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Quadrupole device for projection litho'gfaphy 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 SPIE

“Electron-Beam Sources and Charged-Partiéle 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
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 source (the spot") is displaced across the object by means of, for example
deflection coils, the electron beam being blanked or not during said displacement. The pixels
of the:pattern to be imaged are thus seqixentiéll& written onto the lithographic imaging
surface. As the dimensions of the lithographic structure are larger, significantly more time
will be required 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

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 ixixaged 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 the pattern to be imaged are thus simulitaneously,
i e. not sequentially, projected onto the lithographic imaging surface. Therefore, this method -
of lithography is also called projection lithography. _
The crted article describes a projection llthography method in whrch a -
hthographrc object structure is imaged on' a lithographic i imaging surface by means of a

system of rotationally symmetncal electron lenses. Such a hthographrc object structure can

be formed by a (comparatlvely large) | rendmon of a hthograph1c mask which is to be imaged
on a lithographic 1magmg surface in order to derive the actual (much smaller) lithographic
mask therefrom. The hthographlc object structure to be maged may also be formed by the
actual mask, which is then 1maged on the lithographic i magmg surface (in that case being a
wafer) in order to form mtegrated circuits therefrom. This known lithographic method is
called SCALPEL® (" Scattenng with Angular Limitation PrOJect10n Electron-beam

Lithography"). The i magmg system of electron lenses therem is formed by two electron R

lenses, having a rotatlonally symmetrical lens field, whxch together constitute a telescoplc
In the context.of the present invention a telescopic system is to be

‘understood to mean a system of lenses which converts an jncident parailel beam into a -

parallel outgoing beam. The simplest form of such a system consists of two lenses havlng a
common optical axis, the: rear focus of one lens being comcrdent with. the front focus of the
other lens, as is the case m the cited state-of-the-art system Projection hthography requires a
telescopic system, because _-s comparatively large llthogr__aphxc. object structure (having a _
diameter of the order of magnitude of 1 mm) must be completely imaged on the lithographic -
imaging surface. The edges of said structure should in pnncxple be just as sharp as its center,

which means that the nnagmg defects at the edges of the structure to be imaged may hardly o
be greater than those at the central parts. This condition can be optimally satisfied only if the. .

imaging system is a telescopic system, so that for the present invention it is of essential
importance to perform the'imaging by means of such a system.

Dunng the production of integrated clrcmts by means of projection
lithography the throughput is determined by the magmtude of the current in the electron
beam whereby the lithographic object structure to be imaged (so the mask to be imaged in
the case of IC manufactur_'e) is irradiated. A lintit 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 energy spread of the electrons in;_the beam and distortion of the
beam. Both effects are_greater as the current in the electron beam is larger, and cause
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imaging defects by the imaging' system. The imaging defects'x'nay not exceed a specified
value, so that an upper limit; as ‘also imposed as regards the cun'ent 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
where the spacing of the electrons in fhe beam is small, i.e. at the area of a cross-over in the
electron beam. In the cited state-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
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 chographic
object structure) and the image-(the lithographic imaging surface).

‘Tt 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 devxce accordmg to the mventxon 1s
characterized in that the particle-optical system includes at least five quadrupoles,
neighboring quadrupoles of said quadrupoles each time extending perpendicularly to one .
another, the strength and the location of said quadrupoles being such that _thc imagiﬁg_ 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
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
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 quadrupoles offers the additional advantage that,
in comparrson with round Ienses only little power is drssrpated in the windings of the field-
generatmg pole pleces Thrs 1s due to well known particle optrcal fact that a strong lens
effect can be achieved for quadrupoles ‘while utilizing a comparatrvely small number of
ampere-turns so a low power drss1patton Therefore, these wmdmgs cause only a slight
temperature increase so that mechamcal deformations due to thetmal expansion remain

It isto be noted that from Japanese patent apphcatron 5-286948 published
on 02. 06.95 (filed on 16. 11 93 publrcauon ‘No. 7~142318), xt is known per se to counteract
the Coulomb interaction m an electron beam traversing a lens system by distorting a cross-

| over by means of quadrupoles which are arranged at the: area of the cross-over in order to

form a beam structure havmg an enlarged beam cross-sectlon The imaging systems known
from the cited document, however, are intended to form a spot shape for a sequential

 imaging application (so the scanmng exposure of the hthographlc imaging surface). Such

known systems include rotatronally symmetrical lenses as well as quadrupoles. According to
the method described in the cited document the désired spot shape is obtained by imaging a

- beam-limiting gap onto a. second beam—hmrtmg gap and by 1magmg this assembly in its turn
ona llthographrc 1mag1ng surface It will be evident that thts is not a matter of projection

lithography and therefore the cited document does not offer any hints as to which steps are

20 _.reqmred so as to perform pro_lectlon lxthography by means of exclusively quadrupoles which,

moreover, also constitute a telescoprc system _ _
When the above-mentroned steps accordmg to the invention are taken, it xs

~ also achreved that the 1mage is rotation free, i. e. that the image on the lithographic imaging
‘surface has not been rotated relative to the hthographlc obJect structure, regardless of the.

excitation of the quadrupoles This substantrally s1mphﬁes the alrgnment of the equrpment to

_beused_

‘Ina preferred embodiment of the lxthography device accordmg to the

"mventxon, the x magmficatron from the lithographic object structure to the lithographic

imaging surface equals the y magnification. Generally speakmg, when quadrupoles are used
for a stigmatic image, the magnification in the x dlrectlon devrates from that in the.y

* direction. In such cases addmonal steps would be requrred $0 as to compensate for the -

dlstortron thus caused, for example by a pnor distortion of the object to be imaged. Asa
result of sard steps, a non-drstorted image is obtained so that such additional steps can be
dispensed with.
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Ina furthef_ preferred embodiment of the lithq_graphy device according to

" the invention, the various parameters of the imaging partxcle-optlcal system have the values
stated in Claim 3.

The invention will be described in detail hereinafter with reference to the
Figures in which corresponding reference 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
according to the present state of the art; :

Fig. 2 is a diagrammatic representation of an imaging partlcle-optlcal
system which is provided with five quadmpoles 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 soufce 2. The electron
beam travels through the lens system along an optical axis 4. The system shown also consists
of two round (i.c. rotationally symmetrical) lenses 8 and 10, whose axes coincide with the
optical axis of the system. Both lenses 10 and 12 image a lithographic object structure 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
focal length f, of the lens 10 equals 160 mm, like the distance d, from the mask 14 to the
lens 10. The focal length f, of the lens 12 equals 40 mm, like the distance d, from the lens
12 and the surface of the wafer 16 to be irradiated. It _appeafs 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 causé .hardly
any or no image rotation.

- The mask 14 to be imaged on the surface of the wafer 16 is madlated 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 um 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 f, of the lens 10 and the diameter of the diaphragm 24 it
also follows that the angle of aperture 26 of the electron 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
the irradiating beam and the imaging beam are not separate beams but form part of the beam
of electrons emanating from the sotirce 2, a distinction is made between the two imaginary

_-beams 28 and 30 50 as to eli;cidate the different functions '_'(_i:i_'-'r'adiation and imaging). The rays

of the irradiating beam 28 are incident in parailel on the mask 14 via the condensor systeni

6, 8. The paraliel rays are focused via the lens 10, in the common focal plane of this lens

and the lens 12, after whxch they emanate in parallel agam from the lens 12 so as to travel in .

. the direction of the 1magmg surface 16. Via the condensor system 6, 8, the rays of the-

imaging beam 30 are meldent_on the mask 14 in a non-parallel manner. Consequently,-the .
mask 14 is imaged in infinity by the lens 10, i.c. the rays emanating from a given point of
the mask 14 emanate from the lens 10 as a 'para.llel beam. 'The lens 12 focuses this parallel
beam on the i magmg surface 16 which coincides with- the rear focus of the lens 12. The
mask 14 irradiated by the beam 28 xs thus maged on the xmagmg surface 16. .

Between the two lenses 10 and 12, together constttutmg the teleseoplc

. system, a cross-over 18 i 1s formed at the area of the comcldent focal points of the two lenses.

30

- Thus, the highest spatlal eoncentratlon of electrons between the two lenses 10 and 12 occurs
20,

- 24 which has a diameter of 160 pm. The dimension of the diaphragm 24 is determined by
the required angle of'apert'it_lre of the imaging beam, whxch angle of aperture itself is irnposed o

at-this pomt in the beam pa_th, so within the aperture of theround-_beam—lmnnng diaphragm

by the permissible imaging defects, so by the desired resolntion of the image. .
Fig. 2 i isa diagrammatic representatton of an imaging pamde—optxcal
system wlnch includes ﬁve quadrupoles 32, 34, 36, 38 and 40 accordtng 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 irradiating 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 nnagmg line 28 forms a focal line in
the x-z plane (like in the quadrupoles 34 and 38), this beam does not 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. 1, spatially- separated focal lines with a much

lower space charge concentration are formed. _
The physxcal dimensions of the system shown in Fig. 2 are defined by six
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dimensional parameters A, a, b, ¢, d and D which have the follpwing meaning:
A = the d;stance between the mask 14 andtheﬁrst quadrupole 32,
a = the distance between the first quadrupole 32 and the second

quadrupole 34, . .
5 : b = the distance between the second quadrupole 34 and the third
quadrupole 36, '
¢ = the distance between the third quadrupole 36 and the fourth

quadrupole 38, _ L

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

10 quadrupole 40,
C ' - D = the distance between the fifth quadrupole 40 and the imaging surface

16.

It is assumed that the angular magnification by the system from the mask
14 to the imaging surface 16 equals M. Furthermore, 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:

. |
M °] e
0.

It can now be demonstrated that the above requirements can be satisfied by way of the
20 following relations (2)-(5):

. —2DM?*(1+M) +b(1+4aM+M>-C)
A 2(1+M) 2)

a=b -2M+C

2(1+M) @)
c=2 @
= -2M+C )

2M2(1 + M)
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In these expressions C = J(M +6M*+M°). For the associated lens excitations it holds that
, = a (see expression 3); q,, is therefore, a focal length) gs = d (see expression (5)),
whereas for g, - g, it holds that: :

_2ab _, -2M+c |
5 %= 20 " PT-N+c o ©
bc . b 0

%= B T 1+M

. = 2cd _ . -2M+C |
%= T .b MM 4+ C) - ®

10

-By way 6f exémple it is assumed that the ang'lilar:hlagniﬁt:ation 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
' ‘these values, the values for the various parameters are as stated in the following Table I:

15
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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 pum for the cross-over 18 in Fig. 1. In Fig. 2 this means that the width of the focal line
at the center of the quadrupole 34 equals this angular spread times the distance a, so
approximately 96 um. 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 is also formed perpendicularly to the x-z plane, that is to
say at the center of the quadrupole 44. The width of this focal line is determined by the
strength of the _quadmpdles 32 and 34 and the values of the distances a and b. It will be
evident that the (virtual) image, having a width of 96 um, formed in the y-z plane by the
quadrupole 32 is imaged in the qﬁadrupole 36 with a linear magnifimtidn amounting to b/2a;
the width of the latter image thus _af)pears to be _apprbx_i_n_:ately 100 pm. The quadrupole 36 is
provided with a beam-limiting gap 44 whose longiiudinal direction extends perpendicularly to
the plane of drawing. The function of this gap is the same as that of the gap 42. The width -
of these two gaps, therefore, can be chosen to be equal to the width of the two focal lines.
Using the a_bove—mentioned immbers, 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 mm?. In the situation shown in Fig. 1 the surface area
traversed by the beam equals approximately 0.025 n.nn2 for a cross-secﬁon of the crossover
amounting to 160 um. Therefore, if the same current density as in Fig. 1 is to be permitted - |
for the situation of Fig. 2, an increase of the overali 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
throughput during the production of integrated circuits can also increase by a similar factor.
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CLAIMS:
RO
1. - A lithography device for carrying out projection lithography by means of
charged patticles,

which device includes an imaging particle-optical system for imaging a lithographic object
structure (14) on a lithographic imaging surface (16),
characterized in that

the particle-optical system includes at least five quadrupoles (32, 34, 36,
38, 40),

neighboring quadrupoles of said quadrupoles each time extending
perpendlcularly to one another,

- the strength and the location of Sald quadrupoles bemg 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 1, in which the x magnification

M, from the lithographic object structure to the lithographic imaging surface equals the y.
magnification M,,.
3. A lithography device as claimed in Claim 2, in which the following four
relations exist between the various dimensional parameters (A, a, b, ¢, d, D) of the particle-
optical system:
- —2DMP(1+M) +b(1+aM+ M2 -C)
4 2{(1+M) ()
- _"2M+C
a=batiemy . @

c=2 | 3)
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p—2M+C | @)

2M?(1 + M)
. R 0O AR

M = the angular magnification by the imaging particle-optical system from the lithographic
object structure (14) to the lithographic imaging surface (16),

C = JM+6M2+M?),

A = the distance between the lithographic object structure (14) and the first quadrupole (32), _

a = the distance between the first quadrupole (32) and the second quadrupole (34),
b = the distance between the second guadrupole (34) and the third quadrupole (36),
¢ = 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). '

4, A method of manufacturing an integrated electronic circuit, in which a
projection lithographic image of a lithographic object stmctufe (14) is formed on a.
lithographic imaging surface (16), forming part of the intc_:grated electronic circuit, by means
of a beam of charged particles, which image is realized by means of an imaging particle
optical system,

characterized in that

the imaging beam is subjected to the effects of a first up to and mcludmg a fifth quadrupole o
field forming part of the particle-optical system, neighboring quadrupole fields of said
quadrupole fields extending each time perpendicularly to one another, . |

the strength and the location of said quadrupole fields being chosen to be 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.

3. 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 M, from the lithographic
object structure to the lithographic imaging surface equals the y magnification M,.

6. A method as claimed in Claim 5, in which the various dimensional parameters
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(A, a, b, c, d, D) of the particle-opticél system are chosen to be such that the following four
relations exxst between these dlmenslonal parametets

A': —2DM’(1+};)(111(;_T+4M+M’ c) a
&b @
AN R o2 | @
= € L M 5 * _ .
b 2leC | @
in which:

M = the angular magnification by the imaging particlé-optical system from the lithographic
object structure (14) to the lithographic imaging plane (16),

C =vV(M+6M*+M),

A = the distance between the hthographlc ob_)ect 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,

b = the distance between the center of the second quadrupole field and the center of the
third quadrupole field, | | o

¢ = the distance between the center of the third quadrupole field and the center of the fourth
quadrupole field, | o

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

D = the distance between the center of the fifth quadrupole field and the lithographic .
imaging plane (16). -



