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(57) ABSTRACT 

A maskless lithography system that Writes patterns on an 
object. The system can include an illumination system, the 
object, spatial light modulators (SLMs), and a controller. 
The SLMs can pattern light from the illumination system 
before the object receives the light. The SLMs can include 
a leading set and a trailing set of the SLMs. The SLMs in the 
leading and trailing sets change based on a scanning direc 
tion of the object. The controller can transmit control signals 
to the SLMs based on at least one of light pulse period 
information, physical layout information about the SLMs, 
and scanning speed of the object. The system can also 
correct for dose non-uniformity using various methods. 
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MASKLESS LITHOGRAPHY SYSTEMS AND 
METHODS UTILIZING SPATIAL LIGHT 

MODULATOR ARRAYS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional application of US. 
application Ser. No. 10/449,908, ?led May 30, 2003, Which 
is incorporated by reference herein in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to lithog 
raphy. More particularly, the present invention relates to 
maskless lithography. 

[0004] 2. Related Art 

[0005] Lithography is a process used to create features on 
the surface of substrates. Such substrates can include those 
used in the manufacture of ?at panel displays (e.g., liquid 
crystal displays), circuit boards, various integrated circuits, 
and the like. A frequently used substrate for such applica 
tions is a semiconductor Wafer or glass substrate. While this 
description is Written in terms of a semiconductor Wafer for 
illustrative purposes, one skilled in the art Would recogniZe 
that this description also applies to other types of substrates 
knoWn to those skilled in the art. 

[0006] During lithography, a Wafer, Which is disposed on 
a Wafer stage, is exposed to an image projected onto the 
surface of the Wafer by exposure optics located Within a 
lithography apparatus. While exposure optics are used in the 
case of photolithography, a different type of exposure appa 
ratus can be used depending on the particular application. 
For example, x-ray, ion, electron, or photon lithography each 
can require a different exposure apparatus, as is knoWn to 
those skilled in the art. The particular example of photoli 
thography is discussed here for illustrative purposes only. 

[0007] The projected image produces changes in the char 
acteristics of a layer, for example photoresist, deposited on 
the surface of the Wafer. These changes correspond to the 
features projected onto the Wafer during exposure. Subse 
quent to exposure, the layer can be etched to produce a 
patterned layer. The pattern corresponds to those features 
projected onto the Wafer during exposure. This patterned 
layer is then used to remove or further process exposed 
portions of underlying structural layers Within the Wafer, 
such as conductive, semiconductive, or insulative layers. 
This process is then repeated, together With other steps, until 
the desired features have been formed on the surface, or in 
various layers, of the Wafer. 

[0008] Step-and-scan technology Works in conjunction 
With a projection optics system that has a narroW imaging 
slot. Rather than expose the entire Wafer at one time, 
individual ?elds are scanned onto the Wafer one at a time. 
This is accomplished by moving the Wafer and reticle 
simultaneously such that the imaging slot is moved across 
the ?eld during the scan. The Wafer stage must then be 
asynchronously stepped betWeen ?eld exposures to alloW 
multiple copies of the reticle pattern to be exposed over the 
Wafer surface. In this manner, the quality of the image 
projected onto the Wafer is maximized. 
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[0009] Conventional lithographic systems and methods 
form images on a semiconductor Wafer. The system typically 
has a lithographic chamber that is designed to contain an 
apparatus that performs the process of image formation on 
the semiconductor Wafer. The chamber can be designed to 
have different gas mixtures and grades of vacuum depending 
on the Wavelength of light being used. Areticle is positioned 
inside the chamber. A beam of light is passed from an 
illumination source (located outside the system) through an 
optical system, an image outline on the reticle, and a second 
optical system before interacting With a semiconductor 
Wafer. 

[0010] A plurality of reticles are required to fabricate a 
device on the substrate. These reticles are becoming increas 
ingly costly and time consuming to manufacture due to the 
feature siZes and the exacting tolerances required for small 
feature siZes. Also, a reticle can only be used for a certain 
period of time before being Worn out. Further costs are 
routinely incurred if a reticle is not Within a certain tolerance 
or When the reticle is damaged. Thus, the manufacture of 
Wafers using reticles is becoming increasingly, and possibly 
prohibitively expensive. 

[0011] In order to overcome these draWbacks, maskless 
(e.g., direct Write, digital, etc.) lithography systems have 
been developed. The maskless system replaces a reticle With 
a spatial light modulator (SLM) (e.g., a digital micromirror 
device (DMD), a liquid crystal display (LCD), or the like). 
The SLM includes an array of active areas (e.g., mirrors or 
transmissive areas) that are either ON or OFF to form a 
desired pattern. Apredetermined and previously stored algo 
rithm based on a desired exposure pattern is used to turn ON 
and OFF the active areas. 

[0012] Conventional SLM-based Writing systems (e.g., 
Micronic’s Sigma 7000 series tools) use one SLM as the 
pattern generator. To achieve lineWidth and line placement 
speci?cations, gray scaling is used. For analog SLMs, gray 
scaling is achieved by controlling mirror tilt angle (e.g., 
Micronic SLM) or polariZation angle (e. g., LCD). For digital 
SLMs (e. g., TI DMD), gray scaling is achieved by numerous 
passes or pulses, Where for each pass or pulse the pixel can 
be sWitched either ON or OFF depending on the level of 
gray desired. Because of the total area on the substrate to be 
printed, the spacing betWeen active areas, the timing of light 
pulses, and the movement of the substrate, several passes of 
the substrate are required to expose all desired areas. This 
results in loW throughput (number of pixels packed into an 
individual optical ?eld/number of repeat passes required 
over the substrate) and increased time to fabricate devices. 
Furthermore, using only one SLM requires more pulses of 
light or more exposure time to increase gray scale. This can 
lead to unacceptably loW levels of throughput. 

[0013] Therefore, What is needed is a maskless lithogra 
phy system and method that can expose all desired areas on 
a substrate for each pattern during only one pass of a 
substrate. 

SUMMARY OF THE INVENTION 

[0014] The present invention provides a maskless lithog 
raphy system. The system can include an illumination sys 
tem, an object, spatial light modulators (SLMs), and a 
controller. The SLMs can pattern light from the illumination 
system before the object receives the light. The SLMs can 
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include a leading set and a trailing set of the SLMs. The 
SLMs in the leading and trailing sets change based on a 
scanning direction of the object. The controller can generate 
control signals to the SLMs based on at least one of light 
pulse period information, physical layout information about 
the SLMs, and scanning speed of the object. 

[0015] Other embodiments of the present invention pro 
vide a method for controlling dose in maskless lithography. 
The method includes measuring a dose delivered in each 
pulse in a series of pulses from SLMs, calculating a dose 
error based on the measuring steps, calculating a correc 
tional blanket dose based on the dose error, and applying the 
correctional blanket dose using a ?nal set of SLMs. 

[0016] Still other embodiments of the present invention 
include a method for controlling dose in maskless lithogra 
phy. The method includes measuring an intensity of a dose 
from a leading set of SLMs, subtracting the measured 
intensity from a predetermined value to generate an error 
signal, delaying the error signal, adding the delayed signal 
another predetermined value to generate a control signal, 
and using the control signal to control dose from a trailing 
set of SLMs. 

[0017] Further embodiments, features, and advantages of 
the present inventions, as Well as the structure and operation 
of the various embodiments of the present invention, are 
described in detail beloW With reference to the accompany 
ing draWings. 

BRIEF DESCRIPTION OF THE 
DRAWINGS/FIGURES 

[0018] The accompanying draWings, Which are incorpo 
rated herein and form a part of the speci?cation, illustrate the 
present invention and, together With the description, further 
serve to eXplain the principles of the invention and to enable 
a person skilled in the pertinent art to make and use the 
invention. 

[0019] FIG. 1 shoWs a maskless lithography system hav 
ing re?ective spatial light modulators according to embodi 
ments of the present invention 

[0020] FIG. 2 shoWs a maskless lithography system hav 
ing transmission spatial light modulators according to 
embodiments of the present invention. 

[0021] FIG. 3 shoWs a spatial light modulator according 
to an embodiment of the present invention. 

[0022] FIG. 4 shoWs more details of the spatial light 
modulator in FIG. 3. 

[0023] FIGS. 5, 6, 7, 8, 9, and 10 shoW tWo-dimensional 
arrays of spatial light modulators according to various 
embodiments of the present invention. 

[0024] FIG. 11 shoWs an eXposure diagram for sequential 
pulses of light from an illumination source according to 
various embodiments of the present invention. 

[0025] FIG. 12 is a system 1200 that can control dose 
and/or uniformity for a multiple SLM pattern generation 
array, according to an embodiment of the present invention. 

[0026] FIG. 13 is a How chart depicting a method accord 
ing to embodiments of the present invention. 
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[0027] FIGS. 14 and 15 shoW tWo-dimensional arrays of 
spatial light modulators according to various embodiments 
of the present invention. 

[0028] The present invention Will noW be described With 
reference to the accompanying draWings. In the draWings, 
like reference numbers may indicate identical or function 
ally similar elements. Additionally, the left-most digit(s) of 
a reference number may identify the draWing in Which the 
reference number ?rst appears. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0029] OvervieW 

[0030] While speci?c con?gurations and arrangements are 
discussed, it should be understood that this is done for 
illustrative purposes only. A person skilled in the pertinent 
art Will recogniZe that other con?gurations and arrangements 
can be used Without departing from the spirit and scope of 
the present invention. It Will be apparent to a person skilled 
in the pertinent art that this invention can also be employed 
in a variety of other applications. 

[0031] An embodiment of the present invention utiliZes an 
array of SLMs in a maskless lithography system in order to 
alloW for multiple eXposures to the same area on an object 
surface during each scanning pass. Using the array of SLMs 
can increase throughput and loWer costs compared to con 
ventional maskless systems using only one SLM. 

[0032] By integrating multiple SLMs into one mechanical 
assembly, a ?eld replaceable unit can be made. This unit 
could integrate mechanical and thermal stability, cooling 
channels, purge gas channels, and electrical connections. 
Drive electronics, including Wiring, memory, and proces 
sors, could also be integrated into assembly 500, either on a 
backside or in the empty space on a front side of assembly 
500. 

[0033] Maskless Lithography Systems 

[0034] FIG. 1 shoWs a maskless lithography system 100 
according to an embodiment of the present invention. Sys 
tem 100 includes an illumination system 102 that transmits 
light to a re?ective spatial light modulator 104 (e.g., a digital 
micromirror device (DMD), a re?ective liquid crystal dis 
play (LCD), or the like) via a beam splitter 106 and SLM 
optics 108. SLM 104 is used to pattern the light in place of 
a reticle in traditional lithography systems. Patterned light 
re?ected from SLM 104 is passed through beam splitter 106 
and projection optics 110 and Written on an object 112 (e.g., 
a substrate, a semiconductor Wafer, a glass substrate for a ?at 
panel display, or the like). 

[0035] It is to be appreciated that illumination optics can 
be housed Within illumination system 102, as is knoWn in the 
relevant art. It is also to be appreciated that SLM optics 108 
and projection optics 110 can include any combination of 
optical elements required to direct light onto desired areas of 
SLM 104 and/or object 112, as is knoWn in the relevant art. 

[0036] In alternative embodiments, either one or both of 
illumination system 102 and SLM 104 can be coupled to or 
have integral controllers 114 and 116, respectively. Control 
ler 114 can be used to adjust illumination source 102 based 
on feedback from system 100 or to perform calibration. 
Controller 116 can also be used for adjustment and/or 
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calibration. Alternatively, controller 116 can be used for 
turning ON and OFF active devices (e.g., pixels, mirrors, 
locations, etc.) 302 (see FIG. 3) on SLM 104, as Was 
described above, to generate a pattern used to expose object 
112. Controller 116 can either have integral storage or be 
coupled to a storage element (not shoWn) With predeter 
mined information and/or algorithms used to generate the 
pattern or patterns. 

[0037] FIG. 2 shoWs a maskless lithography system 200 
according to a further embodiment of the present invention. 
System 200 includes an illumination source 202 that trans 
mits light through a SLM 204 (e.g., a transmissive LCD, or 
the like) to pattern the light. The patterned light is transmit 
ted through projection optics 210 to Write the pattern on a 
surface of an object 212. In this embodiment, SLM 204 is a 
transmissive SLM, such as a liquid crystal display, or the 
like. Similar to above, either one or both of illumination 
source 202 and SLM 204 can be coupled to or integral With 
controllers 214 and 216, respectively. Controllers 214 and 
216 can perform similar functions as controller 114 and 116 
described above, and as knoWn in the art. 

[0038] Example SLMs that can be used in systems 100 or 
200 are manufactured by Micronic Laser Systems AB of 
SWeden and Fraunhofer Institute for Circuits and Systems of 
Germany. 

[0039] Merely for convenience, reference Will be made 
only to system 100 beloW. HoWever, all concepts discussed 
beloW can also apply to system 200, as Would be known to 
someone skilled in the relevant arts. 

[0040] FIG. 3 shoWs details of an active area 300 of SLM 
104. Active area 300 includes an array of active devices 302 
(represented by dotted patterns in the ?gure). Active devices 
302 can be mirrors on a DMD or locations on a LCD. It is 

to be appreciated that active devices 302 can also be referred 
to as pixels, as is knoWn in the relevant art. By adjusting the 
physical characteristics of active devices 302, they can be 
seen as being either ON or OFF. Digital or analog input 
signals based on a desired pattern are used to turn ON and 
OFF various active devices 302. In some embodiments, an 
actual pattern being Written to object 112 can be detected and 
a determination can be made Whether the pattern is outside 
an acceptable tolerance. If so, controller 116 can be used to 
generate analog or digital control signals in real time to 
?ne-tune (e.g., calibrate, adjust, etc.) the pattern being 
generated by SLM 104. 

[0041] FIG. 4 shoWs further details of SLM 104. SLM 
104 can include an inactive packaging 400 surrounding 
active area 300. Also, in alternative embodiments, a main 
controller 402 can be coupled to each SLM controller 116 to 
monitor and control an array of SLMs (see discussion 
beloW). As discussed beloW, adjacent SLMs may be offset or 
staggered With respect to each other in other embodiments. 

[0042] Spatial Light Modulator Array Con?gurations 

[0043] FIG. 5 shoWs an assembly 500 including a support 
device 502 that receives an array of SLMs 104. In various 
embodiments, as described in more detail beloW, the array of 
SLMs 104 can have varying numbers of columns, roWs, 
SLMs per column, SLMs per roW, etc., based on a number 
of desired exposures per pulse, or other criteria of a user. The 
SLMs 104 can be coupled to a support device 502. Support 
device 502 can have thermal control areas 504 (e.g., Water 
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or air channels, etc.), areas for control logic and related 
circuitry (e.g., see FIG. 4 shoWing elements 116 and ele 
ment 402, Which can be ASICs, A/D converters, D/A con 
verters, ?ber optics for streaming data, etc.), and WindoWs 
506 (formed Within the dashed shapes) that receive SLMs 
104, as is knoWn in the relevant art. Support device 502, 
SLMs 104, and all peripheral cooling or control devices are 
referred to as an assembly. Assembly 500 can alloW for a 
desired step siZe to produce the desired stitching (e.g., 
connecting of adjacent elements of features on object 112) 
and overlap for leading and trailing SLMs 104. By Way of 
example, support device 502 can be 250 mm><250 mm (12 
in><12 in) or 300 mm><300 mm (10 in><10 in). Support device 
502 can be used for thermal management based on being 
manufactured from a temperature stable material. 

[0044] Support device 502 can be utiliZed as a mechanical 
backbone to ensure spacing control of SLMs 104 and for 
embedding the circuitry and the thermal controls areas 504. 
Any electronics can be mounted on either or both of a 
backside and front side of support device 502. For example, 
When using analog based SLMs or electronics, Wires can be 
coupled from control or coupling systems 504 to active areas 
300. Based on being mounted on support device 502, these 
Wires can be relatively shorter, Which reduces attenuation of 
analog signals compared to a case Where the circuitry is 
remote from the support device 502. Also, having short links 
betWeen the circuitry and active areas 300 can increase 
communication speed, and thus increase pattern readjust 
ment speed in real time. 

[0045] In some embodiments, When SLM 104 or electrical 
devices in the circuitry Wear out, assembly 500 can easily be 
replaced. Although it Would appear replacing assembly 500 
is more costly than just a chip on assembly 500, it is in fact 
easier and quicker to replace the entire assembly 500, Which 
can save production costs. Also, assembly 500 can be 
refurbished, alloWing for a reduction in replacement parts if 
end users are Willing to use refurbished assemblies 500. 
Once assembly 500 is replaced, only veri?cation of the an 
overall alignment is needed before resuming fabrication. In 
some examples, kinematic mounting techniques can be used 
to alloW for repeatable mechanical alignments of assembly 
500 during ?eld replacements. This may eliminate a need for 
any optical adjustment of assembly 500. 

[0046] FIGS. 6, 7, 8, 9, and 10 shoW hoW one exposure 
area of object 112 is patterned by a section of an SLM array. 
Thus, the ?gures shoW hoW the section of the SLM array Will 
look from the perspective of the one exposure area of object 
112. 

[0047] FIGS. 6 and 7 shoW alternative embodiments for 
hoW sections 650 and 750 of an array of SLMs 104 Will fall 
Within exposure areas 660 and 760, respectively. Sections 
650 and 750 both include four columns having tWo equiva 
lent SLMs 104 each. Thus, sections 650 and 750 include 
eight equivalent SLMs 104. SLMs 104 in one column can be 
staggered With respect to SLMs 104 in adjacent columns. 
Each column is spaced a Width of one-half an active area 300 
apart. 

[0048] In one example, active area 300 can be 4.8 mm><30 
mm and each active device 302 can be about 6 pm><6 pm. 
This can produce about 150x magni?cation. In this example, 
if an entire SLM 104 is about 4 megapixels (e.g., 4096 active 
devices 302><l024 active devices 302), each section 650 or 
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750 can be about 797 pm><240 pm and each exposure area 
660 or 760 can be about 120 mm><36 mm. 

[0049] In this example, there is about a 4.8 nm step siZe 
betWeen light pulses at a SLM plane and about a 34 pm step 
betWeen exposure periods at an object plane. Object 112 can 
be moving at approximately 128 mm/sec in a direction of 
arroW A. A data refresh rate and/or pulse rate of illumination 
source can be around 4 kHZ. With these parameters, an 
expected throughput of up to about 5 Wafers per hour (Wph) 
can be possible. Thus, if an object’s speed Was about one 
active area Width traveled per light pulse, each exposure area 
660 and 760 Would receive tWo pulses of light during each 
scan period of object 112. 

[0050] FIG. 8 shoWs another embodiment of an array of 
SLMs 104 having a section 850 Writing to exposure an area 
860. Section 850 includes eight columns having four SLMs 
104 each. Thus, section 850 includes 32 SLMs 104. SLMs 
104 in one column can be staggered With respect to SLMs 
104 in adjacent columns. Each column is spaced a Width of 
one-half an active area 300 apart. 

[0051] In one example, active area 300 can be about 8.192 
mm><32.768 mm and each active device 302 can be about 6 
pm><6 pm. This can produce about 400>< magni?cation. In 
this example, if an entire SLM 104 is about 1 megapixel 
(e. g., 2048 active devices 302x512 active devices 302). each 
section 850 can be about 567.5 pm><344 pm and each 
exposure area 860 can be about 227 mm><137.2 mm. 

[0052] In this example, there is about a 16.4 mm step siZe 
betWeen light pulses at a SLM plane and about a 43.52 pm 
step betWeen exposure periods at an object plane. Object 112 
can be moving at approximately 40.96 mm/sec in a direction 
of arroW B. A data refresh rate and/or pulse rate of illumi 
nation source can be around 1 kHZ. With these parameters, 
an expected throughput of up to about 1.2 Wph can be 
possible. Thus, if an object’s speed Was about tWo active 
area Widths traveled per light pulse, each exposure area 860 
Would receive tWo pulses of light during each scan period of 
object 112. In an alternative example, if an object’s speed 
Was about one active area Width traveled per light pulse, 
each exposure area 860 Would receive four pulses of light 
during each scan period of object 112. 

[0053] FIG. 9 shoWs another embodiment of an array of 
SLMs 104 having a section 950 Writing to an exposure area 
960. Section 950 includes six columns alternating betWeen 
having three or four SLMs 104. Thus, section 950 includes 
14 SLMs 104. SLMs 104 in one column can be staggered 
With respect to SLMs 104 in adjacent columns. Each column 
is spaced one Width of one active area apart. 

[0054] In one example, active area 300 can be about 8.192 
mm><32.768 mm and each active device 302 can be about 6 
pm><6 pm. This can produce about 400>< magni?cation. In 
this example, if an entire SLM 104 is about 1 megapixel 
(e.g., 2048 active devices 302x512 active devices), each 
section 950 can be about 567.5 pm><344 pm and each 
exposure area 960 can be about 227 mm><137.2 mm. 

[0055] In this example, there is about a 8.2 mm step siZe 
betWeen light pulses at a SLM plane and about a 21.76 pm 
step betWeen exposure periods at an object plane. Object 112 
can be moving at approximately 1 KhZ or 20.48 mm/sec in 
a direction of arroW C. With these parameters, an expected 
throughput of up to about 0.6 Wph can be possible. Thus, if 
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an object’s speed Was about one active area Width traveled 
per light pulse, each exposure area 960 can receive tWo 
pulses of light during each can period of object 112. 

[0056] FIG. 10 shoWs another embodiment of an array of 
SLMs 104 having a section 1050 Writing to an exposure area 
1060. Section 1050 can include tWo columns having four 
SLMs 104 each. Thus, section 1050 includes 8 SLMs 104. 
SLMs 104 in one column can be staggered With respect to 
SLMs 104 in adjacent columns. Each column is spaced 
one-half an active area Width apart. 

[0057] In one example, active area 300 can be about 4.5 
mm><36 mm and each active device 302 can be about 6 
pm><6 pm. This can produce about 150>< magni?cation. In 
this example, if an entire SLM 104 is about 4 megapixels 
(e.g., 6000 active devices 302x750 active devices 302), each 
section 1050 can be about 1593 pm><96 pm and each 
exposure area 1060 can be about 239 mm><14 mm. 

[0058] In this example, there is about a 4.5 mm step siZe 
betWeen light pulses at a SLM plane and about a 31.5 pm 
step betWeen exposure periods at an object plane. Object 112 
can be moving at approximately 64 mm/sec in a direction of 
arroW D. A data refresh rate and/or pulse rate of illumination 
source can be around 4 kHZ. With these parameters, an 
expected throughput of up to about 5.1 Wph can be possible. 
Thus, if an object’s speed Was about one-half active area 
Width traveled per light pulse, each exposure area 1060 
could receive tWo pulses or light during each scan period of 
an object 112. 

[0059] Exposure Diagrams for Arrays of Spatial Light 
Modulators 

[0060] FIG. 11 is one example of an exposure diagram for 
three sections 1150 of an array having four SLMs 104 per 
section as they Write to a same roW of exposure areas 1160 
on object 112 during ?ve pulses of light. Sections 1150-1 
and 1150-3 can be part of a ?rst (e.g., leading) set of SLMs 
and Section 1150-2 can be part of a second (e. g., trailing) set 
of SLMs. This exposure diagram is shoWn from the per 
spective of object 112 as it is moving in the direction of the 
arroW With an equivalent step of tWo Widths of active areas 
300 per light pulse. During Pulse 1, the array has not 
overlapped object 112. During Pulse 2, a pattern generated 
by the array for SLMs 104 in a ?rst section 1150-1 is Written 
to a ?rst exposure area 1160-1. During Pulse 3, either the 
same or a different pattern is Written to exposure area 1160-1 
by section 1150-2 and either the same or different pattern is 
Written to exposure area 1160-2 by section 1150-1. Thus, the 
trailing set in section 1150-2 Writes over a same exposure 
area 1160-1 later in time as the leading set in section 1150-1. 
This general exposure process is repeated for Pulses 4 and 
5, as is shoWn. 

[0061] It is to be appreciated this is a very simple example 
of the exposure process that can occur using an array of 
SLMs 104 in a maskless lithography system. It is being used 
to demonstrate hoW using an array of SLMs 104 alloWs for 
multiple exposures in each exposure area 1160 during each 
scan period, Which increases throughput compared to a 
conventional system using one SLM. 

[0062] Operation 
[0063] In this example, light is scanned across object 112, 
While each SLM 104 receives updated pattern data. This 








