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Introduction to the topic |

Within the term lithography we include all processes needed to define a (lateral)
pattern onto a substrate (or a multilayered structure)

In an oversimplified picture:

We use an (material or immaterial) “ink” to define a pattern;

We can either define a complex pattern all at once (parallel process), or draw it “pixel by
pixel” (serial, or scanning, process);

The ink is used to modify locally the substrate surface (impression);

If required, the substrate can be previously prepared so to be sensitive to the ink
(photoresist or resist-assisted lithography)

An etching process is used to locally remove the material (either in impressed or non

impressed regions, i.e., subtractive or addictive lithography), thus to transfer the defined
pattern to the substrate

Note: sometimes, instead of etching direct deposition of ink can be used (as we will see,
e.g., in atom lithography)

Thus, lithography comprises of several aspects, including, e.g.,:
-Methods to create a patterned ink;

-Techniques for impression,;

-Etching processes
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Introduction to the topic Il

Optical lithography is the most common (and most simple) method in microelectronics

Simplified picture of a subtractive process

1. Impression
Llight

Master
(“mechanical” mask)

Photoresist

Susbtrate (or film) to be patterned

Essential components:
Light (to make impression)

Mask (to produce the pattern)

Photoresist (to be impressed)

2. Development .
Impressed photoresist

Development and etching (to
transfer the pattern)

“Protected” regi

DNS

3. Etching

Pattern transfer to
the substrate

Inherent advantages:
- parallel operation (large-scale
Impressions in a single run)
- flexibility/suitability for large

scale integration
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Outlook

1.

Optical lithography as the most common technique in microelectronics
A. Basic processes;

B. Photoresists and masks

Optical microscopy and the role of diffraction in lithography

Strategies to improve space resolution

Electron microscopy and related issues

Lithographies with charged particle beams

Lithographies and direct deposition with neutral atoms

A very few words on nanoimprints
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1.A. Basic processes in optical lithography
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(d) UNEXPOSBED PHOTORESIST REMOVED
BY DEVELOPER
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(even in very basic processes)
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EXPOSED PHOTORESIST n@

Figure 1.22 Basic IC process steps on an oxidized Si wafer; photoli-

thopraphy (with a negative-tone resist}, including exposure, develop-

ment, oxide etching, and resist stripping. {From Brodie. I and J. ], Da M. Madou

Muray, The Physics of Microfabrication, Plenum Press, New York, 1991. Fundém entalé of microfab

With permission.) CRC (1997)

NEGATIVE RESIST IMAGE

xterior ]
b 72 ) i 2
o)
E RESIST IMAGE

Figure 1.1 Positive and negative resist exposure, development, and
edge-scattered radiation. (A) Positive and negative resists, exposure,
and development, Positive resists develop in the exposed region and
usually remain soluble for lift-off. Negative resists remain in the
exposed region but are insoluble and not suitable for lifi-off (see text),
(B} Edge-scattered radiation profile for negative and positive resists.
Time-independent development of cross-linked negative resist fails to
remave light scatter zone. Development of positive resist rapidly
remaves exposed region and can be quenched to inhibit removal of
lateral scartered exposed resist region. (From Brodie, [ and J. J. Muray,
The Physics of Microfabrication, Plenmin Press, New Yosk, 1982. With
permission.)

Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 9 - pag. 5



Example of process flexibility in lithography

Two type of pattern transfer(subtractive or additive)

Posilive Resist Megztive Resist
Exp:si.ng ! Expazing
Resist Exposurs Yoy Fadetion Ty RBsistEapoae 44 Foddion
EA A — Resiat .
— Thn Fim Lo S
— Suzstrake

Mesist Developrnort Eesist Developrnemt

Filn Etchirg Filrn Depasition

— Thin Fitm

Resist Rernoval Resist F%em-w

Substraction or addition of features feasible (through
combination with other techniques, e.g., deposition, liftoff,...)
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1.B. Photoresists

Contrast curve for ideal photoresists

(a) (b) Essential requirements:

ey gt - high sticking coefficient;

2 | negative /| 2 - homogeneity;

i g - uniform thickness:

E E | positive - high sensitivity to radiation_(typ. UVv);
“ ; = | - fidelity in pattern reproduction

jog, D, l0g..D, lagypD,, 108400y
C Exposure dose Yigure 26: Schematic view Exposure dose
of a contrast curve for

{a) negative tone resist and
(b) positive tone resist,

“Sensitivity”:
N = number of borken bonds = G*dose/100
With dose expressed ineV: G, ~ 1-10

typ

Typical choices for photoresist:

v'Light-sensitive polymers (or organic amorphous materials)

v'UV-broken bonds modify features (protect/unprotect against etching)
v'Thickness kept below the micrometer level to improve homogeneity and
reduce dose (and enhance space resolution)
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7 Photoresist A few examples of photoresists

Photoresists are also an integral part of lithography. The performance of the resist is the

iming factor for the magnitude 0 logy factor &,. In general, photoresists 9
lymers which react when exposed to li ere are two different types of resists; OO Ne o gy .
With pos'.ltlve tone Tesists, the exposed areas of the resist will dissolve in the developer, it 1 E
R

Positive resist

with negative tone resmts the exposed areas will remain.
: a tesin, which serves as a binder East NsoLUBLE WOLFF
and establisies the mechamcal propertles a photoactwe compound (PAC), and a solvent O< RS ERENr
to keep the resist liquid. The resin is not normally responsive to the exposure. The com- % on o
monly used positive tone resist systern for g- and i-line lithography is the novolac/dia- Figure 22: Exposurc X
zonaphthoquinones (DNQ) system. The novolac is the resin material and dissolves in PDYT‘}C(;S:E‘S’]*;Z"E;;E[;?]E O’ parve ©:>
aqueous bases. The DNQ is the PAC, but when unexposed it acts as a dissolution inhibi- T )i T
tor. Figure 22 shows the reaction cycle of the DNQ upen exposure. Upon exposure N, is BASE SOLUBLE KETENE

split off the molecule. Afier a rearrangement, the molecule undergoes a reaction with the PHOTOPRODUCT
H,(, which stems from the air. The reaction product now does not behave as a dissolu-
fion nhibifor, but as a dissoluficn enhancer. Theretore the exposed areas of the resist

will dis; hout 100 times quicker than the unexposed areas. R— Ny LA
_ Negative tone Tesists aiso consist of the three compounds: resin, photoactive com- >J NP@“‘@" 5y |< AZIDE NITRENE + NITROGEN
poun fit to keep the resist liquid. The resin consists of a cyclic synthetic rub- : : R—Ni+R—N: —= R—N=N-R

ber, which is not radiation-sensitive, but strongly soluble in the developer (non-polar Neg ative resist i T e B
otganic solvents). The PAC is normally & bis-arvlazide. Figure 23 shows the chemical lh" ’ I I
structure of a rubber resin and a PAC. Upon exposure, the PAC dissociates into nitrene

-l !
R—N:+H=C— —= R—NH-+-C~

“able o Teact with the rubber motecutes, soa o gl . '
and N,. These nitrene molecules are able a negative lone resist during N x N : 1
- £ o rubber molecules can be established. Thus @ thiee-dimesiona exposure [38), [39.

cross-linked molecular network 1s formed, which is insoluble n the developer .
As device dimensions are scaled down further, the g-line steppers as well as the ]
novelac/DNQ resists have been improved, so the features for 350 nm generation could Da R. Waser Ed., Nanoelectronics
be printed. But reaching the 250 nm generation, the illumination wavelength was shifted F i ilav-
ta 250 nm, too. However, at this wavelength novolac and DN do strongly absorb the and information technology (Wiley 2
light, therefore another class of resists had to be developed. Furthermore, the intensity of VCH, 2003) @'S *

Figure 24: Chemical
amplification cycle in a
CAR [40].

Well established
photochemistry features

l Hovolak Aesin

Gy CHy * Q(ij Positive resists

c

.ou.coz,%.,cuao @g @5 A =365 nm (Hg-lamps)

Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 9 - pag. 8

A = 220-240 nm (UVT""r'-‘-‘"a*c: e



Deposition of photoresists
Most frequently used system: spin-coating (simple, scalable, effective, cheap,...)

Nozzle to deposit
l'E:EiSt P

Start of spin
typ. 5000 rpm per 60 s

Resist puddle

typ. Followed by soft temp.
curing (T <100 °C)
Glass transition should be avoided (it
deteriorates homogeneity)

Wafer with resist typ. resist thickness: 0.5-1.0 pm
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Mask configurations

— -
P

AN T
Proximity o Projection:
Highly sensitive to = High flexibility
C _ light beam divergence Depends on optical quality
ontact: Often used with step-and-repeat
Good space definition to cover large size wafers
but “interaction” problems H%f
.r";. H{‘

Dptical lenses
ﬂ -
: __ Resist

Contact mode Proximity mode Projection mode

Presently: projection modes are most common in industrial implementations, typically
joined with “step and repeat” techniques (a small region of the substrate is impressed
and then the substrate is moved to repeat the patterning over a larger area)
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2. Complementarity lithography/microscopy

A system for optical projection lithography is clearly analogous to an optical microscope:

location of light source and object are just reversed (indeed, this applies also to other
lithography configurations!)

Lithography Microscopy

«— Light Source

— -%+——— Effective Source
. a—— Condenser Lens
1'5 -+———— Mask
T a—— Projection Lens
(Pupil)

X %,,. Wafer
r, - i 'L . i

. —— \Wafer Stage

»Each microscopy method corresponds to a lithography approach
»Issues (as, e.g., spatial resolution) are common to the two topics
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Da Hecht Zajac
Optics
Addison-Wesley (1974)

'mage at o

L

Ohjective

Fig. .86 A rudimentary compound microscope,

Ficia stop —

the magnifying power of the antire systern is the product
of the transverse lingar maeagnification of the objective,
My, and the angular magnification of the eyepiece, M,
that is

MPE = M M. (5.70)

Recall that Af; = — x,/f. (5.26), and with this in mind most,
but not all, manufacturers design thair microscopes such that
the distance {corresponding to x;) from the second focus
of the objectiva to the first focus of the eyepiece is standar-
dized at 160 mm. This distance, known as the fube length,
is dencted by L In the figura. {Some suthors define tube
langth a8 the image distance of tha objective.) Hence, with
the final imaga at infinity and the standard near point taken
as 10 inchea or 264 mm '

M.B, = ( - 1‘?9)(2?) {6.71)

and the image is inverted (M.P. < 0). Accordingly, the
harrel of an objective with a focal length £, of say 32 mm will
be engraved with the markings 5x for x5} indicating a
powat af 5. Comhinad with a 10« ayepieca (f, = 1 inch)
the microscope M.P, would than ba BQ =,

Entrance pupil

Reminders of optical microscopy

Da Brandon Kaplan
Microstruct. Charact.
of Materials
Wiley (1999)

Depth of field

3 Depth of Field and Depth of Focus

e the resolution available for an object in focus in the image plane is limited by
numerical aperture of the objective lens, it follows that the object need not be at
exact object distance from the lens i, but may be displaced from this plane
wut sacrificing any resolution (Fig. 3.12). The distance over which the object
ains in focus is defined as the depth of field,

e 3.12  Since the resolution is finite, the object need not be in the exact object-plane
tion in order to remain in focus, and there is an allowed depth of field d. Similarly, the
1e may be observed without loss of resolution if the image plane is slightly displaced, so
there is an allowed depth of focus D

where x is half the angle subtended by the objective aperture at the focal point.
Similarly, the image will remain in focus if it is displaced from its geometrically
defined position at a distance v from the lens. The distance over which the image
remains in focus is termed the depth of focus, as follows:

(3.3)
where M ig the magnification. (Both of these expressions {equations (3.2) and (3.3))

are approximate and assume that the objective can be treated as a *thin lens’, which
is never the case in a commercial instrutnent.) Since the resolution is given by

& =0.61i/usinee = 0.61./NA, it follows that the depth of field detreases as the

numerical aperture increases. For the highest image resolution, the specimen should

be positioned to an accuracy of better than 0.5 pm, which determines the required
mechanical stability of the specimen stage.

The depth of focus is considerably less critical. Bearing in mind that a
magnification of the order of 100 is necessary if ail of the resolved detail is to be
recorded, displacements of the erder a millimetre are acceptable.

Magnification and depth of field depend on lens
features (focal length, numerical aperture), but
fundamental limits exist due to diffraction
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Da Hecht Zajac, Optics  Reminders on interference and diffraction

Addison-Wesley (1974)

10.1.3 Several Coherant Uscillators

As a simpla yet logical bridge betwesn the studies of
interferance and diffeaction, consider the arrangement of
Fig. 10.6. The lllustration dapicts a linear array of A caherent
point pscillators {or radisting antannas). which are sach
identical even to their pojarization. For the moment, congider
the oscillators to have no intrinsic phase difference, i.g. they
pach have the same epoch engle. The rays shown are ail
almost parallel, mesting at same very distant peint P iithe
spatial axtent of the array s comparativaly small, the separate
wave amplitudes artiving at @ will be essentially equal,

having travelad nearly egual distances, that is

Eifn) = Eglry) = .= Eqalrn) = Eulr).

The sum of the interfering spherical wavalats yislds an
etectric field at P, given by the real part of

E = Eplaygtrionnt g E el L Eo(rhgihe
{10.1)
It should be ciear, from Section 91, that we need not ba
concarned with the veetor nature of the alectric field for this
configuration. Now then

E= Eg(rle a1 + gtra-ro g giincri g gl orik

The phass difference between adjacent sources i obtained
from the expression & = k,A and since A = ndsind, in a
mediur of index #, § = kd'sin 1. Making use of Fig. 1C.6. it

foillows thet & = kiry — 1)), 28 = kiry — ¢,) etc. Thus the

field at P may be written as

E= En{r'_le' iwreu'licr.[‘ -+ l:ﬂ‘u] -+ {&M}i -+ {eu}s i ,[Erﬂ].\r— I].
{10.2)

/,\. Al

L A= kaslnﬂ

b
Fig. 10.6 A [insar an2y of in-phase coherent oscilletors. Nate that
at the angle shown & = n while at ¢ = O i would be 180,

The bracketed geometric saties has the value
{ AN Th,l{anl -

which can be rearranged into the form

E—uNﬁ.‘Z]

— g T

gz {giviil |

atid j:;u-.- }
L z[sm ﬁ'{‘?{z]

The field than becomes

or aguivalantly

- (10.3)

E = Ey(r)gmgltn ~15 - 14 ll(s_i_fl!v._t_w_z)

sin if2

Notice that if we define A to be the distance from the camar

of the line of oscillators to the point P, that ig
R=HN-NdsinGg +r,.

then Eg. {10.3) takes on the form

(1C.4)

Finally, then, the flux-density distributton within the diffrac-
ticn pattern dus to N coherant, identical, distant paint

saurces in a linear array is proportional to £67/2 for complex
E or

gin? {5/2)
 gin? {32}
where £, is the flux density from any single source erriving at
P (see Prablam 10.2 for a graphical derivation of the irradi-
ance). Fot N=0/=0 for N=1/=/, and for N = 2,
{ = &4, cos® (472) in accord with Eq. {9.6). The functional
dependance of f on ! is more apparant in the form

gin’ EN(kde} sin l‘]]
sin’ [I:kdfz} sin H]

(10.6)

f=dy— {10.8)
The sin® [M(kd/2) sin '} term undergoes rapid Buciuations,
while the function modulating it [sin [{ka/2) sin @12,
varies relatively slowly. The combined expression gives rise
to a series of sharp principal peaks separated by smalt
subsidisry maxima. The principal maxima occur in directians
il euch thaté = 2mr whare m = 0, £1, £2, ... . Becausa
d = Ad sin i

dsinfl, = mi. (10.7)

Since [sin® M5/2]/[ein® 8/2) = N* for & = Zmn (from

o

of2
Ayl

7 |

z

= Fig. 10.B A coherant line =ource.
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L'Hégpital's rule) the principal maxima bave values N3/,
This is ta be expected inasmuch as all of the vecillators are in
phasge at that orientation. The systam will radiate a maximum
in a direction perpendicular ta the erray {m=0,0,=0
and =), As 0 increases, & ingreases and / falls off to zero at
AS/2 = m, its first minimum, Notethat if & < Zin Eq. (10.7).
only the m = 0 or Zero-order principal maximum exists. ff
we waere {ooking at an idealized lina source of alactron-
asciffators separatad by atomic distances, we could expect
onfy that cne principal maximum in the light field.

The antenna array of Fig. 10.7 can then transmit
radiation in the narrow beam or lobe corresponding to a
principal maximum (the parabelic dishes shown reflect into
the farward diraction and the radistion pattern is no longer
symmaetrical around the common axis.) Suppose that we
have a system in which we can introduce an intvingic phage
shift of = betwean adjacent oscillators. In that case

8 =Adsinft + .
the various principal maxima will occur at new anglas
dsinf, =mi - efk.

Concentrating on the central maximum m = Q, its arigntation
fi, can be varied at will by marely adjusting the value of ¢
The principle of reversibility, which states that without
absarption, wayve motion is reversible, leads to the same field
pattern for an antenna usad as asither a transmitter or receiver.
Tha array, functioning as a radio telescope, can therefore ba
"painted”” by combining the output from the individual
antennas with an appropriate phasg shift, : introduced

botween aach of them, For g given ; the output of the system
corrasponds to the signal Impinging on the array from &
specific diraction in spaca.

Figure 10.7 is a photograph of the first multipia radio
interferomater designad by W. N. Christiansan and buikt in -
Aygtralia in 1951. It consigte of 32 parabolic antennas, sech
2 m in diemeter, designad to function in phase at the Wi
length of the 21 cm hydrogen emigsion lime, Tha antinnss
ara srranged along an sast—west baseline with 7 m saparating
each one. This particutar aray utifizes tha sarth's rotetion
as the scanning mechaniam.

Examine Fig. 10.8 which depicts an idenlized line sourca
of electron-gscillators {e.g.. the secondary sources of the
Huygens—Frasnel principla for a Jong slit whose width ia
much lags than J Fluminated by plane waves). Each point
emits a spherical wavelet which we write as

£= (s;’) 8in (et = kr)

explicitly indicating the inverse r-dependance of the ampli-
tude. The quantity £, is said to be the source sirength. The
presgnt situation is distinct from that of Fig. 10.6 in that now
the saurces are vary weak, their numbaer, M. is tremendoysly
large and the soparation betwean them vanishingly smail. A
minute, but finite segment of the array Ay,, will contgin
Ay, (N/D) sources where D is the entire length of the array.

Fraunhofer diffraction

Imegine then that the array is divided up into M such seg-
ments, |.e., igaes from ¥ to AJ. The contribution ta the electric
fiald intansity at # from the jih segment is accardingly

E = (!:') sin [ — hi}(‘.“";"')

provided that Ay, is so small that the oscitlators within it
have a negligibia relative phase diffarence {r, = cangtant)
and their fislds simply add constructively. We can cause the
array 10 becoms a contimigus {cohargnt} line source by
letting & approach infinity. This description, begides being
fairly reslistic on a macroscopic scele, also allows the use of
the calculus for more complicated geometrias. Certainly as &V
approaches infinity, the source sirengths of the individual
ostitlators must diminish to near zaro if the tatal output is 10
be finite. We can therefore define 3 constant £, as the
source strength per unit iength of 1he aray, that is

T
L= o .]“:f} (L. (10.8)

The net figid at P from gl A segments is

L1 !‘
E= % Fsin(wf — kr) Ay,
1 A
For & continupus line source Ay, can become infinitfasimat
(M — =} and the summation is then transformed into a
definita integral ’

+02 gin (b — ki)
= £ : -y,
£ * I 1 r (10.9)

where r = r{y). The approximations used 10 svaluate Eq.
{10.9) must depend on the positian of P with respect to the
array and will therefore make tha distinction beiween Fraun-
hofer and Fresnel diffraction. The coherent opticel line
sourca does not now axist as a physical entity but we will
make good use of it as a mathamatical device.

10.2 FRAUNHOFER DIFFRACTION

10.2.1 The Singls Blit

Return to Fig. 10.8 where now the peint of ghservation is
very distant from the coherant fing 30Urce and R » 0
Undst these circumstancas r{y) never deviates appreciably
from its midpoint value 8 50 that the quantity {F.fR)Y 8t Fis
essantially constent for all elements dy, 11 follows from Eq.
£10.9) that the field at # dueto the differential segment ot the

source dy {s

df = %sin (st — &) dy, (10.10)
whars (F,/A) dy is the amplitude o} the wave. Notice that
the phase is very much more sensitive ta variations in riy)
than is tha amplitude so that we will have 1o be more careful
about introducing approximations into it We can axpand
riy). im pracisely the same mannear 36 was done in Problem
{9.4), to get it as an expficit function of ¢, thus

r=AR—ysing + (y /2R cas’ U +- - -, (1011}

whare {lis measured from the xz-ptana. The third term can bg
ignored so long as its contribution to the phasa i insignifi-
cant evan when y = +D/2, i.e. (#D*/4iR} cos® ¥ must ble
negligible. This will be true for all velues of # when R is
adequately large and we egain have the Fraunhtlafat cur:ndn-
tian. The distance r is then linear in y. Substituting into
Eq. (10.10) and imegrating leads 1o

Hin'
E = E;'J‘ gin [iof — k(B ~ ysint)] dy. (1012}
Al o:
and finaily
£,D sin [(4D/2}ysind] .
s ek hoiyde o ot - kAY. (1013
E=- “iibieng oM S
To simplify the appeerance of things let
= D2} sin (i {10.14)
s¢ that .
< (S-L"-E)sin (oot — KA. {10.15)
R

The quantity most readily maasured is the irradiance {for-
getting the constants) 1{8) = (£7) or

2 F
;(ﬂ}=%(%] (ﬂ’_‘_ﬁ , {(10.16)

)
where ¢sin’ (it — kA1) = . When (i = 0. sin fiig = 1 and
HiY = {0} which corresponds 10 the principal mammu_m.
The irradisnce resulting from an ideslized coherent line
soilrce in Ihe Fraunholeespproximation is then -

HOY = f10) (ﬂl;E)

. {(10.17)

or using the sinc f and Tabla 1 of the

Appendix)

f(iy = {0y sinc? .
There is symmetry sbout the y-axis and this expressign
holds for ? measured in any plane containing that axis.
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Effects of diffraction

. |
.

f’"’f
‘;"-..“_
.

“Diffusion cone”:
sinO ~ A/a

senf = =

B x =

U ;"' \ sentl =
| \ |
|

Diffraction ripples:
| ~ I, (sino/a)?
with:
a=masind/Ai

senf =

~ senf=

Optical diffraction is for sure a fundamental limiting factor
In optical lithography
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Criteria for space resolution (in optical microscopy)

3.1.2.1 POINT-SOURCE ABBE IMAGE 0.61% Da Brandon Kaplan
The calculated intensity distribution assumes a parallel bearn of light travelling along = psine Microstruct. Charact.
the axis of a thin lens and brought to a focus at the focal distance (Fig. 3.8). For the of Materials

cylindrically symmetric case, the ratio of the peak intensities for the primary and
secondary peaks in the intensity distribution is ca 9:1, while the width of the
primary peak is given by the Abbe equation as follows:

Abbe .

3.0)

Wiley (1999)

Rayleigh

where J is the wavelength of the radiation, 5 is the aperture (half-angle) of the lens
(determined by the ratio of the lens radius to its focal length), and p is the refractive
index of the medium between the lens and the focal point (u = 1 for air).

Intensity

Figure 3.10 Thq Raleigh resolution criterion requires that two point sources at infinity have
an anguiar separation which is sufficient to place the maximum intensity of the primary image
peak of one source at the position of the first minimum of the second

1
Abbe Limit
Figure 3.8 The Abbe cquation gives the width of the first intensity peak for the image of Scattered d=56 d>6
point object at infinity in terms of the angular aperture of thé lens o and the wavelength of tf .
radiation 4 D!nlgns@
istribution d<s
i - d

Maximum achievable space Appparent Object Size
reso I u tl on d —_ O . 61 }\’/(NA) < }\./2 Figure 3.11 Large objects of diameter d are blurred by the diffraction limit & derived from

the Abbe relationship, but objects smaller than the Abbe width are still detectable in the

(NA num eri Cal apertu re Of th eo pt| Cal SyStem) microscope, although the intensity is reduced and they have an apparent width given by the

Abbe equation
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Optical confocal microscopy |

In practical terms, space
resolution i1s also a matter
of contrast

In all microscopies, methods exist
to improve the contrast, so
enhancing the resolution

For instance, in optical microscopy
confocal systems have been
developed with a space resolution
on the order of 200 nm (for the
visible light)

“Stray light” effects are removed
and the contrast is enhanced

Extended Light Versus Point Light Source lllurination

Image. o thich samplo s

Hlurndna tion light paih

In conventional wide field
microscope, ardinary
extended light is used as
light source, the specimen is
lit laterally and vertically at
the same time as shown in
the illustration. The resulting
image is affected by all the lit
spots from the whale
illurminated field, although it
is centered at a given focal
plane and local spot. These
illuminated dots interfere
& with each ather laterally and
\ the stray light compromise
image contrast. Image
contrast, defined as the
difference between the

Thick sampile 5

Collmction light path

rminimum and maximum intensity of two points in the image, is an impartant factor for an
optical device to achiewve its resolution, without proper contrast, the signal has little difference
with background and the resolution of the an optical lens can not be realized. lmproved
contrast helps an optical device to reach its maximum resolution.

In another configuration, a plate with a small hole called pinhole is placed before the image
detecting device like helow:

Focal Plane

Cell "'ilp

Covers

|

Detector

————p— Pinhale

Objective Lens & \ _)
a

w

T

In-focus Rays
Out-of-focus Rays

In this configuration, light from under-focal-plane will
be focused at a plane behind the pinhole such is
hlocked away by the pinhole plate. The light from
above-focal-plane will be focused hefore the pinhole
and is hlocked away by the pinhole too. Cnly the
light from focal plane is just focused at the pinhole
thus can reach the image detector. This process
simulates what you do with a microtome to cut
some urwanted tissue away, but you do it here
aptically, this is so called "optical sectioning".

The size of pinhale determines how thick an optical
slice will be. The smaller the pinhole, the thinner the
slice. But the thickness will not go down indefinitely.
Itis also limited by all those factors affecting
resolution of the lens: the wave length of light,
Mumerical aperture of the lens, reflecting index of

media, together with pinhole size, the z-resolution is usually 2 times warse than lateral
resolution of an ohjective. For a lens of 1.4 MA, blue light at 488 nm, the lateral resolution is
200 nm, the achiewvahle optical section thickness is about 400 nm.

http://www.hi.helsinki.filamu/AMU%20Cf_tut/Cf_tut_part1-3.htm
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Optical confocal microscopy ll

Confocal microscopy often used for
biological samples with fluorescent
markers (e.g., quantum dots)

3D mapping capabilities can be added
by moving the system along the focal
axis

Frequently 2-photon excitation is used
to further enhance space resolution
(due to the nonlinear dependence of the
absorption probability on the exciting
intensity)

of quantum
- wells

; .'rk"'-!‘" oy e

“Segregation”

In practical, a point-like light source iz achieved
e by using a laser light passing through a

illumination pinhaole. This point-like light source

is directed to the specimen by a beam splitter

(or ADBS in Leica's BSP-free system) to form

Confocal a point-like illumination in the specimen. The

w——— Pinholes point-illumination mawve or scan on the
specimen by the help of a scanner. The
reflected emission light from specimen's focal
plane passes through the detecting pinhole
and form point-like image on detector PMT
(phaton multiphy tube).

Beam J &F .
Splitter L

PMT converts detected photon into electron.

It is possible to amplify weak signal by
manipulating the voltage (gain) on the tube. It is
also possible to cut off background signal by
set certain threshold (Offset) on the tube.

PMT has large active area to receive photons
thus high saturate point, and PMT has low dark
current thus low background, together, which
provide high dynamic range that is defined as
the ratio of maximum allowed intensity / dark current. Besides, PMT has very high refresh
rate since there is no charge accumulate on it. It detects event at nano- seconds |evel.
Taking together, in confocal system:

-------- Mot In Focal Plane
~—————— |n Focal Plane
-=------ Mot In Focal Plans

@ 2 point light source for illumination
@ A point light focus within the specimen
@ A pinhole at the image detecting plane

These three peints are optically conjugated together and aligned accurately to each
ather in the light path of image formation, this is eenfocal Confocal effects result in
supression of out-of-focal-plane light, supression of stray light in the final image

Confocal images have following features:
@ oid of interference from lateral stray light: higher contrast.
@ oid of supperimpose of out-of-focal-plane signal: less blur, sharper image.
@ images derived from optically sectioned slices (depth discrimination)

@ |mproved resolution (theoretically) due to better wave-optical performance.

Is confocal effect afree cake?
Mo, confocal effect is obtained at a cost of greatly reduced detecting wolume daotal signal amount), increase
vulnerahility to noise, reduced dynamic range, etc. For detailed discussion, refer section 6: Optical

Confocal photoluminescence images of a II-VT laser structure she  S&chioning.
ZnCdselZnstelfntdeShe separate confinemment heterostructure:
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B e microfab.. Space resolution in optical lithography |
CRC (1997)
[ [ ] J [ l l l l l l l l H INGIDENT Further technological limitations:
UV LIGHT
ON MASK
MASK PLATE Mask/substrate distance (divergence);
A4 2 - < MASK PATTERN Resist thickness and depth of field;
2 RESIST Res;i :
= R—— esist homogeneit
LR A~ WAFER J y
i i Empirical formula:
IR 11 IDEAL TRANSFER o Zy
RIREE NN 2b,, =3, /s +2) 112
| I | ———==~ ACTUAL TRANSFER VT 2
I |
| !
MINIMUN PERIOD where b, stands for half the grating period, s for the gap between
A YHANSF?&BLE: the mask and the photoresist surface, A for the wavelength of the
B — SX ing radiati ist thickness.
! =___r_-— l‘il - L}_ - b! L 2Dy 3 exposing radiation, and z for the photoresist thickness
0 1 2 3 4

POSITICN ON WAFER
(ARB UNITS)

Figure 1.7 Light distribution profiles on a photoresist surface after

light passed through a mask containing an equal line and space grating.

(From Willson, C. G., in Introduction to Microlithography, Thomp-
son, L. F,, Willsen, C. G., and Bowden, M. ]., Eds., American Chemical
Society, Washington, D.C., 1994. With permission.)

Example:
A=350nNm,s=5um, Z=0.5 ym
->Db .. >2 umll!

Care must be put even to
approach the diffraction limit
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Space resolution Il
2 Optical Lithography

Optical lithography is the most important type of lithography. Originally the name
referred to lithography using light with wavelength in the visible range. Nevertheless,
gradually, the wavelength was driven down to 193 nm, which is used in semiconductor
production nowadays, and even shorter wavelengths down to the sub-nimn rage are under
investigation.

The key issue o
the smallest featurd
This MFS depends on 1 2 : the illumination wavelength A, on the
materials of the optical system a.nd the re51st used. In Sec. 2.1 the different illumination
methods and their physical resolution limits are addressed, in Sec. 2.2 the wavelengths
and the light sources are discussed, also for wavelengths below 15 nm, while lithogra-
phy with these wavelengths is discussed in Sec. 3 and 4, and in Sec. 2.3 the materials
and the forms of the optical system are dealt with.

2.1 Ilumination Methods and Resolution Limits
Figure 3 shows a schematic view of the three different illumination methods contact,

_proximity and projection lithography, With all three, the light emitted by a light source

passes a condenser optics so that a parallel beam is formed. With contact lithography,
mask and sample are pressed together so that the mask is in close contact to the resist
(Figure 3a). The resolution is limited by deflectiop.em preswad by the MFS which
can be obtained. For contact lithography this is{ MFS = d A, where d is the resist
thickness and A the Wavelength For a resist thickne amd® wavelength of about
400 nm, this yields a minimum feature size of 600 nm. The ma3or drawback of thig
method is that the quality of the mask suffers from contact to the resist, leading to fail-
ures in the structure. To avoid this problem the second method was developed
(Figure 3b). With proximity lithagraphy there 15a deﬁned proximity gap g between sam-
ple and mask, so there is no deterioratis ask. The drawback is the poorer reso-
lution limit, which is preporuona ,;'@H—g}-. gth same figures as above and a
proximity gap of 10 pym, the MFS is 2 T,
The method used today in industrial production is so-called ro}ectxon hthography
(Figure 3¢<). Here not the shadow of the mask is tra.nsferred to the sar h :
other methods, but Therefore aﬂer
passing the mask, the light is bundled by an optical system. The mask is not in contact
with the sample, so there is no deterioration as in contact lithography, but the resolution
is better than in proximity lithography. Furthermore it is possible to reduce the picture so
the patterns on the mask are allowed to be bigger than the patterns on the sample. This is -

agvantageous tor mask tabrication: Eirors are also reduced. lf 1t 15 possibie 10 obtain
masks with an accuracy of 100 nm, then the error for a structure of 500 nm to be trans-
ferred onto a sample is 20 %, if it is transferred one by one. If the picture is reduced 4
times, then for are on the sample, the feature on the mask has

therefore the mask erroris only 5 %. Because of the reduction, the wafer is not<

in one exposure, but in several . This is done by so-called steppers, in which the wafer is

acdjusted under the mask by an x-y-table. The stepper moves the wafer from one expo-
sure position to the next, while the mask is not moved.

In projection lithography the limiting factor to the MES
slit width & which is illuminated by a monochromatic plane wave. WiTat will the inten-
sity distribution look like on a screen at a distance 7 behind the sllt'? Therefore consider
two Huygens waves, one from the lower rim of the slit, one from the middle. There will
be an optical path difference between these two Huygens waves, depending on the angle
of propagation €. The magnitude of the path difference (PD) is:

PD=§sm(e) (1

The two Huygens waves will interfere destructively if the PD is an odd multiple of the
half wavelength:

%sﬁl(@mm)=(2m+l)-% withm=0,+1,£2,.. @

Under this condition, the Huygens waves from the lower part of the slit will interfere
destructively with the ones from the upper part. At the angle 8, there is a minimum of
intensity.

The Huygens waves do.interfere constructively resulting in a maximum of intensity
when:

%sin(@mx) =m\  withm=0,+ 1,42, ... holds. &)

In lithography the diffraction patterns of several structures are superimposed so the

question leading to the MES ig the uest1on of W hen two structures can be resolved. The
first approach is given by the [3]. When light coming from a point
source passes an optical system a blurred diffraction pattern — the Airy disc — occurs.
The Rayleigh criterion says that two ideal point sources (g.g. stars) can be resolved
when the intensity maximum of the ong Airy disc is in the first minimum of the other, so

MF§ is given as;
MFS =061~
N4

where N4 is the numerical aperture of the optical system. Nevertheless the Rayleigh cri-
terion is just a first approach to the MFS in microlithography. The mask patterns are not
independent (1.e. incoherent) ideal point sources, on the contrary they have a finite width
and the light is partially coherent. Nevertheless, the form of the criterion gives the right
dependences. If the wavelength is decreased by 10 % or the N4 is increased by 10 %, the
MFS is improved by 10 %. Furthermore, it was derived only by properties of the optics
although the photoresist also affects the MFS. Therefore more generally, the criterion is

written as:

where &, is a constant {typically 0.5 - 0.9), which accounts for non-ideal behaviour o
the equipment (g.g, lens errors) and the influences which do not come from the optic
(Tesist, resist processing, shape of the imaged structures,...). Therefore &, is called thel
technology constant,

As a comparison, for a technology constant of 0.7 and a numerical aperture of 0.7,
which are commonly used figures, the MFS is in the crder of the wavelength A. Se it is
better by about a factor of 0.66 than the MFS of contact printing.

(4)

(3
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Space resolution Il

Figure 4 clarifies the connection between mask, diffraction and intensity digtribu-
tion in the image plane. Due to diffraction two sharp features, P and Q, on the mask give
rise to an overall intensity dlstrlbutlon on the sample To resolve these two features the

intensity distribution has to ha ¥0 main maximums. It is use- P atter n con t r aSt affected
ful to define the so called : : _ _
by optical diffraction

MTF = Imax - Imin (6)

Jil'mam +1rmin

The higher the value — the higher the difference between the maximum and minimum
intensity — the better the contrast between exposed and unexpoesed areas, the better is the
resolution of the equipment. It should be noted that the MTF is only derived by proper-
ties of the optical system. It is a measure of the capabilities of the lithographic tool in
printing structures.

Da R. Waser Ed., Nanoelectronics
and information technology (Wiley-
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3. Strategies to improve resolution |: phase shift masks

Resolution Enhancement Technologies
Modified lllumination

00®

Conventional Annular Quadla

Phase Shifting

Phase 0 = © % 0
Altemate Attenuated
Pupil Filtering
Pupil
Function
Phase Distribution

Multiple Exposure
Muitiple Mask

«—— Light Source

-+—— Effective Sourt

a—— Condenser Le

-+——— Mask

o Projection Len

——  Aperture
(Pupil)

= f},. Wafer

Surface Imaging

Wafer Stage

e Thin ResistFilm |

so-called Levenson or alternating phase shift masks (PSM) can improve the resolution

by 40 %. Unfortunately, this improvement is pattern-dependent; for a single structure

there is no neighboring structure, so there is no light to interfere with. Even if there are
structures which are not in a regular arrangement, there is no defined phase shift
between these structures which could yield an improvement in the resolution of all
structures.

The phase shift can be obtained by an additional transparent layer on the mask. If it
has the refractive index » and thickness 4, the phase shift is &= (n—-1)2nd/A. So a
shift of = is obtained, when the condition & = A/[2(x —1)] holds. On the other hand, it is
also possible to recess the mask material so that the right optical path difference is
obtained. But the etch depth can be controlled by the time only, and not, as in etching
away an additional layer, by the thickness of the layer itself.

To deal with the drawbacks of alternating PSM, several other methods have been
developed, which are described next. In rim-PSM, the whole mask is covered by a
-phase-shifter material and then with the resist. After development, the phase shifter is
etched anisotropically and the masking layer is etched isotropically, By this a undercut
under the phase shifter occurs at the rim of every structure. This also yields a resolution
improvement, but not as much as with alternating PSM, although it is therefore not lim-
ited to certain structures.

Conventional Mask

Figure 5: Survey of the
resolution enhancament
techniques.

Figure 6: Comparizon of the light

amplitudes and intensities at the
mask and on the wafer for a con-
ventional and & phase shift mask,

|

|
L)

v

|

!

RER

radiation

cagnal & = 5E. K. 1E_=p 200
PRl M, = 4.4 :|3 Time ;23:53

Nuote that the intensity on the wafer |
between the two features is zero =k
for the phase shift magk [26].

Example: features
~ 100 nm made
with 350 nm

¥or
L - _I
I

J B Shifter

Amplitude [
it n i - l__l_!_
Amplitude on ST N N
Wafer | Wt
Intensity on m n/\/\
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Strategies to improve resolution Il: off-axis illumination

Off-Axis Illumination
To improve resolution without decreasing the wavelength or increasing NA, so-called
Faxis illumination was applied-—The method was already known as a contrast-enhanc-

rique—for-optical microscopes. With off-axis illumination, the light beam is
directed from the mask towards the edge of the projection lens, and not, as in on-axis a) * b)
illumination, towards the center. In normal illumination with partially coherent light,
there always is part of the light which is off-axis, but in the context here with off-axis s [ Condenser
illumination there is no on-axis component. lens

To understand the mode of operation of off-axis illumination, consider a
line-and-spaces structure with pitch p. The incident light will be diffracted into a set of
beams, of which enly the undiffracted beam, the zero-order beam, travels in the direc-
tion of the incident light. The 1* order beam travels under the angle ]-91‘ = arcsin()\f“ p) 3 m = +] | m=-] m =
If p is too small, then%ﬁi 1Lis bigger than the acceptance angle o of the projection optics, . s

& . : s —— yection
then only the zero-order beam is projected 1o the sample (Figure 7a). But this does not — Texis
carry any information of the pattern, and hence the pattern cannot be transferred onto the
sample. At least the zero- and the 1% order beam have to be in the range of the aperture
angle. If the incident light hits the mask under an angle &; < o the undiffracied beam
enters the projection lens at the edge, and the 1* order beam is still collected by the lens,
and therefore a pattern transfer is still possible. The angle of incidence ©, can be real-
ized by inserting an aperture in the optical path between condenser and mask
{Figure 7b),

Although the higher resolution is an advantage of off-axis illumination, the impact
on the depth of focus (DOF) is of even greater value. In on-axis illumination, the beams
of different deflection orders have to travel in different ways so they are phase-shifted to
each other, which results in a lack of focus. In off-axis illumination, the zero order and
1% order beam reaches the projection lens at the same distance from the center, which
means that their optical path length is the same. So the relative phase difference between Figure 7:
these beams is zero, which increase dramatically. () Optical path and deflection orders of on-axis

Off-axis illumination ‘u igure 8) which is located in and
front of the condenser lens. [t deper ¢ apertures shape which structures are {by off-axis illumination. Note that with the
improved. If there is an aperture as in Figute 8a, only the structures perpendicular to the same wavelength and structure size, the off-axis
arrangement of the apertures will be improved. The aperture shown in Figure 8b yields illumination allows the 17 order beam to pass
an improvement of structures which are adjusted to good angles — up/down or left/right
direction. This is sufficient because in normal cases, the features are in a good arrange-
ment. The aperiure in Figure 8c even decreases this problem, but here the improvement
in DOF is less.

When the resolution in principle has to be improved, then according to the Rayleigh
criterion either the wavelength A or the technology parameter &, have to be decreased, or
the numerical aperture N4 has to be increased.

Inereasing N4 means physically bigger lenses. Here the problem arises that it is dif-
ficult to produce huge lenses with the required quality; on the other hand the available T B Wieser Bal Nereelesaies
materials also limit the physical size of the lenses. So there are still two possibilities of and informati t ’ hnol Wi
increasing the resolutionzgmaller A and smaller k. D 20036)‘ ion technology (Wiley-

ECTITIG O 0O

Reticle

T ey Wﬂfcr

On-axis Off-axis
illumination illumination

the optical system [3]. A good description of
off-axis illumination is also found in [6].
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Diligenti et al.

APL75489 (1909) Strategies to improve resolution Ill: anisotropic etching

$i0,

An (110} silicon substrate (p doped, resistivity

=1-10£2 X em) was oxidized ° in) to ob-
tain a 350 nm 510, layersStandard photolithogr: was

employed to pattern the oxide; the mask used 18 shown n
Fig. 1{a). It consisted of an array of lines (width 4 pm,

length 3000 pm, spacing 4 pm) which must be aligned along fat lop 510,
the [112] direction. After the oxide definition, an anisotropic
etching was performed by means of an ethylenediamine- Si
- 16 () (d)

pyrocatechol (EDP) solution type F (fast) at 115°C."" After
] I'I 'l'.‘.if- Et{:hing Wﬂll.‘i Wlth an hlgh HS.]]E{_}t l'ﬂtlﬂ [Flg l(h)] FIG. 1. Schematic view and orientation of the mask (a); result of the EDP

. _ . o ; . etching (cross section along the line BB¥) (b); a perspective view of the
{hﬂlght_ 35 FIANN width in the range 1-4 Jer, dﬂpﬂﬂdlﬂg on planes at the end of the etched zone (c); the two zones, flat top and aray,

the alignment accuracy along the [112] direction) were ob- where the PL was investigated (c).

tained. For samples with a misahgnment greater than 0.07
degrees there was a complete underetching of the planes.'”
Each array contained 1000 planes; Fig. 2 (top panel) shows a
scanning electron microscope (SEM) micrograph of a cross
section of an array of planes.
The samples were then‘etched in buffered HF (BH
remove the oxide mask layer indicated as 510, in Fig. 1(b),
and underwent a oxidation. The sequence of oxidation/ H

etching steps allowed to reduce the wall thickness in a con-
trolled way, and PL measurements were carmied out after
gach step to investigate the dependence of the emission fea-
tures on the wall width. Figure 2 (bottom panel) is a closer
view of a cross section of the planes, which shows that the 51
core thickness is not uniform, an effect probably due to a
minor oxygen diffusion at the bottom of the walls.

Silicon oxide

Crystalline
Silicon core

%

Etching features can be used to 85KV 5.01KK TO o133
Im p rove th e reSO I Uti O n FIG. 1 the array eross section (top panel); a closer view

showing the oxidation effect (bottom panell.

TS
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Strategies to improve resolution IV: side wall patterning

Processo di fabbricazione “complesso”
(ma economico!!) per creare Si-nanowires:

a) ossidazione dry (spess. < 0.5 ym):
Si(s) + O, — SIO,
seguita da deposizione Si;N, e patterning via lito.
ottica convenzionale
b) CVD poly-Si (pirolisi SiH, a bassa p):
SiH, + calore(T~1100 °C) — Si (s) +2 H, (9)
c) Reactive lon Etching del poly-Si con fascio ionico
“inclinato”
--> rimane poly-Si solo sui bordi
d) wet chemical etching selettivo
(soprattutto nitruro) con H,PO,
e) rimozione ossido (poly-Si funge da maschera) con
etching selettivo
f) rimozione nitruro con RIE non inclinata

(b}

SEM cross sections (in “prospettiva”)

Playing with etching process, results
can be achieved comparable to
electron beam lithography
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Search for shorter (radiation) wavelengths

Rather obvious recipe to further improve space resolution: decrease the wavelength

Wavelength [nm] Source Range
436 Hg arc lamp G-line
405 Hg arc lamp H-line
365 Hg arc lamp I-line
248 Hg/Xe arc lamp; KrF excimer laser Deep UV (DUV)
193 ArF excimer laser DUV
157 F, laser Vacuum UV (VUY)
~10 Laser-produced plasma sources Extreme UV (EUYV)
~] Xe-ray tube; synchrotron X-ray

Lambda Physik Lithography Roadmap

1 Excimer lase
i .

Continuous development of
= laser sources with smaller and
5027 smaller wavelengths (VUV)

-
§
* 04
¢ *

o7 % 01 03 06 07 03 11 13
Optimistic forescasts??
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X-ray lithography (XRL)

XR source of choice: synchrotron o Diffraction problems
Brilliant XR beam A virtually removed thanks to
. . Synchrotron Radiation Parameters
--> proximity mode masks i s LHEVery short wavelength
Energy 0.6-1.4 GeV |
<

Beam lifetime 5-12 hr

ReSISt typ . PM MA Injection energy 50 MeV full energy

__ Critical wavelength (1) 1-20A D ‘

e g C Da M. Madou,
(Cr|t|Ca| SenS|t|V|ty i Fundamentals of microfab.,
--> large dose, ~ 2 J/cm?) Eiectron Sloraga Rl CRC (1997)
TABLE 1.5 Optical vs. X-Ray Mask
‘ Optical Mask X-Ray Mask
Masks: \ Mask design: CAD Mask design: CAD
. Substrate preparation Substrate preparation
Typ . S | m e m b ra n e S m Quartz Thin membrane substrate (5,
Be, Ti, ...}
Thin metal film deposition Deposit plating base (50 A Cr,
then 300 A Au)
Pattern delineation Pattern delineation
Coat substrate with resist Coat with resist
Stepper Expose pattern {optical, e-beam) Expose pattern (optical, e-beam)
Develop pattern etch Cr layer Develop pattern
G Strip resist Absorber definition:
Electraplate Au (~15 um for
hard X-rays)
Strj
Cost; $1K-$3K Cost: $4K-8$12K
Duration: 3 days Duration: 10 d

Effective resolution ~tens of nm
Large depth of field -> suitable for high
aspect-ratio features, micromachining ,
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Technological
4 X-Ray Lithography

Decreasing the wavelength even further into the x-ray range yields so-called x-ra
lithography. For these short wavelengths it is not possible to set up an optical path nei
ther in reflection optics nor in refraction optics. On one hand, there is no material whic)
is transparent enough to make lenses or masks from, and, on the other hand, it is not pos
sible to make Bragg-reflectors. The individual layers in the layer stack have to have .

thickness of A4, which corresponds to a layer thickness of ~0.3 nm. This is in the rang
of the thickness of on achievable..

pjection x-ray-lithography is therefore not possi ut proximity x-ray litho
phy (PXL) is possible. The advantages are the high resolution limit {~ )\-(g+d) |
which 1s about 30 nm for T nm exposure wavelengilt) and the ifsensitivity to organi
contamination. These contamifnations {as all (0w atomic number materials) de ng
absorb the x-rays, and hence are not printed onto the sample.

But there aonsider a source with diameter a of 1 mm at dis
tance L of I m-tewards the mask and a proximity gap g of 10 um. Then there is th
50- calle =a-g/L~10nm, which limits the resolution {(Figure 16’
Furthermore patterm s not transferred correctly to the sample Ewven if a point sourc
is used, there isa dlsplacement Aof A=p-g/L, where ris the radial position on th

sample (Figure 16). This error can be chmmated if it is taken into account when th
mask pattern is generated.

Nevertheless, if synchrotron radiation is used, a high intense beam of parallel ligh
is available so these errors do not oceur. This aralle hes another advantage Du

The problem for PXL is the masks. Since there is no matenal which is as transpar
ent to x-ray as quartz te DUV, the carrier layer has o be thin (| — 2 um). On the othe
hand, there is also no material which is as cpaque to x-ray as chromium to DUV, so th
masking layer has to be thick enough (300 — 500 nm). A carrier layer of 1 um SiC onl;

has a transparency of 57 %, while a masking layer of Au still lets 14 % of the light pass
The absorbed light will heat the mask so that it expands, which leads to another uncer
tainty in the pattern transfer Furthermore PXL is a non- reductlon printing method, s

the features on the mask th ; A makes the produc

layer is deposited {e.g. 5iC, SI3N4) Onto thig layer a chromium etch stop layer and th
masking layer of 300 - 500 nm of a high-atomic number material is evaporated (e.g. Au
Ta), Then the mask is coated with an e-beam resist and exposed in an e-bean
direct-write system. The resist is used to etch the masking layer with an etch stop on the
chromium so the membrane is not hurt,

The commonly used DUV resists show good process aptitude.

limits of XRL

Proximity mask .

Proximity mask Resist

i
\'l ~RAY LITHOGRAPHY

i |
| |'i'l4l.g

" TR P
&L

Mask Penumbral blur

m a.te”al S Edyure L 1fFeriumhbral sler £
and displacernent enrur & I
prrcaimmity 3-ray lihograpdy., L
H e shakince nsm seeme o
ek, r I e poximdly pep
indla i e laeroldiumeier aff
Ll weans [11]

Large scattering of secondary
electrons limits the resolution
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4. Use of charged particle beams Vet G
of Materials
4.1.1 Wave Properties of Electrons Wiley (1999)

Matter waves instead of radiation

Basic components:
-electron optics;
- accelerated particles

First “peculiarities” of the implementation:

-large kinetic energy (tens of KeV) -->
possible sample damages

- care required to fix the electric potential
—> typ. applied to conductive substrates

-need for UHV environment

- inherently serial (scanning) technique

The focusing of an ¢lectron beam is possible because of the dual, wave—particle
character of electrons. This wave—particle duality is expressed in the de Broglie
relationship for the wavelength of a particle:

A=h/mv (4.1}

where m is the mass of the particle, v is its velocity and % is the Planck constant.
Assuming that the accelerating voltage in the electron gun is ¥ then the electron
energy is given by:

mi?j2 = eV (4.2)

harge on the electron. It follows that A = h/(2mel)*° or
en Vis n volts. This numerical value is approximate, since at
) g-rditages commonly used in the electron microscope, the rest mass
of the electron Mg, is appreciably less than the relativistic mass, m, and a correction
term should be included, in the equation:

A= s (4.3)

\/[2'"”8V(1 * 2:1:02)}

where ¢ is the velocity of light. The relativistic correction amounts to ca 5% at
100 kV, rising to 30 % at 1 MV. The electron wavelength at 100kV is 0.00370 nm,
which is nearly two orders of magnitude less than the interatomic spacings typical of
the solid state. At 10keV, which is typical of many applications of scanning electron
microscopy, the wavelength is only 0.012nm, still appreciably less than the

interatomic distances in solids.

De Broglie wavelength is much
smaller than radiation wavelength
- diffraction has negligible effects
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Electron microscopy

As in optical methods, also with electrons microscopy and lithography are two
faces of the same topic

Before discussing electron lithography, electron microscopy must be introduced

As in optical microscopy, both “reflection” and “transmission” of the electron beam
from the sample can be acquired, leading to SEM and TEM, respectively

In case of TEM, sample must be thinned in order to be “semi-transparent”

Figure 16: Schematic procedure 1o prepare a pla- | RN T
nar sample for TEM. Afier preparing the sample on T
an substrate the latter may be etched. The final : > " -»
- . hieved I substrate
thickness of some 100 nm can be achieved by 10n -
: siching ion milling
milling. The up pointing arrows denote the direc etching g

tion of the TEM beam.

(...a complicated and destructive procedure!!)

Electron microscopy relies on some contrast mechanisms, i.e., mechanisms

ruling the behavior of transmitted or scattered (in case of TEM or SEM) electrons
as a function of the local sample properties
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A few words on contrast mechanisms in TEM

In TEM elastic interaction is predominant; main contrast

_ Incident
mechansims are: baam
1. mass thickness (transmission depends on the amount of Specimen
mass crossed by the electrons) . e
2. diffraction (in crystalline materials Bragg diffraction plays S
a role leading to high sensitivity to lattice defects) EoysianBial
3. phase contrast (when collection optics has a large amorphous elastic
numerical aperture, due to mutual interference of many Boatering
diffracted beams)
inccent beam
Specimen
Coherently
Eriiegteq scattered
diffracted
beams
L e | - - Lens Y

igure 4,12 The incident beam 1s clastically scattered by the sample, cither randomly (a
lassy or amorphous specimen), or coherently (a crystalline phase). The image may be formed
‘om the direct transmitted beam, by a diffracted beam, or by the interference of the diffracted
eams with each other and/or the direct transmitted beam (see text for details)

Diffraction
pattern .

Aperture BT

Morphological and topographical
mage pane € T information are somehow “convoluted”,

FATAVAT &% & T but space resolution is excellent

Figure 4.15  If the objective aperture accepls a Bragg-diffracted beam as well as the direct
transmitted beam, & = 20, then an interference pattern will be formed in the image plane as a Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 9 - pag. 31

result of the difference in path lengths of the two beams




Secondary electron generation (SEM)

(a) |
Incident
beam
SEM does not require sample to be
crossed by electrons:
—> Thick films can be analyzed
- Strong dependence on conductivity
(dielectric samples must be
metallized)
'gﬁg*rzf;t - Secondary electrons are produced
(b) (inelastic scattering)
—-> Space resolution is lower than in
J |y Beseptey TEM (contrast is based on less
2 Increasing sensitive processes)
= path Iength
Fnelastm Iy
merede ergy
distributipn
T — Eq In SEM inelastic scattering is

predominant

Figure 4.29 (a) The electron beam is inelastically scattered within an envelope bounded by
the condition that the average energy has reached the thermal kinetic value 477 (b) The encrgy
spread increases and the average energy of the electron falls as the path length within the solid
increases (channelling effects and lattice anisotropy being ignored). (c) Random scattering
models for individual electrons (Monte Carlo simulation) provide a vivid image of both the
energy distribution and the spatial distribution of the electrons in the volume of the material
beneath the beam, as well as the origin of the back-scattered electron signal
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A few words on contrast mechanisms in SEM

Secondary electron
trajectories

Collector
(Ca+200 Volts)
Increasing
atomic
number 2

Specimen

Space resolution associated to the size
Figure 4.30  The inelastic scattering envelope for an incident beam of energetic electrons
depends on both the incident energy and the atomic number of the target, and is qualitatively Of th € el ectron focal S pOt’ not to th €
characterized by the two parameters, diffusion depth, and penetration depth (or range) CcO 1 eCtiO n Of secon d ary e| ectrons

Scattering cross sections depend on the
atom number Z

Energy of the secondary electrons depend
on the electronic configuration

Secondary electron yield depends on
penetration length, i.e., on the material
properties

Microanalysis methods can be
implemented in SEM

(e.g..: X-ray Photoelectron Spectr. - XPS,
Rutherford BackScattering - RBS,
Secondary loniz. Mass Spectr. - SIMS, ...)
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Scanning Electron Microscope (SEM)

Typ. Filament source (ddp 10-100 kV):

W: j~5x104 A/m?2
* i~ 6 2
/I‘.aBG'J .1X1(_). — 0 . @ Spherical aberration
. field emitter: j~5x101° A/m-
e T ,,
i Probe lens - g
G ] ( Focus onto the sample Vs

\ diffraction

\ Figure 4.5 The diffraction and the spherical aberration limits on resolution have an opposite
dependence on the angular aperture of the objective, so that an optimum value of o exists

Scanning /
coils Disc of least confusion
kY
Probe
lens

Specimen

stage )

Collector

Scanning stage Chromatic aberration

Figure 44 Spherical (a) and chromatic aberration (b) prevent a parallel beam from being
brought to a point focus. Instead, a disc of least confusion is formed in the focal plane

Scanning Electron Microscope (SEM)
relates to electron beam lithography
as
Optical Microscope
relates to optical lithography

Electron optics similar to
conventional optics in terms
of problems and strategies
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Transmission Electron Microscope (TEM)

TEM for imaging TEM for diffraction SEM

(a) sowce D) (c)

SOYECE

Condenser  Apernure Source
Condenser Lens #..h__..ﬁ *:5 —
Condenser | —
Sample | |
Sampley [  Sampleg | \ Ir
Objective  lens and

mamairanml 5 ob T — (L ] RE L

Objective  aperture

Seclor  aperture

Sector  lens detlecung val

Projecin  aperiure and
Projector  lens

Objectve <J

Sample

r g \\'
TSR Screen

Diffraction TEM can be achieved by simply modifying the numerical aperture of the
collecting electron optics (bright and dark field images)

Note the need for UHV environment and the serial (scanning) nature!
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Figure 4.53  Transmission electron micrograph of a NbO particle located at a grain
boundary in polycrystalline alumina. Phase contrast (lattice fringes) and mass—thickness
contrast vary from the alumina grain to the NbO grain

,;(dooéj”

Figure 4.55 Lattice image of a SiC particle located within an alumina grain. The alumina
lies along a low-index-zone axis, and is the source of the lattice image. A moir¢ pattem
appears within the S1C particle due to overlap between the alumina and SiC ¢in the direction of
the electron beam)

Atomic resolution achieved along
with structural information

Figure 4.54  Lattice image of a thombohedral twin in alumina
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5. Writing patterns with electron beams

5.1 Electron Beam Direct Write

In electron beam direct write electrons are formed to a beam and are accelerated to a
determined position on the wafer surface, where the resist has to be exposed to form the
pattern. An electron beam system consists of the electron source or electron gun, the
electron-optical system (the electron column}, a mechanical wafer stage and a controller
system. A schematic view of an electron beam lithography tool is given in

electrons are emltted by heating the source material, such as tungsten (W) or lanta.nurn
hexaboride (LaB,). While LaB offers a higher brightness (105(Aa’cm )/steradian}y and a
longer lifetime (~1000 h) than W {10*(A/cm®y/steradian; ~100 h), W has the advantage
that vacuum requirements are not as high as for LaBy. Nevertheless, LaBg has become
the standard source for thermionic e-beam sources.

In field emission sources the electrons are extracted from a sharp tip by a high elec-
tric field. Though these sources have a high brightness {10'(A/cm®Y/steradian)}, they are
unstable and require g ulirghigh vacuurm. Therefore they have not been widely adopted
in electron beam lithography systems.

In the electron column the extracted electrons are formed to a beam with
ﬁ. Therefore different electron-optical elements as focusing and defo-
cusing Tenses and apertures are employed. Further parts of the column are a beam blank

o switch the beam con and off and a beam deflection system, with which the beam is
positioned on the wafer.

Since the deflection system can only address a field of 400 — 800 um (depending cn
spot size and tool), it is necessary to move the sample under the beam from one exposure
field to the next by a mechanical wafer stage. The position of the stage is measured by
an interferometer, so it is possible to adjust the beam with an accuracy o

The whole system has to enable the electron bearto be formed
and has to be isolated from vibrafions. Further requirements are low clectromagnetic
stray field, because this would hamper the positioning of the beam,

The pattern, which is given as a CAD file, is translated into movements of the elec-
tron beam/wafer stage by a computer. During an illuminatien, the tilt of the sample is
measured continuously and the focus is adjusted. There are two exposure schemes: In
the first one, the raster scan scheme, the deflection system and the wafer stage address
every point of the sample, but the beam is switched on and off according to the structure.
In the second scheme, the vector scan scheme, only the points which have to be illumi-
nated are addressed. Hence the vector scan scheme is less time-consuming than the
raster scan scheme.

The time needed for the illumination of a w
because the electron beam direct write is@ .
suitable for the industrial mass production—g electronic circuits. Nevertheless,
because the resolution is pushed to a few nanometers, it has a high impact on research
activities and is the method of choice for defining the pattern on the masks used for opti-
cal lithography.

- m mE o E W =

[ |patiern generator

'_"rlfgistla!mn uriit

H.V. power supply

b =

lens powar supplies

glactron gun

blanking amplifier

-—-—-—.-—T—-n.— —_—

L

D/A converters
dellection amplifiers

column

final lens

_1_._ electron detectar

e

F |
lasar interferometar
stage controller

airlock r
{ stage

chamber
LCT(T

computer

pattern data storage

vacuum system

vibiration isolation table

The electron beam of a SEM can
be used to “write” an arbitrary
pattern onto a surface
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Electron Beam Lithography (EBL)

Accelerated charged particles can be used for:
- etching, milling etc. (better with heavy ions, see FIB)
- resist impression (true electron beam lithography)

ELECTRONS TABLE 1.6 Electron- and Ion-Beam Applications
|
é Flectron-Beam Applications Jon-Beam Applications
s VACUUM : ; o : e
% Nanoscale lithography Micromachining and ion milling
H / " Low-v fiing electron Microdeposition of metals
\ MUCIosCOpPy
Direct write \ ' / Critical dimension Maskless ion inplantation
i measurements

: "', - Electron-beam-induced metal Microstructure failure analysis
4 deposition
4 / Reflection high-energy electron Secondary ion mass spactroscopy
y 4 diffraction (RHEED)

(b) ELECTRON-BEAM LITHOGRAPHY SCAITINg AU IICIOSCoRY Da Madou,

Fundamentals
of microfabr.
CRC (1997)

Excellent space resolution (similar to SEM/TEM, i.e., below 10 nm)
but serial and complicated process, unsuitable for large-scale applications
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Electron beams for EBL

Actual space resolution associated to beam focusing

Intense beams are required, but excess kinetic energy (ddp) should be avoided
—> field emitters (eventually, in arrays to mimic parallel writing)

Micro- and nano-fabbricated
field emitters

Field and thermionic emission and photoemission

(From Lindquist et al., Research and Development, June, 91-98, 1990. With
permission.)

Electron emission in a water bucket

THE THREE MECHANISMS used by field
emission sources all basically involve
emitting electrons and ions from a
metal surface under the influence of
a strong electric field.

Understanding these mechanisms
is where the water bucket comes in.

In this analogy, the water level in
a bucket represents the Fermi level—
the highest occupied energy level in
a cathode material. The work func-
tion is the energy required to get the
water droplets (electrons) from the
top of the liquid out of the bucket.
This is the distance equivalent to the
potential energy barrier,

In photoemission, photon energy
excites electrons at the Fermi level of
the cathode material and can impart
enough kinetic energy to allow the
electrons to escape from the bucket.

In thermionic emission, heat ther-
mally excites the electrons, providing

heTTe o—electrans

BY
off and out of the bucket.
In field emission a high electric
field can thin the side of the bucket
erneugh so that the electrons carrtn-
nel through it.

e

Work
function

Photoemission

Work
function

Formi Work
emi ; function
level —> - o

\ A/

AocV HpolMagn WD B F———————1 tonm

SO KN A0 BR0O TO0E 31 SR04 CHEAI O CS-6 TS TG

This carbide crystalline tip, with a radius of
100 angstroms, or 10 nanometers at the top
and 0.5 micron at the base, emits elechons

in a Hny beam.

Cumbersome preparation and
manipulation of charged-particle
beams (e.g., Coulomb self-repulsion)
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Resists for EBL

Organics or inorganics thin films (e.g., fluorides, amorphous
calchogenides, AsS, AsSe,...)

Technological problem of EBL.:
Inelastic scattering of particles

U

- Robust and compact resists needed
- Very thin resist layers to prevent
Inelastic scattering
- Extremely careful control of the dose

Space resolution strongly affected
by the resist properties

Fio. 3. Single pass lines etched into Si vsing the two step ECR etch, for
KRS resist exposed at | ke (a) and a 20 ke (k) with line doses of L[ and
175 pliem, respectively.

Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 9 - pag. 40



The SCALPEL technique
5.2 SCALPEL
The d\ra?afback of electron beam _direct write is thf the method. In mass

production, where throughput is concerned, exposture—tirmes of several hours are not
acceptable. Though there are electron optics which could enable projection lithography ‘ ‘

analogously to optical projection lithography, this method suffers from the huge penetra-
tion depth of electrons, The masking layers have to be thick to stop a significant part of
the electrons.

Omne method of circumventing this problem is the SCALPEL method (scattering
with angular limitation in prolectmn e]ectron beam lltthIapb){I In SCALPEL a broad

beam of electrons, 2 of a sili-

Attempts to overcome the

to 50 nm of go BITET [ which only strike . . ) .

the membrane layer, w1l] pass thls layer mostly unscattered while the electrons, which

strike the scattering layer, will be distracted strongly from their path. The unscattered I m Itatl ons Of ascannin g

electrons are focused through an aperture and projected onto the wafer, while the scat- I I £

tered electrons will be blocked. So a high contrast image can be achieved. teC h ni q ue wi t h a b €am
As a projection lithography method, SCALPEL offers the advantage of image p rOJ eCt| on ” ap p roac h

reduction thus making mask fabrication easier. The mask itself consists of silicon struts,
between which the membrane layer is clamped (Figure 20b). The width of the mem-
brane corresponds to the diameter of the electron beam, while it is a few cm in length.
By means of the projection optics behind the aperture the electrons coming from two
different membrane areas separated by a silicon strut can be stitched together at the
wafer, s0 circuits of 2 cm times 3 cm can be exposed.

a) | TR b) Figure 20:
panpasasdmas ;S.lii Wi Bt (a) Electron path through a SCALPEL tool. A
A and Scatterer paraliel beam of electrons passes through the

M

2 ||‘l‘\ o .
L | electron
. \‘-]\ | % optical
H \\"-"n". i system

ALY
AN
YA

iy

mask; a scattering layer in which the patiern is
inscribed scatters the electrons, so that they are
not focused through an aperture by the electren
optical system; only the unscattered electrons will
_ _ pass the aperturs. These electrons are projected
LT S WA Gacksids! oetr onto the sample [16], [43].

1"{5 R Silicgnstrut  gEEm membrane &% {b) Top view of a mask and
i, Projection e S {c) cross-sectional view of the mask. The masks
i on sample are strips and separated by silicon struts. The

masks are illuminated in series and the pictures of
the masks are projected onto the adjacent sample .

Adhesion
layer

Scattering
layer

Wafer frontside
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Focused lon Beam (FIB)

6.1 Focused Ion Beam

The setup of a focused ion beam (FIB} tool is similar to an electron beam lithography

tool, but instead of an electron beam a focused ion beam is used either to eXpose a resist

locally, as in electron beam lithography, or to modify the substfate directly. The heavy
- ions impinging on the surface will sputter the material or, depending on energy, will

intermix the layers at the surface of the sample. By means of this so-call .

the properties of the material at the surface will be altered. Another possibi ity is the Focused ion beams
Whe impinging ions can induce the decomposi-

tion of 2 gas. Asi emical Vapor Deposition (CVD)} process, where the decomposi- (aC celerat ed) can be used

tion of the process gasses is induced globally by thermal activation (Low Pressure CVD) |

of by 2 plasma (Plasma Enhanced CVD), this local decomposition leads to a local depo- as well (ty P., for
sition of the material. o
Besides a certain impact on the structure definition in the research environment, the nanomac h inin g )

direct modification of the surface, the sputtering as weil as the deposition, enables the
method to be used in the most important application of FIB in industry, namely mask
repair. Mask production is very expensive and due to some failure in the processing {e.g.
dirt sticking on the mask or a mistake in the electron beam pattern generator) a mask can
be faulty. Either some parts of the masking layer, which should have been removed, are
still present, or some parts of the masking layer are removed in excess. These faults can

be cured by FIB.
Stencil Mask Resist .

. K E— Figure 21: Schematic
lon | — e view of an ion projection
Source .~ E E lithography tool.

N, ¥ . o
oy i ' |
s R —
Electrostatic Silicon
Lens Wafer
L i, | -
B 3 B R
lon Radiati Electrostatic
SRRV Reduction lon Optics
System
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See
http://nanocold.df.unipi.it

6. Alternative approaches based on atom optics

Basic idea: use of a neutral particle beam
--> sub-nm (A4 ) diffraction without the problems of electron optics

Further potential advantages:
- use of “optical masks” (non obtrusive, species-selective, defect-free...)

- possibility of direct deposition (bottoms-up at the atom level) or resist-assisted
- parallel character like optical lithography

OPFIC4L £ TTHOGEAPHY A TN L FTHOGRAPHY
Fadiation Medtralh  atom
beam beam
.
"Optical mask”
(standing
J e m. wave)

P’lechamcal ﬂh h d U

= = === “

Substrate Substrate
and photoresist (and particle-sensitive resist)

Main ingredient:
Atom optics, i.e., laser manipulation (cooling) of neutral atoms
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Atomic beam A few words on atom optics
o

o ©O

Mirror . .
& ©® ]-cimensional

© 00 standing wave

Optical mask (standing e.m. wave)
--> dipolar forces (conservative)
Along a direction transverse to atom beam

Meschede Metcalf
JPD (2003)
4 g The optical dipole force acting on an atom with resonance frequency w4 in a laser
}b/2 field of detuning 6 = wy — w4 is derived from the spatial variation of the light shift
substrate wis{r) [1]. For a single laser beam travelling in the x-direction with Rabi frequency
01, the light shift is given by

oy = [verse-d] 2. - (1)

For sufficiently large detuning § 3 (0, approximation of Eq. 1 leads to wi, = (12/48 =
+22/85, where s = I/l,,, I is the laser beam intensity, J,.x = whe/3X%r is the
saturation intensity, and T = 1/v is the atomic excited state lifetime.

In 2 standing wave with § > O, wis = wis(z) varies sinusoidally from node to
e T antinode and also spontaneous emission is inhibited so that fiw,(z) may be treated
Position 2 (o) as a potential I/{z). The resulting dipole force is

Figure 3, Lefi: Numerically calculaled irgjectories of a laser cooled beam of ﬁ 72
atorns focussed to the center of o Gaussian envelope standing wave light fleld =
{thick lens limit). The focussed laser beam forming the optical standing wmﬁ. i8 F(I-') = —VU(::} == BT VI(x) = Umam Vf (-"E}, . (2)
clipped by the substrate. Noic the different scales in z- and z-directions. : sat

Right: Analysis [85] of fluz concentration for a realisitic beam of thermal cesium
atomns with 0.1 m/s iransversol rms velocity at the focal plane z=0. The dotted
line shows the fluz distribution without the standing optical wave,

where I{z) = Inqo f(2) is the total intensity distribution of the standing wave light
" field of period A/2, Jmax i the maximum intensity, and f(z) describes the normalized
modulation of the light field. For such a standing wave, the optical electric field
(and the Rabi frequency) at the antinodes is double that of each travelling wave that
composes it. and so the total intensity Imax at the antinodes is four times that of the

The standing wave behaves like an array of

microlenses for the atoms (in terms of atom optics)
risica delle Nanotecnologie 2005/6 - ver. 4 - parte 9 - pag. 44



Beams for atom lithography

Which atom source for ANF?

1. Intensity --> reasonable exposure times

Area

2. Collimation --> reduce aberration effects 10mmx10mm—

Substrate

e e —————— 51t|:l"r|:l|n.|:[
Mirro Wave
Loser Cooling 1px1p_[6 | ‘M | -
‘ - _,.. 10" Flux [s~1] 10
Collimatian 5]
Atomlaser 2D+MOT _ Lasercooled
Thermal Beams
=t T T 1
= —

Colllmation

AL
%_, .» —% - Optical molasses

Atomic Heam
SOUrCE

Laser cooling technologies enable a suitable beam conditioning
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Applicability of atom lithography

Atom species must be laser manipulated (wavelength, closed transitions,...)

1033

[Now96]

e

A2

[Beras]
812 Element

e

[Tim92]

B Atom nanofabrication realized
. Laser cooling realized
Laser lines above 300 nm

Laser lines below 300 nm

Laser
Wavelengths (nn

I I
I I
ﬂsszgss‘l Mﬂs Pb 406 Bj iPo |

[Lis97]
Reference for
ANF or

Laser Cooling

Sc (402

I
|

MeC93] !
ﬂsmﬂsnﬂ J u u Rhl402] pg

Ag|328 Cd
[Uhl0o0] ;

Atom Tg A 7 Vo 8, Bjwp 2r. F; &pn Or Panr
K nm /s mfs mrad s mm mW mrad mrad mW
iHe" 300 1083 1.0 17 1.5 -1¢ 0.03 0.03 036 011 040
2iNa 630 589 62 58 13 -32 018 1.0 0.89 _0.09 0.12
ATAl 1640 309 82 4.0 4.0 10 004 6 0.44 0.07 0.95
04 300 812 36 4.8 17 105 049 05 068 0.05 0.15
820y 1826 426 3.1 21 a5 37 0.08 24 026 0.03 20
5¢Fe 1920 372 1.6 10 1.3 31 003 15 018 004 46
i 49 3.1 5.2 45 0.14 4.3 035 0.03 1.1
G ARE ﬁ? 22 6.1 10 48 029 7.8 048 0.03 0.59
Ay 1435 328 14 7.2 15 - 46 033 18 061 003 048
L51n 1355 410 58 18 8.5 77 029 6.0 040 003 0.3
451 102 7.3 16 93 068 95 054 002 043
133 (1g 410 852 33 45 20 383 17 33 055 002 021
19749 1800 268 167 7.1 19 57 040 32 059 0.04 060

silicon - wafer /

ﬁ/—» “"I“*“’ >

Materials to be employed in resist-
assisted atom lithography
alkanethiols self-assembling
monolayers (SAM)

resist - technique with
self - assembling - monolayers

:H o B
(CHaJg / ‘\. .-'{ 3
28 . ; . ,
i ‘J_ gold (30m) _+"'-"'
(Au) .
- cesium-=

atomic beam / dilute gold-

etching solution

S

st

preperation exXposure development

The technique can be applied only to
a few atom species (at least, so far)
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Gallery of examples

Timp et al. PRL 69 1636 (1992) 1D standing wave 2D standing waves
McClelland et al. Gupta et al. Drodofsky et al.
Science 87 262 (1993) APL 67 1378 (1995) Appl Phys B 65 755 (1997)
3 - beam Holographic lithography
atomic beam Interference - region . _

Regular nanostructures built
by either resist-assisted or

direct deposition with
“— feature size below 20 nm

results with Ceslum
atomic beam

laser beams
subsirate Mitzel et al. PRL (2002)
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Our “own” results (resist-assisted)

Standing wave space profile

W, = TOFRkm
| =25 micm® (G = 10500

]

I

H2x =1 GHz [192T)

% Position [n

" Height fnomalized] T

-E:IIIZII I-1|:IIZII I ] I1|:IIZII A
z Position [pen ]
e
- L
- Y M
| r 1
Kk L]
new
f & s
] L
- . & 3
- 1
; a ] |
¢ L]
i ’
-
-

AFM imzge —plan wiew
Sputtered gold 20 nm thick
2h deposition and 13 min etching
E=timated dose: 2 stomsrSAM molecule

AFM line profile

"!_ W O N

s
cxgaeat o

Sk

J |' 426 hm
| | =42

b,
0 020408 02 | 13X L4

]

Due to the use of a “laser-
cooled” atom beam (speed ~
10 m/s), atoms are expected
to be “channeled” instead of
focused by the standing wave
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Our “own” results (direct-deposition)

festures cbheerved after deposii
optical mask

Structures witha varietyof o ™ ° 7 J

bzzessment and
irterpretation sl to be
caried ot

Atom lithography (direct-deposition) may open the way
for the controlled fabrication of nanostructures at the
atom level (in a bottoms-up approach)
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7. An emerging simple nanotechnology: nanoimprint

9 Nanoimprint Lithography

There are several approaches for patterning structures without lithographic methods, e.g,
a silicon surface can be medified by depassivation by the tunneling current in a
UHV-STM (Ultra High Vacuum Scanning Tunneling Microscope [20], [21], or the sur-
face can be modified by the movement of an Atomic Force Microscope (AFM)-tip . A
certain interest has been focused on the nanoimprint lithography (NIL), which is
described in more detail in this section

With the NIl¢gmold is processed by eenvennonal technology, i.¢. e-beam lifbwgra-
phy and etching techniques; @ structures

in the mold are transferred mto the resist and can be utilized after removing the mold,
There are two different kinds of NIL, the hot embossing technique and a UV-based tech-
nique. A sketch of both techniques is given in Figure 29.

Hot Embossing Technique
Here the sample is heated above the glass transition temperature of the resist, which

is a thermoplastic polymer. Above that temperature the polymer behaves as 2 vicous lig-

vid and can flow under pressure. The mold itself can be made of different materials, usu-
ally a silicon wafer with-a thick S1O2 layer is used: his SiQ, layer is patternied and
structured by e-beam lithography-an 0 eactive ion etchmg The aspect ratio
of the featyresare3+ to 6:1, and the mold size is several em”. As thermoplastic poly-
mers eithe a) well known e-beam resist) or novolak resm based resists are in
use. PMMA hasa small thermal expansmn eoeﬂielent of ~5x10% K and a small pres-
sure shrinkage coefficient of ~3.8x 107 psi!. To ensure a proper removal of the mold,
the resist is modified by release agents, which decrease the adhesion between mold and
resist. Resist layers between 50 and 250 nm thicktiess are used. The imprint temperature
and pressure are dependent on the resist. For PMMA the glass transition temperature is
about 105°C, so the temperature at which the sample and the mold are heated is between
140 and 180°C. Then the meld is pressed onto the sample with pressures of about
40 ~ 130 bar. The temperature is then lowered below the glass transition temperature
and the mold is removed. The features of the mold are now imprinted in the resist. The
residual resist layer in these features is removed by anisotropic reactive ion etchmg

~ Afterwards, the structures can be transferred to the substrate either by-dire chidg or
. by metal deposition and lifti-off. Structures down to a feature size of 10 nm for holes 3
" 45 nm for mesas are imprinted with a high accuracy [22]-[24].

Heating: Alignment
T}Tgla,ss of mold
and wafer
[mprint: Imprint:
40-130 bar 40 mbar-
1 bar
Cool down UV-bake
ﬁ e
remove

£l

bk

Soft-materials (e.g., organics)
can be efficiently embossed at

the nanoscale)
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UV-assisted nanoimprint

UV-based NIL

Heating and cooling of mold and sample is time-consuming, Therefore to achieve a
somehow higher throughput, curing of the resist by UV irradiafion is used. The thermo-
plastic resist is replaced by mold has to be fabricated of a

V-curable monomers. The
e features are transferred 1o the mold by e-beam

UV-transparent matenal, e.g, quariz.

lithography and a TiyPMMA resist stack. The patterned PMMA is used to transfer the
features into the Ti, and the Ti is used to structure the quartz mold. The resists are
acrylate- or epoxide-material systems, which can be modified with respect to low vis-
gosity, UV curability, adhesion to the subsirate and detachment from the mold. The low
viscosity is essential for using low imprint pressures of 40 mbar — 1 bar. Afier pressing
the mold on the sample, the sample is irradiated by UV-radiation through the mold and a
baking, and hence a polymerization of the resist is initiated. This step lasts only about 90
seconds, After detaching the mold, the residual resist is removed by RIE and the further
pattern transfer can be done. Again mold areas of several square centimeters can be
imprinted in one run, and one imprint step takes about 10 minutes. The minimum feature

size reported in the literature is 8¢ nm for dots. [25].
NIL offers the opportunity to ”- rather simple man-
ner, at least in comparison to the advanced lithography methods described above. The

field size of ~2x2 cm? is comparable to a die which is illuminated by a stepper. On the
other hand, this methed is time-consuming (>10 min for one imprint) and up to now
only structures on a plain surface have been investigated, while advanced lithography is
able to define structures on textured substrates. Nevertheless, because of its technologi-
cal simplicity, the NIL will be an alternative for research and small series production.

Termomechanical or UV-assisted
methods can be employed to
replicate a master pattern with
nanosized features (but how to
make the original mask?)

Heating: Alignment
T>Tglass of mold
and wafer

Imprint: Imprint:
40-130 bar 40 mbar-
1 bar

Cooldown  UV-bake [~ ———=—"1

T e

remove
mald

B EEL

Figure 29: Nanoimprint lithcgraphy:
hot embossing technique (left hand side)
and UV nanoimprint (right hand side).
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Conclusions

v Optical lithography has been the dominant technique in
microelectronics

v' Fundamental limitations exist preventing its exploitation in the
nanotechnology realm

v’ Efforts are being devoted to overcome limitations, but new
appraches are (or will be soon) needed

v" Electron microscopy and lithography allow for neglecting
diffraction effects, but exhibit practical limitations as well

v Atom lithography might represent a viable alternative (also in
view of bottoms-up implementations)

v Very simple and efficient methods, as nanoimprint, are
emerging as well
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