cceeiiiiiiiiiiiiecee e, 39

Fig 2.16: (a)(b) Schematic drawing of three situations of artificial grain
distribution, where the average grain size of the three situations is the
same andhe grains in (b) and (c) are exactly identical but with different
arrangements. Each square (or rectangle) represents a grain.40

Fig 31: Planeview brightfield TEM image (33ur® 23um) of the ELA
microstructure. Around 9,000 grains a@gtured in the image, which
Is a statistically meaningful number for the quantitative analysis of the
MICTOSTIIUCTUIE ... et e et mmme e e e et s emnr e e e e e eees 46

Fig 32: A brief illustration of how a computer displays a greyscale image.
Figure (a) is an image in greyscale which displays the matrix (b) with
values ranging from 0 t0 255............oiiiii i 48

Fig 33: (a)- (c) Schematic diagrams illustrating the conceptual description of
the immersion process in the Watershed Segmentation. In the
Immersion process, water level, elevates monotonically from the

lowest altitude (i.e. pixels with the smallest value)the highest

Vii



altitude (i.e. pixels with the largest valug).............ccccevvviiieennnn, 49

Fig 34: Schematic diagram illustrating the three classes that all the pixels
need to be sorted into in the immersion process in order to let a
computer identif basins and watersheds..............c.cccooeeeevieeeeens 50

Fig 35: (a) Schematic diagram illustrating the geodesic distance between two
pixels © End D )Eand the geodesic distance between a pBand

asubset 0 E of pixels with in a pixel set P, and (b) schematic diagram

illustrating the influence zone (hatched area) of a pixel subdgind
the skeleton by influence zones (SKIZ) betwekitand 0 Eas well as
between0 BN O E.....c.ccvovieeeeecee e eene e 52

Fig 36: An example of computing the above recursion (the immersion
process), where the numbers are the initial pixel values.......... 54

Fig 3.7: (a) A cropped planeiew brightfield TEM image of an ELA
generated 45i thin film, which is the input of our graibhoundary
segmentation program (GB segmentation program), (b) the beginning
of the program when one local minimum at the lowest altitude of the
entire image is identified...........ccoo e 62

Fig 38: (a) A planeview brightfield TEM image of the microstructure of the
ELA-generated {5i thin film; (b) the GB map converted from the TEM
image (a); (cthe overlapped image of the TEM image (a) and the GB

map (b) which verifies the accuracy of our GB segmentation program.

Fig 41: (a) The planeiew brightfield TEM image of the ELA
microstructure, (b) the binary GB map generated from the TEM image
(a) using our program, and (c) the statistical gigire distribution and

the normal distribution fitted CUNVE -......onieeee e 68

viii



Fig 42: (a) The TEM image of the microstructure of an E¢y&nerated {5i,
(b) the overlapped image of the GB map and the original TEM image,
and (c) the overlapped image of the TEM image, the GB map and the
GB densityheat map, where hot (reddish) regions indicate higher GB
density while the cold (bluish) regions indicate lower defect density.
................................................................................................... 71

Fig 43: (a)}(c) GB density heat maps respectively corresponding to 0.5um,
1pm and 2pm probing circles, where reddish color means high GB
density (consisting of relatively smaller grains) while blueish color
means low GB density (consisting of relativedyder grains), and (d)
the curvefitted statistic diagrams of the values under the three
situations, where the blue, orange and yellow curves respectively
correspond to 0.5um, 1pm and 2pm diameter situations............ 73

Fig 44: (al}(cl) The GB density heat maps when the major axes of the
testing oval are respectively at the angle of 307 75°and 135°with
respect to the horizon, and (a@2p) the corresponding statistical
histograms of the values respectively corresponditay (al}(cl)..
................................................................................................... 75

Fig 45: (a) The binary GB map generated from the TEM image of the ELA
generated 45i thin film, (b) the FFTdiffraction pattern obtained from
the GB map, (c) the filtered FFT image after diminishing the
background signal and noise, and (d) the inversed FFT image
transformed from (C)......oeveveiiii i 77

Fig 46: A flash photograph of the surface of an Egg@nerated panel under
oblique angle. The different colors at different angles of view evidence

the existence of light diffraction [21]...........coovviiiiiiiiiicceiinnee, 78



Fig 5.1: (a) Laser system setup for the ELA experiments and (b) the optical
layout schematic of the beam delivery system...................... 83

Fig 5.2: (a) A photo of JEOL 100CX TEM system used in the microstructure
characterization, (b) the electron microscopy fafter exposure and
development, which captures the microstructure of t8ethin film,
and (c) the lifted ELAgenerated{5i thin film on a copper TEM grid.

Fig 5.3: (a}(d) The TEM images of the microstructure of the multighet
irradiated Si thin films respectively with 5, 10, 15, 20, 25 and 30
shots of laser irradiation. (a) is under 7500x magnification and the
rest araunder 5000x magnification...............cceevieiivieemecennnnnnn. 87

Fig 54: The GB maps (red) overlapped with their source TEM images
resulting from 5 shots (a), 10 skdb), 15 shots (c), 20 shots (d), 25
shots (e) and 30 shots (f) of laser irradiation. It can be seen that the
GB extraction iS VErY PreCiSe......cooeveeeeeeeeeiiiieeieeeiieee e 88

Fig 5.5: (a)(f) The statistical grakusize distributions of the multipishot
irradiated pSi thin films respectively under 510, 15, 20, 25 and
30-shot conditions. The insets in the top right corner show the
average and standard deviation................cceeeiiieeeeiii e eeeeeiinn, 90

Fig 5.6: (a)}(f) The heat maps of the relative defect density distribution of
multiple-shotirradiated pSi under 5, 10, 15, 20, 25 and 36shot
conditonswi t h r espect to 0.50m TFT si :
represents high relative defect de
represents low relative defect density regions....................... 92

Fig 5.7: (a)}(f) The heat maps of the relative defect density distribution of
multiple-shot irradiated 5i under 5, 10, 15, 20, 25 and 30shot

conditions with respect to 20m TF

X



represents high relative defect density regions, Whe t he o6col do
represents low relative defect density regions....................... Q3

Fig 58: (al) (a2)(cl)(c2) Figure pairs of the heataps and statistical
histograms of the spatial distribution of the relative defect density,
respectively corresponding to 0 90°and 165TFT orientations for
the 5shot condition, and (d1)(dZj1)(f2) same figure pairs
respectively corresponding to 30’5°and 135°orientations for the
30-SNOt CONAItION......iiiiiiiiiiii e 96

Fig 5.9: (al) (a2) (a3) (f1) (f2) (f3) Figure sets of theverlapped image of
TEM image and the GB map, FFTs of the GB map with filtered
background signals and noises, and the IFFTs of the filtered FFT
image, which highlight the periodic area respectively for tha®,
15, 20, 25 and 30shot conditions ofdser irradiation............. 98

Fig 5.10: (a) and (b) The fitted curves of the statistical histograms of the
values respectively corresponding to 0.5um TFT size and 2pm TFT
size for the six laseshot conditions, (c) The comparison of (a)
(dashed lines) and (b) (solid lines) in the same plot............ 101

Fig 6.1: (a) the AFM image of an as ELA-generated {5i thin film, (b) the
roughness analysis ahe crosssection of (a), and (c) one previously
reported higkresolution AFM image of the surface morphology

where the grain junctions are selectively etched by a Secco etchant

Fig 6.2: Scanning electron microscope (SEM) images of the pattersed ¢
wafer surface, (a) before and (b) after excHbaserinduced
planarization 82)..........eeeniiiiiiiii 107

Fig 6.3: The schematic of the4situ optical probing system used to measure

the transient reflectance from the front surface (FTR), the bottom

Xi



Fig 6.4:

Fig 6.5:

Fig 6.6:

Fig 6.7:

Fig 6.8

Fig 7.1:

side of the pSi thin film (BTR) and the transient transmittance (TT)
Of ProbiNg laSErS.....cco i 109
(ay(d) The AFM images of the sample surfaces after irradiation at
70%, 75%, 85% and 90% CMT respectively. (e) The plot of RMS
surface roughness aftglanarization versus laser energy......112
(al)- (d1) The AFM images of the sample surfaces after irradiation
under the energy conditions of 70%, 75%, 85% and 90% of CMT,;
(a2)- (d2) depict theeorresponding transient signals. The black, red

and blue colors respectively represent the FTR, BTR and TT signals..

(ay(d) phenomenological picture of the melting process sequence
during excimer laser irradiation of Eldenerated polycrystalline

thin fiIMS... e 117

the schematic of the simulated structure, where the red and green
regions are set to be two differedSc grainsforming a grain
boundary inthe middle...........ccccoo oo, 120

. (a)(f) The selected representative time frames in the phase

transformation simulation (a) before laser irradiation, (b) at the
beginning of laser irradiation, (c) the starting point of melting, (d)
when the formed liquid reaches the bottom, (e) when the melting
reaches the maximum, (f) some time before completdiddeation,

and (g) timeresolved locations of the left gain edge (black lines) and
the right grain edge (red lines) at the surface of the film......122

(@) (d) AMF images of the surface morphology after planarization
respectively under the energy conditions of 70%, 77%, 82% and 88%
of the CMT, and (e) the plot of the corresponding RMS surface

FOUQNNESS. ..o e reee e 127



Fig7.2: (al)i (d1) AFM images of the surface morphology after planarization

Fig 7.3:

Fig A.1:

respectively under the lasenergy conditions of 70%, 77%, 82%
and 88% of the CMTand (a2} (d2) the corresponding FTR, BTR
and TT signals recorded by thesitu optical probing system. The
black color, red color and blue colors respectively represent the FTR,
BTR and TT SIgNalS.......ccuoiiiiiiiiiiiiii vt eeeen 129

(@l)i (al3), (b1)i (b3) and (cl)i (c3) schematic diagrams of the
melting and solidification processes during planarization
experiments respectively of the reportesli condition (free surface),
the BHFRtreated ELA film (free surface) and the-iasELA film
(oxide-capped). The descriptions of and the reasons causing the
different melting and solidification scenarios are discussed in the
above paragraph..........ccoooi i 132

(a) The brighfield optical microscope image, (b) the corresponding
dark-field optical microscope image an@) the polarizedight-
microscopy optical microscope image of the surface of ELA

generated polysilicon thin film...........cccccie 150

Fig A.2: Schematic diagrams respectively of (a) main SBC system

components, (b) rastescan process over a large processing area, and

(c) overlapscanning of spot beam.............cccciiiiiieeeeeen 152

Fig A.3: Brightfield planeview TEM images of multiplscan SBC

crystalized regions; the films wepeocessed with the energy density

Xiii



List of Tables

T a b3. B The mean values and standard deviations of-tBiegpain size

generated with different shot numbers..............cccccoooooeeee 89
Tabd.e 2: Standar dq vae wieataitorse | efc-ttelde or i
and-sBOt condi.t.i.onS.o ... 94

Xiv



Acknowl edgment s

Years have been spentmy doctoral studybeginning from getting in
touch with and understanding the topic and the related fields, to proposing a
scientifically valuable research target followed by diligent work, and, finally,
to obtaining meaningful results that could benefit the researchi.fiepdsodes,
interruptive but beautiful and grateful, also have been interluded during the
years, which made the experience of my whole period of studying at Radical
Research Group (RRG) special and unforgettable. The completion of this
t hesi s dwears getfing a conclugion of my research task, which is
valuable to the related fields, but, more importantly, also means having
learned a method for general scientific investigations as well as having formed
an attitude towards my future career and digy

Foremostly, | thank Professor James S. Im for all the scientific
discussions, instructions and suggestions. Without his guidance, it would not
be possible for me to enter and make some achievement in such a research
field that I like very much. I @ also grateful for his guidance and mentoring
regarding how to get along with people and deal with the world. | would like
to treat him as my mentor instead of merely the research advisor. He is polite
and gentle when delivering his ideas to us. His thtaignd understandings
are deep and insightful, but he always likes to express them in a rather
6carelessd and o6informal dé way, which |

to think and motivation to explore. | think this is a philosophy that | learned

XV



from him and treasure very much. | also appreciate the freedom that he gave
to me, otherwise | would not get a chance to finish this work.

Besides, | would like to thank all the RRG members whom | chronically
worked or shortly got in touched with, espelgiahy schoolmates Wenkai Pan,
Jimmy Wang, Ying Wang, Vernon WanguobingSong, Bonan Shen and
Nikita Lisenko. | specially thank Wenkai Pan (my mate) for countless
unforgettable things and moments. | also sincerely thank Nikita for intensive
proof readingand editing of my thesis as well BsobingSong for providing
information and material that are helpful to my work.

In addition, | would like to thank Professor Beibei Li in Carnegie
Mellon University for her professional instructions about the progrgamin
related work in my thesis and her influence on me. | have known her for quite
a long time during which she has given me much valuable suggestions when
| am on the way to pursue higher and better education. She is a charming
person with sterling characistics that can always influence and encourage
me when | needed to make decisions and was facing difficulties.

Furthermore, | would like to thank another mate, Lei Xu, whom | have
made during my study at Columbia University. He just graduated from Civil
Engineering Department with a Ph.D degree. Lei Xu, Wenkai Pan and | had
a lot of time living together as roommates, and had a lot of happy moments.
He is a nice and fun person who helped me a lot in my daily life.

| would also like to thank Mechanical Engering Department and
Columbia University for the teaching and the atmosphere. | really like them.
Specially, | thank Professor Y. Lawrence Yao for teaching us with clear and
solid knowledge in his Advanced Manufacturing class.

| deeply thank my family mmbers. | thank my parents for nurturing

me as well as providing mental and financial support whenever | needed. |

XVi



thank my parents in law who nurtured my wife and help on looking after my
children. | specially thank my wife Qinwen Zhu who is the most veoiud
woman that | ever met in my life and continuously encouraged and comforted
me when | was facing difficulties. | also thank my children who cooperated
very well when | needed to work on my research.

At last, | thank all the friends and relatives who have helped me during

the years. I really appreciate your he

XVii



CHAPTER 1: | NTRODUCTI ON 1

Chapter 1

|l ntroducti on

Most of the common metals, ceramics and semiconductors are
polycrystals, consisting of crystalli:tt
size. Advanced manufacturing technologies likew-temperature
polycrystalline silicor(LTPS), selective laser mihg (SLM) and 3D printing
are based on understanding collective crystallite kehand microstructure
control[1]-[3]. For example, in the LTPS process microelectronic transistors
are fabricated on-@i thin films. The subsequent transistor performance is
limited primarily by the presence of grain boundaries (GB) as opposed to
intragrain defects such as stacking fauhs dislocations. Thus the device
developers have to design transistors thousands of times larger than the grains
to average out the effects of the underlying grain boundaries.

This thesis rigorously, quantitatively and comprehensively analyzes the
microstructure evolution of-@i thin films during Excimer Laser Annealing
(ELA). Our developed innovative imageocessingbased GB extraction
program and our rigorouscal microstreture analysisL(MA) schemeare

implemented to characterizbe GB density Surface protrusions located at
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grain boundaries may also deteriorate transistor performance, so the excimer
| aser 6s abi | i 4Sisurface is aldo mvestigated &mntemise p
of this work (1) for the first time thoroughly analyze theometry and
locationspecific aspects of the El-g§enerated microstructure relevant to
device performance (2) present a systematic investigation die
microstructure evolutionccurringduring multiple shots of the ELA process

and @) reveal the fundamental phase transformation mechanisms of the thin
film in the ELA process. The toolnd schemedeveloped for th& MA in

this work can also benefit the research of other polycrystalline matgals

[10].

1.1 Excaismear Crystallizati on
Excimerlaser crystallizatioELC) is massively applieth the modern
electronic displaymanufacturing for its ability toeffectively transform
amorphous silicon (&i) thin film intohigh-quality p-Sieven on lowthermat
budget substrates, such as transpaykass or flexible polymer substrdiel |-
[16]. Excimer laser crystallization &i typically stars with an aSi thin film
(tens to hundredsf nanometes thick) deposited ora substrate Normally
plasmaenhanced chemical vapadeposition (PECVD) is used to achieve
uniform aSi deposition under a relatively low temperature (approximately
300°C) anda high deposition ratédNext, excimeraseris utilized to rapidly
heat upand meltthe aSi film. Due to the short laser pulse dimatand high
absorption coefficient of Si in the ultraviolet rangeysiof theexcimerlaser
energyis absorbedvithin ters ofnanometerdelow thefilm surface, leaving
the substratenearly unaffected by the heatingfter the laser irradiation

ceases, he significant temperaturedifference between th&i thin film
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(normally above 140) and the substrate (around room temperature) sesult
in a rapidfilm coolingandcrystallizationduring solidification Combinations

of process parameters (such as eneahgysityand pulse duration) anthe
initial material configuratiotead to the establishmentBELC subtechniques
such as excimdaserannealing (ELA) and sequential lateral solidification

(SLS), which are criticah modernelectronic display manufaaing.

12Exci-masfenrneal ing Techniqgue

The excimer laser annealitechniqueas a specific one of various ELC
techniqueshas recently been the most preferred way to manufacture high
guality LTPS display panels. It has advantages over the Btit@techniques
in cost, scalability and the rate of production éighin films of high enough
guality [17]-[20]. ELA is characterizeds a multiplepulseperareapartiat
meltingbased laser crystallization techniquagable of converting precursor
aSi films into polycrystalline material. In practice, a 308 nm excimer laser
line beam scans over a pdleposited UVabsorbing &i thin film, partially
melts the surfae, leading to the formation of$i with grain size ranging from
several tens of nanometers up to the 300 nm range. Normally, around 20 scans
at each location are required to produceSi film suitable for the fabrication
of largescaleintegrated circus (ICs). Complex microstructure evolution
process happens during each scan, as dictated by the intrinsic material
propertiesthe farfrom-equilibrium nature of the phase transformatithe
partial melting requiremenand the laser beam quality and agaofation of
the ELA system.Meanwhile, surface protrusions are formed during
solidification as a consequence of mass accumulation resulting from the

density change in going from liquid to sofRiL]-[23].
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The microstructure othe ELA film is advertised as uniform and
homogenous over a large scale, which would be beneficial for the
performance of devices and ICs built on the filahowever, in reality
researchers and manufacturers suffer from locally nonuniform microstructure
within the device length scale, which in fact greatly degrades ICs performance
and stability. The locally nonuniform microstructure can be briefly
characterizeds 1) highly ordered regions coexisting with the less ordered
ones and 2) the grain size having a distribution, meaning that most of the
grains have similar size, but there inevitably exist very large or very small
grains randomly scattered across the ltihm. For a long timgnumerous
efforts have been unfortunately merely devoted to achieving more ordered and
uniform grains over the large scale by varying the fabrication conditions. The
researchers and manufacturers have failed to appreciate theangeoof
analyzing the microstructure of ELgdenerated {5i, especially the local
microstructural variation on the device length scale and the microstructure
evolution during each scan. We argue that studyinmogeaspectss quite
meaningful and useful tounderstand the correlation between the
microstructure, the device and the ICs characterjstes/ell aghe nature of
the crystalline evolution during the ELA process.

Thorough microstructure analysis acrossignificantnumber of pSi
grains could gnificantly benefit both the academic research and the
industrial implementation of the ELA technique. Findings of such studies can
potentially (1) reveal the intrinsic phase transformation mechanisms involved
in the ELA process; (2) facilitate the undarsding of the influences of the
extrinsic factors, such as laser energy, number of irradiation cycles, ambient
atmosphere composition and etc., on the final material; (3) link microstructure

properties with the performance of the devices fabricated 4 igive clues
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on how to deal with the locatieshependent performance nonuniformity of
transistors that the industry is suffering frg@4]. Furthermore, the ever
increasing demand of higlesolution displays fuels a pursuit for denser
display pixels and smaller pixel size, highlighting the need for precise
microstructure managemead assessment to¢&b]. Thus the necessity to
analyze the spatial variation and microstructure of materials like-ELA
generated {851 continuously intensifies. Aside from the internal
microstructure, the surface morphology of the Efé#nerated Si also
deserves careful analysis and investigationg@serated ELA films exhibit
undesired protrusions at the grain boundary junctions, wiastbeen widely
recognized as detrimental to the transistor performance due to lowering of the
gate material 66lbreakdown voltage
Despite the fact #tt the ELAgenerated Si thin film has been studied
for decades and the ELA technique has been implemented in the electronic
display manufacturing for many years, surprisingly the investigations
reported so far are unfortunately unsystematic, fragmenteds@nédtimes
wildly diverging in conclusions. Some fundamental features of phase
transformations in ELAgenerated Si grains under transient laser irradiation
conditions were recently investigated in our grf2ifj. However, there is still
little research conducted on a comprehensive investigation of the
microstructure the evolution of the microstructureand the surface
morphology of the ELAgenerated Silms, which has been argued above as
essential and will be comprehensively discussed in the following parts of the

thesis.
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1.3 Apepsomacthhe Wor k

In this thesis, we firstly conduct a study of the microstructune the
microstructure evolutionf the ELA-generated {5i thin films and secondly
attempt to planarize the protrusions existing on the surface, both of which are
undoubtedly essential and meaningful, yet not performed in the past. In the
study of the mimostructure, anovel imageprocessingbasedgrain boundary
(GB) extraction programandthe rigoroudocal microstructure analysisMA)
scheme araleveloped, enabling both grasize analysis of a statistically
significant number of grains and spatial rsiructure analysis over an
unusually large area. The$ thin films are generated by repeated excimer
laser irradiation of the same area of precurs8r thin films, which were de
hydrogenated and preparading industry-level stateof-art equipment and
process. Transmission electron microscopy (TEM) is employed, specifically
focusing on capturing highuality images of the microstructure over a large
area. In the attempt of surface planarization, the sunfagghology is
captured by an atomic force microscope (AFM). The attempt is conducted by
again irradiating an ELAyenerated Si thin film using only one shot of
excimerlaser irradiation. Based on the difference in the reflection coefficient
of molten and solidSi, the dynamics of laser pulseduced phase
transformations during the irradiation are examined bgitin transient
reflection and transmission analysis. The transparency of the substrate allows
us to simultaneously measure transient reflectance ofdwwthceside and
film-substratanterface side, as well as the transient transmittance throughout
the thickness of the entire film. Together, thesasiin signals collectively
depict a spatiotemporal picture of a typical laseluced transformation for

the entire duration of an excimer laser pulelting scenarios undeifterent
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surface conditions (i.e., passivating oxide layer and free surface) are examined
and compared via igitu reflectance and transmittance analysis. Thereatfter,
numerical simulabn is performed on the software developed previously in
our group to link the current study to previous work and leverage our
fundamental understanding. The results provide clues about the rapid heat
flow and firstorder phase transformations in the thim system under far
from-equilibrium conditions. It is worth noting that (1) the innovatively
developed imagerocessingbasedGB extractionprogram and the LMA
scheme (2) highquality samples, (3) unique sample preparation and TEM
characterization sk8, (4) the availability of the simultaneous measurement
of transient reflectance and transmittance and (5) the numerical simulation put
together is what gave us the fortuitous opportunity to comprehensively
analyze and obtaia thorough understanding afhé microstructure anthe
surface morphology of the El-§enerated 45i thin film material.

The main achievements of this thesis include: (1) the develo@mndnt
thedemonstration of the GB extraction program and the LMA schlentge
first time enablingprecise grairsize analysis of a statistically significant
number of grains and spatial microstructure analysis over a sufficiently large
area; (2) the unprecedentedly comprehensive and systematic microstructure
analysis of the ELAgenerated 45i thin films; (3) the demonstration of a
successful surface planarizatiaf the BHFtreated ELA films and (4)
identification of the unusual anisotropic scenario of melting and subsequent
solidification during the planarization. This work contributes to the related
technological community by advancing the understanding of the ELA process,
in particular by the drawing the link between the process conditions, the
resulting material microstructure and the subsequent transistor performance.

Scientific society generallynterested in the study of phase transformations in
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polycrystalline materials can also benefit from the insights of this thorough

study of melting and solidification of Si thin films.

1.4 Organization of the Dissertat
The remainder of thidissertation is organized into the following chapters:
Chapter 2 nBackground and Motivat.
knowledge required to understand the ELA process and gives an overview of
the previous studie§he concept of the LMA is presented.
Chag er 3 n-processingbasgdeMethod foGrain Boundary
Extractoo i ntroduces and des cG@GBeltmdiont he de
programto distill a grain boundary mafisB map)from TEM images. The
chapter includes fundamental theories, definitioogntilation, the algorithm
and the pseudocode.
Chapter 4 AComprehensive Microstruc
Fi |l mo de mo tosat miaosteiduredandlysis (LMA) schemédo
guantitativelyand systematicallyanalyze the transistor performanetaed
microstructure of ELA films. Grahsize statisticslocal variation of theGB
density preferential transistor orientation and periodic grain arrangement are
analyzed. The relativ&B density and the area fraction of periodicity are
defined in order tguantitatively describe tHecalvariation of theGB density
and the extent of the periodic grain arrangement. According to our analysis,
the impact of theGB density variatiordepends on the transistor size and
orientation.
Chapt er HasdiAraingfeeriments and Comprehensive
Mi crostructure Analysiso first descridk6k

ELA thin films and the unique skills to acquire highality TEM images.
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Then we systematically analyze the microstructure of the samghesaged

after a number of laser irradiation cycles (5, 10, 15, 20, 25 and 30 bkots)
adopting the LMA schemé& he analysis reveals valuable information about
the microstructure evolution and the phase transformation mechanisms of the
Si thin film duringthe ELA process.

Chapter 6 fAThe Surface Morphol ogy c
Attempt of Planarizationo first preseil
work to capture the characteristics of the surface protrusions that are
detrimental to the perfmance of TFTs. Then the attempts of minimizing the
surface protrusions are conducted, which are inspired by a previous work done
to planarize the rough surface of single crystalline Si (referred t&gsThe
results of our first unsuccessful planatiaa attempt, along with the transient
reflectance and transmittance signals, imply a different melting and
solidification scenario in our pol$i compared to -&i. Based on the
observations and a logical deduction the numerical simulation is performed to
more comprehensively present the scenario. Finally, the melting and
solidification process is proposed as (1) melting initiating at the grain
boundaries and (2) the melting and solidification proceeding through a lateral
movement of vertically formed ligdisolid interface.

Chapter 7 fASurface Melting of the T
planarization again after removing the surface oxide from the sample while
keeping the other conditions the same in Chapter 6. Maximum surface
planarization is succesdly achieved at 41.8%. The melting and
solidification scenario which is different from that in Chapter 6 is identified
by comparing the AFM images and the transient reflectance signals with those
in Chapter 6. We argue that the surface oxide passivetexide/Si interface

and results in the lower excess free energy at the oxide/Si interface compared
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with that at the grain boundaries. We conclude that melting under the excimer
laser irradiation prefers to happen at the high extressenergy cites sucs

the freesurface and the grain boundaries, and can hardly be triggered at low
excesdree energy cites such as the inert oxide/Si interface.

Chapter 8 fAiConclusionso summari zes

suggests a direction of tifigture research.

t

h e
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Chapter 2

Background and Motivat.

The excimeilaser annealing (ELA) technique has been widely applied
in the manufacturing of modern electronic displays due to its high
applicability to the fabrication of thin film transistors on loeermatbudget
substrates. The first demonstration oplggmg ELA to p-Si TFT fabrication
can be traced back to 1986 and, since then, intensive studies has been
conducted in this fiel{28]. Due to the applicaticdriven nature of this topic,
the previous investigations of the ELA process and the generated Si thin film
have mostly been focused on studying the correlations amompgadbessing
parameters (such as the laser energy, ambient temperature, shot number and
etc.), material properties (mostly electrical and mechanical properties), the
device performance and the final product performd@6¢[33]. However,
the microstructure of the EL-@enerated 45i thin film, which is the
centerpiece connecting all the above concerns, unfortunately lacks sufficient
investigation. The microstructure of &LA-generated 5i thin film is the
result of a complex fairom-equilibrium multiplepulseperarea process

parametedependent melnediated lasecrystallization process. It couples
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nontrivial mechanisms, including lasenaterial interaction, rapichermal
evolution, laser crystallization of precurse$athin film and phase transition

of p-Si thin film, and is heavily influenced by various processing parameters
such as laser energy, shot number, ambient gas ingredients and etc. In this
chapter, we ifst provide the related theoretical background of the -melt
mediated phase transformations of Si and the excimer laser crystallization
(ELC) of Si thin films to provide the foundation and facilitate the
understanding of the specific ELA technique. Thenowarview the previous
research and the current state of the ELA technique, followed by the
introduction of the device performanoglated microstructure and surface
morphology of ELA films. Furthermore, we demonstrate the existence of the
microstructure anuniformity and propose the concept of the local
microstructure analysis (LMA) scheme. At last, we present our research

motivation and strategy.

2.1 Fundament al Framework of Lase
The excimetflaser annealing of a Si thin film is, mature, all about

melting and solidification of an elemental material, which is fundamentally

governed by the principles of thermodynamics and kinetics of the phase

transformation of the material, even though various melting and solidification

details mayalso come from different sample configurations, processing

methods and conditions. In this section, we introduce the necessary

knowledge of thermodynamics and kinetics involved in the work of this thesis.
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2.1.1 Thermodynamics of Melting a

The thermodynamics of a system dictate the possible phase transitions
under given conditions. The phase transition of a system is driven by the
minimization of the overall Gibbs free energy of the system. The relation
between Gibbs free energies of liguamorphous andrystalline Sias a
function of temperature under one atmosphere is schematically shown in
Figure 2.1. This provides the thermodynamic basis for identifying the various
possible phase transformations that can occur {348i The aSi phase is
metastable with melting temperature around 1460K, which is lower than that
(around 1685K) of <Si [34]. The phase transformation between liquid and
solid Si is a first order phase transition involving creation and movement of
solid/liquid interfacg35].

Gibbs free 4
energy
Amorphous Si
T /
ICrystalline Si
Liquid Si
Tw? T Temperature
Fi g2tTehe i sobaric Gibbs free energies versus
(Si ), a meSip)h caursd-S(ildi quh alsngalmdmaSie. t he equi | i b
mel ting temperat-6r esadideslprcgenet gl of witken t h
above the equilibrium melting temperature, s
into liquid. When the thermpuem ameulrtei ndg otpesmpbeerl a

Si solidifies. The solid phase (amorphous, c
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crystallinity (defective or not defective) ¢
during solidifioatiosai cumhbht arsi atlheproperties
cooling rate and etc.

2.1.2 Kinetics of melting and sol

Upon the formation of solid/liquid interface the rate at which the
interface moves is governed by the interface response functiRiR) (I
(Equation 2.1) given g86]:

VY VAGD— p AZDY (2.1)

where T is the solid/liquidhterfacial temperatureQ© is a kinetic
prefactor in the same unit of velocity, Q is the activation energy for the self
diffusion of atoms near the interface, k is the Boltzmann constantyands
the difference of Gibbs free energy per atom between the liquid and solid. As
k is a constant and QY' and O depend on the intrinsic material
properties, the velocity of the interface motion largely depends on the
temperature at the solid/liquid interface. The IRF describes the kinetics of
melting and solidification under fdrom-equilibrium conditions (which are
typically encountered in the laser crystallization of Si thin films). At the
temperature near the melting point whéfe is sufficiently small, the IRF

can be approximately rewritten as (Equation 2.2):

O4 Az Y4 (2.2)
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where ¢ is a constant and4 4 4 (4 is the equilibrium
melting temperature of the crystalline or amorphous phase), meaning melting
when O4 is negative and solidification when it is positive.

IRF of Si is reproduced and shown in Figure 2.2 by taking the
experiment data into considerati¢d/]. It can be seen that the melting
solidification of aSi and €Si respectively follows two separate curves
showing that (1) the equilibrium melting temperature-8i & lower than that

of ¢-Si, and (2) amorphous solidification (i.e., amorphization) can happen if a

large degree of supercooling is achieved during solidification.
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The interface velocity describes the rate &
mel ting or solidification in a microscopic
tempemnattuhe | ocal solid/liquid interface.

2.1.3 T-haoGsbhs Effect
Although the solid to liquid phase transition theoretically happens when
the temperature reaches the equilibrium melting point, in reality various

factors including crystal defects, Elccurvatures, passive or active interfaces
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and surfaces can also largely affect the melting temperature of a specific
location, making the local melting temperature differ from the bulk melting
temperature. The curvature effect is also called the Gibbsson effect as
formulated by (Equation 2.338][39]:

4 4 p =—Mm ) (2.3)

where 4 is the local equilibrium melting temperaturé, is the

bulk equilibrium melting point,A is the solid/liquid interfacial energy,
Y( is the enthalpy of fusion, ansh is the local curvature of the solid
phase. Depending on the sign of the localature, the local equilibrium

melting temperature may be either elevated or depressed.

2.2 Related Background Knowl edge

The excimetlaser induced crystallization process, such as the ELA, can
be majorly divided into to two physical processes. One is the-tastarial
interaction, where various optical phenomena happen, including reflection,
transmission and absorption, uésg in the coupling of a certain amount of
laser energy into the material that is subsequently converted intplOgdt
should be noted that, in régl the spatial distribution of laser intensity may
not be uniform, which leads to nonuniform heat generation on the-being
irradiated ared41]. The second one is the phase transformation, which is
triggered by the input heat and determined collectively by intrinsic as well as
extrinsic factors, such as the phassssformatiorrelated material properties,
microstructure details, the thermal ewviodn, the temperature distribution and

etc[42][43]. The microstructure generated after phase transformation records
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valuable information of the history of the above two processes and dictates
material 6s el ectrical and mechanical
the lasemmaterial interaction of iSand present the critical melting regimes.
Those are classified based on the maximum melting depth achieved by
excimerlaser induced melting and lead to distinguishable microstructures
after solidification. We also describe an effective tiresolved metbd,

which is also adopted in our work, to trace the phase evolution during the
melting and solidification process via recording transient reflectance and

transmittance variations from-gitu probing lasers.

2. 2. 1-mhbeer al |l nteraction of Si

The waythe electromagnetic waves comprising laser irradiation (or
laser beam), interact with material can be effectively described by the
traditional optics concepts, such as diffraction, reflection, absorption,
transmission, scattering and etc. The reflectioth @bsorption of elementary
Si can be quantified by the refractive index and absorption coefficient which
are shown in the diagram of Figure 2.5, while the transmission is the fraction
of energy which is neither reflected nor absorbed. Scattering anactibfn,
which depend not only on the optical properties of a material but also on the
geometric factors, should also be taken into consideration if the irradiated area
Is planar. In general, the energy deposition profile that describes the amount
of laserenergy penetrated into the absorbing material as a function of depth
(i.e. the distance that the electromagnetic wave can reach below the surface)

is formulated as (Equation 2.@#0]:

YD YAODPI@EADA) z p 2 (2.4)
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where ) @ denotes the laser energy as a function of depths the

amount of laser energy that enters the materjalis the absorption

coefficient, @ is the distance under the irradiated surfaces the total laser

energy reaching the surface of the material and R is the reflectivity of the

material.

From theabove equation, it can be seen that 1) the laser energy decays

exponentially after entering the material and 2) most of the absorption of laser

energy happens within a depth pf

(referred to as the absorption depth or

skin depth). It should be noted ththe reflectivity and the absorption

coefficient of Si are wavelengitrependent and also significantly affected by

the phase and temperature of the material. When applied to the caSe of c

and 308nm wavelength laser beam used in the ELA, Figure 2 Bcaradion

2.4 predict that most of the laser energy would be absorbed within the first

10nm below the irradiated surfalg].

0.8~

0.6

Reflectivity R

0.4

0.2+

T T 1lllli

T T T 1171

L
O(h

L
2

=
O-h

@]
™

! ‘lll'lll\x T
X I

Absorption Coefficient a {cmi)

a %1000

10°

0.2 0.4 06

[
6

2 4 10

Wavelength (pm)

Fi gR3Refl ectivity a

wavelength
t he

excimer | aser)

nd

dependent .

and

adis oartp tri coonm ctoeemf @ rca tewunrt «

be

becomes

It can

seen that

muc hgtlhes s

Si

abs



CHAPTEBACKGROUND AND MOTI VATI N

In the ELA process of Si, where the pulse duration is roughly several
tens of nanoseconds, the Si surface melts while the laser is still on. The molten
Si has metallic characteristics and is much more reflective compared to the
solid phase, resultgiin an abrupt increase of the reflectivity especially for the
long-wavelength light. Thus longravelength probing laser that cannot be
effectively absorbed by Si thin films can be used as a very effective indicator
of the phase change of the film. Figutel shows the previously reported
abrupt increase of the transient reflectance upon melting and later decrease

during resolidification of S}j36].

T

100 nsec /div.

Figure 2.4: Timeresolved reflectance change of the probing laser during melting and
solidification of Si upon laser irradiation, whefe, 2 and 2 respectively denote the
reflectance of amorphous, liquid and crystalline Si. Red laser (with wavelength around
0.7um) is normally used as the probing laser, which does not affect phase transformation.
The reflectivity of the liquid phase is much higher than that of the solid phase (amorphous
or crystalline). Thus, the reflectance increases dramatically when thepkabd transits

into the liquid phase and vice versa. The plateau within the time rargeslbdwn in the

figure indicates that a continuously liquid layer appears at the surface and sustains for a

period of zZ. z is the period of solidification.
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It shoud be noted that the reasons why ELA of Si thin film is a far
from equilibrium process are (1) the rapid heating (in tens of nanoseconds) as
a result of a sudden input of a large amount of energy via an exicisesr
pulse, (2) the very limited absorptioemth below the surface (in the order
around 10nm) that converts most of the absorbed energy into heat, (3) the high
cooling rate due to the much larger heat diffusion length (in the order of
several micrometers) than the absorption depth, as schemasicailyn in
Figure 2.5[36], (4) the excellent thermal conductivity at the Si/substrate
(normally Si oxide) interface and (5) the large heat capacity of the thick

substrate (in the thickness of millimeters).

ENERGY ABSORBED
(-R)I T ABSORPTION
DEPTH=a"!

Figure 2.5: A schematic illustrating light and material interaction of planar Si surface.
When light is incident upon the planar surface of Si, part of the energy is reflected and part
of the energy is absorbed. Most of the absorption happ&hs whe absorption depth,
which is the inverse of the absorption coefficient. The absorbed energy is converted into
heat with heat diffusion length defined b§ % where D is the diffusivity and;, is the
characteristic time. In ELA, where the wavelengththe excimer laser is 308nm and the
pulse duration is around 30ns, the absorption depth and the heat diffusion length are
respectively calculated to be around 10nm and 1.6pm. Thus, the cooling rate is extremely
high in ELA due to the fact that the thicleseof the film is only 50nm and the pulse

duration is only 30ns.
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2.2.2 Different Melting Regi mes
The crystallization of Si thin film during the ELA process is
characterized as lasgrduced and melinediated. Melting is important in the
ELA process since solidification is a consequence of melting. The laser
induced melting can be categorized into édmegimes, namely partial melting,
complete melting and neaomplete melting42]. They are distinguished by
the maximum depth of melting achieved duringsdr irradiation, as
schematically illustrated in Figure 2.6. The maximum melting depth is mostly
determined by the energy density of the incident laser beam, while also being
affected by several other factors including film thickness, the microstructure
and surface morphology. Partial melting happens when the energy density of
the incident laser beam is low, which results in a continuous layer of unmelted
solid underneath the molten (liquid) layer (Fig. 2.6 (a)). Under such condition,
solidification initides from the molten/unmelted interface when the
temperature of interface drops to the equilibrium point, and proceeds into the
liquid region. If the energy density of the incident laser beam is sufficiently
high, the entire film transforms into liquid upomadiation and no solid
sustains (Fig. 2.6 (c)). In this case, the solidification is triggered via nucleation
and proceeds as the growth of the nucleus. The energy density of the laser
beam required for complete melting is defined as the complete melting
threshold (CMT) of the thin filmThere exists a narrow subgime of energy
density (neacomplete melting regime) just below the CMT that leaves

discontinuous unmelted solid islands where solidification can initiate.
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| Solid Si |
Substrate Substrate Substrate

(@) (b) (©)

Figure2.6: Schematics of (a) partial melting, (b) neamplete melting, and (c) complete
melting regimes. In the partial melting regime, a continuous layer of unmelted solid
sustains, while, in complete melting regime, the entire film transforms into liquid phase
during laser irradiation. The near complete melting regime lies between partial melting and
complete regimes, where sparsely distributed unmelted islands persist during laser

irradiation.

The three melting regimes result in different microstructufethe
resolidified films after laser irradiation. The grains generated after partial
melting and complete melting are, in common, all very fine and defective, but
still with substantially different characteristics. In contrast, distinctly large
grains carbe found in the neazompletemelting regime due to the salled
superlateral growth (SLG) of the solid seeded on the sparsely distributed
unmelted solid residual during melting. Thus the rezanpletemelting
regime is also called SLG regime. The difieces of the microstructures
generated under the three melting regimes are presented in Fig42] 2l
the ELA process laser energy is frequently tuned to meet with different
demands of the products. Therefore, by grasping the three melting regimes,
researchers and engineers can better umseldhe influence of the laser

energy on the microstructure of the generated films.
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Figure 2.7: Planeview brightfield TEM images of the microstructure of the laser
crystallized precursor8i thin films in partiaimelting regime ((a), (b), (c), (f), (g) and (h)),
nearcompletemelting regime ((d) and (i)) and completeslting regime ((e) and (j]%#2].

The only difference between the sequences efg)gand (f)(j) is the ambient temperature,

which are respectively room temperature 866€C. Here the only influence of the lifted
temperature is the enlargement of the generated grains before the onset of complete melting.
In ELA technique, the laser energy that is often tuned to meet the product demands is an
important processing parameterhich could largely affect the final microstructure of the
generated films. Thus, the causal relationship between the generated microstructure and

the laser energy needs to be grasped.
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2. 2.3 CrystaSil i Elatmori lo#me lati inn gP a't
Reme

As mentioned previously, the ELA process necessarily requires
multiple irradiation cycles in a partiahelting regime. The first laser pulse
transforms the-&i into pSi, leaving a very defective and figeain material
as shown in (a), (b) and (c) Fagure 2.7. The definition of the partial melting
regime only describes the maximum extent of melting that the film can
achieve during laser irradiation. The complex phase transformation occurring
at this initial stage of ELA is termed explosive crystalian (EC)[44]. Upon
irradiation of the first laser pulse, the very surface layer@faromptly melts
into liquid that becomes highly reflective and thermally dissipative, which
considerably slows down the&ting rate of the film. The temperature at the
interface between the liquid and the unmelted amorphous solid drops as a
result of the slowing heating rate and the substantial heat conduction below
the liquid/solid interface. When the interface temperattgaches the
equilibrium point, heterogeneous nucleation occurs followed by subsequent
solidification at the interface. The latent heat released right after the
heterogeneous nucleation, together with the heat converted from to still
laser irradiationincrease the local temperature around the heterogeneous
nucleus. Then the amorphous solid underneath the dense heterogeneous
nucleation cites melts, forming a buried liquid layer between the newly
formed solid and the unmelted amorphous solid. Here, wé toekeep in
mind that the equilibrium temperature efais about 200K below that of ¢
Si. Solidification proceeds from the crystallized solid into the buried liquid
layer and continuously releases latent heat, which maintains the temperature

at the liquid/amorphous interface above the equilibrium temperature of the a
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Si and sustains the melting throughout the entire thickness of the thin film.
Figure 2.8 schematically illustrates the explosive crystallization process,
which was carefully investigated the past comprehensive work done in our
group[45].

Laser

irre;ldiationJv ; l’ J l

Re-solidified solid
~10nm $ |_Buriedyliquid layer

-50nm

Original a-Si

Substrate

Fi gRB& e Schematic diagramcrydtuasltiriazatnigon hgph ernxg
precu$sothian film during the first | aser sh
fundament al phase transformation mec-hani sm i
Si films wupon exci mdrtilnags earndi rsroddidatfiiocm.t i Tom
crystallization process happens through a mo
of the moving liquid | ayer continuously melt
materi al bebyeard ndeoll i diufiidesd. The definition
above subsection only describes the extent

not hing to do with the phase transformati on

2. 2. 4si tlun probing Réef |l dcbanscente
Transmittancei mMdudendy Rhasssea Tr ansf
Si Thin Film

It has been introduced above that the liquid phase of Si is metallic and
thus much more reflective compared with solid phase. This allogisuiand

time-resolved recaling of the transient reflectance and transmittance of

probing lasers (not significantly absorbed by Si) during ELA process, which
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can provide spatiotemporal information about the melting and solidification
process. Three types of transient signals arestlsnoused which are
respectively fronside transient reflectance (FTR), besible transient
reflectance (BTR) and transient transmittance (TT). The FTR and BTR
sighals measure the transient reflectance changes respectively at the front
surface and bottonsurface of the Si film while TT signal measures the
transient transmittance change through the entire thickness of the film. The
schematics shown in Figure 2.9 give an ideal and simplest example of the
evolution of FTR, BTR and TT signals during meltinglaolidification of a

Si thin film. The FTR signal increases with the formation of liquid Si at the
front surface and reaches a plateau when a continuous liquid layef23ims

The TT signal behaves just inversely to the FTR signal. The BTR signal
oscillates, which is caused by the optical interference due to the thickness

variation of the solid during the melting and solidification process.
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respectively represent the tranmBeéeentrassigeat
refl ectance signal of a probing |l aser at froc
a probing | aser at bottom side (BTR) and th
| aser throughout the entviee eanf iildme a Tolf) . holvh ets|

woul d respond to the phase transition.

2.3 Related Background Knowl edge
As mentioned above, the excirflaser annealing of Si thin films is

widely applied in the manufacturing of lethermatbudget subsate

compatible backplanes for modern electronic displays, making it a valuable

applicationdriven research topic. A closer examination of the method reveals

that this rather complex crystallization method involves (1) explosive

crystallization of the demited material at the leading edge of the nominally

top-hat shaped beam, and (2) heterogeneous mahdgolidification cycles

of the first shot crystallized polycrystalline film that gradually leads (with

increasing shot number) to grain size increasd averall uniformity

improvement. As can be imagined from the very nature of the process (i.e., it

involves explosive crystallization at the raniform portion of the beam, as

well as history, localenergydeposition, and localmicrostructure

dependentchanges that take place during the subsequent melting and

solidification cycles), there is a number of extrinsic/intrinsic variables and

parameters that affect the spatial uniformity of the microstructure at various

length scales (including and especiatysmall scales). This is in contrast to

Acl assical 0o polycrystalline microstr uc

uniform stochastic processes (e.g., those formed through constant nucleation

and growth rates, grain growth, etc.).
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The microstructure of the generatedSp film dictates the electrical
material properties such as the figffect carrier mobility and -V
characteristics, which determine the application of the materiad$4an this
section we first overview the previotessearch of the ELA technique and the
current status of its application in modern display manufacturing. Then, we
describe the microstructure and surface morphology of ELA films as well as
disclose their influences on the electrical properties of therialed@d on the
device performance. In the end, we conceptually present our local
microstructure analysis (LMA) scheme designed to comprehensive analyze
the device performaneelated aspects of the ELA microstructure. We note
that the comprehensive anaf/sand the surface planarization constitute the

major focus of this thesis.

2.3.1 Overview of the ELA Technigqg

The research and application of the ELA technique bloomed due to the
huge demand of higguality and coseffective pSi thin films for the
fabrication of highperformance thin film transistors. Among various
potential technologies including both laser and-taser crystallization o8i
that have been intensively studied, the ELA technology was selected and
becamethe technology for the manufacturing of TFT backplane in modern
electronic displays. Ever since the first report of the demonstration using ELA
to increase the performance of TFTs in 1986 [28], the study of this technology
became applicaticdriven. The studyof its fundamental aspects was
intensively conducted during the late 1980s, the period of 1990s and the early
2000s, while the development of its industrial application started around 2010

[29][49]-[52]. T. Sameshima et,avho was the pioneer and firstly reported
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using ELA to improve the performance of TFTs, along with other researchers
performed intensive studies mainly focusing on testingouarprocessing
parameters and conditions, such as laser energy, shot numbers, @abient
ingredients, ambient temperature, precursor material and preexisting surface
roughnesg53]-[55]. They attempted to improve the electrical properties of
the annealed Si film and the performance of TFTs, but unfortunately missed
an essential bridging part standing in between of ELA procedstlan
electrical properties of the material, which is the microstructure. Only a few
researches investigated the microstrucfdi?d{43][56], and the knowledge in

this field is still severely insufficient. Pycally, only one parameter, namely

the average grain size, has been unfairly identified and used to capture the
characteristics of the microstructy&’][58]. The result of such investigation

of the microstructure is shown in Figure 2[5@]. Besides, it took years for
researchers tdebateabout the phase transformation mechanism taking place
in the ELA process, until thedlear experimental observation ahddefinition

of the three melting regimes (i.e. partial melting, r@@mplete melting and
complete melting regimesjas repordfrom Im et al[42]. Over he decades,
surprisinglyresearchers omitted the importancesp$tematicallyanalyzing

the microstructure of ELA generated-Sn especially the spatial
microstructural variation within device scale and the microstructure evolution
during each irradiatiortycle, that could be very useful to understand the
correlation between the microstructure, the depexormancend the nature

of grain evolution during the ELA proceds fact, the microstructurserves

as the hub linking theniscellaneougprocess parameters, the fundamental
phase transformaticendthe devicgperformanceelated material properties.
Upon reviewing the previous studies, we conclude and emphasize that the

comprehensive and systentainvestigation of the microstructure, as an
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essential but missing aspect in the study of ELA process and the generated

material, would benefit both the scientific research and the industrial

implementation.
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2.3.2 The ELA Technique in Modern
The demand for high definition display devices, starting from HD (high

definition), full-HD to the recent UHD (ultrédlD), has been continuously

increasing for decades, requiring progressively higher pixel density, higher

color saturation, wider viewing aleg, shorter response times and higher

brightness[60][61]. The requirements of the advanced displays inevitably

lead to the replacement ofS by pSi material for fabricating the TFT

backplane of the display panels, mainly due to the much higher carrier
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mobility of the pSi thin film (~200cn¥/Vs) compared with that of the Si
thin film (~1 cn?/Vs) [62][63].

The ELA technology, as a specific type of the LTtB&nology that is
compatible with lowthermal budget substrate such as glass, has become the
only preferred method to massively manufacture the LTPS films of the TFT
backplane in the current electronic display industry due to its balance of
functionality, yield, cost and scalability to large substrates. Therefore, the
ELA technology is influencing a substantial amount of the global industrial
market of display panels, which was valued at USD 128.73 billion in the year
of 2018 and is expected to reach USED billion by 202464]. Among those
is the global market of UHD display panels that reached more than USD 60
billion with an expected CAGRompound annual growth rate) of 25% in the
next 5 yearg65]. The high definition primarily relies on the pixel density,
normally defined in the unit ofixel per inch (PPI), of a flat panel. The highest
PPI of the recent 8K UHD display panel has reached 1835, meaning one pixel
in 138pm, with the TFT size of several tens of square micrometers.

The equipmentused in the ELAInvolves an assortment afinable
processing parameters and conditions such as the laser energy, beam shape,
shot numbers, ambiegis ingredients, ambient temperature, precursor
material, preexisting surface roughness. Figure 2.11 (a) shows a currently
used excimer laser system and the Figure 2.11 (b) schematically illustrates the
laser scanning method in the ELA process. Higlver excimer laser pulses,
with 308nm wavelength and short pulse duration (in the order of several tens
of nanoseconds), are seqtially generated in the oscillation chamber and
configured into a long and narrow beam with around 1500mm in length and
0.4mm in width through a set of optical lenses, to sequentially irradiate the

surface of precursor eleydrogenated-&i thin film predeposited on a glass
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substrate. The substrate translates at a certain speed to ensure each location
experiences around 20 shots of laser irradiation, meaning that each area of the
Si film repeatedly melts and resolidifies around 20 times during the entire
procesq17]. It should be noted that the energy distribution in the longitudinal
and transverse directions of the laser beam may not be perfectly urafam,

some pulséo-pulse energy fluctuation is also possible. These two factors lead

to spatiotemporal nonuniformity of laser energy depositioncamdribute to

the spatial nonuniformity of the microstructure over the processed area.

Intensity distribution of laser beam and 20
shots-per-area in a scaning manner

Translation direction
of stage

(a) (b)
Figllrle (a) A picafart eMaddader stsatteem used i n ¢t

manufacturing, developed by Coherent, l nc. ,
| aseman process in the ELA.urTehde iemxtca meand a(sles
and narrow (0. 4mm) shape. As the backpl ane
around 20 shots of | aser pulses. There are i

transverse direction ofentehgybeaeamt rlidadimng tion
which could contribute to the spatial nonuni

2. 3.3 The Mi crostructure and Sur |
Thin Fil ms

The ELA microstructure consists of numerous snoaiiformly and

regularly distributed grains, typically exhibiting squdike geometry The
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surface of ELA film is rough and protrusigith. Figure 2.2 shows the
microstructure and surface morphology of a typical Edekerated 45i thin

film captured by fansmission electron microscope (TEM) and atomic force
microscope (AFM). When ELA is done correct{§) the grains are generally
free fromintra-grain defects(2) the grains take on squae-like shape and
uniform in size (3) grains seem to be arrangaetiodically; @) the thickness

of the film abruptly increases at the grain boundaries (referred to as
protrusions), as identifieth Figure 2.11(b). Besides, it should also be noted
that the grains are columnar in vertical direction with a thicknessd®nm.

For the remainder of this thesis thEM images are presented with deflection
error contrast (original units are Newtons), where the brightness is related to
the slope of the protrusions. This creates an effect as if the relief was
illuminated by a light source on its side (light coming from the right in Figure
2.12(b)) and shows the protrusion shape more vividly than a direct height plot.
TEM image contrast is attributed tbe thickness differences between the

grain bodies and int'ﬂnrs, as well as ttocal stress fields inside the grains.
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ar e fabgramebdundaries (by comparison of image (b) andlf@s, we claim that

the microstructure is mainly concerned with the grain boundaries and the surface
morphology is mainly about the protrusiors.still think image (b) and (c) should be
swapped, because the deflection error scale bar refers to imaget(thle other two. (c)

is actually plotting height.>

During the 20 repetitionsf laserinduced melting and resolidification,
the microstructure and the surface of th8ighin film evolves. Figure 230
captures the microstructure and the surface morphologySiffiims after
being irradiated respectively with a smaller number ((al) and (a2)), a medium
number ((b1l) and (b2)) and a large number ((c1) and (c2)) of laser shots. It
can be seen that, in geak the size of the grains enlarges and the periodicity

improves as the shot number increases.



CHAPTEBACKGROUND AND MOTI VAT 8bN

10143 uonoa|a(

B ——
R

P
BT ad
P v e, -

»

10413 uoios|ja(

V CCELE
PP
£LL,
7 X
[
v

10413 U088

ELANSL ALY
41"“‘1/‘(_1':‘/4
¢ "(“\
I‘\

¥
‘j
/

Fi g2alr3 (al) andvieaew)bitéeedpTBMei mage -&aind AFM |
after a small n(Wnmb) e ra nadf (Vbe2e) @ rtbheed Igptil saJnEeEM | ma g ¢
and an AFMSimagdé¢é eof apmedi um number of | aser
pl avnieew -brelgtdt TEM i mage -8ndalAFB®ri mabbargé pum
shots. The grgenandebecamkeyreglubbaar as the st
protrusions develop and become more prominen



CHAPTEBACKGROUND AND MOTI VATI 86N

As mentioned before, the microstructure acts as the hub that links the
processing parameters, the intrinsic phase tramsiiton and the material
properties. More specifically, the microstructure is the result of the ELA
process and records valuable information of the phase transformations and
determines the material properties. Therefore, studying the microstructure and
its evolution benefits both the related scientific society and the technological
community by furthering the understanding about the fundamental phase
transformations going on under the -fesm-equilibrium excimeilaser
inducedmelting conditionsas well agroviding the understanding about the

ELA process and the generated material.

2. 83.Thel nfl uences of Gr ai n Bounda

Protrusions on the Device Perforn
The TFTs fabricated on ELAgenerated {5i thin film areone of the

essential elements in the advanced modern disgtay®rmance othe TFTs
largely depends on the electrical properties of the thin findike in liquid
crystal display (LCD)in advanced electronic displays such as active matrix
organic light emitting diode (AMOLED) display, TFTs are used not only as
switching transistors, but also for the driver circuits to drive large electrical
current. Thushigh effective carrier mobility of the-$i thin film is preferred.
The merits of the electrical properties of the Eg¢g@nerated {5i thin film
include the high carrier mobilit{~200n¥/sV), but the downsides also exist,
such as the existence of leakagerent between drain and source in the off
state, the unstable gati®channel capacitance and a considerable decrease of
the breakdown voltage of the TFTs fabricated with the generat&i fhin

films [66]-[68].All the above four aspec{sarrier mobility, leakage current,
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stability of gateto-channel capacitance and breddwn voltagé significantly

affect the performance and stability of the TFTs. Figurel 2dows the
structural configurations of an OLED display panel and a typical TFT
fabricated on an ELAyenerated {5i thin film. The magnitude of leakage
current and the instability of gate-chaanel capacitance are majorly
attributed to the grain boundaries that contain a high density of trapping states
[66][67], while the decrease of the bred&wn voltage of the dielectric gate

is caused by the abrupt thicknessreaseat the protrusios) which are formed

at the grain boundary locatiof@8]. Therefore, grain boundaries and surface
protrusionsare generally identified as the most devieformanceaelated

material characteristics of the ELA films.
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24 The Mi crostructure Nonuni form

Mi crostructure Analysi s

So far theELA microstructurehas beenconsideredas uniform and
homogenous over a large length scale, which is supposed to benefit the
performance of devices and integrated circuits (ICs) built on the film.
However, in reality, thperformancesf TFTs fabricatd at different locations
of one film are often found to vary considerably, leading to the awareness of
the microstructurenonuniformity withinthe device scale. In facthé display
manufacturersuffer from performance nonuniformity among different pixels,
such & nonuniform brightness and response time, which is primarily
attributed to the nonuniformapatial distribution of grain boundadensity.

This nonuniformity issue is in practice overcome by implementing
compensation circuitries. Famow, it increases themanufacturing cost
acceptably, but is being magnified and would become more difficult to
address when the pixel size continuously shrinks as an avoidable result of the
everincreasing display resolution. Performance of small TFTs will get
increasingly moresensitive to th@onuniform grairboundarydistribution

In Figure 2.5 and area of relatively uniforrsized and regularly
shaped grainsand areas of nonuniform and irregufdrape grains can be
distinguished. Th&sB densitiesof these two kinds of aas are different,
leading to the different fiel@ffect carrier mobility and density of trapping
states, whicltouldeventually result in the inconsisteerformance of TFTs
fabricatedon these two different kinds of are&®r example, the brightness
of pixels fabricated on high GB density would be higher thanthose
fabricated on low GB densitpcations.This is because the luminance of an

OLED pixel primarily depend®n the current densitywhich is significantly
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affected by thenobility of thefield-effect carries flowing through if69][70].

Fi g% Thevipéwnferegtt TEM i magreero&t ethh ferk Af i | m.

The grains generally seem to beegiegrud ak oo kvl
i rregul ar. The mi crostructure nonuni formity
highlighted her e, substantially affects t h
fabricated at different | ocati dnsn,alwhpirocohd uicst ¢

In the work of this thesis we approach tlovementioned
microstructure nonuniformity and the subsequent inconsisterttye dévice
performanceby introducing a scheme for thorough local microstructure
analysis (LMA). Figure 2.16 provides three different situations of size
distribution of artificial grains to schematically illustrate the importance of the
devicegeometry and-location dependentanalysis regarding the device
performancerelated microstructure. The average grain size of the three
situations in Figure 2.16 is the same and the grains in Figure 2.16 (b) and (c)
are exactly identical but with different arrangements. However, it can

imagned that (1) devices fabricated on the top left corner of Figure 2.16 (b)
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would have the lowest fieldffect carrier mobility among all the devices
fabricated on the thredilmsg (2) if we tilt the orientation of a device, the
total grain boundariesunderneath it would change; (3) if multiple devices
are randomly fabricated at different locations on each of the tfiheesd
(Figure 2.16 (a), (b) and (c)), Figure 2.16 (a) must have thgpbestrmance
consistencywhile Figure 2.16(bmusthave the wast; (4) the performance
consistency of the identical devices fabricated on different locations of the

same film must be device sizependent.

(a) (b) (c)
Fi gB¥6& -(B) Schematic drawing of ditee bsitioat
where the average grain size of the three si
are exactly identical but with different arr
a grain. - Thenspdrermmirdevacglsed abeprcasendt on
The same device with different orientation o
di fferent tot al grain boundary |l ength under
underneath a deviceadetiermimoes Itilteg efff &cdtei vde

result in different device performances. The
fabricated on different | ocations of one O6fi
which i s det earnmifroednibtyy toff t he oOmicrostruct u

Based on the above concepts, we propose a local microstructure
analysis (LMA) scheme that couldimultaneouslycapture thedevice

geometry and devicdocation dependent microstructuigharateristicsas
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well as the average grain size. It should be noted that the LMA is performed
by analyzing grain boundaries, thus the successful extraction of grain
boundariesout of the TEM images is important for realizing LMA. The
innovativemethod we developed &ffectively generate GB maps from the

TEM images will be presented in the next chapter.

25Moti vati on and Research Strateg!
The microstructure of the EL-generated {5i thin films determines
the electrical properties of the geatsd films and hence significantly affects
the performance of the final display products, as well as provides copious
information for studying the phase transformation involved in such-a far
from-equilibrium excimeiflaserinducedmelting condition. Due tosuch
technological importance and scientific meaning, the microstructure of ELA
generated {5i thin filmsdeserveeomprehensive and systematic investigation.
Improved understanding gained from the investigation would certainly lead
to profound implicationgor both the study of the development of the ELA
technology and general polycrystalline materials. That being said, we
recognize that both the related scientific society and engineering community
can stand to benefit greatly from the work presented sthi@sis.
In this thesis, we systematically and comprehensively investigate the
deviceperformance relatedicrostructure of the ELAyeneratedo-Si thin
films. A novel computeassisted imagprocessingoased GB extraction
programis developedo effectively extract the graitoundariesin the form
of a binarygrain boundary map (GB map), out of the TEM images of ELA
films. With the GB map, theaigorous LMA scheme is proposed and

performed on different ELA samples that are generated using different laser
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shot numberand energieharacteristicef the ELA microstructure and the
microstructual evolution are captured and discussgtie ELA expements
are performed on precursoiSathin films of industrysourced devicgrade
guality, whichensursthe elimination of disturbances such as contamination
and residual hydrogen. Unique TEM and sample preparation skills are
employed to capture the mastructure of the generatedSp films over
sufficiently large scale with high resolution and low image noise. The surface
morphology of the generated films is also studied. The surface morphology of
the ELA-generated 45i thin film is characterized by AW, where periodic
high-aspectratio protrusions are identified at the grain junctions. The
attempts to planarize the distinct surface protrusions using one shot of excimer
laser irradiation are conducted, revealing profound implications about the
melting and solidification of the {5i grains in the ELA process. The surface
morphologies before and after planarization are compared by AFM.-An in
situ optical probing system is setup to record FTR, BTR and TT signals in
nanosecond time resolution in order toidethe spatiotemporal scenario of
the melting and solidification process during the planarization experiments. A
melting-solidification model is proposed based on the observations of the
planarization experimentsnd numerical simulations are then perfato
more comprehensively understand tipeoposed model In  addition,
planarization experiments are also performed on the buffered hydrofluoric
acid (BHF) pretreated ELA samples, where a maximum 41.8% of
planarization idinally achieved. The different @harization results between
asis ELA sample and BHitreated sample unveil the influence of the surface
oxide layer upon melting, which experimentally demonstrates the theory that
melting prefers to happen at the exefgss-energyrich cites.

The motivaion of this work is fowfold: (1) to analyze the ELA
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microstructureaspectghat are closely related the device performancnd
improve the understanding of the microstruct®,to develop aensible
scheme andn effectiveapproach for the analysiwhich is achievedy the

LMA scheme associated with the imag®cessing based GB extraction
program (3) to reduce the detrimental surface protrusions, and (4) to gain
insights of the fundamental phase transformation-8f hin films under the
specid far-from-equilibrium excimeilaserinducedmelting condition of

ELA via the systematic analyses of the microstructure and planarization
experiments with one excimer laser shibthould be specially noted that the
scheme and skill developed for the ro&tructure analysis in this thesis can
be generalized to other research fields of material science, especially where

polycrystals and particles are involved.



CHAPTERN | MPREOCESSBEASSED METHOD FOR THI

GRAI' N BOURBARACTI ON 4 4
Chapter 3
An | npargoec elsdas ed Met hod f

Grain Boundary Extractio

As explained in the last chapter, the device performance fabricated on
ELA films is substantially affected by the presence of the dense grain
boundaries. In this chapter, we present the development of an-image
processingbased method which enables preasel efficient extraction of
grain boundaries (GB) from the TEM image of the ELA microstructure. The
necessity of the GB extraction and the related difficulties are firstly identified.
Then our approach to the image processing problem is described. Unlike
traditional approaches for edge detection in images, our program is based on
the Watershed Segmentation methj@d][72]. Programing details such as
definition, algorithm and pseudocode are presented. Goingefutthis
program will be referred to as the GB extraction program. The GB maps are
successfully extracted with excellent precision using the program. It should

be emphasized that without precise and efficient GB extraction it would be
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extremely difficult to realize comprehensive and systematic ELA
microstructure analysis, which simultaneously considers the spatial
characteristics, the devisgze andlocation dependent characteristics and a
statistically significant number of grains. This GB extraction paogcan also

be applied in other material research fields, especially where the geometry and

arrangement of grains or particles are of concern.

3.1 Necessity and Difficulties in

The local microstructure analysis (LMA) scheraquires sufficiently
large area and statistically meaningful grain number of the ELA
microstructure. Recall from the previous chapter that the typical size ofa TFT
fabricated on an ELAyenerated film is several tens of micrometers square in
size and, irthe ELA process, each movement of the scanning exdaser
beam is around 2. Thus, an area of at least several hundreds of
micrometers square is required to capture microstructureunidormities.
Figure 3.1 is a TEM image of the ELA microstructusptred using our
unique TEM and sample preparation skill, which captures an arearofig3
length and 2@n in width and contains thousands of grains. In the image, the
grain bodies are generally brighter and grains boundaries are relatively darker.
The are dark grain body coloring is attributed to the internal stress that leads

to the local density change of the grains.
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Around 9,000 grains are captured in the i mag
for the quantitative analysis of th®i microst
at most a few hundred of agrabhsseagl 8l bet oafp
thorough analysis this thesis is aiming for.

It would be strikingly inefficient to manually analyze thousands of
grains, which is in fact what researchers previously did to a much smaller area
consisting of at most severalndred graing57]-[59]. Thus, a computer
assisted method is adopted. As the LMA is based on the extractioaiof gr
boundaries, it is fundamental to let a computer program understand how to
distinguish grain bodies and grain boundaries. As long as the grain boundaries
are precisely extracted, the implementation of LMA would become more

straightforward. Even thougthé grain bodies and boundaries in the TEM
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image can be easily distinguished by a human eye, it is not as straightforward
for a computer program. For example, simply partitioning the image based on
contrast would cause the anomalously dark grains to betembw@as grain
boundaries. In fact, this task has extended into a specific technological field
called image segmentatio[¥3]. Therefore, the fundamental difficulty
regarding the GB extraction is identified as enabling a computer program to

precisely distinguish the grain boundaries versus grain bodies.

3. 2 ITnhpel ement ati on of the Watersh
GB Extraction

A pixel is the smallest addressable and controllable element in a digital
image. The entire image can be thought of as a digital grid (i.e. a matrix),
where each site represents a pixelhwan associated pixel index value
determining its position. Pixel color in our greyscale image case is simply
captured by a single numerical value (referred to as pixel value) determining
the intensity (i.e. brightness) of the pixel. Precisely distingngsline grain
boundaries from bodies using a computer program requires a specific category
of imageprocessing techniques called image segmentation. Among various
commonly used image segmentation approaches, such asietdgton
based segmentation, thresth method, regiofibased segmentation and
clusterbased segmentation, the Watershed Segmentation based on
mathematical morphology is identified as the most suitable method for our
case. This is because (1) our TEM image is in greyscale; (2) the image
contans a high density of boundaries; (3) the brightness contrast between
grain bodies and grain boundaries is not sharp; (4) a TEM image normally

contains significant noise and disturbance, causing trouble for traditional



CHAPTERN | MPREOCESSBEASSED METHOD FOR THI
GRAI'N BOUKRBARACTI ON 4 8

image processing approachg#]-[76]. The noise and disturbance are
unavoidable due to the working principle of TEMs and the nature of materials
which can be either distinguishable (such as the uncommon dark grain bodies)

or indistnguishable (such as the pixelel noise) by a human eye.

3.2.1 The | dea of the Watershed S
The pixel values of a TEM image, which is set to bkit8and in

greyscale, vary from 0 to 255 where 0 means the lowest brightness (i.e. black)

and 255 means the highest brightness (i.e. white), while the values between O

and 255 mean grey. Figure 3.2 iseoexample illustrating the relationship

between the pixel value and the brightness in display.
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i's an i mage idi sgprleayyssc atl hee whatcrhi x (b) with va
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the value versus pixel | ocation along the ve

The idea of the Watershed Segration can be intuitively and
graphically described as follows. A greyscale image can be considered as a
topographic relief, where the address and the value of each pixel respectively

represent the location and the altitude of each local point of thé fihen,



CHAPTERN | MPREOCESSBEASSED METHOD FOR THI
GRAI'N BOUKRBARACTI ON 49

we imagine continuously adding water onto the relief to gradually submerge
the terrain. Water falls down and gathers at thed¢ttude locations, forming
lakes. The water level would continuously elevate with the addition of water,
and the adjaant lakes would finally meet each other. According to the
definitions in the Watershed Segmentation, the lakes and the meeting
locations of the adjacent lakes are respectively referred to astittanent
basinsand thewatershedsand the above describgulocess is called the
immersion proced37]. Figure 3.3 schematically shows the above description,
where it can be understood that this method should be theoretically good at
distinguishing the local contrast, which is exactly requireduncase, since

there is a plenty of disturbances in the global scale of the TEM images.

4 4 0 boundaries

watersheds boundary

asins

Pixel value
Pixel value
Pixel value

Pixel location > Pixel location Pixel location

(a) (b) (9
FigB8@Be (@qg) Schematic diagrams illustrating
I mmer si oinn ptrloe eWat er s h e di nsreegrnseind, na t\garooecre slse v e h
el evates monotonically from the | owhet altit
hi ghest altitude (i .e. pixels with the | arge
water and the water in the adjacent basins w

watersheds are t heretdefgi ndodaaet e notnh leocaf svieah ® r

In order to let a computer program distinguish between catchment
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basins and watersheds, we first need to precisely describe the characteristics
of catchment basins and watersheds. The characteristics of basins are captured
as (1) each indidual basin has its sole lowesltitude region (referred to as

docal minima which consist of one or a se
minimum pixel value) and (2) the altitude monotonically increases from the
local minimaoutward until the watershed is reacl&d]. The watershed is
defined as the exact location where adjacent basins meet together. Then, based
on the above characteristics, the pixels can be naturally sorted into three
different classes, namely (1) the pixelsdmging to thdocal minima (2) the

pixels belonging to the basins but not tbeal minimaof the basins and (3)

pixels belonging to the watersheds. Following the above classification in mind,
all pixels can be categorized into the three classes in @&msegdrom low
altitude to high altitude in thenmersion procesg-igure 3.4 schematically

illustrates the three classes of pixels andrimaersion process

Pixel value

Pixel Location

Figud e S8hematic diagram illustrating the th
sorted iinmmerisni otmhnep modess to | et a computer
water sheds. Pli a @& ls oifiie haio mbgaisn g0 t(gr een sand bl ac
|l abeled by 1), it @cal b(@smtnamrasuetc tnooth st Heabel ed

watersheds (Il abeled by 3) are presented. The
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stepsi mhett ieon process

3.2.2 Theoretichef iFriatmeowmosr k and

The idea intuitively and graphically described in the above subsection
points out two major considerations when we design the program. On one
hand, the program is supposed to start with the evaluation of the lowest
altitude region (i.e. pixelwith smallest value) and then monotonically move
to the higher altitude regions (i.e. pixels with larger values). On the other hand,
we need to set a quantitative criterion in order to determine which of the three
classes a pixel belongs to, as well asligiinguish which pixels belong to
which basins or watersheds. The first aspect can be realized by a commonly
used method calldelFO (first-in-first-out) [78], the implementation of which
will be described in the next subsection. The quantitative criterion can be
realized by a mathematieaiorphology dilation process via identifying the
geodesidnfluence zonefZ) of thelocal minimaand the boundaries of the
influence zones (referred to 8keleton by Influence Zong&KI2) [77].

A digital image can be written as a function denoti®y 0HQ

(Equation 3.1), wheréOrepresents a digital imag®, represents the pixel
set consisting of all the pixels in the imagg,denotes an individual pixel and
"Qn is the pixel value of ipel ). The minimum path length between two
pixels or from a pixel to a subset of is defined as thgeodesic distance

The geodesic distancérom pixel 1} to pixel i, which is denoted as
QN andthegeodesic distandeom one pixelr] to a subse) within

0 which isdenoted a® nh anddefined as the minimum path length
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among all the path lengths from the pixgl to any of the pixelf} belonging

to the subsed . This is schematically shown ingtire 3.5 (a) and defined as:
Qf,0 =0 Oy 5y QNN (3.2)

Let 0 be partitioned into k connected subséts 'Q pltiB hQ then the
geodesic influence zomd the subset) within 0, as schematically shown

in Figure 3.5 (b), is defined as:
Qa0 NN 0870 p&Q, 'R N Q [ (3.3)

Then theskeleton by influence zonek U is defined as:

YO 'O 0TBQa0 (3.4)

SKIZ(P)
(a) (b)

Figure 35: (a) Schematic diagram illustrating the geodesic distance between two pixels (

and 1 ) and thegeodesic distandeetween a pixely) and a subsEt0 € of pixels with in

a pixel setP, and (b) schematic diagram illustrating thifuence zon¢hatched area) of a

pixel subsetd and theskeleton by influence zong&KI2) betweend and 0 as well as

THI
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between?d and 0 .

The water level described in the above subsection refers to all the pixels at the

same altitude (say the altitude at vali@eand can be defined as:
Y AN 0sOn Q (3.5)

Based on the idea of the Watershed Segmentation, the three classifications
of the pixels and the above definitions, thenersion processyhich is the

core of the Watershed method, can be formulated as a recursion:

) avogon QY
& 000 0% @ ey QAo (3.6)

The watershed? O E A'@:

~

70EARA 0. ® (3.7)

where @ denotes the union of the set of basins computed at altitude

Figure 3.6 is an example of computing the above recursion.

initial Xp=Ty,, =0 Xp=1 Xp=2 Xp,=3 Xp=4
108 6 4 108 6 4 108 6 4 108 6 4 10 8 6 4 10 8 6 B
9 8 7 4 9 8 7 4 9 87 4 987 4 9 8 7 4 9 8 7 B
06|52 Ml 6| 5|2 MldE 5 2 MlvE|s|3 10 6 5 B 106 5 B
0 4 2 1 A4 21 A4 2B A4BEB A 4 B B AWB B
____________________________________________________________ ->
X,=10 Xp=9 X,=8 Xp=7 X,=6 Xn=5

] - - - -
B BBB 10B B B 10B B B 108 B B 108 B B 10 8 6 B
B B B B B B BB 9 B B B 9 8B B 9 8 7 B 9 8 7 B
WWZBB 10W B B mowB B 10WB B 1I0W B B 10 6 B B
AWB B AWB B AWEB B AWDB B AWEBB AWB B
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Figure 36: An example of computing the above recursion (the immersion process), where
the numbers are theitial pixel values, the letters (A and B) represent two different basins
and W represents watersheds.

3.2.3 The Al gorithm

The algorithm is the implementation of the Watershed Segmentation
theory, the mathematical definition of the criterion for categorizing the pixels
and the formulation of thenmersion procesdn practice, we sequentially
inspect each pixel and categorigeinto one of the three classes. The
inspection of the pixels is enabled by a dynamical labeling process, in which
each pixelisfirstpréd abel ed according to iIts stat
i n the current | oopo, nbaelerne acdlya scsliafsiseidf
the labels of its neighbor pixels, and are then finally labeled according to its
category. The dynamic labeling process is presented in the following content.
The inspection also needs to consider two other aspects of one pixebwich
(1) its pixel value and (2) the pixel index. In the algorithm, we define
pixelvaluep] meaning an operation to take the pixel value of pipel
(brightness)and outpixelp] is an operation to take the label of pixelThe
algorithm is described as fols.

(1)In one loop, we ondy-one inspect all the pixels at the same altitude (i.e.
all the pixels with the same pixel value);

(2)Sort all the pixels according to their value from the lowest to the highest
and store them inAIFO queue;

(3)Label each pixel aceding to its status and the labels of its neighbor pixels
(top/left/right/bottom);
a. Define two labels according to the status of a pixel, which are

respectively outpixelfl=1 meaning that the pixel value is above the
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beingi nspected altitude or the pixel
loop, and outpixefj]=2 meaning that the pixel value is at the being
inspected altitude and the pixel will be inspected in the currept loo

b. Define two labels according to the three different classes, which are
respectively outpixefil=n with (¢ p 177 meaning that the pixel
belongs to a basin (each basin has its identical label) and oytp#el[
meaning that the pixel belongs to a watershed,;

c. Define one label according to the labels of the neighbor pixels, which
is outpixelp]=3 meaning that the beingspected pixel has at least one
neighbor pixel with outpixetjeighboi} 10 or =0;

(4)Rules for categorizing;

a. If there exists a neighbor witbutpixel[neighbof 10 (sayA) & the
outpixellneighboi of the other neighbors are either the identical
number A or 0 then the beinrgspected pixelp is labeled as:
outpixelp]=A, meaning to merge into the same catchment basin. Note
that any neighbor witloutpixellneighbot=1, 2 or 3 does not affect
judgement. All the situations that are separated by the grey lines are

listed as below:

A
A 3 A
A
A A
A 3 0 A 3 7 ? Denotes either 1, 2 0or 3
A A
A A A A A A
03003 2?27 3 7?7 A3 0 A3 0 A32?
A A A 0 ? ?
A
0 3 0
0

b. If there exists more than one neighbor with different outpnesdjhbot
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10 (sayA, B or C), then the beingnspected el p is labeled as:
outpixel[p]=0. Note that any neighbor with outpixedighboi=1, 2 or
3 does not affect judgement. All the situations that are separated by the

grey lines are listed below:

A A A
B 3 0B 3 0B 3 ? 030 ? 30 7?2 37
0 ? B
A A A
B 3 0B 3 ? B 3 A B 3 A ? Denotes either 1,2 0or 3
A 0 ?
A A A A
B 3A B3 A B3 A B3B B 3C
A B A A

c. If there does not exist any neighbor with outpixel[neighbod]0 &
exists at least one neighbor with outpixeljghbot =0, then the being
inspected pixep is labeled as: outpixgd[=0. Note that any neighbor
with outpixeljneighboi=1, 2 or 3 does not &tt judgement. All the

situations that are separated by the grey lines are enumerative as below:

2 2
0 0
0 3 2 ? 3 7 ? Denotes either 1, 2 or 3
? 0
0 0

d. If outpixel[p]=2 and there exists at least one neighbor with
outpixel[neighboij=3 & there does not exist any neighbor with
outpixellneighboi{=0 or 10, thenchange outpixeff] of the being
inspected pixelp from 2 to 3. Note that any neighbor with
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outpixel[neighboif=1, 2 or 3 does not affect judgement. All the

situations are enumerative as below:
3 3 3 3 3
7?2 7 3 2 7 72 7 3 2 3 3 2 3
? ? 3 ? 3
? Denotes either 1 or 2

(5)At last the remaining sets of pixels with outpixelighbof = 2 are
identified as the minima of different and new catchment basins and each
of the pixel sets is labeled with an unique outpixel[] that has never been
used yet to label any other pixel(s). One example is shown below, where
the two sets of isolated pixeht the beingnspected altitude are identified

as the two nevocal minimaof two different basins.

— =

2

N
RN N NN
NN
NN NN
o O O O
O O O U O
o O O O
NN NN
RN NN
NN NN
NN
NN
m m m m
m m m m
m m m m
m m m
m m

3.2.4 The Pseudocode

The details of the program are presented in Appendix A and the pseudocode
is as below:

/| *define variabl es*/
final WSHED 0
final I NI'T 1
final MASK 2

int pixelvalue[ x*y]
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float outpixels[x*y]

connectivity = 4
current | abel = 10
bool ean stop = false
bool ean flag = false
minLevel = 0
maxLevel = 255

init_fifo_queue(queue)

initialize outpixel[] for all pixels to be 1

/| *I nspect pixels from | owest pixelvall
Sort the pixelvalues for al/l pixels and store in
for all item in outpixels

item = | NI'T

end for

gray = pixelvalue[ 0]

for [ = minLevel to maxLevel

/| * Label the pixels at the altitude th

to be 2 and | abel the pixels which p
watehed (the being influenced pixel s)
for all p in D with grayleval (p) = gray
outpixels[p] = MASK

if p has neighbour q with (outpixels[qg] > 4
outpixels[p] = 3.0
fifo_ _add(queue, p)

end i f

end for

/| *First inspect|l aéhcetdepbreehg*/
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whlie(!'i sEmpty(queue))
p = fifo_remove(queue)
centr al = outpixels[p]
for neighbour in p.neighbours with order (top
i f outpixels[neighbour] > 9.0
i f central == 3.0
outpixels[p] = outpixels[neighbour]
central = outpixels[neighbour]
else if central == 0.0 && fl ag
outpixels[p] = outpixels[neighbour]
central = outpixels[neighbour]
el se if central xeBspDné&i&gbbotur hl ' = outop
outpixels[p] = WSHED
central = 0.0
flag = false
end i f
else I f outpixels[neighbour] == 0.0
i f central == 3.0
outpixels[p] = WSHED
centr al = 0.0
flag = true
end i f
el sceutigi xel s[ neighbour] == MASK
out pixels[neighbour] = 3.0
i f topNeighbour (p) == neighbour

3.0
i fo_add(queue, top(p))

outpixels[top(p)]

—

el se if | eftNeighbour(p) == neighbour
outpixels[left(p)] = 3.0
fi fo_add(queue, |l eft(p))

el se if rightNeighbour(p) == neighbour
outpixels[right(p)] = 3.0

fifo_ _add(queue, right (p)
el se if bottomNeighbour (p)

)

nei ghbour
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outpixels[bottom(p)] = 3.0
fifo_add(queue, bottom[p])

end i f
entl i

end for

end whil e
I *Second process afll fhe i1 solated gro
catchment basin*/
for all p in D with (grayleval (p) = gray && ! s
i f outpixels[p] == MASK
++current | abel
stop = (current | abel > 1000000.0f)

fifo_add(queue, p)
out pi xelesntp]l a=beclurr
while(!i seEmpty(queue) && !stop)
pp = fifo_remove(queue)
for neighbour in pp.neighbours with orde
i f outpixels[neighbour] == MASK
i f topNeighbour (pp) == neighbour
fifo_add(queue, top(pp))
el se if |l eftNeighbour (pp) == neighbo
fifo_add(queue, |l eft(pp))
el se if rightNeighbour(pp) == neighb
fifo_add(queue, right(pp))
el se if bottomNeighbour (pp) == neigh
fifo_add(ogmepe] ) bot
end i f
out pixels[neighbour] = outpixels[pp]
end i f
end for
end whil e
end i f
i f gray >= maxLevel
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stop = true
end if

end for

gray = next graylevel in pixelvaluel]

end for

3.3 The Resul t s

The interim outputs when running our program are shown in Figure 3.7
in order to present the way that the program works. It can be seen that the
program starts by inspecting and labeling the pixels at the lowest altitude of
the entire image. Then the ingped and labeled region starts to expand like
lifting up the water level, constituting timamersion process$n the meantime,
newlocal minimaare detected following the new expansions starting from the
new local minima Gradually, all the basins (grairodlies) are identified,
followed by the recognition of the watersheds (grain boundaries) at the
meeting locations of the nearby basins. At last, a binary image as shown in
Figure 3.7(h) is generated from the TEM image shown in Figure 3.7(a) using

our progran.

} & -
LT
(b) (c)

(a)

(d)

) (9) )

(h
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Figure 3.7: (a) A cropped plangiew brightfield TEM image of an ELAgenerated {5i

thin film, which is the input of our grain boundary segmentation program (GB
segmentation program), (b) the beginning of the program wheloocaleminimumat the

lowest altitude othe entire image is identified, ¢€f) interim outputs when running the
program, (g) the end of the program when all the pixels are classified and all the basins and
watersheds are identified, and (h) the final result, which is the generation of the bina
grain boundary map (GB map).

The final result after running our program is a binary GB map, where
all the grain boundaries are in red (i.e. all the pixels at the grain boundaries
have the same value) and all the grain bodies are in white (i.e. pikéigin
the grain bodies have the same value), based on which LMA of ELA
microstructure can be realized. Figure 3.8 shows the result of the GB map
converted from an entire TEM image of ELA microstructure. The TEM image
covers the area more than 60Guand contains thousands of grains. It can be
seen that our program is very effective and precise in identifying and
extracting the grain boundaries.

It should be pointed out that preprocessing and postprocessing should
also be applied before and after rurgnour program in order to eliminate the
rare, prominent and hard to overcome noise and disturbances that existed in
the TEM image. In the pre process filtering, contrast tuning, thresholding and
blurring are used. In the post process, some incorrectlyafedevatersheds

(about 5%) have to be manually corrected.
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(c)

Figure 38: (a) A planeview brightfield TEM image of the microstructure of the ELA
generated 45i thin film; (b) the GB map converted from the TEM image (a);tl(e)
overlapped image of the TEM image (a) and the GB map (b) which verifies the accuracy

of our GB segmentation program.

3.4 Summary

The LMA requires an area of at least several hundreds of micrometers
square for the reason that the typical size of a TFT is around several tens of
micrometers square and the scan step of the excimer laser beam in the ELA
process is around 20pm. The majdifficulty to perform LMA lies in the
precise and efficient GB extraction.

The idea and the implementation including mathematical definition,
formulation and the algorithm of the Watershed Segmentation are presented
in detail. We subsequently develop a &8raction program which has been

proven to be effective and accurate in distinguishing grain boundaries from
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grain bodies, leading to the successful generation of binary GB maps from the
TEM images. The value of this work can be recognized as it isidoessful
GB extraction and the generated GB map that allows realizing the LMA of
the ELA microstructure, which would be otherwise extremely difficult to
perform manually.

It is worth pointing out that the Watershed Segmentation method is not
limited to TEM images and grain boundary extraction. AFM and SEM images
of the ELA microstructure can also serve as the input. More generally, the
Watershed Segmentation method can be extended to process other aspects of
the microstructure, like sufprain boundaries and dislocations, as long as the

contrast between bodies and boundaofaaterest is sufficient.
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Chapter 4

Theocal Mi crost fluMA ur e

In this chapter, we present a systematic microstructure analysis of the
ELA-generated 45i thin film by taking the advantage of the GB extraction
program and the LMAscheme. The graisize analysis of a statistically

significant number of grains is presented, the results of which intriguingly

deviate from the -ctommahn!| gi sbsielb wteidoh o0c¢

gener al polycrystallinectmatiesrtiialss.

mi crostructure based on the geometry

qguanti fied. Such analyses constitute
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stigati orerdéfor mhacdevketcttad edlaTrieecr os

| th, pwbvi de engineers and resear

erties and the phase transfor mat
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4.1 Grain Size Statistics

We have pointed out I n the | ast c h
statistically sensible quasshouladi e at
| east several thousandend@h@8t g&adMpi snagwn
in Figure 4. 1(a) satisfies the requir
generated from the TEM I mage using our
Figure 4. 1t(hhe .GB amepd, ome conduct the s
grain size and the result iIisesé@miwhesn
anor mal dwsamdamnutvalnue of 191. 787nm an
of 51,5b&mmanal owan plee kfroow nd H25 &n m.e
point oudgh éshetest ri Bonusxwianceesb@archers
commonl| y alodgpea rmad di stribution of grai

materials due to the sto¢hR@$Llc nat ur e



CHAPTERH&BOCAL MI CROSTRUCTURBIAANALY $I8S

eSO
1§80 0 d0y pinly s v 0

an==_pr T
S e naer et 5 2%,
. o] +

et
m e ;
Do ’JD ; -*ff‘ =@ ams
i R A ? 35
g L‘};gj e 4
1( e bt 1(«1 -r-_ @: 1§q’é
' . SR

s

A
RN
35 T T T T T
191.787

5 140.259 243.314
‘\25* 1
z
220 ‘ -
(3]
o
2151 l Pl i ] ‘ .
) I h
: ( Hll

10 - I U = |

i [
o -
0 i .n;i'nuHHH ”‘ ‘ l “H‘M Iy 1T 1 I
0 100 200 300 400 500 600
Grain Size (nm)
(c)

Fi g4lr(egThe pMiaeve -brefgtt TEM ELnagmi oorfodgthreuct ur e,
binary GB map generated from the TEM i mage (
gr esiimze distribution and the normal distribut
t he commonl!l ynoabrsadr @wla sdhra goaucdtier i sti c of stoch

process.

4.2 Spatial Analysis of the Micro

The spatial analysis quantitativel"
ELA microstructure aspects related to
three aspects of the spatial mi crostr
respectivel yGBdénhsitthye drMAl yor sent(2f)i an

analysis and (3) periodicity analysis.
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t he engi neer squbauntt ihtaavte nvéetl ybhegeenpfasit me d

4.2.1 T6GB DdMAsi ty Anal ysi s

The display industry, where ELA-®i thin film is used for the TFT
backplane, suffers from locatiatependent performance nonuniformity of
TFTs. To overcome such nonuniformity compensation circuitries must be
used, additionally increasing the manufactuogt. If we zoom in and look
at the details of the grains in the TEM image (Figure 4.1 (a)) of the ELA
generated {&i thin film, it can be intuitively seen that some regions consist of
relatively smaller grains and some regions consist of relativelyrlgrges,
and most of the regions consi st of
higher local GB density, while larger grains lead to lower GB dendéity.
already introduced in the above chapters that the leakage current and the
decrease of thdield-effect carrier mobility, which degrade the device
performance, are linked to the grain boundary density. Therefore, it can be
understood that the TFTs fabricated on the boundehyregion may not
perform as well as those fabricated on the low Gisdg region. We define

the GB density and the relative GB density as:

, —— and| —_ (4.1)

where,, 0 ,ando are respectively the GB density, the total length
of the grain boundarynderneath a transistor and the size of the transistor,
and| and, are respectively the relative GB density and the average GB
density over the entire film.

In the LMA-GB density analysis, a probing circle with chosen diameter

0
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Is used to represea TFT, which pixel by pixel scans over the entire GB map.
During the scan the pixel indices of the scanning circle and the associated
underneath the circle are recorded and calculated at each pixel of the GB map.
In the end, a heat map can be gemelaising such data by representing the
recorded| values with different color that ranges from blue (the minimum

| ) to red (the maximuny ). We call such heat map to be the GB density heat
map. It can be understood that the GB density analysis is tvicedeze
dependent. Figure 4.2 (c) is one GB density heat map calculated from the GB
map (shown in Figure 4.1 (b)), assuming the circle diameter to be 2un. Hot
(or reddish) regions with higher relative density and cold (or blueish) regions
with lower rehtive density can be identified. The difference of relative GB
density between the hottest and coldest regions reaches as high as around 25%.
The sizes of the hot and cold regions are of the same order as the TFTs used
in the current ELA display. Therefqgrewe can understand that the
performance consistency of TFTs has to be detrimentally affected by the

microstructure nonuniformity.
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Figuze (4) The TEM image of -gtemer @it edd Ppt) r u chteu
overl apped image of the GB map and the orig
i mage of the TEM image, the GB map and the (
regions indicate higher GB density while th
density. The-lienfsetc oaoamatrhiesfttchpegsrcanfi ng cir cl
di ameter, used t oThgpxe sdicastotthetsdamninghcecketand itha p .
associated el at i v e g|r)andernedtiothe cictla areyrecqrded calculated at

each pixel of the GB map. The green frame (equal in thickness to the TFT probe radius)

around the image is caused by setting the defasalt where the probe would partially lie

outside the GB map.
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|l n manufacturing, It 1s found that
consistently than those with smal/l S i
di fferent diameter to sweep over the
generate correspomadiprsg GBedermsiul y sheada
Figure 4.3, where the diameter of the
to be 0.50m (Figure 4.3 (a)), 10Om (Fi
for each sweep. Figdridg t4.d3 sGhg mshofesa |
| values under the three diameter situations, where the blue, orange and
yellow curves respectively correspond to 0.5um, 1pym and 2pm probing circle
diameter. From both the color fluctuation in the heat map and the distribution
profile of the fited curves,ti can be seen that t he |
dramatically magnifies as the TFT si ze
boundaries underneath a T-ETfect mamarty
mobility, It can bel undausat bodmitthyt of
density must considerably |l ead to the
Therefore, as we shrink the TFT size
Il ncreasing display resolution, we exXx|
perforcmarseal by the | ocal nonuni for mit

mor e and mor e sever e.
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FiguBe-(4a) GB density heat maps respectively
20m probing circles, wher e (rceodndsiissht icnogl oorf meea
small er grains) while Dblueish color means | ¢
grains), andi {ded t be atciugtviealued undeg thea thhee o f t h

situations, where the blue, orange and yellow curves respectively correspond to 0.5um,

1pm and 2pm diameter situations. The broad distribution profile of the blue curve indicates

the large local nonuniformity of the GB density Wwh edlt h @«fol greé meani ng t |
valuetobelpr ea on the edge equals to half of th
i nsets on the top | eft corner are the di amet
4. 2.2 TOri é¢MAati on Anal ysi s

| n aadhveanced di splay such as AMOLED,
el ectrical current in a pixel, whi ch
traditional LCD displays, where TFTs ¢
require much smalighecucaentierTmebetf oi
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gener-8t edhpn film is preferred. On thi

device performance as a r esfuletctofcalroa

mobility is always desiredhda ocdxre mofnia
ELA film primarily depends on the tot
channel area of a TFT (i . e. roughl vy,
channel area of a tr-ahestorcarther | m
Keeping imhamiancdt etrthieskke cg esogmueatrrey of t he

we suppose that there may exi st <certa
t he -dfifedadt carrier mobility in the c¢cha
aver ageef ffeicetl dcar eret hmolkinti rg 6vIm or

uni formityfdfectthe afrireled moirliietnyt,atdron|
analysis is adopted, whi ch | s-GRlefi ned
density analysis. The diffenetnb-e bBAwWwE
orientation analysis a probing oval I
mi nor axes are set to be 3Om and 10m,

and the horizon is set from OA to 165
The amelswdits of different orientation
4. 4. Figure 4.4 (c) gives the opti mal

and the corresponding statjsanloabk hiss
relatively nairrtchve antda nsdhaardp dweivti ati on
Figure 4.4 (b) gives the worst orienta
corresponding statisti cavlalhuiesst o gsr ane | (aF
broad with the standaridedteatiaomnonh7 DA W
to horizon) shown in Figure 4.4 (a)

standard deviation of 9.90%. This anal
|l T kely perforlny fmowee acloingsn sttlreentdevi ces

foll owing Figure (c1l1).
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Figdade ((acll)) The GB density heat maps when tl
are respectively at the angle of 306(A,2)75A an
the corresponding stjavtalsute sc arl e shp escttoigwealnys coofr
(a-Q¥1). The i-hettsconneéeffeddoppirgunde( @80OmI 10Om
oval s. 135A gives the best |l ocal uni formity
density, while 75A gives the worst (with the

4. 2.3 Periodicity Detection

The | pAgdruasdtergyder ArpsStitendi n f i I m al ways
some periodicity of the grain distri bt
periodicity means better gual ity of
performance. This is similar tos what g
on distinguishing more periodic region
sampl es, the periodicity may not be v
i dentified by experienced engineers.
recognition offr otmh ewhp ecrhi otdhiec i & xyt, e n't of

easily quantified using a factor that
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Fast Fourier Transform (FFT) I's appli
Figure 4.5 (a) and a dif fRiagurie n4 .ima(gl
The background signal and noise are fi
the software called | magelJd, producing

4.5 (c) diffraction patterns are obse
of rpedicity. l nversed FFT (I FFT) is t
the resulting image highlights the pe
From the | FFT i mage (Figure 4.5 (c)),
regions over alhceuleanttead et oarbeea 4 8. %4 %, W
guantitatively describe the extent of
of pertodiTbi syanalysis wil!/ be I mpl e me
Chapter 5.
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Figabe (a) The binary GB map geneganerdatfedm I
p-S i thin fil m, (b) the FFT diffraction patt e
FFT i mage after diminishing ttle biamkgmr oeidc dFF
i mage transformed from (c). The previously o

ELA microstructure are now visually enhanced

4.3 Discussion
The grain size of sevaelhbVy &ahaubgaed

can be seen from Figure 4.1 (c) that
50nm (very small grains) up to about 3
of very small grains and very |l arge gr

| ine tihe range from 140nm to 241nm. The
siadevi ates from t henoiromama |l d.iysTdrbi sheurt\a eodnl
tells us some of t hegecnhearr&ticetde g st f € 61
amely t R&tthi(nl)f itlhne ips rel atively uni f

n
of view, (2) very small grains and ver

—

héer egul ar 6t bezgraandd( 3poti mak, i onndisc a

—

hat t he grain rdotrmpur ehy pTshbeo efhiars gitisc |

haracteristics capture t hesisgtnaitfiisctainct:

S5 O

umber of ThleAtdrnaidns.handstasi ani evi de

—

he -gir ae nsptoaitnits wiffcltvhgenwifircarc phé m@menon

s believetdhet oEL Mfglruaeinnc ef or mat.i dirmhedur i
i ght diffraction effect of the ELA mi

ubsequent | aser ener gy redi stributi
reus | i[t2¢3ddqjrRireeure 4. 6 shows strong e
f light diffraction in YVYar d&derd Wil tm,
2.1]

— O T u”
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Figa46:e A flash photograpiyeotrtahedspahateunte
angl e. The different colors at di fferent an
di f f r[a2clt]i on

The spatial microstructure anal ysi s
From t h@B LdvWANsi ty analysi s, we oObserv

0regul ardé grains are swwltt immi fior mk yn e
n

onuni formatyeofon the device | ength
nonuni formity magnifies dramatically
shri nkfsor wibhseer Y ari drhhe diiscéosetsenerhe | o
qgualitatively recognized but never g
I Ssue. Even though the microstructure
the grain size statistics, there is |c¢c

woul d definitely considerably contrib

performance fabricated at different | c
observation that the display i ndustry
i nconsi st encceys oafs tthhee dpe wie | size 1s g

LMAori entation anal ysi s, w e demonstr
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orientations, wher e | tvhael ulecsc acla nu nbief oor pnt
| eading to potential i mprodoemanteof st
Furthermore, the periodicity of ELA mi
the GB map. By applying FFT, signal f
fraction of ipsercaldecwel atyed f aocahe bB7. 1
potentiadltyo aglogpnti tatively define the
ELA microstructure, whi ch could help

gener-8t etli pms.

4.4 Summary

Il n this chapter, we dembpeasanalktestit

t he adpatnial ysi s of the microstructure

number and a sufficiently | &GBgpaparea |
and the LMA scheme. The LMA scheme al
presented in this chapter could benef.

the engineering community to better

generated mat etr ippdr faonrdmarhcee .pr oduc
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Chapter 5

The ELA Experiments and Comprehensive

Microstructure Analysis

As introduced in Milceg osectuicamur 2. Za.nd
Mor phol ogy of ELA SliasTehri na nFnielamsi)n, g eixsc
par-ine latbiassged met hod. Each of the tens
the same area causes a melting land r es
mi crostructure evoprmuddeo®ansi NMfheb snwvevck | GB
program developed i n chapter 3 and the
(LMA) demonstrated in chapter 4 can nc
stages of ELuA dtaomesnttuady gtrhaed nf evol uti on
i mprove the process understanding for
far hindered by (1) the incapability
sufficiently | arge ar eq@usyloistampéesi bmd
the unavailability of effective appr oec

GB extraction program and LMA tool s.
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This <chapter descri bes our ELA ex
i nci dent wparbei mdhuisnt rfyi | mmt fampbésac@Qur
higoal ity Transmission Electron Micro
film areas i s presented. The TEM i mag
di fferent shot numbers are processed

maps and MAer fTchrem Lt he evol ution of t he

related i mplications are discussed. T
abundant I nf ormation for studying t he
process as well as for uddéehst gedienagt
materi al |, which wi || benef it both th
technol ogi cal community.

5.1 ELA Experiments

5.1.1 Experimental Plan

We irradiate different precursor& thin films of identical sample
configuration using 5 shet10 shots, 15 shots, 20 shots, 25 shots and 30 shots.
The adopted laser is xenahloride gas excimer laser with wavelength of
308nm and pulse duration of 30ns at-fwitith-half-maximum (FWHM). The
time interval between shots is around 200ms, so tlaeliared area can
completely cool after each melting aresolidification cycle. The laser spot
size in the sample is Imm x1mm, so most of the irradiated area would not be
thermally affected by the unirradiated region. The experiments are done under
room temperature and regular atmosphere environment. After finishing the

ELA experiments, the processed thin films are subject to TEM
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characterization. At last, we systematically analyze and compare the

microstructures of the films processed with different shot numbers.

5.1.2 Sample Configuration of the precursor &i

The uspedceampl egsr aaddee da midmu sftirlyms de
on gl ass sudsst rlaatyeesr. i Tsh ed eapeonshiatnecde du s |
chemical vapor deposition (PECVD) equi
avoids t he formati on of t amicnraotciroyns.t aT
thickness dfi Itmhe saaround 50nm and t he
after adding the gl ass subsSir aftiel m si sa
dehydrogenated to avoid the hydrogen
phasandf ormati on propertiesSioft htime fmdt
has a thin oxide | ayer altf hahte Sio/po xs w

i nterface at the bott om.

5.1.3 Experiment Setup

The system used for thEi GuUAeebpéri ¢
exci mer | aser generates pul ses with t
duration of 30nschltorFiwWHeM g ans ac lkemloelr .
used to finely tune the energy densi
monitored asedgpwprceal ebtrri c energy me:
the | aser beam i s shaped when passing
tel escope, homogeni zer, field and ©pro

relatively uniform spatiizael oif btiemns At y
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compooatroimi edpoeuweh si on transl ati

the sample surface to the focus

o A e

A

Beam- Field
Shaping Lens

Telescope
Mask =i=1

Pulsed Energy )
- > Attenuator 7 Meter Prpjec
-tion
Beam Lens
Splitter

Sample

Stage

(b)
Figbinle (a) Laser system setup fopnithaé

schematic of the beam delivery system.

5.2 Grain Imaging by Transmission Electron Microscope

on st

point

ElaAoe:

Previous chapters have pointed out
characterization sever al TEM i mage r e
(1) sufficiently | arge area, (2) high

boundaries and .(3Jhd ozwvgednafTEMnmo ¢ e | J

shown in Figure 5.2 (a) better satisf.i

model s. The necessary image pixilatioc

causes a high number of anomal ously

remodv during our i mage processing. The
more suitable for us is its compatibil
shown i n Figure 5.2 (c). Thesenmsaigtiinvge h
emul si on coatsna@ tchhetmi catdercqimenge whe
scattered electrons. The merit of &ele
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tendency to average out the abrupt br

smoot h brightness gradientsyjnoutrte [

techniqgue of wusing TEM photo fi-l ms an:qt
gual ity scanner yields i mages of hi ghe
directly from TEM digital camer as.

When operating the TEM, swé& hiesel & cttrr

beam from the film surface in order to
bodies and the grain boundari es, t aki
exi sts a thickness di fference bet wee
boundarres.capetuoing the image of t he
sampl e i s praefpfartechryi gau el i|afggte nfeorl a toewds .
samples are first 1 mmersed into buff el
the oxide | ayer oSi tfhhied mh.capTSseucrcfoa ceet cohfa r
can effectively etch the defects in S
some of the grain boundari es. Then a
pl aced onto the surface of thae efaikl m ar
i nto the bottom Si/oxide interface thr
to separate the Si film from the gl as
horizontally and slowly i mmerse it I n

| i fted aotfsf ocann dt hfel osur f ace of the water
film onto a TEM gri dtsbbaowd be pogot ed
the contihwolulneddhrgygr &@itehi ng Ii's an essent
grain bwouunlddbreymmti earivegal ed in Ahe TEM
example of -powompeady @trahed area ver sus
area I s shown in the. TE®M Bamegs withi g
removed oxide and etched grain boundal

the insufficiently etched areas appear
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GB extraction.

(c) (d)

Fi gb2d a) A photo of JEOL 100CX TEM system
characterization, (b) the electron microscor
captures the miSar astirnu dti drmeg erfce)rn-Sticnedphlpinf tf @ d nE
on ppeo TEMagdi gd) a T&Msi mage ghawnsgin the
areas and blurry grains otherwise.

After the exposure and devel opment

we use -hanglkuslotlruat i on scanner to digiti :z
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final scanned TSEHM tihmang efsi lonis tgheen epr at e d
5, 10, 15, 20,se&r5 iamrdadi0atsihomn sarnd daow
Il mages are of high quality with high
facilitates the conversion of the TEM
computer program. At the furst5gBance
be seen that with the increase in shot
the shape of the g+#daikres kheadomde mTTreans
grains becomes mor e ordered, whi ch
mi crostoubeesrduevng the multiple shots

characteristic evolution trends can be

(b)

(c) (d)
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(f)
Figb3¥e-(d) The TEM i mages of thehao cirrorsadiuatt e
Si thiresfpielcms vely with 5, 10, 15, 20, 25 and
7500x magni fication and the rest are under

seen that the grain size generally increas:¢

periodic as the shot number increases.

5.3 Systematic Microstructure Analysis and Comparison

We convert the above TEM i mages i nt
Wat er-Sehgemenbh asednGB extraction progr an
overl apped iwnade tahred TElMown i n Figure 5
that the detection of the grain bound:
the microstiSuctgemerat edheiph differen

rigorously analyzed and effectively coc

Sishot

(a) )
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-20-shot

(d)

Figbde The GB maps (red) overl apped with the
5 shots (a), 10 shots (b), 15 shots (c), 20

irradiati on. I't can bergepnethaée. the GB extr

5.3.1 Grain Size Statistics

The statisgtziec @l sdg ma$hinuttihoinns foifl nish eg e
respectively with 5, 10, 15, 20, 25 an
be seen that the grainsétiotengemberali hgr
The width of the distri-bbotencosedrei al
getting wider when the shot number 1 nc
at | ast, becomes namhotosyv aomndishiaop. f Dhe

and standard deviations for di fferent






































































































































































































