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Quadrupole device for projection lithography by means of charged particles. 

The invention relates to a lithography device for carrying out projection 

lithography by means of charged particles, which device includes an imaging particle-optical 

system for imaging a lithographic object structure on a lithographic imaging surface. 

A device· of this kind is known from an article in Proceedings SPIB 

"Electron-Beam Sources and Charged-Particle Optics", 10-14 July 1995, by W.K. 

Waskiewicz et al., entitled "Electron-Optical Design for the SCALPEL Proof-of-Concept 

Tool"~ published in SPIE, Vol. 2522, 1995. 

Particle-optical imaging, notably electron optical imaging, can be used for 

the lithographic manufacture of very small structures, such as integrated electronic circuits or 

masks for such circuits, with a resolution which is less than the wavelength of light~ . 

The imaging of a lithographic object structure on a lithographic imaging 

surface by means of electrons can in principle be carried out in two ways: sequentially and 

15 non-sequentially. In the case of sequential imaging, the emissive surface of. an electron 

source, or a part thereof, is imaged, at a strongly reduced scale, on the lithographic imaging 

surface on which the lithographic structure to be formed is to be provided. This image of the 

electron somce (the "spot") is displaced acros8 the object by means of, for example 

deflection coils, the electron beam being blanked or not during said displa~ent. The pixels 

· 20 of the pattern to be imaged are thu8 sequentially written onto the lithographic imaging 

surface. As the dimensions of the lithographic structure are larger, significantly inore time 

will be reqµired for the scanning writing of this structure, i.e. an increase in time in 

proportion to ·the surface area of the structure. Because nowadays in the integrated circuit 

technique there is a strong tendency to image increasingly larger structures, the throughput 

25 during the production of· integrated circuits decreases strongly, so that this method of imaging 

is becoming increasingly more objectionable. 

In the case of non-sequential imaging, the lithographic object structure to 

be imaged is uniformly· irradiated by means of the electron beam and a focusing lens system 

is used to form an image, reduced or not, of the lithographic object structure on the 
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lithographic imaging surface. The pixels of .Ui~ pattern to be imaged are thus simultaneously, 

i~e. not sequentially, projected onto the lithographic imaging surfa~. Therefore, this method 

of lithography is also called projection lithography. 

The cited amcle describes a projection lithography method in which a 

S lithographic object structur# is imaged on a lithographic ~ging surface by means of a 

system of rotationally sy~etrical electron lenses. Such a J.ithographic object stru~re can 

be· formed by a (comparatively large) .rendition of a lithographic mask whicll is to be imaged 
. . 

on a lithographic imaging ~ce in order to derive the ~ (m~h smaller) lithographic 

mask therefrom. The lithc;>graphic object structure to be ilpa~ed may also be formed by the 

10 actual mask, which is then imaged on the lithographic imaging surface (in that case being a 

wafer) in order to form in~grated circuits therefrom. This known lithographic method is 

called SCALPEl:-f> (II scattering with Angular Limitation Projection Electron·beam 

Uthography"). The imagµig system of electron lenses therein is form~ by two electron 

lenses, having a rotationally symmetrical lens field, whicti. together constitute a telescopic 

15 system. 

In the;; ~ntext. of the present invention a telescopic system is to be 

understood to mean a sy~ of lenses which converts an ~dent parallel beam into a 

parallel outgoing beam. The s.im.plest form of such a system consists of two lenses having .a 

common optical axis, the: rear focus of one lens being cojncident with.the front focus of the 

20 other lens, as is the cas~ in, the cited state·of-the-art system. Projection lithography requires a 

telescopic system, becaus~ a comparatively large lithograpJlic object structµre (having a 

diameter of the order of magnitude of .1 mm) must be C<Jlllpletely imaged on the· lithographic 

imaging surface. The edg~s of said structure should in ptin,ciple be just as $harp as its center, 

which means that the inµlging .defects at the edges of th~ structure to be imaged may hardly 

25 be greater than those at the central parts. This condition can be optimally satisfled only if the. 

imaging system is a tele~copic system, so that for the pres~t invention it is of essential 
.·· . . .. 

importance to perform the imaging by. means of such a sy~tem. 

Durin~. the production of integrated ".ircuits by means of projection 

lithography the throughput is determined by the magnitude. of the current bi the electron 

30 beam whereby the lithographic object structure to be ima~~ (so the mask to be imaged in 

the case of IC manufacture) is irradiated. A limit is imposed as regards the current in the 

electron beam because the electrons in the beam repel one another (the so-called Coulomb 

interaction), causing an· eµergy spread of the electrons in. the beam and distortion of the 

beam. Both effects are y~i:iter as the current in the electron beam is larger, and cause 
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imaging de_fects by the imaging. system. The imaging defects inay not exceed a specified 

value, so that an upper lim.iti:~:aiso imposed as regards the ~¢nt in the beam, and hence 

also as regards· the throughput of the integrated circuits to be produced. 

The described repulsion effect is strongest in the part of the electron beam 

5 where the spacing of the electrons in the beam is small, i.e. at the area of a cross-over in the 

electron beam. In the cited sta~of-the-art system such a cross-over occurs between said two 

round lenses which together constitute the telescopic system, that is to say at the area of the 

coincident focal points of the two lenses. Even though it may occur that cross-overs are also 

formed in the electron beam ahead of the telescopic system, such cross-overs do not have an 

10 effect on the (geometrical) imaging defects, because they are situated in the irradiating part 

of the beam and do not occur in the imaging beam path between the object (the lithographic 

object structure) and the image·(the lithographic imaging surface). 

15 · It is an object of the invention to make said limitation of the current in the 

electron beam less severe, and hence increase the throughput during the production of 

integrated circuits. 

To this end, the lithography device according to the invention is 

characterized in that the· particle-optical system includes at least five quadrupoles, 

20 neighboring quadrupoles of said quadrupoles each time extending perpendictilarly to one 

another, the strength and the location of said quadrupoles being such that the imaging. of the 

lithographic object structure on the lithographic imaging surface is stigmatic, and that the 

system is telescopic in the x-z plane as well as in the y~z plane. 

As is known from particle optics, a quadrupole field exerts a pure 

25 converging effect on a beam of charged particles in a first plane containing the optical axis 

(the converging plane) whereas it has a purely diverging effect in a plane which extends 

perpendicularly thereto and contains the optical axis (the diverging plane). In the context of 

the present invention mutually perpendicularly extending quadrupoles are to be understood as 

a system of quadrupoles in which the converging (diverging) plane of one quadrupole extends 

30 perpendicularly to the converging (diverging) plane of another quadrupole. 

The invention is .based on the recognition of the fact that it is in principle 

possible to form a stigmatic image by means of more than one quadrupole. Realizing this 

image by means of a system which is telescopic in the x-z plane as well as in the y-z plane 

enables the desired high resolution to be achieved at the edges of the image. 
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Furthermore, the use of quadrupoJes offers the additional advantage that, 

~ comparison with round lenses, only· little power is dissipated in the windings of the field­

generating pole pieces. Thi$ is due to well known particle optical fact that a strong lens . ·• . ~ . . . 

effect ~an be achieved for ~les while utilizing a comparatively small number .of 

S ampere-turns, so a low power dissipation. Thererore, ·thes~W~ings cause only a slight 

temperature increase so tha~ mechanical deformations due w;·therma1 expansion ·remain 
: ~ •. 

limited. 

It is to be no~ that from Japanese patent application S-286948, published . . 

on 02.06.95 (filed on 16.11.93, publication No. 7-142318)~ it is known per se to counteract 

10 the Coulomb interaction iii.an electron beam traversing a ~ens system by distorting a cross­

over by means of quadru~lfs which are arranged at the ·area of the cross-over in order to 

form a beam structure ba:vDig an enlarged beam cross-section. The· imaging systems known 

from the cited document, ·b.Qwever, are intended to ·form a• spot shape for a sequential 
. . 

imaging application (so the··scanning exposure of the lithogr~phic imaging surface). Such 

15 known systems include rotationally symmetrical Iense8 as w~ll as quadrupoles. According to 

the method described in th~ cited document the desired spot· shape is obtained. by imaging a 

beam-limiting gap onto a second beam-limiting gap and by iinaging this ~embly in its turn 
:· . . . 

on a lithographic imaging '$urfaee. It will be evident that thiS ·is not a matter of projection 

lithography and, therefore,_the cited document does not offer·any hints as to which steps are %'.' 
'·. . . . 

20 · required so as to perfornl. projection lithography by means of exclusively quadrupoles which, 

. moreover, also constltute ~ 'telescopic system. · 

·.When the above-mentioned stq)s according to the . invention. are taken, it .. is 

also ~eved that the image is rotation free, i.e. that the :image on the lithographic imaging 

sUrface has not been rotat~ relative to the lithographic object structure, regardless of the 
. . . . 

25 excitation of the quadrup0les. This substantially simplifies the alignment. of the equipment to 
be used. , ;' •. 

In a pr~ferred embodiment of the litbogiaphy device according to the 
' . 

· invention, the x magnification from the lithographic object 'structure to the lithographic 

imaging surface equals the y magnification. Generally speiling, when quadrupoles are used 

30 for a stigmatic image, the· magnification in the x direction 9eviates from that in the y 

direction. In such cases additional steps would be required so as to compensate for the 

distortion thus caused, for· example by a prior distortion: of the object to be imaged. As a 

result of said steps. a non".'distorted image is obtained so that such additional steps can be 

dispensed with. 
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In a further preferred embodiment of the lithography device according to 

the invention, the various parameters of the imaging part1cle·op~cal system have the values 

·~ in Claim 3. 

The invention will be described in detail h~einafter with reference to the 

Figures in which corresponding refer~ce numerals denote corresponding elements. Therein: 

Fig. 1 is a diagrammatic representation of an imaging particle-optical 

system for the imaging of a lithographic object structure on a lithographic imaging surface 

10 according to the present state of the art; 

15 

Fig. 2 is a diagrammatic representation of an imaging particle-optical 

system which is provided with five quadrupoles according to· the invention. 

Fig. 1 is a diagrammatic representation of a state of the art imaging 

particle-optical system for imaging a lithographic object structure on a lithographic imaging 

surface. In this Figure an electron beam is produced by an electron source 2. The electron 

beam travels through the lens system along an optical axis 4. The system shown also consists 

of two round (i.e. rotationally symmetrical) lenses 8 and 10, whose axes coincide with the 

20 optical axis of the system. Both lenses 10 and 12 image a lithographic object stnJ.cture 14 to 

be imaged, for example a lithographic mask, on a lithographic imaging surface 16, for 

example a wafer on which integrated circuits are to be formed. In the system shown, the 

fo~ length f1 of the lens 10 equals 160 mm, like the distance d1 from the mask. 14 to the 

lens 10. The focal length f2 of the lens 12 equals 40 mm, .like the distance d2 from the lens 

25 12 and the surface of the wafer 16 to be irradiated. It appears from these numbers that the 

mask is imaged on the wafer with a reduction factor amounting to 160:40 = 4: 1. When the 

ratio of the diameter of the bore to the gap (bore to gap ratio) of the two lenses is chosen to 

be equal and the excitation of these lenses is equal but opposed, this system will cause hardly 

any or no image rotation. 

30 The mask 14 to be imaged on the surface of the wafer 16 is irradiated by 

means of two condensor lenses 6 and 8 which form a more or less. parallel beam of a width 

of approximately 1 mm at the area of the beam cross-section 20, that is to say at the area of 

the mask 14. This Figure also shows a round beam-limiting diaphragm 24 which has a 

diameter of 160 µm at the area of the coincident focal points of the lenses 10 and 12. From 
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the stated :values of the focal length f1 of the lens 10 ai1d the diameter of the. diaphragm 24 it 

also follows that the angle of aperture 26 of the electtY:>n beam equals 1 mrad. 

Fig. 1 shows two beam paths: the beam path of the irradiating beam 28 

(shown in solid lines) and that of the imaging beam 30 (shown in dashed lines). Even though 

5 the irradiating beam and tbe imaging beam are not separate peams but form part of the beam 

of electrons emanating from the sotirce 2, a distinction is ma,de between the two imaginary 

. ·beams 28 and. 30 so as to elucidate the different functions (ii'radiation and imaging). The rays 

of the irradiating beam 2~ are in.Cident in· parallel on the. mask 14 via the condensor system 

6, 8. The parallel rays are focused, via the lens 10:, in th~ C()IDinOD focal plane of this lens 

10 and the lens 12, after which they emanate in parallel again ·from the lens 12 so as to travel in 

the direction of the imaging surface 16. Via the condensor system 6, 8, the rays of the. 

imaging beam 30 are mcid~t on the mask 14 in a non-~elmanner. Consequently,-tbe 
. . . . . ~ . 

mask i4 is imaged in infinity by the lens 10, i.e. the rays emanating from a given point of 
' ' 

the mask 14 emanate from the lens 10 as a parallel beam. The lens 12 focuses this parallel 

15 beam 'on the imaging Surface. 16 whiCh coincides witl) ·the ·~ focus of the. lens 12. The 

mask 14 irradiated by the beam 28 is thus imaged on the imaging surface 16. 

Betweeil the two lenses 10 and 12, together constituting the telescopic 

system, a cross-over 18 is formed at the area of the coin~ident focal points of the two lenses. 

Thus, the highest spatial ~centration of electrons between the two lenses 10 and 12 occurs 

20.. at this point in the beam path, so within the aperture of the round beam-limi~g diaphragm. 

24 which has a diameter .of 160 µm. The dimension of the .diaphragm 24 is determined by 
. : . . . . ·' . 

the required angle of apertUre of the imaging beam, which angle of apertUre itself is imposed 
. •: . . . . . . · .. 

by the permissible imagin$ defects, so by the 4esired resolution of the image. 
' ' 

Fig. 2 is a diagrammatic representation of an imaging particle-optical 

25 system which includes fiv~ quadrupoles 32, 34, 36, 38 :and 40 according to the invention. 

This Figure shows the beam path through the system for the x-z plane as well as for the y~z 

plane, the beam path of· the hTadiating beam 28 being represented by solid lines and that of 

the imaging beam 30 by dashed lines as in Fig. 1. A comparison of the beam path in the x-z 

plane to that in the y-z plane reveals that wherever the imaging line 28 forms a focal line in 

30 the x-z plane (like in the quadrupoles 34 and 38), ·this beam does nQt form a.focal line in the 

y-z plane, and vice versa.· This means that instead of cross-overs. with a strongly concentrated 

space charge, like the cross-over 18 in Fig. l, spatially· separated focal lines with a much 

lower space charge concentration are formed. 

The physical dimensions of the system shown in ·Fig. 2 are defined by six 
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dimensional parameters A, a, .b, c, d and D which have the following meaning: 

A = the gis~ce between the mask 14 aJ;l~<~~. first quadrupole 32, 
·'·'.··. ;:,• '. 

a = the· distance between the first quadrupole 32 and tJ:le second 

quadrupole 34, 

b = the distance between the second quadrupole. 34 and the third 

quadrupole 36, 

c = the distance between the third quadrupole 36 and the fourth 

quadrupole 38, 

d = the distance between the fourth quadrupole 38 and the fifth 

quadrupole 40, 

D = the distance between the fifth quadrupole 40 and the imaging surface 

16. 

It is assumed that the angular magnific:ation by the system from the mask 

14 to the imaging surface 16 equals M. Furthennore, it is also a prerequisite that the system 

·· 15 is telescopic. When two of said five imaging parameters of such a system are specified (for 

example, b and D), the value of the remaining three parameters can be determined. A system 

is telescopic if it complies with the transfer matrix T: 

T • ( : : ) 

It can now be demonstrated that the above requirements can be satisfied by way of the 

20 following relations (2)-(5): 

A= -2DM2 (l+M) +b(l+4M+M2 -C) 
2 ( 1 + M) 

a= b -2M+ C 
2 ( 1 + M) 

c = b 
M 

d = b -2M+ C 
2M2 (1 +M} 

(1) 

(2) 

(3) 

(4) 

(5) 
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In these ~xpressions C = .Jc.M +6M1+ M3). For the associated lens excitations it holds that 

q~ = a (see expression (3); q., is therefore, a focal length), 'ti = d _(see expression (5)),. 

whereas for cu - q4 it holds that: 

,., _ 2ab _ b -2M+ C 
'='2 - - -a+b 1-M+ C 

(6) 

be b. 
% = b+c - _l_+_M (7) 

. _ 2cd _ b -2M-t: C 
q4 - c+d - M(M2 -M+ C} 

(8) 

.By way of example it is assumed that the angllJ.ar"magnification M = 4, that the distance b 

between the second quadrupole 34 and the third quadrupole 36 eqUals 200 mm, and that the 

distance D between the fifth quadrupole 40 and the imaging surface 16 equals 20 mm. Using 

the8e values, the values for the various parameters are as stated in the following Table I: 



s 

W000/14767 

;· .. ,. · .. 

Given 

Result 

9 

Table I 

Quantity 

M 

b 

D 

A 

a 

c 

d 

L 

Mx 

My 

Q1 

<h 

Cb 

q4 

'Is 

PCT/EP99/06637 

"Value 

4 

200mm 

20mm 

83.88 mm 

96.13 mm 

50.00mm 

6.008 mm 

456.0mm 

-4 

4 

96.13 mm 

98.02 mm 

40.00mm 

9.688 mm 

6.008 mm 

Even though the beam 28 in Fig. 2 is shown as a parallel beam in the 

zone between the mask 14 and the quadrupole 32, this beam in reality exhibits some angular 

10 spread which amounts to 1 mrad in a practical situation. This would lead to a dimension of 

160 µm for the cross-over 18 in Fig. 1. In Fig. 2 this nieans that the width of the focal line 

at the center of the quadrupole 34 equals this angular spread tim~s the distance a, so 

approximately 96 µm. The quadrupole 34 is provided with a beam-limiting gap 42 whose 

longitudinal direction extends perpendicularly to the plane of drawing. The.main function of 

15 this gap is the interception of electrons which have been scattered in the optical path over 
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these gaps, so that they would miss the actual focal line and reduce the resolution because of 

their imaging defects. A focal line js also formed perpendiculaf1y to the x-z plane, that is to 

say at the center of the quadrupole 44. The width of this fo~ line is determined by the 

strength of the quadrupoles 32 and 34 and the values of the distances a and b. It will be 

5 evident that the (virtual) image, having a width of 96 µm, formed in the y-z plane by the 

quadrupole 32 is imaged in the quadrupole 36 with a linear magnification amounting to b/2a; 

the width of the latter image thus appears to be approximately 100 µm. The qu3dmpole 36 is 

provided with a beam-limiting gap 44 whose longitudinal direction extends perpendicularly to 

the plane of drawing. The function of this gap is the same as that of the gap 42. The width 

10 of these two gaps, therefore, can be chosen to be eq'181 to the width of the two focal lines. 

Using the above-mentioned numbers, it will be evident that the length of the two focal lines 

amounts to approximately 2 mm in the case of an incident beam width of .1 mm (i.e. at the 

· area of the mask 14). It follows that the current should pass through a surface of 

approximately 0.1 mm x 2 mm = 0.2 mm2
• In the situation shown in Fig. 1 the surface area 

15 traversed by the beam equals approximately 0.025 mm1 for a cross-section of the crossover 

amounting to 160 µm. Therefore, if the same current density as in Fig. 1 is to be permitted 

for the situation of Fig. 2, an increase of the overall beam current by the ratio to said 

surface areas will be permissible. This yields an increase of the beam current by a factor of 

eight. The permissible current in the beam, therefore, can increase by this factor, . so that the 

20 throughput during the production of integrated circuits can also increase by a similar factor. k 

" I. 
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CLAIMS: 

: 1111111111111111111 11111111111 
* C l M S * 

1. A lithography device for carrying out projection lithography by means of 

charged particles, 

which device includes an imaging particle-optical system for imaging a lithographic object 

structure (14) on a lithographic imaging surface (16), 

5 characterized in that 

the particle-optical system includes at least five quadrupoles (32, 34,. 36, 

38, 40), 

neighboring quadrupoles of said quadmpoles each time extending 

perpendicularly to one another, 

10 the strength and the location of said quadrµpoles being such that the 

imaging of the lithographic object structure (14) on .the lithographic imaging surface (16) is 

stigmatic, and that the system is telescopic in the x-z plane as well as in the y-z plane. 

2. A lithography device as claimed in Claim l, in which the x magnification 

15 Mx from the lithographic object structure to the lithographic imaging surface equals they 

magnification My. 

3. A lithography device as claimed in Claim 2, in which the following four 

relations exist between the various dimensional parameters (A, a, b, c, d, D) of the particle-

20 optical system: 

A= -2DM2 (1+M) +b(1+4M+M2 -C) 
2 { 1 + M) 

a= b -2M+ C 
2 ( 1 +M) 

c = b 
M 

(1) 

(2) 

(3) 



W000/14767 PCT/EP99/06637 
12 

d = b -2M+C 
2M2 (1 +M) 

(4) 

111111111111111111111111111111. 
in which: * C L M S * 

M = the angular magnification by the imaging particle-optical system from the lithographic 

object structure (14) to the lithographic imaging surface (16), 

s c = v'"CM+6M2+M3), 
A - the distance between the lithographic object structure p4> and _the first quadrupole (32), 

a = the distance between the first quadrupole (32) and the second quadrupole (34), 

b = the· distance between. the second .quadrupole (34) and the third quadrupole (36), 

10 c =the distance between the third quadrupole (36) and the fourth quadrupole (38), 

d = the ·distance between the fourth quadrupole (38) and the ·fifth quadrupole ( 40), and 

D = the distance between the fifth quadrupole (40) and the lithographic imaging surface 

(16). 

15 4. A method of manufacturing an integrated electronic circuit, in which a 

projection lithographic image of a lithographic object structure (14) is formed on a 

lithographic imaging surface (16), forming part of the inte~ted electronic circuit, by means 

of a beam of charged particles, which image is realized by means of an imaging particle 

optical system, 

20 characterized in that 

the imaging beam is subjected to the effects of a first up to and including a fifth quadrupole 

field forming part of the particle-optical system, neighboring quadrupole. fields of. said 

quadrupole fields extending each time perpendi~arly to one another' 

the strength and the location of said quadrupole fields being· chosen to be such that the 

25 imaging of the lithographic object structure (14) on the lithographic imaging surface (16) is 

stigmatic, and that the system is telescopic in the x-z plane as well as in the y•z plane. 

5. A method as claimed in Claim 4, in which the strength and the location of the 

quadrupole fields are chosen to be such that the x magnification ~ from the lithographic 

30 object structure to the lithographic imaging surface equals the y magnification M1• 

6. A method as claimed in Claim 5, in which the various dimensional parameters 

II 
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(A, a, b, c, d, D) of the particle-optical system are chosen to be such that the following four 

relations exist between thes~. dimensional· parameters: 

in which: 

A :;= -2DM2 (l+M) +b(l+4M+M2-C) 
2 (l+M) 

111111111111111111111111111111 
* C L M S * 

_b 
C--

M 

. d=b -2M+C 
2M2 (l+M) 

(1) 

(2) 

(3) 

(4) 

M = the angular magnification by the imaging particle-optical system from the lithographic 

object structure (14) to the lithographic imaging plane (16), 

10 C =v'(M+6M2+M3), 

A = the distance between the lithographic object structure (14) and the center of the first 

quadrupole field, 

a = the distance between the center of the first quadrupole field and the center of the second 

quadrupole field, 

15 b = the distance between the center of the second quadrupole field and the center of the 

third quadrupole field, 

c = the distance between the center of the third quadrupole field and the center of the fourth 

quadrupole field, 

d = the distance between the center of. the fourth quadrupole field and the center of the fifth 

20 quadrupole field, and 

D = the distance between the center of the fifth quadrupole field and the lithographic 

imaging plane (16). 


