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Collections of Laterally Crystallized Semiconductor Islands for Use in Thin Film

Transistors

Field

[0001] The disclosed subject matter generally relates to laser crystallization of thin

films and particularly relates to utilizing such films in making thin film transistors.

Background

[0002] In recent years, various techniques for crystallizing or improving the

crystallinity of an amorphous or polycrystalline semiconductor film have been

investigated. Such crystallized thin films can be used in the manufacture of a variety of

devices, such as image sensors and active-matrix liquid-crystal display ("AMLCD")

devices. In the latter, a regular array of thin-film transistors ("TFTs") is fabricated on an

appropriate transparent substrate, and each transistor serves as a pixel controller.

[0003] Crystalline semiconductor films, such as silicon films, have been processed to

provide pixels for liquid crystal displays using various laser processes including excimer

laser annealing ("ELA") and sequential lateral solidification ("SLS") processes. SLS is

well suited to process thin films for use in AMLCD devices, as well as active-matrix

organic light emitting diode (AMOLED) devices.

[0004] In ELA, a region of the film is irradiated by an excimer laser to partially melt

the film, which subsequently crystallizes. The process typically uses a long, narrow beam

shape that is continuously advanced over the substrate surface, so that the beam can

potentially irradiate the entire semiconductor thin film in a single scan across the surface.

ELA produces small-grained polycrystalline films; however, the method often suffers

from microstructural non-uniformities, which can be caused by pulse to pulse energy

density fluctuations and/or non-uniform beam intensity profiles. Fig. 8A illustrates a

random microstructure that can be obtained with ELA. The Si film is irradiated multiple

times to create the random polycrystalline film with a uniform grain size. This figure, as

well as all other figures, are not drawn to scale, and are intended to be illustrative in

nature. Fig. 8E, is a top view SEM image of a film process via ELA and shows the

random microstructure of the film, containing randomly located grain boundaries 8002.



Summary

[0005] The application describes collections of laterally crystallized semiconductor

islands for use in thin film transistors and systems and methods for making same.

[0006] According to one aspect of the application, a display device is provided. The

display device includes a plurality of thin film transistors (TFTs) on a substrate. The TFTs

are spaced apart from each other and each include a channel region that has a crystalline

microstracture and a direction along which a channel current flows. The channel region of

each of the plurality of the TFTs contains a crystallographic grain that spans the length of

that channel region along its channel direction. Further, each crystallographic grain in the

channel region of each of the plurality of TFTs is physically disconnected from and

crystallographically uncorrelated with each crystallographic grain in the channel region of

each adjacent TFT.

[0007] According to another aspect of the application, in the display device the

channel region of each of the plurality of TFTs includes a plurality of crystalline stripes,

each spanning the length of the channel region along its channel direction. Moreover each

crystalline stripe of the plurality of stripes is physically disconnected from and

crystallographically uncorrelated with other stripes of the plurality of stripes in that

channel region or in the channel regions of adjacent TFTs.

[0008] According to another aspect of the application, in the display device, one or

more of the plurality of crystalline stripes are nano-wires.

[0009] According to another aspect of the application, in the display device, one or

more of the plurality of stripes is a non-straight stripe, wherein each of the non-straight

stripes connects a first base line portion to a second base line portion, while not covering

the whole area of the quadrilateral formed by the first and the second base line portions

and a first and a second side line portions, wherein the first side line portion connects a

first end of the first base line portion with a first end of the second base line portion, and

wherein the second side line portion connects a second end of the first base line portion

with a second end of the second base line portion.



[0010] According to another aspect of the application, in the display device, outside

the plurality of the TFTs, the substrate is covered by a material different from the material

used by the TFTs.

[0011] According to another aspect of the application, in the display device also

contains a capping layer on top of the plurality of TFTs.

[0012] According to another aspect of the application, in the display device, the

channel region of each of the plurality of TFTs contains crystallized silicon.

[0013] According to another aspect of the application, in the display device, the

channel region of each of the plurality of TFTs includes a source region at one end and a

drain region at the other end. Further, each channel region of the plurality of channel

regions includes a plurality of crystalline stripes. Moreover, for each channel region, each

stripe spans the length of that channel region between the source region and the drain

region, and inside the source region and the drain region, each crystalline stripe is

physically connected to an adjacent crystalline stripe, and each of the plurality of

crystalline stripes of each channel region is physically disconnected from and

crystallographically uncorrelated with each of the plurality of crystalline stripes in the

channel regions of adjacent TFTs.

[0014] According to yet another aspect of the application, an article, used in

manufacturing display devices, is provided. The article comprises a substrate and a

plurality of crystalline islands located on substrate and spaced apart from each other. Each

of the plurality of crystalline islands includes a crystallographic grain that spans the whole

length of one dimension of that crystalline island. Also, each crystallographic grain in each

of the plurality of crystalline islands is physically disconnected from and

crystallographically uncorrelated with each crystallographic grain in each adjacent

crystalline island.

[0015] According to another aspect of the application, in the article, each crystalline

island includes a plurality of crystalline stripes, each spanning the whole length of one

dimension of that crystalline island, and each crystalline stripe of the plurality of stripes is

physically disconnected from and crystallographically uncorrelated with other stripes in

the plurality of stripes in that crystalline island or in the adjacent crystalline islands.



[0016] According to another aspect of the application, in the article, one or more of the

plurality of crystalline stripes are nano-wires.

[0017] According to another aspect of the application, in the article, one or more of the

plurality of stripes is a non-straight stripe. Each of the non-straight stripes connects a first

base line portion to a second base line portion, while not covering the whole area of the

quadrilateral formed by the first and the second base line portions and a first and a second

side line portions, wherein the first side line portion connects a first end of the first base

line portion with a first end of the second base line portion, and wherein the second side

line portion connects a second end of the first base line portion with a second end of the

second base line portion.

[0018] According to another aspect of the application, in the article, outside the

plurality of crystalline islands, the substrate is covered by a material different from the

material used by crystalline islands.

[0019] According to yet another aspect of the application, a method of manufacturing

display devices comprised of a plurality of thin films transistors (TFTs) on a substrate is

disclosed. The method comprises the steps of adding a amorphous or multicrystalline

silicon layer over the substrate; patterning the silicon layer into a plurality of silicon

islands that are physically disconnected; crystallizing the plurality of silicon islands by

applying line scan sequential lateral solidification; and fabricating the plurality of TFTs,

wherein each TFT uses one or more of the plurality of silicon islands and wherein none of

the plurality of silicon islands is used by two of the plurality of TFTs.

[0020] According to another aspect of the application, in the method, patterning the

silicon layer is comprised of depositing a photoresist on the substrate, exposing the

photoresist to a light patterned in accordance with the shapes and locations of the plurality

of silicon islands, developing the photoresist, and etching away the content of the silicon

layer outside the location of the plurality of silicon islands.

[0021] According to another aspect of the application, in the method, patterning the

silicon layer includes patterning the silicon layer into a plurality of islands, each of which

includes a plurality of stripes, each stripe spanning one dimension of the corresponding



island, wherein each stripe of the plurality of stripes is physically disconnected from other

stripes of the plurality of stripes in the corresponding island or in adjacent islands.

[0022] According to another aspect of the application, in the method, one or more of

the plurality of stripes are nano-wires.

[0023] According to another aspect of the application, in the method, line scan

sequential lateral solidification uses a laser beam that is shaped as a rectangle and wherein

the angle between the long axis of the rectangle and the long axis of the plurality of stripes

is more than zero degrees.

[0024] According to another aspect of the application, the method also includes

covering the plurality of islands with a capping layer before applying line scan sequential

lateral solidification.

[0025] According to another aspect of the application, in the method, the capping

layer includes silica.

Brief Description of Drawings

In the Drawing:

[0026] Fig. IA is a schematic illustration of a laterally crystallized rectangular

semiconductor island, according to some embodiments;

[0027] Fig. IB is a schematic illustration of a TFT device fabricated using a laterally

crystallized semiconductor island according to some embodiments;

[0028] Fig. 1C is a schematic illustration of an array of laterally crystallized

semiconductor islands, according to some embodiments;

[0029] Fig. ID is a chart of a method for fabricating TFT devices using laterally

crystallized semiconductor patterned islands, according to some embodiments;

[0030] Fig. 2A shows a "stripe" patterned silicon island according to some

embodiments;

[0031] Fig. 2B shows a cross section of a system using a striped patterned silicon layer,

in accordance with an embodiment;



[0032] Figs. 2C-2D, show SEM images of crystallized silicon stripes according to

some embodiments;

[0033] Fig. 2E shows one TFT formed using striped patterns, according to some

embodiments;

[0034] Fig. 2F shows a schematic illustration of a TFT device fabricated using a

laterally crystallized semiconductor island having "stripes" in the channel region and

enlarged source and drain regions for contacting source and drain contacts, according to

some embodiments;

[0035] Figs. 3A-3C depict a method, using known processes for creating polymer

nano-wires and silicon nano-wire islands, utilized in manufacturing TFTs on striped

islands;

[0036] Fig. 4 depicts a cross section of a system using a capping layer, in accordance

with some embodiments;

[0037] Figs. 5A-5B are schematic illustrations of arrays of laterally crystallized

semiconductor islands separated by gaps from a surrounding thin semiconductor films,

according to some embodiments;

[0038] Fig. 6A shows a schematic illustration of a variety of shapes of laterally

crystallized semiconductor islands, according to some embodiments;

[0039] Fig. 6B is a schematic illustration of a variety of patterns of laterally

crystallized semiconductor islands with different end shapes, according to some

embodiments;

[0040] Fig. 7A is a schematic illustration of a perpendicularly oriented laser beam

used to crystallize a semiconductor island, according to some embodiments;

[0041] Fig. 7B is a schematic illustration of a tilted laser beam used to crystallize a

semiconductor island according to some embodiments;

[0042] Figs. 8A is a schematic illustration of a TFT formed within a film having a

crystalline microstructure formed by excimer laser annealing;

[0043] Figs. 8B-8D illustrate TFTs formed within films having crystalline

microstructures formed by sequential lateral solidification;

[0044] Fig. 8E, is a top view SEM image of a film process via ELA;



[0045] Fig. 8F is a top view SEM image of a film with a uniform microstructure;

[0046] Fig. 8G is a top view SEM image of a film with a directional microstructure;

[0047] Figs. 9A-9C illustrate the generation of "directional" crystals using sequential

lateral solidification;

[0048] Fig. 10 is a schematic diagram of an apparatus for sequential lateral

solidification of a thin film according to some embodiments;

[0049] Fig. 11 is a schematic illustration of a region of a crystallized film using the

directional line scan SLS;

[0050] Fig. 12 is a schematic illustration of a system with multiple TFTs utilizing

crystallized stripes according to another embodiment.

Detailed Description

[0051] SLS is a pulsed-laser crystallization process that can produce high-quality

polycrystalline films having large and uniform grains on substrates, including substrates

that are intolerant to heat such as glass and plastics. Exemplary SLS processes and

systems are described in commonly-owned U.S. Patent Nos. 6,322,625, 6,368,945,

6,555,449, and 6,573,531, the entire contents of which are incorporated herein by

reference.

[0052] SLS uses controlled laser pulses to melt a region of an amorphous or

polycrystalline thin film on a substrate. The melted region then crystallizes from the solid-

melt interface into a laterally solidified columnar structure or a plurality of location-

controlled large single-crystal regions. Generally, the melt/crystallization process is

sequentially repeated over the surface of a large thin film, with a large number of laser

pulses. The processed film on substrate is then used to produce one large display, or even

divided to produce multiple displays. Figs. 8B is a schematic drawing of a TFT fabricated

within a film having a "uniform" microstructure created with SLS methods, e.g., the "2

Shot" SLS method. Fig. 8F is a top view SEM image of a film with a uniform

microstructure, showing the perpendicular grain boundaries 8004 and horizontal grain



boundaries 8008. Fig. 8C is a schematic drawing of a TFT fabricated within a film having

a "directional" microstructure created with SLS. Fig. 8G is a top view SEM image of a

film with a directional microstructure, showing horizontal grain boundaries 8006. Fig. 8D

is a schematic drawing of a TFT fabricated within a film having a single crystal structure

created with SLS.

[0053] When a polycrystalline material is used to fabricate devices having TFTs, the

total resistance to carrier transport within the TFT channel can be affected by the

combination of high resistance barriers that a carrier has to cross as it travels under the

influence of a given potential. Within a material processed by some SLS schemes, such as

2-shot SLS or directional SLS, a carrier crosses many more grain boundaries if it travels

perpendicular to the long grain axes of the polycrystalline material, and thus experiences a

higher resistance, than if it travels parallel to the long grain axes. Thus, in general, the

performance of TFT devices fabricated on SLS-processed polycrystalline films depends

on the microstructure of the film in the channel.

[0054] The typical type, size, density, and distribution of defects in a directionally

crystallized film formed via SLS methods can vary in different locations on the film. As

crystal grains grow along the direction of the laser scan, grain boundaries form and grow,

and regions of different crystallographic textures, or regions with high concentrations of

crystallographic defects can also form and grow along that direction inside one or more

grains.

[0055] The resulting positional variation in grain boundaries and defects can cause a

non-uniformity in performance among different TFTs fabricated from the directionally

crystallized film. In addition, it can result in a correlation in performance among TFTs

that are closely located, for example, TFTs that are located next to each other along the

direction of the scan. A correlation in performance means that there is an elevated

likelihood that neighboring TFTs will share similar performance characteristics.

Correlations typically increase as the TFT sizes decrease, since for smaller TFTs regions

of similar orientation and defectiveness can span multiple TFTs. For a small TFT that

contains a larger than average number of defects, its neighbors have a higher than random

probability of containing a larger than average number of defects. And, for a small TFT



that contains a smaller than average number of defects, its neighbors have a higher than

random probability of containing a smaller than average number of defects.

[0056] Non-uniformity of TFT performance can cause non-uniformities that are

noticeable. For example, in display devices non-uniform TFTs can cause non-uniform

pixel brightness. In addition, and potentially even more visible, correlations between

neighboring TFTs, or more generally between TFTs that are located close to each other,

give rise to a systematic non-uniformity in performance and a degradation in quality that

can also be noticeable at macroscopic level. In some systems utilizing TFTs, for example

in some display systems, it is useful to reduce such correlations and resulting macroscopic

non-uniformity.

[0057] In order to reduce the correlation and non-uniformity in performance, one or

more factors that result in crystal grain growth (and corresponding crystallographic

defects) between adjacent TFTs are disconnected. In some embodiments, an amorphous or

polycrystalline film is first patterned into disconnected islands, and SLS crystallization is

performed afterwards on the disconnected islands. Since the islands are physically

disconnected, during SLS crystallization the grains will not span from the area

corresponding to one TFT to the next, and thus crystallization (and concomitant defect

formation and concentration) will start anew in each island, i.e., the crystallization is

disconnected and uncorrelated between different islands. Each island spans the area of a

portion or all a single TFT. Moreover, each TFT region, or more specifically the channel

region of each TFT, covers early stages of crystallization, during which the

crystallographic orientations of grains and intragrain defect density distributions are

random and have not stabilized. As a result, the performance of each TFT is

approximately random and will not correlate with other TFTs. Moreover the performance

of each TFT is the result of averaging the properties of random early grains that the TFT

channel region contains. Thus the overall performance is altogether uniform at a

macroscopic level. The result is a more random distribution of defects among pixels and

thus an overall more uniform quality among the pixels. In some embodiments, specific

shapes of the islands are utilized, in order to increase the randomness of the defects. In

some embodiments, the angle of irradiation is changed (tilted) with respect to the TFTs to



achieve a further reduction in correlated defects. In yet other embodiments, the tilted

irradiation line is utilized on patterned islands in order to combine both effects.

[0058] The variation in the characteristics of grains crystallized by directional SLS are

considered in detail. Fig. 11 shows a schematic of a region 1100 of such a film,

crystallized at an early stage of a directional SLS mechanism. The type and density of the

defects shows a systematic change as the scan progresses from left to right. Specifically on

the left hand side, at the very early stages of crystal growth, there can be more instances of

occlusions 1110, where a grain stops growing when its two boundaries meet and at least

one of these boundaries terminates. As the scan progresses to the right, many of the

remaining grains 1120 continue to grow to the right and at the same time widen

perpendicular to this growth direction. At the same time, as they get wider, there appear

more and more instances of sub-boundaries 1130. These sub-boundaries, bound subgrains

1140, growing within the same main grain 1120. Due to the interplay between occlusion

and sub grain generation, the grain widening reaches a steady state and the average

subgrain width stabilizes in early stages of SLS.

[0059] The group of subgrains 1140 all growing out of the same grain 1120 and thus

originating from the same seed, constitute a "metagrain" region 1150. Directional-SLS-

processed Si films are typically composed mostly of (100) and/or ( 110) textured

"metagrains" in the direction of the scan or "rolling direction" (RX)). Metagrain regions

typically include multiple subgrains that originate from a single seed and which, as such,

are crystallographically related. They have approximately similar (but not necessarily

identical) in-plane orientations in the direction of the scan. The presence of metagrains

generated during the scan can introduce some level of heterogeneity in the film.

Metagrains typically appear during the gradual widening of those initial grains that have a

preferential orientation for lateral growth. However, the widening results in defect

formation (mostly via sub-boundary formation but also via twinning) and the grain breaks

down in a multitude of subgrains that are still crystallographically related. This is mostly

visible in a very similar in-place orientation in the direction of the scan (the rolling

direction, RD), but even the surface orientation is not entirely randomized. The average

width of the subgrains stays relatively constant and is experimentally found to be related



to the thickness of the film, and for example can be about 0.5 µm for 100 nm thick films

and less for thinner films.

[0060] While metagrains can develop and sustain (10O)-RD or (110)-RD

crystallographic texture in the scanning direction, the crystallographic orientation of

subgrains can gradually change during growth. The nature of "intra-subgrain" defects (i.e.

defects within the subgrains that together form a metagrain) is related to the RD

orientation of the grain. Thus, the nature of intra-subgrain defects can be similar within all

the subgrains of one metagrain, but can be distinctive from those in another metagrain.

For example, (HO)-RD textured metagrains tend to form closely spaced twin boundaries,

whereas (10O)-RD textured metagrains typically include different subgrains with a range

of defects, including clean/defect- free grains as well as highly defective grains containing

stacking faults. In the latter type of metagrains, defective grains are typically those with

the misorientations of between about 15° of <100> RD and within about 30° of the <100>

RD , whereas defect-free grains are oriented within about 15° of <100> RD or within

about 20° of <100> ND (the surface normal direction). The (HO)-RD metagrains include

subgrains having numerous twin boundaries that run approximately parallel to the

scanning direction, while the (10O)-RD metagrains include subgrains possessing varying

concentrations of defects.

[0061] The average subgrain width is typically established rather rapidly as the scan

proceeds, in a dynamic manner involving constant generation and convergence of subgrain

boundaries. In contrast to this, the average width of the metagrains was found to linearly

increase with increasing scan/growth distance and a ratio of about 1:20 for width to length

has been observed for typical SLS conditions. Consequently, the average number of

subgrains within one metagrain can monotonically increase in a linear fashion as a

function of the scan distance.

[0062] However, due to twinning, it is possible that within a metagrain of one

preferential orientation (e.g. < 110> RD orientation), a grain with the other preferential

orientation (e.g. <100> RD orientation) is generated and subsequently seeds the growth of

a region within the metagrain with a different orientation and corresponding defect

distribution/nature. At the same time, metagrains with similar RD orientations can merge



into a larger region with one texture. Thus, the width of the textured regions is typically

not the same as that of the metagrains. Experimental measurements indicate that most of

the grains, for example those depicted in the schematic of Fig. 11, represent (10O)-RD

metagrains. The shaded area 1160, on the other hand, represents a (HO)-RD metagrain

formed inside these grains. This type of metagrain can contain a high level of twin type

intragrain defects. As a grain grows, other types of defects, for example stacking faults,

can also form inside a grain. For example, in Fig. 11, the dotted areas 1170 represent some

defective subgrains within the (10O)-RD metagrains which contain a high level of stacking

faults and other types of intragrain defects.

[0063] Defects such as grain boundaries, twin boundaries and stacking faults can

negatively impact the number of carriers and their transport, thus affecting the

performance of TFTs built over the region containing the defect. Regions like 1160 or

1170, which contain defects and inhomogeneities, can expand along the direction of scan

and can become very wide. TFTs on defective areas show poorer performance compared

to TFTs in less defective areas. For small size TFTs, multiple TFTs might fit within

similarly oriented and defective regions. If these regions are large enough to be

macroscopically discernible, the difference between the performance of the TFTs in

different regions will affect the quality of the devices utilizing those TFTs, for example,

causing visible variations in brightness across a display device.

[0064] As TFTs get smaller, the impact of film heterogeneity on the overall

performance increases. As the technology progresses, and as the number of pixels per unit

area increases, the size of each pixel TFT decreases as well. For example, pixel TFTs for

LCDs can have widths of 5 µm or even less. TFTs in integration areas or in OLEDs are

typically larger. As long as TFTs are so large that each covers a large number of different

metagrains , the average number and characteristics of defects in each TFTs can be

random and approximately similar to each other. Thus for large TFTs, the variation in

performance can be small among pixels and this results in an overall uniform performance

across the substrate. The outcome can be different when the ratio of the TFT size to the

grain size decreases, due to TFTs getting smaller, or grains getting larger, which is the

case for grains generated in directionally crystallized films.



[0065] When TFTs are so small that their sizes are of the order of the sizes of the

metagrains, the average number and characteristics of defects in a TFT as well as the

overall crystallographic orientation distribution in a TFT, can be a function of its location

within the film. The number and type of defects and thus the performance of TFTs located

near each other, within one type of metagrain, will be correlated. The performance of

pixels, specially the OLED pixel controller TFTs can be sensitive to the density and type

of crystal defects. Subsequently, among other things, this can cause a variation in pixel

brightness across a display using the TFTs on a directionally crystallized silicon film. For

example, due to this non-uniformity, pixels on the (10O)-RD metagrains show different

performance compared to pixels on the (HO)-RD metagrains. The difference in brightness

can cause patterns in accordance with location of metagrains on the display. In general,

when the size of heterogeneities, e.g., grain boundaries, in the crystal is around the same

scale or larger than a dimension of the device, e.g., the TFT, then multiple devices may

fall within a region of the film containing the same or correlated heterogeneities. Then, the

performances of these nearby devices will be correlated, or, their performances is not in

the average similar to the performance of devices in other regions of the film.

[0066] Fig. 11 also depicts a schematic example of the layout of TFTs with respect to

the grains. The TFTs are shown as a dotted line grid overlaying the film region 1100. Each

grid cell represents the channel area that can be used by one TFT. Fig. 11 demonstrates the

relative location and size of TFT channels with respect to grains. In some embodiments

not all gird cells are necessarily utilized in manufacturing a device. As seen in Fig. 11,

while moving from TFTs in the left columns to those in the right columns, the average

number of occlusions located in a TFT decreases systematically while the number of

subgrain boundaries increases systematically. The performance of a TFT is negatively

affected by the number of grain boundaries covered by it. Also the performance of a TFT

located in regions 1160 and 1170 is negatively affected due to the inhomogeneities and

defects formed in these regions. Since defective regions of ( 11O)-RD metagrains like 1160

generally grow along the direction of the scan, that is from left to right in Fig. 11, TFTs

located along this direction on this region show a similar performance degradation. In

general, if a TFT has a performance that is above the average, its neighbors along the



direction of the scan have a higher than random chance having a performance that is above

the average. And, if a TFT has a performance that is below the average, its left and right

neighbors along the direction of scan have a higher than random chance of having a

performance that is below the average. This causes a correlation among neighboring cells

and in general cells located close to each other and along the direction of the scan, which

creates a systematic variation of the performance of TFTs at a macroscopic level across

the substrate.

[0067] In order to reduce the non-uniformity among TFTs and the correlation among

their performances, before crystallization, TFT channel regions are prepared as spaced

apart elements on a substrate. The separation prevents the growth of correlated crystals

such as metagrains between different TFTs. In some embodiments, the silicon film is

patterned into areas or islands the length of which are chosen to be sufficiently short such

that metagrain or textured regions typically do not expand to the entire island. Moreover,

crystallization starts anew in each island, and each island represents early stages of

crystallization which has a generally random defect structure.

[0068] In other embodiments the patterned islands are on the order of one TFT or part

of a TFT, such that each TFT is formed of one or more islands that are crystallographically

disconnected from adjacent islands. Thus, crystal defects for each TFT are independent

and not correlated to the crystal defects for another TFT. In some embodiments, the

amorphous or polycrystalline silicon is provided only in those patterned islands allocated

for each TFT. The remaining material around the amorphous silicon island could either be

air or another gas, or it could be some non-crystallizable material, or amorphous silica that

is separated physically from the TFT area. In some embodiments, the laser scan is

performed across a large area or even the entire surface, covering one or more of the TFT

locations. Each TFT location will melt and crystallize within crystal grains that form

substantially independent from grains in the rest of the film. Using the patterned silicon

film can, for example, reduce the size of the metagrains and increase the variety of defects

formed inside each TFT device.

[0069] Fig. IA is a schematic illustration of a laterally crystallized rectangular

semiconductor island that can be subsequently used for TFT fabrication, according to



some embodiments. As the laser scan proceeds, for example from bottom to top, the

lateral crystallization starts at the edge of the island that is first hit by the pulsed beam, for

example at the bottom edge. Some grain boundaries like 102 grow generally in the same

direction as that of scan, and some new grain boundaries, like 104 appear inside a grain,

signifying the appearance of a new subgrain. Region 106 is an example of a metagrain

having three such subgrains, which together define the metagrain inside a grain which

originated at the start of the scan at the bottom. The total area of the island is crystallized

using directional line-scan SLS, and the total scan distance, in this example the distance D

from bottom to top, is sufficiently short that at the end of the scan the metagrain width will

be generally smaller than island width.

[0070] Fig. IB is a schematic illustration of a TFT device fabricated using a laterally

crystallized semiconductor island according to some embodiments. Fig. I B shows an

example of a TFT metallines for gate 134, source 132 and drain 136 in relation to an

island 133 similar to that of Fig. IA. In some embodiments, the area of the island under

the gate has a different doping level compared to the rest of the island. For example the

source and drain areas might be highly p-doped areas, while the grain area under the gate

might be not doped, or be only lightly doped.

[0071] Fig. 1C is a schematic illustration of an array 150 of laterally crystallized

semiconductor islands, according to some embodiments. Array 150 contains multiple

patterned islands 160. For example, as shown in Fig. 1C, each island can be shaped as a

rectangle, similar to the pattern shown in Fig. IA. The islands can also take other shapes

according to other embodiments, some of which are described below. In some

embodiments, these islands are originally formed out of silicon substrate before the

substrate is irradiated with laser. The islands are separated by the areas 170, which can be

made of a material that differs from that of the silicon islands, e.g. air, another gas, plastic

or other material. The material used for area 170 may abut or contact island 160, so long

as it does not alter the independent crystallization of the islands. It may be desirable to

include a thermally insulating material, in or underneath area 170, to protect the

underlying area from thermal damage.



[0072] As the laser beam scans a large area or even the entire surface, it will cover one

or more of the islands. Each island melts and crystallizes independently from the rest of

the islands. In the array of Fig. 1C, unlike the grid of Fig. 11, the islands are not connected

to each other, and thus the number and characteristics of grains and grain boundaries in

neighboring islands or closely located islands are not correlated. Each island can be used

to create one TFT or a portion of a TFT as described in greater detail below, and the

defects will be uniformly and randomly distributed among the TFTs. Thus on the average

the performance will be uniform across the substrate. While in Fig. 1C the islands in array

150 appear to show the same microstructure, in arrays formed by the above process, the

microstructures of the different islands will be independent and differ at least slightly from

one another, although on average the islands will tend to have approximately comparable

numbers and types of grain boundaries.

[0073] In some other embodiments, neighboring TFTs might share an island. These

TFTs can be located side by side in a direction perpendicular to the direction of laser scan.

In some other embodiments, the neighboring TFTs can be located at the same distance

away from an edge of the island where directional crystallization is reinitiated. Thus the

TFTs located with respect to each other along the direction of the laser scan do not share

an island and remain uncorrelated. The TFTs neighboring each other along the

perpendicular direction are also uncorrelated because the crystalline grains located in their

channel region grow from different seeds.

[0074] Fig. ID is a chart 190 of a method for fabricating TFT devices using laterally

crystallized semiconductor patterned islands, according to some embodiments. At 192 the

substrate is prepared with buffer and silicon layers, using techniques known to those of

skill in the art. At 193 the silicon layer is patterned into an array of islands, e.g., by using

conventional photolithography techniques. For example, in some embodiments, at 194 a

photoresist material can be deposited on the film surface, and subsequently at 195 exposed

to a light pattern consistent with the desired pattern of the array. At 196, the exposed

photoresist can be developed to leave photoresist "islands" according to the desired

pattern, and at 197 the silicon outside the photoresist islands is etched away, hi other



embodiments, at 193 other techniques, such as silk screening, ink-jet printing or imprint

techniques, can be used for patterning the silicon layer into the array of islands. In

different embodiments the islands are arranged in different patterns. For example, in some

embodiments the desired pattern is a set of islands according to the pattern shown in Fig.

1C. Also the technique of patterning the silicon film can be any other standard technique

appropriate for rendering the silicon film into the desired pattern.

[0075] Once the silicon layer is patterned, the islands are crystallized at 198, e.g., by

scanning the whole substrate or a subregion spanning one or more islands using the SLS

method. Such a scan can result in crystallization of the patterned region covered with

silicon. In some embodiments, the SLS is designed such that the laser beam covers the

whole width of the substrate and thus crystallizes all islands in one scan. In other

embodiments, the laser beam can cover and crystallize the islands through more than one

scan across the substrate. The length of the laser beam may cover one or more island or

even all islands along one cross section of the substrate. In some embodiments, the

characteristics of the laser beam and its motion can be chosen as that needed for

directional SLS. In other embodiments, they can be chosen as that of "2 shot" SLS.

[0076] At 199, the TFTs are fabricated using one or more crystallized islands, such

that no two TFTs share the same island. In some embodiments, no further patterning of the

silicon is required at this stage. Thus, the total number of lithographic steps can be

essentially the same as conventional processes which require patterning the film after its

crystallization. In some embodiments, the TFTs are formed by depositing and forming the

gate dielectric and metalline contact in the gate area, and then doping the TFT areas, for

example as a p-doped region. The presence of the gate substantially masks the gate area

from being doped and thus only the source and drain areas will be doped, while the gate

area will remain substantially undoped or lightly doped. Finally, the source and drain

contacts are formed on their corresponding areas.

[0077] In some embodiments, the film is patterned using methods other than a

lithographical method which requires one patterning step before crystallization and one

after crystallization. Less expensive patterning procedures can be applied in the first step



in order to create a "blanket" array of silicon lines. In these embodiments, the patterned

lines may not be as accurately placed at the start. Still the line width and spacing is

uniform and every device, whose width is a multiple of the line pitch (line width plus the

distance between lines, i..e, the space periodicity of the lines), will include the same

number of lines. In these embodiments, after crystallization, the lines may be patterned to

remove any Si outside of the device areas.

[0078] In some embodiments, printing techniques are used to print long lines of a

masking material (e.g., wax based material). Consequently, the unmasked parts of the film

are removed by etching. In other embodiments, silicon is directly printed, for example by

using silicon nano-particle solutions or special inks. In some other embodiments,

interference based patterning techniques are used to create the patterns. In these

embodiments, two coherent beams interfere and create an array of lines. In yet, some other

embodiments, soft lithography techniques are used, e.g., by stamping the arrays into a soft

layer after which the parts of silicon film under the depressed regions are removed by

etching.

[0079] Figs. 2A-2F show alternative island patterns that can be used according to

some embodiments. Fig. 2A shows a "stripe" patterned silicon island. The TFT spans a

plurality of stripes 201-204. Each stripe has a width W that is a fraction of the width of the

TFT channel, and a length L that is sufficient to make a device active area from source to

drain. The widths of metagrains, as shown in the Fig. 2A, are limited to that of the stripe-

shaped islands. Often, as a result of heat flow considerations, the island can actually

contain two metagrains that grow with a slightly inward deviation from the direction of the

scan. Striped patterns can confine metagrains or grains within one stripe form. In some

embodiments, there will be two grains physically confined within one stripe. The

performance of a TFT built using several stripes is based on the average properties of

those stripes, each of which typically contains two metagrains that each have different

defect densities and orientations.

[0080] Fig. 2B shows a cross section of a system 2000, using a striped patterned

silicon layer, in accordance with an embodiment. System 2000 contains silicon stripes



2002, formed over a layer 2004, made, for example, of silica or another intert material.

Layer 2004 is formed over a substrate 2006, made, for example, of glass or silicon. The

stripes 2002 have a width typically in the range 0.25 to 10 µm, and a thickness typically

below 1 µm, for example, a few hundreds of nanometers. The silica layer 2004 has a

thickness typically up to around a few microns, for example, between lOOnm to 2 µm.

[0081] Figs. 2C-2D, show SEM images of crystallized silicon stripes according to

some embodiments. The width of the stripes is around 5 µm in Fig. 2C and around 1 µm

in Fig. 2D. Both figures show perpendicular grain boundaries, extending from top to

bottom, and horizontal grain boundaries extending from sides towards the center and

intersecting the perpendicular grain boundaries. Note that for some stripes, grain

boundaries have been artificially enhanced in the picture for the purpose of illustration.

[0082] Fig. 2E shows one TFT 230 formed using striped patterns, according to some

embodiments. The source metal 232, gate metal 234, and drain metal 236 are formed such

that they overlay at least a portion of all stripes 233 contained in the TFT.

[0083] In some embodiments, stripe patterned islands are formed at nanometer scales,

that is with widths that are few to tens of nanometers. For nano-scale stripes, each device

can contain a larger number of stripes and thus properties of the device average better and

with less fluctuations. Striped patterned islands can be created using different methods. In

some embodiments the stripes are created by applying lithographical processes to the

silicon film. In some embodiments, nano-scale lithography is used to create nano-scale

stripes (also known as nano-wires). In some other embodiments, nano-wires are created

using known methods that utilize polymers that self-align into nanostructures. These

silicon nano-wires are subsequently crystallized, for example, using directional SLS.

[0084] Fig. 2F shows another striped pattern that can be used for forming one TFT

according to some embodiments hi this pattern striped islands connect to each other at

their ends and form the crystallized region 243. The location of the source metal 242, gate

metal 244 and drain metal 246 are shown. Compared with the embodiment in Fig. 2E, this

embodiment provides a larger contact area between the source and drain metal and the

silicon film, while still limiting the formation of metagrains in the channel region.



[0085] In some embodiments, striped patterns contain nano-scale stripes (nano-wires).

In these embodiments, known methods are used to create islands of nano-wires (see e.g.,

CT. Black, Applied Physics Letters, 87, 1631 16 (2005); Sang-Min Park, et. al, Advanced

Materials, 2007, 19, 607-61 1). The nano-wire islands are subsequently crystallized and

used for building TFTs.

[0086] Figs. 3A-3C depict one such method, using polymer nano-wires to create

silicon nano-wire islands, utilized in manufacturing TFTs. Fig. 3A shows a schematic

cross section of a system 3000 composed of a set of polymer nano-wires 3006, formed

over a silicon layer 3004 covering a substrate 3002. The substrate 3002 can, for example,

be made of Si-O2, or glass, or silicon, or plastic with an appropriate thermal buffer layer

on top.

[0087] This method, as, for instance, described in the references above, first creates a

trench 3008 in the silicon layer and then applies diblock copolymers which self align to

form polymer nano-wires 3006 over the silicon layer.

[0088] The method subsequently uses an etching process to remove those parts of the

silicon layer 3004 which are not masked by polymer nano-wires 3006. Fig. 3B shows a

schematic cross section of a system 3010, thus formed. The system includes a layer of

silicon nano-wires 3012 formed underneath the polymer nano-wires 3006.

[0089] The method next removes the polymer nano-wires 3006. Fig. 3C depicts a

schematic cross section of a system 3020 thus formed. System 3020 contains a set of

nano-wires 3012, over the substrate 3002. One advantage of using polymer nano-wires to

create silicon nano-wires is that polymer nano-wire show very little variation in their

width, since their dimension is dictated by the size of their constituent polymers. As a

result, silicon nano-wire stripes can be built with precisely defined widths.

[0090] Silicon nano-wire islands can be crystallized using directional SLS and utilized

in building devices as explained earlier. Crystallized silicon nano-wires are for example

useful in creating smaller precision devices, like those used in 3D IC. Moreover, due to

their large surface to volume ratios, nano-wires can require significantly lower, e.g., less

than half, beam energy densities to melt, and thus can reduce the risk of damages to the



substrate. This lower energy density is specifically important for substrates that can not

tolerate high energy densities. The lower required energy density also can increase the

throughput of a crystallization process. The lower energy density enables the technique to

spread the laser energy over a larger area or the use of a larger pulse rate for the laser

beam and thus enables covering a larger area of the film within the same time interval.

[0091] In some embodiments, prior to crystallization, the striped patterned silicon film

is covered by a capping layer. Fig. 4 depicts a cross section of a system 4000, using a

capping layer, in accordance with some embodiments. The system 4000 includes a set of

silicon stripes 4012 on a silica substrate 4008. The stripes are further covered by a capping

layer 4014, for example, made of silica. The system is then irradiated via laser beam 4016.

The capping layer, 4014, can prevent stripes 4012 from agglomeration upon melting and

help them preserve their uniform size. Such capping layer may specifically be useful for

narrower stripes, e.g., silicon nano-wires.

[0092] Under some circumstances, if the laser light beam irradiates the sample outside

of the islands, it can damage the substrate underneath, or, if the substrate is partially

transparent, it can even damage what is located below the substrate, e.g. on the sample

vacuum chuck. To avoid such damage, in some embodiments, the rest of the substrate

outside the islands is covered with a protective material, such as silicon or other thermally

shielding material, but in a way that each island remains disconnected from the rest of the

Si film by gaps.

[0093] Fig. 5A is a schematic illustration of such an array of laterally crystallized

semiconductor islands separated by gaps from a surrounding thin semiconductor film,

according to some embodiments. The pattern of array 5000 shown in Fig. 5A is similar to

the rectangular island array of Fig. 1C, but the same concept can be applied to any other

pattern and array. So in Fig. 5A, each island 5002 can represent the rectangular region 160

of Fig. 1C. Alternatively, island 5002, can represent the stripe set of island 233 in Fig. 2E

or the crystallized region 243 in Fig. 2F. Each island is formed disconnected by gaps

5004 from the rest of the surrounding film 5006. For such a substrate, as the laser beam

scans a large area or even the entire surface, it covers one or more of the islands. Each

island melts and crystallizes substantially independently from the rest of the substrate. At



the same time the rest of the film outside the islands substantially prevents the laser beam

from the substrate underneath the film.

[0094] In some other embodiments, in place of creating disconnected islands, before

crystallization, an etching mechanism is used remove some areas of the film outside the

location of the islands, such that the crystallization in each island starts anew. Fig. 5B

depicts a section of film 5010, etched in preparation for one such mechanism, in

accordance with one embodiment hi Fig. 5B, the direction of laser beam scan is from

bottom to top. Each silicon island 5012 is thus isolated from the island below it, by the gap

5014 that is etched away from the film before the laser beam is applied to the film. Thus,

the crystallization in each island 5012 starts anew and is not correlated to the

crystallization growth of the neighboring island below it. For some other embodiments,

after crystallization is complete, another lithographic procedure is performed to remove

the excess silicon outside TFT channel regions, in order to create transparent regions for

the device, e.g., the LCD pixel regions.

[0095] The grain structure of the islands or stripes may be further controlled by using

islands or stripes in a variety of shapes. Fig. 6A shows a schematic illustration of a variety

of shapes of laterally crystallized semiconductor islands, according to some embodiments.

Stripe 6002 is a simple rectangular shaped island that can be used for one TFT or as part

of a TFT in some embodiments. As mentioned, metagrains are confined within the island

and subgrain boundaries can form in grains laterally growing on this island. Stripes 6004

and 6006 are other shapes of islands or parts of islands used in some embodiments. In

these stripes, the overall orientation of the stripe is in the direction of the scan (for

example from bottom to top), but the local orientation deviates from a straight line along

the scan in such a way that the local orientation of metagrains changes during the scan and

sub-grain boundaries terminate during growth, upon hitting the boundary of the stripe.

This increases the randomness of defects within the island and the resultant uniformity of

TFT performance containing these stripes. For example stripe 6004 shows a "zigzag"

shaped island while stripe 6006 shows in a "curved" shaped island. In both embodiments,

the source and drain contacts are located at the two ends, using one or multiple stripes as

parts of one TFT.



[0096] As the detail of Fig. IA shows, generally the grain width in an island is not

uniform from beginning to end of the scan. The change in width can be, among other

factors, a result of the occlusions of grains which occur when a grain boundary terminates

after meeting another boundary. In Fig. IA, two examples of occluded subgrains 108 are

marked. The occlusion rate is relatively high at the beginning of the scan, and decreases as

the scan proceeds. To create a more uniform grain width throughout the length of the

island, patterns can be used that limit the number of starting grain seeds and thus reduce

the number of occlusions.

[0097] Fig. 7B is a schematic illustration of a variety of patterns of laterally

crystallized semiconductor islands with different end shapes, according to some

embodiments. These end shapes can limit the number of seeds for lateral growth by for

example decreasing for each island the surface area hit at the beginning of the scan, and

thus possibly limiting the number of seeds to one or a few. In all these examples the laser

beam scans the surface from bottom to top and thus the melting and subsequent

solidification for each island starts at the lower edge. In shapes 6012 and 6014, the lower

end is narrowed in order to essentially accommodate formation of very few, and possibly

only one grain seed. In shape 6016, the lower end has two pointed tips, to accommodate

formation of possibly as few as two grain seeds. These two seeds will possibly initiate the

growth of the two metagrains typically observed in one narrow island, as also seen in later

stages of the growth of some stripes in Fig. 2A. For shape 6018 the number of tips is

limited to three. Other kinds of shapes and tips can be used.

[0098] One can also make the characteristics of grains relatively random by tilting the

line of scan with respect to the direction of the island. Fig. 7A is a schematic illustration of

a non-tilted (perpendicularly oriented) laser beam used to crystallize a semiconductor

island according to some embodiments. In Fig. 7A, the axis of the laser beam 7010 is

perpendicular to the axis of the island 7001. As the laser scans the island from bottom to

top, the untreated amorphous silicon 7002 melts and solidifies into the polycrystalline

silicon 7004. The grain boundaries 7006 are formed more or less along the direction of

scan, perpendicular to the line of the laser beam . In contrast, Fig. 7B illustrates a tilted



laser beam used to crystallize a semiconductor island, according to some embodiments. In

Fig. 7B, the laser beam 7020 is set up to be non-perpendicular with respect to the axis of

the silicon island 7021. In the tilted scan of Fig. 7B grains and grain boundaries can

generally start forming on one side, for example closer to the right edge 7025 of the island.

As the scan progresses, once again grain boundaries 7026 grow more or less along the

direction of scan, and perpendicular to the line of the laser beam. These boundaries will

subsequently reach the left edge 7027 of the island and terminate. This process can result

in grains with random orientations and defect densities within one patterned silicon

because the grain characteristics are selected not by growth preference, which mainly

cause (100) or (HO)-RD metagrains, but just by the characteristics of grain that start

growing at the one side of patterned Si, which tend to be more stochastic.

[0099] One approach to configuring and implementing SLS involves the use of a

single line beam, which is scanned over the film at a constant scan velocity/laser

frequency combination in accordance with SLS processing requirements. This particular

scheme is referred to as "line-scan SLS". The use of high-repetition and high-power

pulsed lasers, in particular, can potentially permit line-scan SLS to attain high effective

crystallization rates, and thus can be well suited for high throughput production of TFT-

based AMLCDs and AMOLED displays.

[0100] A method using "line beam" SLS for processing a thin film is described with

reference to Figs. 9A-9C. Fig. 9A shows a region 9040 of a semiconductor film, e.g., an

amorphous silicon film prior to "directional" crystallization, and an irradiating laser pulse

in rectangular region 9060. The laser pulse melts the film in region 9060. The width of

the melted region is referred to as the molten zone width (MZW) marked by a double

headed arrow. It should be noted that the laser irradiation region is not drawn to scale in

Fig. 9A. In some embodiments, region 9040, can represent the area of on island in a

patterned film, similar to that illustrated in Fig. 9A. In other embodiments, region 9040

can represent an area of the film containing multiple or even all of the islands in a

patterned array, In some embodiments, the length of the region 9040 can be much greater

than the width, as indicated by lines 9045, 9046. This allows for a very long region of the

film to be irradiated, for example, which is as long or longer than the length of a display



that can be produced from the film. In some embodiments, the length of the laser

irradiation region substantially spans several devices or even the length or width of the

substrate. Using an appropriate laser source and optics, it is possible to generate a laser

beam that is 1000 mm long or even longer. In general, the width of the beam is

sufficiently narrow that the fluence of laser irradiation is high enough to completely melt

the irradiated region. In some embodiments, the width of the beam is sufficiently narrow

to avoid nucleation in the crystals that subsequently grow in the melted region. The laser

irradiation pattern, e.g., the image defined by the laser pulse, is spatially shaped using a

mask, slit, or focusing optics, for example.

[0101] After laser irradiation, the melted film begins to crystallize at the solid

boundaries of region 9060, and continues to crystallize inwards toward centerline 9080,

forming crystals such as exemplary crystal 9081. The distance the crystals grow, which is

also referred to as the characteristic lateral growth length ("characteristic LGL"), is a

function of the film composition, film thickness, the substrate temperature, the laser pulse

characteristics, the buffer layer material, if any, and the mask configuration, among other

things, and can be defined as the LGL that occurs when growth is limited only by the

occurrence of nucleation of solids in the supercooled liquid. For example, a typical

characteristic LGL for a 50 nm thick silicon film is approximately 1-5 µm, e.g., about 2.5

µm. When growth is limited by other laterally growing fronts, as is the case here, where

two fronts approach centerline 9080, the actual LGL can be less than the characteristic

LGL. In that case, the LGL is typically approximately one half the width of the molten

zone.

[0102] After the region 9060 is irradiated and subsequently laterally crystallized, the

silicon film can be advanced in the direction of crystal growth by a distance that is less

than the LGL, e.g., not more than 90% of the LGL. A subsequent laser pulse is then

directed at a new area of the silicon film. For the fabrication of "directional" crystals, e.g.,

crystals having significant extension along a specific axis, the subsequent pulse

substantially overlaps with an area that has already been crystallized. By advancing the

film by a small distance, the crystals produced by earlier pulses act as seed crystals for

subsequent crystallization of adjacent material. By repeating the process of advancing the



film by small steps, and irradiating the film with a laser pulse at least step, crystals are

made to grow laterally across the film, in the direction of the movement of the film

relative to the laser pulse.

[0103] Fig. 9B shows the region 9040 of the film after several iterations of moving the

film and irradiating with laser pulses. As is shown, an area 9020 that has been irradiated

by several pulses has formed elongated crystals that have grown in a direction

substantially perpendicular to the length of the irradiation pattern. Substantially

perpendicular means that a majority of lines formed by crystal boundaries 9030 could be

extended to intersect with dashed centerline 9080.

[0104] Fig. 9C shows the region 9040 of film after crystallization is almost complete.

The crystals have continued to grow in the direction of the movement of the film relative

to the irradiation region thereby forming a polycrystalline region. The film continues to

advance relative to irradiated regions, e.g., region 9060, by substantially equal distances.

Iterations of moving and irradiating the film are continued until the irradiated area reaches

the edge of a region of the film. By using a number of laser pulses to irradiate a region,

i.e., a small translation distance of the film between laser pulses, a film having highly

elongated grains can be produced. Such a grain structure is referred to as "directional"

because the grains are oriented in a clearly discernable direction. For further details, see

U.S. Patent No. 6,322,625, the entire contents of which are incorporated by reference.

[0105] Fig. 10 schematically depicts a line scan crystallization system 1000 using high

aspect ratio pulses. The system includes a laser pulse source 1002, operating for example

at 308 nm (XeCl) or 248 nm or 351 ran. A series of mirrors 1006, 1008, 1010 direct the

laser beam to a sample stage 1012, which is capable of sub-micron precision in the x- and

z- (and optionally y-) directions. The system also includes slit 1020 that can be used to

control the spatial profile of the laser beam and energy density meter 1016 to read the

reflection of the light off of slit 1020. Shutter 1028 can be used to block the beam when

no sample is present or no irradiation is desired. Sample 1030 can be positioned on stage

1012 for processing.

[0106] Laser-induced crystallization is typically accomplished by laser irradiation

using a wavelength of energy that can be at least partially absorbed by the film, with an



energy density, or fluence, high enough to melt the film. Although the film can be made

of any material susceptible to melt and recrystallization, silicon is useful for display

applications. In some embodiments, the laser pulses generated by the source 1002 have

an energy in the range of 50-200 mJ/pulse and a pulse repetition rate around 4000 Hz or

more. Excimer lasers currently available from Cymer, Inc. San Diego, California, can

achieve this output. Although an excimer laser system is described, it is appreciated that

other sources capable of providing laser pulses at least partially absorbable by a desired

film can be used. For example, the laser source can be any conventional laser source,

including but not limited to, excimer laser, continuous wave laser and solid-state laser.

The irradiation beam pulse can be generated by another known source or short energy

pulses suitable for melting a semiconductor can be used. Such known sources can be a

pulsed solid state laser, a chopped continuous wave laser, a pulsed electron beam and a

pulsed ion beam, etc.

[0107] The system optionally includes a pulse duration extender 1014 that is used to

control the temporal profile of the laser pulses. Optional mirror 1004 can be used to direct

the laser beam into extender 1014, in which case mirror 1006 would be removed. Since

crystal growth can be a function of the duration of the laser pulse used to irradiate the film,

pulse duration extender 1014 can be used to lengthen the duration of each laser pulse to

achieve a desired pulse duration. Methods of extending pulse durations are known.

[0108] Slit 1020 can be used to control the spatial profile of the laser beam.

Specifically, it is used to give the beam a high aspect ratio profile. The laser beam from

source 1002 can have a Gaussian profile, for example. Slit 1020 significantly narrows one

spatial dimension of the beam. For example, before slit 1020, the beam can be between 10

and 15 mm wide and 10 to 30 mm long. The slit could be substantially thinner than the

width, for example about 300 microns wide, which results in a laser pulse that has a short

axis of about 300 microns, and a long axis that can be unmodified by the slit. Slit 1020 is

a simple method of producing a narrow beam from a relatively wide beam, and also has

the benefit of providing a 'top hat' spatial profile, which has a relatively uniform energy

density across the short axis hi another embodiment, instead of using slit 1020, a very

short focal length lens can be used to tightly focus one dimension of a laser beam onto the



silicon film. It is also possible to focus the beam onto the slit 1020; or, more generally,

using optical elements (e.g., a simple cylindrical lens) to narrow the short axis of the beam

from source 1002 so that less energy is lost upon passing slit 1020 yet some sharpening is

achieved.

[0109] The laser beam is then modified using two fused silica cylindrical lenses 1020,

1022. The first lens 1020, which is a negative focal length lens, expands the size of the

long axis of the beam, the profile of which can be relatively uniform, or can have gradual

changes that are not apparent over the length of the long axis. The second lens 1022 is a

positive focal length lens that reduces the size of the short axis. The projection optics

reduce the size of the laser beam in at least the short dimension, which increases the

fluence of the laser pulse when it irradiates the film. The projection optics can be a

multiple-optic system that reduces the size of the laser beam in at least the short dimension

by a factor of 10-30x, for example. The projection optics can also be used to correct for

spatial aberrations in the laser pulses, for example, spherical aberrations. In general, the

combination of slit 1020, lenses 1020, 1022, and the projection optics is used to ensure

that each laser pulse irradiates the film with an energy density that is high enough to melt

the film, with a homogeneity and length along the long axis that is sufficiently long to

minimize or eliminate variations of the crystallization of the film. Thus, for example, a

300 micron wide beam is reduced to, for example, a 10 micron width. Narrower widths

are also contemplated. Homogenizers can also be used on the short axis.

[0110] In some embodiments, the line scan crystallization system 1000 can include a

variable attenuator and/or a homogenizer, which can be used to improve the spatial

homogeneity along the long axis of the laser beam. The variable attenuator can have a

dynamic range capable of adjusting the energy density of the generated laser beam pulses.

The homogenizer can consist of one or two pairs of lens arrays (two lens arrays for each

beam axis) that are capable of generating a laser beam pulses that have uniform energy

density profiles.

[0111] In general, the film itself is not required to move during crystallization; the

laser beam or a mask defining the laser beam shape could be scanned across the film

instead to provide a relative motion of the irradiated region and the film. However,



moving the film relative to the laser beam can provide improved uniformity of the laser

beam during each subsequent irradiation event.

[0112] The line scan crystallization system can be configured to create a long and

narrow laser beam that measures, for example, about 4-15 µm on the short axis and can be

50-100 microns on the long axis in some embodiments, and tens of centimeters or up to

more than one meter on the long axis in other embodiments. In general the aspect ratio of

the beam is high enough that the irradiated region can be considered a "line." The length

to width aspect ratio can be in the range of about 50 up to about 1x1 05 or more, for

example hi one or more embodiments, the width of the short axis does not exceed the

width of twice the characteristic lateral growth length of the laterally solidified crystals, so

that no nucleated polysilicon is formed between the two laterally grown areas. This is

useful for the growth of "uniform" crystals and also for the general improvement of crystal

quality. The desired length of the long axis of the laser beam can be dictated by the size of

the substrate, and the long axis can extend substantially along the entire length of the

substrate, or of the display to be fabricated (or a multitude thereof), or of a single TFT

device in the display, or a TFT circuit on the periphery of the display (e.g., containing

drivers) or in other words the integration area. The beam length can in fact also be dictated

by the dimension of the integration areas of two adjacent displays combined. The energy

density, or fluence, along the length of the beam can be made substantially uniform, for

example, such that it varies by no more than 5% along its entire length. In other

embodiments, the energy density along the length of the beam covering the length of

interest is of a sufficiently low value that no agglomeration occurs in either one or as a

result of a series of overlapping pulses. Agglomeration is a result of localized high energy

density that can lead to film disruption.

[0113] Some other embodiments, use a directional crystallization method, for example

directional SLS, such that while some crystallized regions of neighboring TFTs can be

correlated, due to averaging, TFTs have uncorrelated properties. Fig. 12 depicts one such

embodiment hi these embodiments, each TFT channel 1202 (shown in broken line

rectangles) covers multiple stripes, and thus grains and grain boundaries, such that their

properties average over the areas of the channel. For TFT's that neighbor each other along



the direction of the laser scan, grains that are located in the same stripe could be

correlated. But since each TFT covers multiple uncorrelated stripes, the overall property of

each TFT is averaged over multiple stripes and is not correlated with the neighboring TFT.

[0114] Further details of line-scan SLS can be found in U.S. Patent Application No.

11/293,655, filed December 2, 2005 and entitled "Line Scan Sequential Lateral

Solidification of Thin Films," the entire contents of which are incorporated herein by

reference.

[0115] While there have been shown and described examples of the present invention,

it will be readily apparent to those skilled in the art that various changes and modifications

can be made therein without departing from the scope of the invention. Those skilled in

the art will recognize, or be able to ascertain, using no more than routine experimentation,

numerous equivalents to the specific compositions and procedures described herein. Such

equivalents are considered to be within the scope of this invention, and are covered by the

following claims.



CLAIMS

1. A display device, comprising:

a plurality of thin film transistors (TFTs) on a substrate, said TFTs spaced

apart from each other and each including a channel region that has a crystalline

microstructure and a direction along which a channel current flows,

wherein the channel region of each of the plurality of the TFTs contains a

crystallographic grain that spans the length of that channel region along its channel

direction, and wherein each crystallographic grain in the channel region of each of

the plurality of TFTs is physically disconnected from and crystallographically

uncorrelated with each crystallographic grain in the channel region of each

adjacent TFT.

2. The display device of claim 1, wherein the channel region of each of the plurality of

TFTs includes a plurality of crystalline stripes, each spanning the length of the channel

region along its channel direction, and wherein each crystalline stripe of the plurality of

stripes is physically disconnected from and crystallographically uncorrelated with other

stripes of the plurality of stripes in that channel region or in the channel regions of

adjacent TFTs.

3. The display device of claim 2, wherein one or more of the plurality of crystalline

stripes are nano-wires.

4. The display device of claim 2, wherein one or more of the plurality of stripes is a non-

straight stripe, wherein each of the non-straight stripes connects a first base line portion to

a second base line portion, while not covering the whole area of the quadrilateral formed



by the first and the second base line portions and a first and a second side line portions,

wherein the first side line portion connects a first end of the first base line portion with a

first end of the second base line portion, and wherein the second side line portion

connects a second end of the first base line portion with a second end of the second base

line portion.

5. The display device of claim 1, wherein outside the plurality of the TFTs, the substrate

is covered by a material different from the material used by the TFTs.

6. The display device of claim 1, further comprising a capping layer on top of the

plurality of TFTs.

7. The display device of claim 1, wherein the channel region of each of the plurality of

TFTs contains crystallized silicon.

8. The display device of claim 1, wherein the channel region of each of the plurality of

TFTs includes a source region at one end and a drain region at the other end, and wherein

each channel region of the plurality of channel regions includes a plurality of crystalline

stripes, and

wherein for each channel region, each stripe spans the length of that channel region

between the source region and the drain region, and inside the source region and the drain

region, each crystalline stripe is physically connected to an adjacent crystalline stripe, and



wherein each of the plurality of crystalline stripes of each channel region is

physically disconnected from and crystallographically uncorrelated with each of the

plurality of crystalline stripes in the channel regions of adjacent TFTs.

9. An article, used in manufacturing display devices, comprising:

a substrate; and

a plurality of crystalline islands located on substrate and spaced apart from

each other,

wherein each of the plurality of crystalline islands includes a

crystallographic grain that spans the whole length of one dimension of that

crystalline island, and wherein each crystallographic grain in each of the plurality

of crystalline islands is physically disconnected from and crystallographically

uncorrelated with each crystallographic grain in each adjacent crystalline island.

10. The article of claim 9, wherein each crystalline island includes a plurality of

crystalline stripes, each spanning the whole length of one dimension of that crystalline

island, and wherein each crystalline stripe of the plurality of stripes is physically

disconnected from and crystallographically uncorrelated with other stripes in the plurality

of stripes in that crystalline island or in the adjacent crystalline islands.

11. The article of claim 10, wherein one or more of the plurality of crystalline stripes are

nano-wires.

12. The article of claim 10, wherein one or more of the plurality of stripes is a non-

straight stripe, wherein each of the non-straight stripes connects a first base line portion to



a second base line portion, while not covering the whole area of the quadrilateral formed

by the first and the second base line portions and a first and a second side line portions,

wherein the first side line portion connects a first end of the first base line portion with a

first end of the second base line portion, and wherein the second side line portion

connects a second end of the first base line portion with a second end of the second base

line portion.

13. The article of claim 9, wherein outside the plurality of crystalline islands, the

substrate is covered by a material different from the material used by crystalline islands.

14. A method of manufacturing display devices comprised of a plurality of thin films

transistors (TFTs) on a substrate, the method comprising the steps of:

adding a amorphous or multicrystalline silicon layer over the substrate;

patterning the silicon layer into a plurality of silicon islands that are physically

disconnected;

crystallizing the plurality of silicon islands by applying line scan sequential lateral

solidification; and

fabricating the plurality of TFTs, wherein each TFT uses one or more of the

plurality of silicon islands and wherein none of the plurality of silicon islands is used by

two of the plurality of TFTs.

15. The method of claim 14, wherein patterning the silicon layer is comprised of

depositing a photoresist on the substrate, exposing the photoresist to a light patterned in

accordance with the shapes and locations of the plurality of silicon islands, developing the



photoresist, and etching away the content of the silicon layer outside the location of the

plurality of silicon islands.

16. The method of claim 14, wherein patterning the silicon layer includes patterning the

silicon layer into a plurality of islands, each of which includes a plurality of stripes, each

stripe spanning one dimension of the corresponding island, wherein each stripe of the

plurality of stripes is physically disconnected from other stripes of the plurality of stripes

in the corresponding island or in adjacent islands.

17. The method of claim 16, wherein one or more of the plurality of stripes are nano-

wires.

18. The method of claim 17, wherein line scan sequential lateral solidification uses a

laser beam that is shaped as a rectangle and wherein the angle between the long axis of the

rectangle and the long axis of the plurality of stripes is more than zero degrees.

19. The method of claim 14, further comprising covering the plurality of islands with a

capping layer before applying line scan sequential lateral solidification.

20. The method of claim 19, wherein the capping layer includes silica.
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