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Electrostatically Focused Addressable Field Emission Array Chips (AFEA's) 

for High-Speed Massively Parallel Maskless Digital e-Beam 

Direct Write Lithography and Scanning Electron Microscopy 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to the field of electron (i.e., p 

radiation) beams. More particularly, the present invention relates to an 

10 addressable field emitter array that produces a spatially modulated electron 

beam matrix. Specifically, a preferred implementation of the present invention 

relates to a digitally addressable field emitter array in combination with an 

electrostatic acceleration grid and a magnetic lens assembly that includes a 

telecentric magnetic lens system and a correction lens system which together 

15 de-magnify the spatially modulated electron beam matrix onto a target wafer so 

as to directly write an electron resist with minimal distortion. The present 

invention thus relates to an addressable field emitter array of the type that can be 

termed lithographic. 

2. Discussion of the Related Art 

20 Within this application several publications are referenced by arabic 

numerals within parentheses. Full citations for these, and other, publications 

may be found at the end of the specification immediately preceding the claims. 

The disclosures of all these publications in their entireties are hereby expressly 

incorporated by reference into the present application for the purposes of 

25 indicating the background of the present invention and illustrating the state of 

the art. 

mstorically, optical lithography for semiconductor wafer production has 

been limited in resolution by the wavelength of the light source being used. At 

any particular wavelength of light, diffraction limits the focusability of an opti-

30 cal beam to a circle of a diameter approximately equal to the wavelength of the 

light source. Consequently, the fabrication industry has evolved several genera­

tions of lithographic light sources, each using a shorter wavelength than its 
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predecessors. As microelectronic features have continued to shrink, the resolution of 

optical lithography is now a barrier to further increasing the density of chip features because 

suitable light sources of still shorter wavelength are no longer readily available. What is 

needed therefore is a way to increase.the resolution of lithography. 

S A previously recognized solution has been to use an electron beam to expose an 

electron resist that has been coated on the surface of a semiconductor wafer, thereby enabling 

a pattern to be etched into the surface of the wafer through apertures formed in the 

subsequently developed resist. Electron beam technology is already a strong candidate for 

lithographically producing semiconductor devices with line widths on the order of 

IO approximately 0.1 micron. Electron beam imaging resolutions on the order of approximately 

80 A have been previously reported. (2) 

Prior art electron beam devices of the type hereunder consideration, sometimes called 

electron guns, are well~known to those skilled in the art. A conventional electron beam is 

typically generated in a vacuum by electrical resistance heating of a suitable material to 

15 generate a stream of electrons. This stream of electrons is then electrostatically and/or 

magnetically focused. Two specific prior art electron beam devices are the cathode ray tube 

(CR1j and the scanning electron microscope (SEM), both of which generate and focus a 

beam of electrons in a vacuum. 

For example~ referring to FIG. 1, a conventional CRT electron gun with a bipotential 

20 lens structme is shown where ~ electron beam 110 is incident a screen 120 at a potential 

v •. <1> This conventional electron gun includes a cathode 130 and a first apertured grid 140 

which is maintained negative with respect to the cathode and controls the flow of electrons 

from the cathode. A second apertured grid 150 is located downstream of a cross over point 

aiid set at a positive voltage with respect to the cathode 130 so as to attract the electrons and 

25 shape the beam 110. A focus electrode 160 focuses the beam 110. The resolution can be 

improved by using an electromagnetic focus instead of the focus electrode 160. 

Referring now to FIG. 2, the principle of electromagnetic deflection of an electron 

beam is illustrated where a flux of electrons 210 is incident a screen 220 at a deflection 

amplitude. An electromagnetic deflection coil 230 is composed of two perpendicular 

30 windings generating electromagnetic field perpendicular to the trajectory of the electron 

beam in the vertical and horizontal planes. A field oflength I is applied perpendicularly to 
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the flux of electrons 210 which have previously been accelerated to a velocity VB. The flux 

of electrons 210, assuming the field intensity is unifonn and oflength l, is deflected onto a 

sinB=Ni(l)/2. 68D.{V; 

circular path of radius r. The corresponding angle of deflection is (}such that 

where Ni is the number of ampere turns generating the magnetic field, D is the diameter of 

5 the cylindrical winding generating the field, l is the length of the field and VB is the 

accelerating voltage expressed in volts. 

Although the electrons in the beams generated by the prior art electron beam devices 

have a wavelength, and a corresponding resolution limit that is imposed by diffiaction, as a 

practical matter, the electron wavelength is so short that the diffraction of the electrons does 

10 not limit the resolution of the electron beam. This is because the prior art electron beam 

systems all include electrostatic lenses and/or magnetic lenses that generate stray fields. 

These stray :fields are electromagnetic aberrations that result in distortions of the shape of the 

electron beam of a size that is at least on the order of nanometers. These distortions are 

larger than the wavelength of the electrons. Thus, the electromagnetic aberrations of the 

15 prior art devices limit the maximum resolution of the beam before the theoretical diffraction 

limit becomes an issue. Therefore, what is also needed is a way to reduce the effect of 

electromagnetic aberrations on the resolution of electron beam lithography. 

Moreover, in the past, electron resist imaging has been relatively inefficient because 

the prior art electron beams have merely illuminated a single area and have had to be 

20 methodically scanned to write any sort of pattern. For example, referring to PIO. 3, a 

conventional fixed electron beam 310 is shown being truncated by a beam-shaping mask 

320. Mask 320 includes a square shaped aperture. The mask 320 functions as a ft radiation 

shield and gives the electron beam a square cross-section which is more useful for exposure 

of an electron resist. The square beam is then shaped by a lens 330 and subsequently 

25 deflected by a scanning deflector 340 before striking a target wafer 350 on which an electron 

resist is coated. 

Still refening to FIG. 3, to scan the illustrated T-shaped patt~ either the electron 

beam must be scanned by the operation of the scanning deflector 340, or the target wafer 350 
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must be moved. In any event, this requires a large amount of time to image the design of 

even a simple integrated circuit (IC). As the complexity of integrated circuits (I Cs) 

increases, more demanding semiconductor circuit design rules require correspondingly 

smaller electron beam spot sizes. And the smaller the spot size, the more time is required to 

5 complete the scanning of a given pattern. Thus, electron beam lithograpl?-y has heretofore 

been slow, and therefore expensive. Therefore, what is also needed is an electron resist 

writing method having higher efficiency. 

Still referring to FIG. 3, another problem with electron beam. lithography has been 

that using a truncated electron beam involves the use of the mask 320 which absorbs 

10 significant energy from the screened electron flux. The thennal management of the mask 

320 is problematic. This has prevented the use of any but the most simple shielding masks 

because masks with almost any degree of detail rapidly deform and melt due to their function 

as Pradiation shields. This problem is exacerbated by the fact that as higher energy 

electrons having shorter wavelengths are used, the thennal energy that needs to be dissipated 

15 also increases. Therefore, what is also needed is a way to tailor the cross-section of an 

electron beam without using a mask. 

The below-referenced U.S. Patents disclose embodiments that were satisfactory for 

the purposes for which they were intended. The disclosures of both the below-referenced 

prior U.S. Patents, in their entireties, are hereby expressly incorporated by reference into the 

20 present application for purposes including, but not limited to, indicating the background of 

the present invention and illustrating the state of the art. 

25 

U.S. Pat. No. 3,665,241 discloses a field ionizer and field emission cathode structures 

and methods of production. U.S. Pat. No. 5,363,021 discloses a massively parallel array · 

cathode. 

SUMMARY OF THE INVENTION 

By way of summary, the present invention is directed to a digitally addressable field 

emitter array (e.g., a spatially modulated Pradiation source). The array can be combined 

with a magnetic lens assembly including a telecentric magnetic lens system and a correction 

magnetic lens system which together de-magnify the field emitted beam array onto a target 

30 wafer for direct exposure of an electron resist. By additionally providing a relatively high 

electrostatic accelerating field prior to the lens assembly, the effect of aberrations caused by 
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stray magnetic fields from the lens assembly can be minimized. An unexpected beneficial 

effect of the present invention, which is a substantial improvement, is to provide a low 

distortion flexible manufacturing tool that can function as a reprogramable virtual mask. 

A primary object of the invention is to provide an apparatus that produces a digitally 

5 addressable array of electron beams (electron beam matrix). Another object of the invention 

is to provide an apparatus that can magnetically de-magnify the electron beam matrix with a 

magnetic lens assembly while minimizing in the effect of distortions in the matrix from 

aberrations due to the lens assembly. Another object of the invention is to provide an 

apparatus that can fill target wafer pixels by deflecting the matrix. Another object of the 

10 invention is to provide an apparatus that is cost effective. It is another object of the 

invention to provide an apparatus that is rugged and reliable, thereby decreasing down time 

and operating costs. It is yet another object of the invention to provide an apparatus that has 

one or more of the characteristics discussed above but which is relatively simple to 

manufacture and assemble using a minimum amount of equipment. 

15 In accordance with a first aspect of the invention, these objects are achieved by 

providing a digital direct write electron beam lithography system, comprising: I) a digitally 

addressable field emission array including: A) a digital computer interface; B) a plurality of 

field emitters electrically connected to said digital computer interface; and C) an electrostatic 

bias grid operably connected to said plurality of field emitters; ll) an electrostatic accelerator 

20 grid operably connected to said addressable field emission array; Ill) a magnetic lens 

assembly operably connected to said electrostatic accelerator grid, said magnetic lens 

assembly including: A) a telecentric magnetic lens system; and B) a correction magnetic lens 

system; and IV) a set of electrostatic deflection plates operably connected to said magnetic 

lens assembly. In one embodiment, the matrix system further comprises V) a target wafer 

25 electronically coupled to said plmality of field emitters through all of said electrostatic 

accelerator grid, said magnetic lens assembly and said set of electrostatic deflection plates. 

Another object of the invention is to provide a method that can be used to directly 

write an electron resist with a pattern in a short period of time, without a mask. It is another 

object of the invention to provide a method that is predictable and reproducible, thereby 

30 decreasing variance and operating costs. It is yet another object of the invention to provide a 
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method that has one or more of the characteristics discussed above· but which is relatively 

simple to set up and operate. 

In accordance with a second aspect of the invention, these objects are achieved by 

providing a method comprising programming an addressable field emitter array; and then 

5 producing a spatially modulated electron beam matrix with said addressable field emitter 

array; and focusing said spatially modulated electron beam matrix with a magnetic lens 

assembly. In one implementation, the method further comprises reprogramming said 

addressable field emitter array. 

These, and other, aspects and objects of the present invention will be better 

I 0 appreciated and understood when considered in conjunction with the following description 

and the accompanying drawings. It should be understood, however, that the following 

description, while indicating preferred embodiments of the present invention and numerotis 

specific details thereof, is given by way of illustration and not of limitation. Many changes 

and modifications may be made within the scope of the present invention without departing 

15 from the spirit thereof, and the invention includes all such modifications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A clear conception of the advantages and features constituting the present invention, 

and of the construction and operation of typical mechanisms provided with the present 

invention, will become more readily apparent by referring to the exemplary, and therefore 

20 nonlimiting, embodiments ilh;tstrated in the drawings accompanying and forming a part of 

this specification, wherein like reference numerals designate the same elements in the several 

views, and in which: 

FIG. I illustrates a schematic view of a conventional electron gun, appropriately 

labeled "PRIOR ART." 

25 FIG. 2 illustrates a schematic view of a conventional electromagnetic electron beam 

deflection process, appropriately labeled "PRIOR ART." 

FIG. 3 illustrates a schematic view of a conventional electron resist writing 

configuration, appropriately labeled "PRIOR ART." 

FIG. 4 illustrates a schematic view of a digital direct write electron beam matrix 

30 system apparatus, representing an embodiment of the present invention. 
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FIG. 5 illustrates a schematic view of a digitally addressable field emitter array, 

representing an embodiment of the invention. 

FIG. 6 illustrates a schematic view of an AFEA chip where the logic, memory, and 

control circuits (LMC's) include the current-source circuitry, representing an embodiment of 

5 the invention. 

FIG. 7 illustrates a schematic view of an electrostatic focusing stack design for a flat 

AFEA emitter where the focus is at 30 microns from the last grid, representing an 

embodiment of the invention. 

FIG. 8 illustrates a schematic perspective view of a massively parallel 

10 electrostatically focused EBDW system schematic, representing an embodiment of the 

invention. 

FIG. 9 illustrates an AFEA control electronics block diagram, representing an 

embodiment of the invention. 

FIG. 10 illustrates a circuit schematic of a current memory cell, representing an 

15 embodiment of the invention. 

FIG. 11 illustrates a schematic view of an emitter/detector configuration for 

monitoring pixel operation, representing an embodiment of the invention. 

DESCRIPTION OF PREFERRED EMBODIMENTS 

The present invention and the various features and advantageous details thereof are 

20 explained more fully with reference to the nonlimiting embodiments that are illustrated in 

the accompanying drawings and detailed in the following description. It should be noted 

that the features illustrated in the drawings are not necessarily drawn to scale. Descriptions 

of well-known components and processing techniques are omitted so as to not unnecessarily 

obscure the present invention in detail. 

25 1. System Overview 

The above-mentioned requirements of high resolution and fast pattern writing are 

mutually contradicting and cannot be satisfied simultaneously in the case of a conventional 

electron beam gun. However, it is rendered possible to simultaneously satisfy these 

requirements to a certain extent by employing a digital direct write electron beam matrix 

30 system according tci the present invention in consideration of the fact that the system can 

include a digitally addressable field emitter array that generates a spatially modulated p 
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radiation (i.e., electron) beam matrix that can be used for direct exposure of a circuit pattern 

in an electron resist in a short period of time, without a mask. Significantly, the array is 

reprogramable so as to permit the reconfiguration of the electron beam matrix in a fraction of 

a second, thereby making the invention an ideal flexible manufacturing tool. 

S The following definitions are used throughout the application. An emitter is defined 

as a potentially electron emitting material, such as diamond-like carbon (DLC). Alternative 

electron emitting materials can be based on carbon nanotubes (CN'D, amorphous diamond 

on silicon and/or chemical vapor deposition (CVD) deposited amorphous carbon. An 

emitting surface is defined as that surface of an emitter from which electrons are emitted, if 

10 an electric field of sufficient strength is present. An emitting array (EA) is defined as an 

. array of emitters. A field emitting array (PEA) is defmed as an EA plus a corresponding bias 

grid. An addressable field emitting array (AFEA) is defined as an FEA plus the supporting 

integrated circuit (IC) which includes the logic and memory control (LMC). Turning to the 

electron beams themselves, an array of electron beams is defined as an electron beam matrix 

15 (EBM). 

2. Detailed Description of Preferred Embodiments 

Referring now to FIG. 4, a digital direct write electron beam matrix lithography 

system according to the invention has several layers and a remote computer control 410. 

The system also includes a target wafer 420, which can be precoated with an electron resist. 

20 A first layer of the system includes an emitter array 430 (EA). An emitter array (EA) 

is a two dimensional array of miniature cathodes used for electron beam sources. The EA 

430 can be a close packed emitter array so as to achieve higher information density. The 

programming-reprogramming of the EA 430 can be achieved through a direct digital 

computer interface 435 that is connected to the remote computer control 410. A small EA 

25 might contain a 10 x I 0 array of field emission devices, each with multiple computer control 

connections. Programming such a small EA would require less than approximately 10 

milliseconds (ms), and a single central processing unit (CPU) can control a plurality of such 

AFEAs. The individual field emission devices can be made of a coating of diamond-like 

carbon, or diamond film. 

30 A second layer of the system includes an electrostatic bias grid 440. The electrostatic 

bias grid 440 can be a metallic layer that is integrally joined with the EA 430. Alternatively, 
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;H .. ; 

the grid 440 can be a structure that is separate from, but located proximal to, the EA 430. It 

should be noted that the required turn-on voltage for emission of electrons from diamond­

like carbon (or diamond) is on the order of 3 volts per micron. Together, the EA 430 and the 

grid 440 compose a field emitting array 445 (FEA). The array of electron beams that 

5 emanate from FEA 445 can be tenned an electron beam matrix 480 (BBM). 

A third layer of the system includes an electrostatic accelerator grid 450 which brings 

the electrons in the EBM up from an energy of a few volts to an energy of from 

approximately 100 kV to approximately 200 kV. It should be noted that this high energy 

level advantageously makes the electrons relatively immune to any subsequently 

10 encountered focusing errors caused by small stray magnetic and/or electric fields. More 

specifically, at high energies the electron radius of curvature due to small stray magnetic 

fields becomes negligible. Further, it should be noted that these high energies also enable 

the electrons to adequately penetrate the lithographic resist material(s) that are coated on the 

target wafer 420. 

15 A fourth layer of the system includes a magnetic lens assembly 460 which can image 

and/or de-magnify the EBM 480 that subsequently impacts onto the target wafer 420. The 

magnetic lens assembly 460 can include a telecentric magnetic lens system 463 and a 

correction magnetic lens system 467 which together de-magnify the EBM 480 onto the target 

wafer420. 

20 The magnetic lens assembly 460 can be based on a GATAN imaging filter which is a 

magnetic lens system that is readily commercially available from the GAT AN Company of 

Pleasanton, California This imaging filter uses cylindrical magnetic lenses instead of round 

lenses. Further, this filter causes the electrons to cross-over along a line rather that at a 

cross-over point. The use of this filter preferably includes the generation of sequential 

25 perpendicular line cross-overs. The correction tens system 467 can be based on a hexapole 

(h.ektupole) corrector lens. The hexapole corrector is to a quadrapole corrector as the 

quadrapole is to a dipole. The magnetic lens assembly 460 can include coils fabricated from 

superconducting materials so as to minimize stray fields. Further, the coils can be fabricated 

from superconducting oxides so that inexpensive liquid nitrogen will provide sufficient 

30 cooling for operation of the system. 
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A fifth layer of the system includes a set of electrostatic deflection plates 4 70 of 

nanometer scale deflection. This nanometer scale deflection can be for the purpose of 

filling-in of write pixels on the surface of the target wafer 420. Therefore, the size of the 

write pixels can be defined to be larger that the cross- section of each individual electron 

5 beam at the surface of the target wafer 420. This will allow complete writing of, for 

example, a 100 nm x 100 nm pixel with a 30 nm x 30 nm electron beam, with a precision of 

about lOnm. 

The first layer of the system (the field emitter array} is advantageously positioned 

within an ultrahigh vacuum (UHV} chamber to minimize damage to the individual field 

l 0 emitter devices from ion bombardment. However, in the case where the individual field 

emitter devices are made of DLC, they are robust with regard to ion damage and do not 

require a UHV environment to function. In general, the rest of the layers of the system do 

not require a UHV environment to function and the balance of the system can be located 

within a high vacuum chamber. These two chambers can be separated by a flange that 

15 includes a plurality of conductive apertures through which the individual electron. beams 

pass. Thus, there can be differential pumping across this flange. These chambers can be part 

of a pre-existing lithographic stepper into which the invention is retrofitted. 

It should be noted that the structures depicted in FIG. 4 are represented in schematic 

form for improved clarity. Although the embodiment shown in FIG. 4 includes two 

20 magnetic lenses, it is within fu:e level of ordinary skill in the art after having knowledge of 

the invention disclosed herein to provide the system with any type and/or combination of 

magnetic and/or electrostatic lenses. Further, it is within the level of ordinary skill in the art 

after having knowledge of the invention disclosed herein to provide the system with any type 

and/or combination of electrostatic grids and/or deflectors. Similarly, the system can be 

25 provided with an optional mask to filter out wider angles. 

Referring now to FIG. 5, the FEA 445 which includes the EA 430 and the 

electrostatic bias grid 440 will be considered in more detail. It will be appreciated that only 

a portion of the FEA 445 and the EA 430 and grid 440 are shown in FIG. 5. An actual 

emitter array can contain hundreds, or thousands, or even millions of individual emitters. 

30 Similarly, a corresponding bias grid will contain a matched set of openings through which 

the individual electron beams may pass. 

10 
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The EA 430 is shown as including a plurality of addressable emitters 431-434 which 

are capable of emitting electrons from an emitting surface. Of course, the EA 430 can 

include many, many more emitters than just the four that are depicted in FIG. 5. Together, 

all the emitters define an emitter array (EA). The electrostatic bias grid 440 is shown as 

5 including a plurality of grid elements 441-444 which, when biased, are capable of causing 

the emitters 431-434 to emit electrons. Of course, the bias grid 440 can include many, many 

more elements. The bias grid 440 is a final metallic layer on the FEA 445 and should have a 

relatively small capacitance so that it can be biased a few volts positive or negative within a 

switching time that is on the order of a microsecond, or less (using a modest power supply), 

I 0 thereby turning the overall writing current of the FEA 445 on and/or off. Together, the EA 

430 and the bias grid 440 compose the field emitting array 445 that generates the electron 

beam matrix 480 which is capable of direct writing a lithographic pattern on a semiconductor 

wafer coated with a suitable electron resist material. 

Control of the electron beam matrix 480 is provided in the following manner. Tum-

15 on, or tum-off, of the entire field emitting array 445 is achieved by switching the bias grid 

440 from negative to positive, or from positive to negative, respectively. It must be noted 

now that an individual bias can be applied to each of the emitters 431-434. More 

specifically, each of the emitters 431-434 is individually addressable through a connection 

530 with regard to the bias of that individual emitter. Thus, the individual beam from each 

20 emitter cathode is addressable. When the bias grid 440 is 11on" (biased positive), emitters 

that are biased negative relative to the 440 grid will emit. Therefore, the invention permits 

patterns to be programmed into the FEA 445 before any such pattern is written onto the 

target wafer 420. 

When the PEA 445 is tumed on, as a whole by bias grid 440, the individual bias 

25 applied to the individual emitters 431-434 that compose the EA 430 will detennine whether 

that particular emitter is programmed to write or not write. If an individual emitter writes, 

then it will emit an electron beam that contributes to the overall electron beam matrix that is 

emitted from the FEA 445. If an individu8I emitter does not write, that portion of the matrix 

will be substantially void of electrons. Thus, each individual emitter being in a write-state, 

30 or not-write-state, will determine the configuration of the overall electron beam matrix that is 

generated from the FEA 445. 

11 
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The bias grid 440 is, in this example, mechanically connected to the EA 430. Each 

pixel of the FEA 445 includes an emitter tip and an extraction grid portion that together 

supply the electrical field needed to initiate the emission of electrons. As noted above, in 

operation, each emitter will be programmed to write or not write. This can be done by 

5 grounding the emitter surface to the grid 440 (not-write-state) or applying a relative negative 

bias to the emitter surface (write-state) that defines an electric field with regard to the bias 

grid that is at least sufficient to cause emission of electrons from the emitter surface. 

The FEA 445 can be microfabricated on a silicon integrated circuit 510 that contains 

a logic and memory chip 520 (LMC). The LMC 520 is needed to individually control each 

10 emitter. Together, the FEA 445, the integrated circuit 510 and the LMC 520 compose an 

addressable field emitting array (AFEA). Preferably, the addressable field emitting array is a 

digitally addressable field emitting array so as to permit rapid reprogramming.· 

It should be noted that the emitters and bias grid are represented in FIG. 5 as simple 

block-and-T-shaped structures, respectively, for improved clarity. Although the preferred 

15 embodiment shown in FIG. 5 includes four block-shaped emitters and four T-shaped grid 

elements, it is within the level of ordinary skill in the art after having knowledge of the 

invention disclosed herein to provide an array of any number of emitters, or any suitable 

configuration. Similarly, it is within the level of ordinary skill in the art after having 

knowledge of the invention disclosed herein to provide emitters and grid elements of any 

20 shape so long as a suitable emitting field is produced. 

While not being limited to any particular performance indicator, preferred 

embodiments of the present invention can be identified one at a time by testing for 

brightness and low aberration. The test for brightness can be carried out on the field emitting 

array without undue experimentation by the use of a simple and conventional electron flux 

25 detection experiment. The test for low aberration can be carried out on the magnetic lens 

assembly without undue experimentation by the use of a simple and conventional magnetic 

field detection experiment. 

The invention can write simultaneously with millions of electron beams in an easily 

programmable field emitter array, potentially writing an entire 1 cm x 1 cm chip, with 0.1 

30 micron line widths, in a period of time on the order of 1 ·second .. The invention is also 

scaleable to· line widths up to an order of magnitude smaller (i.e., 10 nm). The invention 
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obviates the need for a physical mask during lithographic processing. In addition to rapidly 

writing large areas, the invention has the advantage of a digitally programmable virtual 

mask, which can be reprogrammed for new layers within milliseconds. with no moving 

parts. 

Examples 

Specific embodiments of the invention will now be further described by the 

following, nonlimiting examples which will serve to illustrate in some detail various features 

of significance. The examples are intended merely to facilitate an understanding of ways in 

which the invention may be practiced and to further enable those of skill in the art to practice 

10 the invention. Accordingly, the examples should not be construed as limiting the scope of 

the invention. 

A problem with many of the previously reported approaches is that they require a 

very large, precision, expensive magnetic lens apparatus, and are limited in speed by the 

current that can pass through the cross-over point of the magnetic lens system. When too 

15 much current passes through a small volume, the current experiences a physical phenomenon 

called 11space-charge blow-up.11 The charge density of the current causes the particles to 

collide and repel one another and become defocused. 

The invention can include an on-chip electrostatic focusing stack. This stack focuses 

current from each nano-cathode. The focusing stack can be made as part of the process of 

20 manufacturing the AFEA chip itself, and thereby be integrated into the chip. The on-chip 

focusing stack includes a plurality of electrostatic elements, one for each nano-cathode. The 

on-chip electrostatic focusing stack can focus the current from the nano-cathode at a distance 

of :from approximately 20 to approximately 100 microns from the AFEA (the exact distance 

involves the choice of thee-beam spot-size at the focus). 

25 In this way, there is no cross-over point where all the nano~cathode currents are 

super-imposed, and since the current from each nano-cathode is below the threshold for 

space-charge blowup over the focusing distance, there is no space-charge blowup, and no 

limit to the cmrent that can be achieved by adding additional chips or more nanocathodes per 

chip. The cost of a massively parallel EBDW ( e-beam direct write) lithography system is 

30 substantially decreased and the speed increased with the electrostatically focused version of 
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the AFEA chips. Additionally, the current regulation circuit insures uniform lithographic 

exposure of the wafer, so that a well-controlled lithographic process can be developed.· 

This allows elimination of large expensive magnetic lens systems, and potentially 

allows an entire 300 mm semiconductor wafer to be lithographically exposed by an array of 

5 AFEA chips with electrostatic focusing. The array of chips would be assembled as a 

backplane and the wafer would pass underneath the array on a precision linear translation 

stage (e.g. within a lithographic stepper). By appropriately programming the current to each 

nano-cathode, and arranging the chips so that each column of pixels to be exposed on the 

wafer passes beneath approximately 10 or 12 cathodes as it is traversed under the AFEA 

10 array, an entire 300-mm. wafer could be lithographically exposed by the electron beams from 

the AFEA cathodes in a period of appro~imately 30 seconds. Of course, other 

configmations are possible. 

The invention can include a current copier or memory circuit as part of the logic, 

memory, and control circuits integrated on the addressable field emission array chips 

15 (AFEA's). There is one current-copier circuit for each nano-cathode. The current copier 

circuit causes each of the nano-cathodes on an AFEA chip to emit substantially the.same 

current. This current-copier circuit can be fabricated directly on the chip, along with the 

logic, memory, and control circuits for each nano-cathode. Thus, all of the circuits can be 

integrated into the chip design and produced lithographically on the chip itself with the 

20 nanocathodes. 

The invention can include, for substantially perfect reliability or for massively 

parallel scanning electron microscopy, replacement of the space used by some (e.g., 

approximately half) of the emitters with detectors. Preferably, these detectors are electron 

detectors and/or photodetectors (photodetectors would require a luminescent photoresist or 

25 layer on the substrate). In the case of electron detectors, such a system could also be used as 

a massively parallel SEM (scanning electron microscope). The electron detectors or 

photodetectors would measure the number of electrons back-reflected or striking the surface 

of the target below, and thereby allow a picture of the surface geometry to be built up, as in 

standard SEM practice, but in a massively parallel fashion. 

30 Such a system could be used to rapidly scan an entire wafer for defects, for example, 

in a matter of approximately 60 seconds, or less. The exact time required to scan would be 
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govemed by the number of chips used, the clock rate for the system, and the actual size of 

the wafer being scanned. 

It can be appreciated that the replacement of half the AFEA emitters with an electron 

detector or photodetector allows substantially absolute verification that every pixel on a 

5 semiconductor wafer is exposed. As noted above, if the detector is an electron detector, then 

the same system can be used as a super-fast massively parallel low-voltage SEM (scanning 

electron microscope) to inspect semiconductor wafers for defects. There is presently, 

according to the Semiconductor Industry Association 1997 version of the ''National 

Technology Roadmap for Semiconductors" no known solution for high speed inspection of 

10 patterned semiconductor wafers (10,000 cni2/hour) for feature sizes of 130 nm and smaller. 

This invention provides a solution to that problem, since it would potentially alJow wafer 

inspection at rates of up to approximately 85,000 cm2/hour. 

The invention also includes a system design for massively parallel e-beam direct 

write (EBDW) semiconductor lithography. Each cathode can be digitally addressed with a 

15 bucket-brigade logic scheme similar to that used by charge-coupled device, CCD, cameras 

(passing O's and l's however, rather than charge). Some embodiments of the invention can 

have more than l 06 individually addressable field-emission cathodes on a single 1-cm 

integrated circuit. Optional extensions to the AFEA lithography design include 

individual current-source to drive each emitter for tightly controlled charge delivery, and the 

20 addition of on-chip electrostatic focusing for each emitter (as opposed to magnetic lens 

focusing). With on-chip electrostatic focusing, an array of JOO of these chips (30 across by 

an average of I 0 deep) suspended on a back-plane 20 to 100 microns above a semiconductor 

wafer could lithographically expose a whole 300 mm wafer, with 40-nm pixels, in 30 

seconds. The on-chip electrostatic focusing can include additional grids produced 

25 lithographically above the emitters and first control grid, separated by dielectric (nominally 

low-temperature Si02) layers. 

As an example of the lithography system, the separation distances and voltages 

between the electrostatic stack grids can be designed to focus each of a plurality of 200-nm 

cathodes to a corresponding 20-nm spot size at a distance of about 30-microns from the chip. 

30 Alternatively the grids can be designed to focus to a 40-nm spot size with about a 60-micron 

working distance between the AFEA chip array and wafer to be exposed. 

15 
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Referring to FIG. 6, a schema.tic of an example of an AFEA chip is shown. The 

solid state emitter cathodes 610 are about 200 nm in diameter and are arranged on an 

approximate 4-micron pitch. Most of the area between cathodes is used for the logic, 

memory, and control circuits (LMC's) which control whether an individual pixel is on or off, 

5 and also regulate the current for emitters/pixels that are turned on. The entire array is turned 

on or off by regulating the first grid 620 voltage above the cathodes (e.g. lOV in FIG. 6), so 

that a chip can not only be turned on or off as a whole with the first grid 620, but each 

individual emitter can be programmed on or off individually with the LMC'S. This allows 

every pixel on a wafer to be individually written as the wafer passes under the AFEA array. 

10 If the density of emitters is high in the AFEA's with regard to the design rules of the 

work pieces, the chips can be angled slightly to the wafer (an angle of 20 nm in 4 microns 

with respect to the linear translation stage of the wafer for a 20 nm focused spot size, 40 nm 

in 4 microns for a 40 nm focused spot). With this arrangement multiple emitters on the 

AFEA array can individually address every 40-mn pixel on a 300-mm wafer. This allows 
15 for redundancy of emitters addressing any pixel on the wafer, in case of failure of a particular 

emitter, and also opens up the possibility of gray-scale illumination of the photo-resist. 

Gray-scale illumination can also be achieved by modulating the on time of the entire AFEA 

chip. Pixels to receive a particular illumination are programmed on for the gray-scale 

illumination, as required. 

20 Referring to FIG. 7 an exemplary layout for the stack of electrostatic focusing grids is 

shown. In this particular example, the grid stack is about 4 microns deep with a 200-nm 

diameter emitter 710. The emitter 710 can be a flat uniformly emitting cathode. This stack 

could be produced by conventional lithographic methods with the emitter laid down on a pad 

that is located on top of the LMC's shown in FIG. 5. 

25 Referring again to FIG. 7, in this particular example, the emitted beam 720 is focused 
to a spot less than 20-nm in diameter FWHM (full-width at half maximum) at a working 

distance of30-microns from the AFEA final grid 730. There can be potential surfaces 740 

between the grids. 

If l 00% reliability is desired, every other emitter/cathode can be replaced by an 

30 electron detector or photodetector to verify operation of every emitter on every pulse. In the 

case of photodetectors, preferred embodiments of the invention utilize a luminescent layer on 
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the resist or target. If an electron detector is used, this would allow the system to also 

operate as a massively parallel Scanning Electron Microscope (SEM). By clocking out to a 

computer the charge received by each detector each time the array is fired, an image of the 

substrate underneath the array could be built up. This is massively parallel, and the wafer is 

5 scanned linearly by a stage, rather than electronically scanning the electron beam. 

The invention can avoid space charge limitation. Because the current is so small, the 

100 pA emitter beams do not blow up over a 100-micron length. Each chip will produce a 

time-average current of 1 micro-amp, from more than 106 cathodes (-100 pA from each 

nanocathode for I microsecond, time averaged over a frequency of 1 to 2 kHz). Every chip 

10 added to the system adds another micro-amp of average current, up to the point where the 

wafer is fully over-laid with chips. This means that the maximum possible time-average 

current is around 700 micro-amps for the implementation discussed here on a single 300 mm 

diameter wafer. However, this increases as the density of cathodes is increased for new 

generations of the AFEA chip with smaller feature sizes, and more than one wafer may be 

15 passing tinder the array at any one time. Wafer writing speed will be limited by stage speed 

and the number of AFEA chip modules installed, not by available current as in conventional 

magnetically focused e-beam lithography. 

The invention can posses modularity. For instance, systems can be designed in 

increments of 1-cm chips. Speed and cost can be traded off to optimize system design. 

20 More chips leads to a faster system, fewer chips leads to a less expensive system. The data 

processing can also be modularized. One optical fiber at a Gigabyte/second would provide 

adequate data for one chip. Each chip could be driven by its own CPU(s) and RAID disk 

array for data. 

The invention has the possibility of extremely high throughput. For chips with 

25 emitters on a 4 micron pitch, focused to a 40 nm pixel on the wafer, clocked at 1000 electron 

pulses per second per emitter, an may of 30 chips wide by 10 chips deep (average), this 

embodiment could write an entire 300-mm wafer in 30 seconds, by dragging the wafer 

linearly at 1 cm/sec beneath the array. 

The invention can have great depth of focus; For the example shown in FIG. 7, the 

30 depth of focus is excellent. Specifically, the depth of focus can be on the order of 4 microns 
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(-2 microns on each side of the actual focus). Transverse (thermal) electron velocity and 

spherical aberration limit the actual focal spot size in this example. 

FIG. 8 shows a perspective view of what a lithographic system incorporating an array 

810 of electrostatically focused AFEA chip sources 820 could look like. Each of the chip 

5 sources 820 is coupled to an optical fiber 830. The data transmission rate provided by these 

fibers can be approximately 1 Gigabyte per fiber. Each optical fiber 830 coupled in-tum to 

a CPU 840 and a corresponding Raid disk array 850. The AFEA chip array at its widest 

point could be 30 chips across (for a 300 mm wafer, 30 chips at 1-cm each would just cover 

it}, and on average would be 10 chips deep. FIG 8 shows 3 rows that are 13, 11and5 chips 

10 across, respectively. At the edge of the wafer, 10 chips niight be too deep Gust a few chips 

would be adequate· to expose the outermost row of the wafer), so the exact number of chips 

in each column would be calculated for a particular system or wafer size. In this particular 

example, each of the chips is capable of emitting 106 beamlets. Only beamlets from three of 

the chips are shown in FIG. 8. Because of the very high density and redundancy of emitters 

15 only a linear translation stage (x-translation stage movement shown with a -single headed 

arrow) would be required. No translation in the y-direction would be necessary. If fewer 

AFEA modules were desirable (e.g., for a lower cost, lower throughput system) then an 

x-y stepper/translation stage could be used. 

In the particular example depicted in FIG. 8, a wafer 860 positioned on a wafer stage 

20 870 is approximately 30 microns from the array 810. In this particular example, there is an 

offset angle of approximately 0.3 degrees between the wafer stage 870 and the array 810. 

Because of the slight offset, beamlets from serially adjacent chips can redundantly light 

(strike) the die (work piece) immediately upstream as the wafer 860 is translated by the stage 

870. 

25 Logic, Memory, and Control Circuits 

The AFEA can be controlled using a logical shift register 910 and current regulator 

circuit 920 realized in a small geometry CMOS IC process as illustrated in FIG. 9. The shift 

register 910 allows a pattern of "on" and "off' pixels to be stored on the AFEA chip, while 

the current regulator circuit 920 compensates for pixel-to-pixel variations in tum-on voltage 

30 and maintains good matching of pixel currents. 
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It is desirable to minimize the area (real estate) required to implement the circuitry. 

To minimize the area required to realize the circuitry, the latches 930 that compose shift 

register 910 could be realized as cascaded dynamic memory cells. 

Referring to FIG. 10, a current memory cell 1000 can be used for the current 

5 regulation circuit. This circuit 1000 is fundamentally a dynamic memory whose output 

current is set by a reference current. If the same reference current is used for all memories in 

the AFEA and the effects of charge injection and output impedance are minimized by design, 

adequate matching between pixels is assured. 

Referring to FIG. 11, real time detection of emitter operation may be obtained by 

10 monitoring the back-reflection or secondary emission of electrons or fluorescence from the 

photoresist on the semiconductor wafer pixels being exposed. A detector 1100 can be 

arranged as a split-ring surrounding an emitter 1110 as shown in FIG. 11. If instead of an 

electron detector, a photodetector were used, the detector could be a shallow n- or p­

diflbsion area in the control circuitry substrate and an optically clear split-ring opening in the 

15 focusing stack could be required. Alternatively, a biased metal split-ring at the top level of 

the focusing stack could be used to detect secondary electrons. The detector circuitry could 

replace approximately half of the LMC circuits, and could be integrated into the chip. A 

signal could be passed out in bucket-brigade fashion, similar to the manner that CCD's are 

read out, preserving the charge received by the detector 1100 during exposure of the 

20 substrate. 

Many of the features of the invention have alternative versions. There are numerous 

alternative versions, differing in voltage, grid opening size, and grid separation, of the 

lithographically integrated electrostatic focusing optics. There are many variations of the 

current copier circuits. The architecture for mounting the AFEA chips on a backplane to run 

25 a substrate under either for lithography or scanning electron microscopy has innumerable 

variations for number of chips, placement of the chips, etc. The integrated digitally 

addressable nano-cathodes themselves are subject to innumerable possible variations of 

geometry or emitter material. There are also versions of the electrostatic focusing stack 

design which have a negative potential on the center electrode. This could potentially be of 

30 benefit in preventing positive ions from entering the stack and impacting the cathode. Many 
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alternative versions of the detector geometry for the case ofa massively parallel SEM are 

possible. 

An advantage of the invention includes an electrostatic focusing stack integrated onto 

the chip, produced lithographically, one focusing s.tack for every one of the integrated 

5 cathodes on the chip. Previously reported approaches involving electrons or ions have 

discrete focusing methods. None of the previously reported approaches are integrated on to 

the chip, and none of them have individually digitally addressable nano-cathodes integrated 

on to the chip. 

An advantage of th~ invention is that space-charge blow up can be avoided. The 

IO SCALPEL<S), micro-columns'4>, and ion beamC7> lithographic techniques are all limited in 

current by space-charge. The massively parallel AFEA's with ~lectrostatic focusing may be 

limited by stage velocities, but not by available current. 

An advantage of the invention is the ability to perform extremely high speed 

lithography with very small feature sizes. None of the previously reported approaches<4
-
10> 

15 are capable of high-speed (greater than one 300 mm wafer per minute) with small feature 

sizes (100 nm or smaller). None of the previously reported approaches are capable of 

printing feature sizes at 50 nm and smaller with any reasonable throughput. . The previously 

reported approaches are limited either by charged particle optics (Scalpel, micro-column, 

ion-projection) or photon optics (for EUV and X-ray). 

20 An advantage of the invention is the capability to act as a massively parallel SEM 

system for semiconductor wafer inspection. Replacing every other cathode and its LMC 

circuits with a detector and detector circuitry allows the system to inspect wafers at a rate 

several orders of magnitude faster thaii can be achieved by either micro-columns or standard 

SEM technology. There is nothing else presently known that could achieve this rate of wafer 

25 inspection (up to 85,000 cm2 per hour, or faster, for a single massively parallel AFEA SEM 

system). 

An advantage of the invention is the capability to provide current copier circuits for 

current equalization between pixels. The current copier circuits for current equalization 

between pixels are not available on any other lithographic system. 

30 An advantage of the invention is that only a single scanning stage (one direction) is 

required. All of the previously reported approaches require at least two-dimensional 
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scanning and control. The previously reported scanning stages must be interfermoetrically 

driven with a precision ~n the order of nanometers, and ate.exitemely expensive. 

Elimination of one of these stages greatly reduces the cost of the system. 

An advantage of the invention is that large (expensive) focusing optics can be 

5 avoided. All of the previously reported approaches require very large, precision, focusing 

optics. The optics for the AFENs are lithographically and inexpensively integrated right on 

to the chip. Thus, the system cost is greatly reduced. 

An advantage of the invention is that embodiments are easily upgradeable to the next 

generation. Replacing the chips on a system and upgrading the software will be all that is 

10 necessary to upgrade a system to the next generation of lithography. The computer control 

system, etc. can be retained. It may however, be necessary to upgrade hardware to achieve 

the full speed possibilities of a particular next-generation AFEA chip (i.e., rate of data 

clocking, etc.). Nevertheless, it will be entirely feasible to upgrade a system to a new 

(smaller) feature size by just replacing the AFEA chips and upgrading the software. All the 

15 rest of the hardware will be re-usable. 

An advantage of the invention is that the technology can be maskless. The EUV<S), 

XRPL <0>, IPL(7>, and SCALPEL<'> technologies all require a mask. It is projected that masks 

will soon be more expensive than all of the capital equipment cost for semiconductor 

lithography, regardless of technology. A digitally programmable maskless technology has a 

20 tremendous cost advantage in this environment 

Practical Applications of the Invention 

A practical application of the invention that has value within the technological arts is 

writing patterns on electron resists. Further, the invention is useful in conjunction with 

lithographic stepper (such as are used for the purpose of semiconductor lithography), or in 

25 conjunction with massively parallel scanning electron microscopes (such as are used for the 

purpose of inspection), or the like. There are virtually innumerable uses for the invention, all 

of which need not be detailed here. 

All the disclosed embodiments of the invention described herein can be realized and 

practiced using conventional materials, subcomponents and subcombinatorial procedures 

30 without undue experimentation. Although the best mode contemplated by the inventors of 

carrying out the present invention is disclosed above, practice of the present invention is not 
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limited thereto. It will be manifeSt that various adqitions, modifications and rearrangements 

of the features of the present invention may be-made without deviating· from tlie spirit and . ; . . . 

scope of the underlying inventjve concept. Accordingly~ it will ~e appreciated by those 

skilled in the art that, withi~ th~ scope of the appended claims, the invention may be 
-

5 practiced otherwise than as spt'.cifically described herein. 

For example, the electr9n beam matrix source coUld be enhanced by providing 

additional electrostatic grids and/or magnetic lenses and/or deflection plates. Similarly, 

although diamond-like carbon (DLC) is preferred for the emitting surface, any field-emitting 

material could be used in its place. In addition, the individual components need not be 

10 fabricated from the disclosed materials, but could be fabricated from -Virtually any suitable 

materials. 

Moreover, the individual components need not be formed in the disclosed shapes, or ---­

assembled in the disclosed ~onfiguration, but could be provided in virtually any shape, and 

assembled in virtually any configuration, which affects electrons so as to provide mr · 

15 addressable field emitter array. Further, although the addressable field emitter array 

described herein is a physically separate module, it will be manifest that the array may be 

integrated into the apparatus with which it is associated. Furthermore, all the disclosed 

features of each disclosed embodiment can be combined with, or substituted for, the 

disclosed features of every other disclosed embodiment except where-such features are 

20 mutually exclusive. 

25 

It is intended that the appended claims cover all such-additions, modifications and 

rearrangements. Expedient embodiments of the present invention are-differentiated by the 

appended subclaim. 
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. CLAIMS 

What is claimed is: 

1. An addressable field-emission array. comprising: 

a plurality of addressable emitters; and 

PCT/US00/08313 
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an on-chip electrostatic focusing stack coupled to said plurality of addressable 

emitters. 

2. The addressable field emission array of claim 1, wherein the plurality of addressable 

10 emitters are controlled using a logical shift register and current regulator circuit. 

3. The addressable field-emission array of claim 1, further comprising: a plurality of 

detectors coupled to said plurality of addressable emitters. 

15 4. The addressable field-emission array of claim 3, further comprising: a plurality of 

current copier circuits, each of said plurality of current copier circuits electrically connected 

to one of said plurality of addressable emitters. 

5. A maskless digital e-beam direct write lithography system, comprising the apparatus 

20 · of claim 1. 

6. An addressable field-emission array, comprising: 

a plurality of addressable emitters; and 

and a plurality of detectors coupled to said plurality of addressable emitters. 

25 7. The addressable :field-emission array of claim 6, further comprising: a plurality of 

30 

current copier circuits, each ofsaid plurality of current copier circuits electrically connected 

to one of said plurality of addressable emitters. 

8. A scanning electron microscope, comprising the apparatus of claim 6. 

9. An addressable field-emission array, comprising: 
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a plurality of addressable emitters; and 

a plurality of current copier circuits, each of said plttrality of current copier circuits 

electrically connected to one of said plurality of addressable emitters. 

S 10. The addressable field-emission array of claim 9, further comprising: an on-chip 

electrostatic focusing stack coupled to said plurality of addressable emitters. 

11. A method of operating an addressable field-emission array, comprising: 

generating a plurality of electron beams from a plurality of emitters that compose said 

10 addressable field-emission array; and 

focusing at least one of said plurality of electron beams with an on-chip electrostatic 

focusing stack. 

12. The method of claim 11, wherein said plurality of addressable emitters are powered 

1 S by a plurality of current copier circuits, each of said plurality of current copier circuits 

electrically connected to one of said plurality of addressable emitters. 

13. The method of claim 11, further comprising receiving a signal that is elicited by said 

plurality of electron beruns with a plurality of detectors that are coupled to said plurality of 

20 addressable emitters. 

14. The method of claim 11, further comprising individually addressing each of said 

plurality of emitters 

25 15. The method of claim 14, :further comprising controlling said plurality of emitters with 

a logical shift register and current regulator circuit. 

16. A method of scanning electron microscopy, comprising: 

generating a plurality of electron beams from a pluralitly of addressable emitters that 

30 compose an addressable field..emission array 
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focusing at least one of said plurality of electron beams with an on-chip electrostatic 

focusing stack; and 

acquiring an image with a plurality of electron detectors coupled to said plurality of 

addressable emitters. 

17. The method of claim 16, further comprising traversing a target located on a stage that 

is coupled to said addressable field-emission array to scan said at least one of said plurality 

of electron beams across a surface of said target. 

10 18. A method of e-beam lithography, comprising: 

generating a plurality of electron beams from a pluralitly of emitters that compose an 

addressable :field-emission array 

focusing at least one of said plurality of electron beams with an on-chip electrostatic 

focusing stack; and 

15 exposing an e-beam resist with said pluralitly of electron beams. 

19. The method of claim 18, wherein exposing said e-beam resist includes generating a 

gray-scale pattern in said e-beam resist. 

20 20. An integrated circuit made by the method of claim 18. 
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