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Outlook

* One of the main goals of nanotechnology: realization of isolated nanostructures
which can be selectively addressed

» The top-down appproach means that structures are created in a substrate or in a
multilayered structure through local, controlled removal of material (a pattern is
transferred to a multilayered thin film structure)

» Conventional technique: optical lithography (+ mask, resists, etching,...)

e Technical and fundamental limits in space resolution

« Strategies to improve space definitions

 Improved techniques: electron lithography, SCALPEL, FIB

» A few words on some new approaches for nanolithography
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Conventional fabrication of devices: an example

=

wlUITOE

Nanosized MOS-FET

A simple example: MOS-FET
Requires growth of layers of different materials + space definition of a pattern

How can it be realized (in a top-down approach)?
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A possible (rough!) recipe for fabrication

¢ Si-Dioxide:

SH,+0, = Si0,+2H,  at450°C;

wafer
[P, | [ i Material
removal
+ PolySi: S5iH, = BSig)+21H, at 580-650 =C,

and a pressure of = 1 mbar;

Poly Si
growth
SIS Material

Oxide
deposition

Material
removal

Poly Si
growth

+ other steps (interconnects, passivation, ...)

... and the sequence should be repeated millions of times on a
warfer with a diameter in the tens of inches range!
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Another example: diode lasers

1 mn

bt

GaAs/AlAs MQW heterostructure

QD-Vertical Cavity Surface Emitting Laser

Light out

Intracavity
melal contacts

Al 1751 (p}GaAs spacer

1-a-thick microcavity active ragion

1.7T5 ) [n)Eahs spacer

o

Gans substrate ‘ W0 LAy

| ~1.3mm

ng;uns 8. Schematic represerniaiion of & OO0 VOSEL. D8R: disirtiuted Bragn refecion
See MRS Bull. 27 (July 2002)

GaAs/GaAlAs laser diode

il Metallo

R i Optical cavity
GaAlas
]

| ~650-850 nm

Metallo

Typ. dimensions: 1mMm X 50nmm x 1 mm
(hxwxl))

free spectral range of the (plane-parallel) cavity:
Dn =c/2l

Space-definition of (nano) structures
needed to:

- realize the device architecture;
- allow very-large scale integration
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General issues in optical lithography

1. Impression
Llight

Master
(“mechanical” mask)

Photoresist

Susbtrate (or film) to be patterned

2. Development _
Impressed photoresist

3. Etching

Pattern transfer to
the substrate

Essential components:

Light (to make impression)

Mask (to produce the pattern)

Photoresist (to be impressed)

Development and etching
(to transfer the pattern)

Inherent advantages:

- parallel operation (large-scale
Impressions in a single run)

- flexibility/suitability for large scale
integration
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Basic processes in optical lithography

8i0g (~ 1 u)
n-TYPE SILICON

(s} OXIDATION
Negative photoresist coat ( 1@

I e

{5} LITHOGRAPHY FREPARATION  Complex sequence of steps (even

L wueHt 4 | in very basic processes)
L * JGLASS PLATE
) ~——— OPAQGUE PATTERN
f A1 MARDENEDERESST | Negative and positive resists exist

(s EXPOSURE Space definition always affected

AT by “geometrical” reasons

(dl UNEXPOBED PHOTORESIST REMOVED
BY DEVELOPER

& 8i0; ETCHED WITH
NHg F + HF

EXPOBED PHOTORESRIST REMOVED

Figure 1.22 Basic IC process steps on an oxidized 5i wafer; photoli-

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

ment, oxide etching, and resist stripping. (From Brodie. L. and . J. pa M. Madou,

Muray, The Physics of Microfabrication, Plenum Press, New York, 1991, Fundamentals of microfab..
With permission.) CRC (1997)

Figuee 11 Positive amd negathve resiet sxpomee, developament, and
edge-seanesed raiation, [A] Peeitiee and negative redivte expoiuse,
anil deselopment, Frsitive reilsts devebop in the exposed reglon and
usmally renain scluble for lift-off. Megaive reslss recain in the
exposed region but are insoleble snd mot suilzble for ft-off Lies ik
B Bdgr-ecattimed radiataon profile for degatie and posttre ol
Time-iedependens development of cress-lnked negative reist fais w
remeve light seatter zane. Developmene of positve sesist rapidly
remavid expused region and oan ke quenched 1o inhibi el of
tateral geamered exposed neis neglon. (From Brodie, 1 end . L Mumy
The Fhosic nf Micsofotabootion, Plave Presi. Bew Yock, 1981 With
permbisionk
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Example of process flexibility in lithography

Two type of pattern transfer(subtractive or additive)

Posilive Resist Megative Resist
Eprsilng : Exposing
Resist Exposurs Y44 Radation trt Ll 4y Faddlion
Bz | o | — Besiat e
— Thn Fil - Iy
— Suostrate — Substrate
Mesist DCVC'OmeN ReSISI De\"elopmem
Filrn Etchirg Filrn Deposttion
— Thin Filn

Resist Rernaval

Resist Remov

Substraction or addition of features feasible (through combination
with other techniques, e.g., deposition, liftoff,...)
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Mask configurations

B i el
an o
Proximity ey ?roJeCt!OIn_'
Highly sensitive to = il iEdIsy
c _ light beam divergence Depends.on optical quality
SllLEgETE Often used with step-and-repeat to
Good space definition cover large size wafers
but “interaction” problems = =
f;_. H{“

Optical lenses
P ﬂ -
T : __~Resist Resist

Contact mode Proximity mode Projection mode

Note: in the projection mode, the setup is quite similar to a reversed
optical microscope!
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Photoresist

Contrast curve for ideal photoresists

{a) (b) Essential requirements:

gty g - high sticking coefficient;

£ £ . 9

2 | negative :. £ - homogeneity;

3 : g | - uniform thickness;

E | 5 : : o . _
£ E positive - high sensitivity to radiation (typ. UV);
= 5 | = - ‘; - fidelity in pattern reproduction

log,D, logysD, log D, 0G40y
Exposure dose Flgure 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 in eV: G, ~1-10

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

I‘hﬂtnrﬁlsts are al.su an lnhe:g.ra] pan of Ih]mgraphy The pm-fmce of the regist is 1.11:

]
Positive resist @(';r @Ej

R c><

; ool AE Afem s NGEaE T
ml:ee:p:hrmslsl liquid. The resin is not normally responsive to the exposure. The com- ok a
mofily uged positive tofie rasist system for g- and i-line lithography 15 the novolac/diz- Figure 23: Exposure
zonaphthoquinones (DNQ) syaterm. The novalae is the resm material and dissolves in m“m“'ﬁ;‘
agquenus bases. The DG is the PAC, but when unexposed it 2cts 29 a digsohtion inhibi- gt 1
tor. Figure 22 shows the reaction cyele of the DNQ upon exposure. Upon exposure M- is e i
split off the molecule, After a rearrangement, the moleculs undergoes a waction with the FHaTCAILOUET ek

H;O, which stems from the air. The reaction product now does not behave as a dissolu-
fion wmiitor, bat as & digsalotion enhancer. Thersfore the éxposed areas of the resist
will diszofve about 100 times quicker than the unexposed areas. Ry L

eaists also congist of the three WWDMS resin, Fhum.;t_we Cotp- >| N’_G_xv_@'-’ |< AESDE NITREME = HITHDEEN
a-motvent 1o keep the resist liquid. The resin consists of 2 cyvelic svnthefic rub- N ti ist A—Mi+ =M —= Re=pmi=R
Im. wI:uch ie ot radiation-scnsitive, bat strongly soluble in the developer (non-polar egative resis [ S S . 9
* arganic splvems). The PAC is nonnally & bis-arvlazide, Figure 23 shows the chemical rild ' i i
structure of a rubber resin and a PAC, Upon exposure, the PAC dissociates Into sirrere 2 . . 1
and Ny, Thm nitrens molecules a::‘mrm—r:ntrmm-mrmw:rmmﬂn,—snr v e ._@_,_@_h e *
BT LW TONDET Tolecties can be estaniis 05 & AT E] =upogwe [34], 1341 — ,(: ot .-..<:
eross-linked mule:ula:r netwotk 13 formad, which 1 insolubie in ﬂ:-edmraluper '

As device dimensions are scaled down farther, the g-line steppers as well as the
novolac' DG reists have been improved, so the features for 350 nm generation could  Da R. Waser Ed., Nanoelectronics and

e printed, But reaching the 250 nm generation, the illuminaticn wavelengih was shifed  150rmation technology (Wiley-VCH, @g

o 230 nm, toe, However, at this wavelength novolac and DNCE do strongly absorh the:
light, therefore anather class of resists had to be develnped. Furthenmaore, the intensity of 2003)

-il:H;fth -t MHM ooyt Ea
]
Hy | ]

Figgre 242 Chemical
srplificstion ey in e
CAR (40

Well established
photochemistry features

Positive resists

—CH-CmCHg+ T+ 1] <
=0 viafie

400, GOy, CHy, CHP @ém e @ ‘1 365 nm (Hg-lamps)
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Deposition of photoresists
Most frequently used system: spin-coating (simple, scalable, effective, cheap,...)

Nozzle to deposit
resist

Start of spin

Resist puddle
typ. 5000 rps per 60 s
typ. Followed by soft temp.
curing (T 0 100 °C)
Glass transition should be avoided (it
deteriorates homogeneity)

el

ey

Wafer with resist typ. resist thickness: 0.5-1.0 pm
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Optical diffraction and lithography

24

i - senf== “Diffusion cone”:
-

sing~1/a

| #

If"r \ ~ senfl=

” \\v; L _ Diffraction ripples:

| B | ~ I, (sina/a)?

| - senf= 2 with:
a=pasinq/lI

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

3121 POINESOURCE ABHE IMAGE 0813 Da Brandon Kaplan
The calculated intensity distribution assarmes a parallel beam of light wavelling slang psinge Microstruct. C.:haract.
the axis of a thin lens and brought 1o a focus at the focal distinee (Fig. 3.8). For the - of Materials

eplindricaily symmanic ease, the ratio of the peak intensitics for the primary and
secondary peks in the intensity distribution fs 2 911, while the width of the
primary peak is given by the Ahbe equation a8 follows:

Abbe

Wiley (1999)

(.1 Rayleigh

where 1 is the wivelength of the radiation, « s the aperture (half-angle) of the lens
{determinad by the ratio of the lens radrs o fts focal kength), and p is |h_e refTactve
index of the medium between the lens and the focal poimt (== 1 for air).

Intensity

Figure 3.19 The Raleigh resolusion criterion requires that two poimn sources at infinity hawve
an angulas separation which is sufficient to place the maximamn ntensity of the primary imags
peak of one soirte af the position of the first minimum of the second

Abbe Limit
Figure 3.8 The Abbe cguation gives the width of the first intensity peok for the imeage o Seatterad |
point object at infinity in fermsa of the angular aperture of the lens o and the wavelength of 1]

d=5 i
radiaticn » nﬁ:ﬁ:}y
I on d{ﬁ
= =
_| ﬂ
| e

Maximum achievable space resolution Appparent Opject Size
d iCtated by baSiC OptiCS Figure 311 Large objects of diameter o are blurred by the diffraction limit § derived from

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

micrascope. although the intensity is reduced and they have an apparent width given by the
Abbe equation
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Da M. Madou,
Fundamentals of microfab.,

W?HHHHHHM

s bbb
T €

INCIDENT
UV LIGHT
ON MASK

MASK PLATE
MASK PATTERN

. RESIST
A~ WAFER

ji—-——*—-—-* ACTUAL TRANSFER

IF "| ———— IDEAL TRANSFER
|
' f

MINIMUN PERICD
TRANSFERABLE:

i i__| 2bm"§'3‘\/5-1

2 3 &

i
¥
'

POSITION 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 1o Microlithography, Thomp-
son, L. F., Willson, C. G., and Bowden, M. J,, Eds., American Chemical
Society, Washington, D.C., 1994. With permission.)

Space resolution |

Further technological limitations:

Mask/substrate distance (divergence);
Resist thickness and depth of field;
Resist homogeneity

Empirical formula:

N
“\'h'\s + 5

2b_. =3 112

where b, stands for half the grating period, s for the gap between
the mask and the photoresist surface, A for the wavelength of the
exposing radiation, and z for the photoresist thickness.

Example:
| =350 nm,s=5pum, Z=0.5um
->p .. > 2 um!!!

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

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

The key issne o
the smallest featurd Phich can be defined on the sample,
This MFS dape:ndsm Mre=ithumnination the illumination wavelength A, on the
materials of the optical -sysm aml the restst used. In Sec, 2.1 the different iBumnation
methods and their physical resolution limits are addressed, in Sec. 2.2 the wavelengths
and the lght sources are discussed, also for wavelengths be]ow L5 nm, while lithogra-
phy with these wavelengths is discussed in See. 3 and 4, and in Sec. 2.3 the marerials
and the forms of the ephcal system are dealt with.

2.1 [Mumination Methods and Resolution Limits
Figore 3 shows a schermnaric view of the three different illumination methods connacr,

_proxfmine and profecrion lfthography, With alt three, the light emitted by a lght source

passes & condenser optics so that a paralle] beam is formed. With contact lithography,
mask and sample are pressed together so that the mask Js in close contact to the resist
(Figare 3a). The resolution is limited by deflectiop-amt 15 expressed by the MFY which

thickness and A the wmlaugth For & resist thickniess erd' T wavelength of about
400 nm, this yields a minimum feature size of A0 nm The major drawback of this
method ig that the guality of the mask suffers from contact to the Tesist, leading to fail-
ures in the stuctwre. To avoad this ]:rruhlam, the second method was developed
(Figurs 3b). With proximity lithography there iz a defined proximity gap 2 betwaen sam-
ple and mask, so there is no deteriomaticn-site-mack, The drawback is the poorer roso=
lution Yimit, which s proportiona mﬁ th same figures as sbove and &
proximity gap of 1) um, the MES s 2 ps

The method used today in industrial production is so-called rqm':.rmn In‘hﬂ;gmph_}'
(Figure 3c). Here not the shadow ufr.‘ne masklsn'amfmedmﬂm 33
other methods, but 2
passing the mask, the hght is bundl:d bj.r an nptlcal system. Th: mask is not in contact
with the sample, so there is no deterioration as in contact lithography, but the resolution
ig better than in proximity lithography. Ferthermore it is posgible to reduce the picture so
the patterns on the mask are allowed to be bigger than the patterns on the sample, Thia is

adventageous tor mask RDNCation; ErTers are also Teduced. [F b s possibiz 1o oDt
masks with m&nmzracyoflﬂ(imn then the error for a structure of $00 arm to be tmans-
ferved onto a sampla is 20 %, if it {8 ransferred one by one. [f the pictare is ceduced 4
times, then for @1 om the sample, the fearore on the mask has @
thmefure the masie Fonly 5 %. Because of the reduction, the wafir is notexpose
in one exposure, but in several . This is dens by so-called steppers, in which the wafer is
adjusted 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 limining factor to the MM Consider a
shit width & which = dhminated by & moaschromatic plane n will the intens
sity distribution look like o a scesen at a distance [ behind the slit? Therefore consider
two Huygens waves, one from the lower rim of the slit, one frorn the middle, There will
be am optical path difference between these two Hnygens waves, depending on the angle
of propagation 2. The magniude of the path difference (PD) 15:

PD-%m(ﬁ] ()
The two Huygens waves will interfere destructively if the 2D s an odd multiple of the
half wavelsngh:
b A T 4
Esm[ﬁm]-{ﬂmd]-i withm =10+ 1,+2, (2)
Under this condition, the Huypens waves from the bower part of the slit will inserfere
destrectively with the ones from the upper pant, At the angle 9 there is a minimum of
intemsity,

The Huypens waves do interfere constructively resulting in & maximum of intensity
when:

%sm{em J= withm=0, + 1, + 2, ... holds, i3

In lithogeaphy the mwmm
question leading w the MES is the 3 AL A 5

first approach s given by the Rayleigh eriteriom (3], Wlamh@twmingfmmapmm
SOUTC PAssts &n optical svst:m a hlum:v:l diffraction pattern — the Airy disc — ocours.
The Rayleigh criterion says that two ideal point sources (e.g. stars) can be resohved
when the wtensity maximumn of the ong Ay disc is in the first manimum of the other, so

MF5isgiven s

where N4 is the numenical aperfure of the optical system. Nevertheless the Ravieigh cri-
terion is just a first appeoach to the MEY in microlithegraphy, The rmask pattems are not
independent (1.e. incoherent) ideal point sousces, on the contrary they have & finite width
and the light is partially coberent. Nmmheles& 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 15 mmproved by 10 %, Furthermaore, it was derived only by properties of the optics
although the photoresist also affects the MFS, Therefore more generally, the criterion is

WD as)

where £ is & constant (typicalky 0.5 - 0.9), which accounts for non-ideal behaviowr o
the equipment {2.g, lens emors) and the influences which do not come from the opte
(ressst, resial processing, shape of the imaged structures,..). Therefore &, is called
fechrology constant,

As a comparison, Tor a techoology constant of 0.7 and 2 numesical aperture of L7,

4

is

which are commoaly ysed ﬁBJJH:s. the MFS 1 iny the order of the waw.lmgﬂ A Soit s 9.1

hetter by about 8 factor of (1066 than the MFS of contact printing,




Space resolution llI

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 etwo main maximums. [t is use-  ; Pattern contrast affected
o] modulatlon transfer functmn {(MTF) a»: : ] ] ]
by optical diffraction

MTF = Lmax ~ Iin ®

max T ‘rmin

The higher the value — the higher the difference between the maximum and minimum
intensity — the better the contrast between exposed and unexposed areas, the better is the
resolution of the equipment. It should be noted that the M7F is only detived by proper-
ties of the optical system. It is a measure of the capabilities of the lithographic tool in
printing structures.

oy MY
m

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

Resolution Enhancement Technologies

_Modified llumination

Conventional Annular Quadle

Phase Shiftin

Phase 0 = 0 £ 0
Alternate Attenuated

Pupil Filtering

Pupil
Function

Phase Distribution
Multiple Exposure

Multiple Mask

Figure 5: Survey of the
resolution enhancement
technigues.

( Dj-«— Light Source

et -————  Effective Sour

£ X

a—— Condenser Lel

VAR
Q@ﬁ —— Aperture

‘ "’ (Pupil)

Wafer

Wafer Stage

Surface Imaging -

so-called Levenson or aliernaing prase shift macks (PSM) can improve the resolotion

by 40 %. Unfortunately, this improvement is patiem-dependent; for a single stracture

‘ ‘ | «—— Projection Len'_

there 15 0o neighboring strecture, 5o there is no light to interfere with. Even if thers are
structures wlich are not in a regular artangement, there is no dofined phase shifi
betwean these smuctures which could yield an improvement in the resolution of all
structires.

The phase shift can be obtained by an additional transparent layer on the mask. 1fit
has the reftactive index » and thickness 4, the phese shift is & =(n—1)2rd/\. Soa
shift of = is obtained, when the condition ¢ = A /[2(n = 13] holds. On the other hand, it is
alsor possible to recess the mask material so thet the right optical path difference is
obtzined. But the etch depth can ke controlled by the time only, and not, as in ctching
away an additional layer, by the thickness of the layer itself,

To deal with the drawbacks of alternating P3M, scveral 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 fayar is etched isotrapically. By this a undercut
under the phase shifter oceurs at the rim of every structure. This also vields a resolution
improvement, but not as much as with altzmating PSM, although it is therefore not lim-
ited to certan structures.

Conventional Mask

Figure 6: Comparison of the light
amplitudes and intensities at the
mask.and on the wafer for a con-
ventional and a phase shift mask.

Note that the intensity on the wafer
between the two features is zero
for the phase shift mask [26].

Example: features ~
100 nm made with
350 nm radiation

Do - 18 Sep 2004
PRl Mo, = 4283 Time 2332

Phase Shift Mask

REEER REEER

—a '
| ar ;
— Cr Shifter

Amplitude ]

on Mask "j l_l = il_
Amplitudeon 7 TN TN
Wafer ’ =
Intensity on m . /\/—\
Wafer
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Strategies to improve reosolution Il: off-axis illumination
Off-Axis lllumination

To improve resolution withowt decreasing the wavelength or increasing N, so-called
i appliee-The method was already known as a contrast-enhanc-
E ptical trictoscopes, With off-axis illumination, the light besm is a) b
directed from the mask towards the edge of the projection lzns, and not, as in on-sxis & )
iNlumination, towards the center. Tn normal jllumination with partially coherent light,
there glways is part of the light which is off-axds, but in the context here with pff-axs
illumination there is ng on-axis componesnt.

To understand the mode of cperation of off-axis illumination, consider a

|
linc-and-spaces structure with pitch p. The incident light will be diffracted into s set of Reticle
1 Y m=-1 m = +1 m=-]

ooy Condenser

s
lens

heams, of whizh oaly the undiffiracted beam, the zero-order heam, travels in the direc-

tion of the in¢ident light. The 1¥ order beam travels under the angle || = arcsin{A/ p) . m =+
If p is too small, then?t;ﬂ is higger than the acceptance angle o of the projection optics, I Beoisati
then only the zero-order beam is projected to the sampie (Figure Ta). But this does not —— fens
carry afty information of the pattern, and hence the patiern cannot be transferred onto the
sample. At least the zero- and the 1% order beam have 1o be in the range of the aperiure
angle. I the Incident light hits the mask under an angle 8, < © the undifiracied beam
enters the projection lens at the edge, and the 1* order beasn is still collected by the lens,
and therefore a pattern twansfer is still possible. The angle of incidence &, can be real-
ized by inserting an aperture in fhe optical path between condenser and mask
{Figure 7&).

Although the higher resolution is an advantage of off-axis illumination, the impact
on the depth of focus (DOF) is of aven greater value. In on-axis illumination, the beams
of different deflection orders have 10 travel in different ways so they are phase-shifted to
cach other, which results in a lack of focus. In off-axis illumination, the zero order and
1 order beamn 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:
thess beams is zera, which incresses icamatically. {a) Optical path and deflection orders ol on-axis

Off-axis illumination ‘-b igute 8) which is located in and
fromt of the condenser lens. [t depa c apertutes shape which structures are {(b) off-axis illumination. Note that with the
improved. If there is an aperture as in Figure Ba, only the structures perpendicular to the same wavelength and structure size, the off-axis
arcangement of the apertures will be improved. The gperture shown in Figure Sb yields illumination allows the 19 order beam to puss
an improvement of structures which are adiustad to good engles — up/down or Jeft/night
ditaction. This is sufficient because in normal cases, the features are in a good arrenge-
ment. The aperiure in Figure 8¢ even decreases this problerm, but here the improvement
in DOF is less, i

Wher the resolution in principle has te be improved, then according to the Rayleigh
criterion cither the wavelength ) or the technology parameter k&, have to be decreased, or
the numerical aperture N has to be increased, :

Tereasing N means physically bigger lenses. Here the problem arises that 1 is dif-
ficult to produce huge lenses with the required quality; on the other hand the available ] .
materials also limit the physical size of the lenses. Se there are still two possibilities of i 5?$h¥iii;§?ﬁ' lrlanoz;lvgftrocuézand
increasing the rcscl-lutinn i o ology (Wiley-VCH,

4

On-axis Off-axis
illumination illumination

the optical system [3]. A good description of
offtaxis illumination is also found in [6].
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Diligenti et al.
APL 75 489 (1999)

silicon  substrate

An (110

(p doped, resistivity

employed to pattern the oxide; the mask used is shown in
Fig. 1(a). It consisted of an array of lines (width 4 um,
length 3000 um, spacing 4 pm) which must be aligned along
the [112] direction. After the oxide definition, an anisotropic
etching was performed by means of an ethylenediamine-
pyrocatechol (EDP) solution type F (fast) at 115°C."® After
1 h of etching walls with an high aspect ratio [Fig. 1(b}]
(height=35 pm, width in the range 1-4 um, depending on
the alignment accuracy along the [112] direction) were ob-
tained. For samples with a misalignment 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/
etching steps allowed to reduce the wall thickness in a con-
trolled way, and PL measurements were carried out after
each 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 Si
core thickness is not uniform, an effect probably due to a
minor oxygen diffusion at the bottom of the walls.

Etching features can be used to
improve the resolution

Strategies to improve reosolution Ill: anisotropic etching

Mask alignment

FIG. |, Schematic view and orientation of the mask (a); result of the EDP
etching (cross section along the line BB*) {b); a perspective view of the
planes at the end of the etched zone (c); the two zones, flat top and array,
where the PL was investigated (d).

Silicon oxide

Crystalline
Silicon core
\
BEKU 5. @iKX Z 00F 8133
FI1G. 2} the array cross section (top panell: a closer view
showing the oxidation effect (bottom panell.
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Feature size [um]

Search for shorter (radiation) wavelengths

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 (VUV)
~10 Laser-produced plasma sources Extreme UV (EUV)
=] X-ray tube; synchrotron X-ray

Lambda Physik Lithooraphy Roadma

¥cimer lase

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

Optimistic forescasts??
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X-ray lithography (XRL)

XR source of choice: synchrotron Diffraction problems virtually

Brilliant XR beam Semciiratrn removed thanks to the very
.. Synchrotron Radiation Paramet
--> proximity mode masks | meam curent i gt short wavelength
Energy 0.6-1.4 GeV
C_ Critical wavelength (1) 204 D |

. Beam litetime 312 hr

ReS|St: typ PMMA Injection energy 50 MeW full enerpy
ang ang. 0 Da M. Madou,
(Crltlcal SenSItIVIty Fundamentals of microfab.,
CRC (1997)

Elactron Storaga Ring

--> large dose, ~ 2 J/cm?)
|

TABLE 1.5 Optical vs. X-Ray Mask

Optical Mask X-Hey Mask
Masks: Mask design: CaD Mask design: CAD
. Substrate preparation Subszrate preparation
Typ. Si membranes : e »
Be. Th. ...}
Thin metal fhn deposition Deposit plating base (50 & C,
then 300 A Au)
Fartern delineation Pattern delineation
Coar substrate with resis Coat with resist
= Expose pammeen {optical, e-beam} Expose pattern (opticel, e-beam)
Develop pattern etch Cr layer Develop patters
IR LCIRN SIIIP I'Biﬂ -ﬁhﬂrbﬁ' d!fl.l.‘l,“ll:lll
Eleciroplate Av (~15 pam for
hard X-rays)

Coat: 31 K=$3K Cost: ME-$13K
Duration: 3 days Durathon: 10

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

Decreasing the wavelength even further into the x-ray range vields so-called x-ra
lithography. For these short wavelengths it is not possible to set up an optical path nei

ther in reflaction eptics nor in refraction optics. On one hand, there is no material whicl =3
is transparent engugh 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 1o have . Proximity -
thickress of A4, which mmponds to a layer thickness of ~0.2 nm. This is in the rang e .:!: AlR
of the thickness of one monalayer 3 0t achievable.. o
i = bt proximity x-ray litho E:
phy (PXL) s pnss = Zifvantages are the high resolution limit [~ Alo+d) . ot
which 18 about 30 nm for 1 NI exposure wave lengilil and The ivity { J Proxmitymesk HERIST ::E
conkamination, THese conEmimanions (as ali fow womic number materials) de ne g
absorb the x-rays, and hence are not printed onto the sample. ;' SUBSTRATE
But there are gome lmiations_Consider a source with diameter @ of | mm at dis
tance £ of the mask and a proximity gap ¢ of 10 pm. Then there iz th //,
so-called perumbral bhwr § = a-g/L~100nm, which limits the resolution (Figure 16’
Furthe : iz not wransferred correctly to the sample, Even il a point sourc fe) X-RAY LITHOGRAPHY
is nsed, there is a displacement & of A=y o/ L, where » s the radial position on th t
sample (Figure 18). This error can be eliminated if it is taken into account when th ;
mask patters is generated, Large scattering of secondary electrons
Mevertheless, if synchrotron radiation is used, a high intense beam of parzllel high .. .
is availabte so these errors do not occor. This paralle] beam has another advantage: Du limits the resolution

to the small deflection the exposure showda high depth of fucus of several ura>facilitat

ing exposvres of textured substrares or of thick resists

The problem for PXL is the masks. Since there is no matenal which is as transpar
ent to ¥-ray as quartz to DUV, the carrier lever has to be thin {1 - 2 pm). On the othe
hand, there 35 also o material which is a5 opaque to x-ray as chromiym te DUV, so th
masking laver has te be thick ecough (300 — 500 nm). A carrier layer of | um SiC onl

has a trangparency of 57 %, while a masking layer of Au still lets 14 % of the light pass Mask

The absorbed light will heat the mask so that it expands, which leads to another uncer :
tainty in the patiern transfe:r Furthnnnma PXL is a nom- reducmn primmg miethod, materials FEUI I oL
the featres on the mask Y = 4 5 malkes the produc N _
tion ofthe masks vory mmph{'.atcd whcn the larget 15[ the sub— L00 nim range, Figure 16: Pepumbral blur &

] and displacement crror A lor

SR i siticon wafer, a thin membram proximity x-ray lithography. L

]3}"6[ 15 depumted '[E B- S‘": S“j-N-'In} DIM this 13}'![‘, a chromium sich Stﬂp la}rer and thy is the 1|i>a]:1|1cc]'mn1 ':;!LII'C{:‘ o
masking laver of 300 = 500 nm of a high-atormic number material is evaporatsd (e.3. Au mask. g is the proximity gap
Ta). Then the mask is coated with an e-beam resist and exposed in an e-bean and ais the Jateral diameter of
divect-write system. The resist is used to etch the masking layer with an etch stop on th the source [11],

chromium sa the membrane is not hurt,
The commonly used DUV resists show good process aptitude.
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Use of charged

De Broglie wavelength instead of
radiation wavelength

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

particle

4.1.1 Wave Propertics of Electrons

The focusing of an electron beamn is possible becavse of the dual, wave particle
character of electrons. This wave-particle duality is expressed in the de Brogiie
relationship for the wavelength of a particle:

L= hjmy {4.1)

where m is the mass of the particle, v is it3 velocity and A is the Planck constant,
Assuming that the accelerating voliage in the electron gun is ¥ then the electron
ENETEy is given hy:

mij2 = eV (4.2)
harge on the electron. Tt follows that A = k/(2mel)™, or
en ¥is i volts. This numerical value is approximate, since at

. ng-ditages commonly used in the electron microscope, the rest mars
af thr. cler:tmu. Mg, 18 appreciably less than the relarivistic mass, m, and 8 correction
term should be included, in the equation:

i= - 4.3

J [zmﬂer(l + 2:: ez)]

where ¢ i3 the velocity of light, The relativistic correction amounts to ca 5% at
100 kY, nging to 30% at 1MV, The electron wavelength at 100KV is 0.00370 am,
which is nearly two orders of magnitude Jess than the interatomic spacings typical of
the solid state. At 10 keV, which is typical of many applications of scanning electron
ticroscopy, the wavelength is only 0.012nm, sull appreciably less than the
interstomic distances in solids.

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

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

W: j~5x10* A/m?
LaB,: j~1x10° A/m? . :
/ 6 J (a) Spherical aberration

i . o
|' P LVJ field emitter: j~5x10%° A/m?2!!
| gun
| i Probe lens
e ] ( Focus onto the sample f

Scanning //.
tas _—-_ I:hxfal lsast confusion
Fl’ﬂbE LY ) ) I o
j ( diffraction TR =

Ep-e imen 1 Figmie 4.5  The ilifiactso aned the spherical sbwratsd Imis of resolibmo b g opposte
ﬂ-tagﬂ {h:' kY dependence oo the angulor apermure of ihe objective. so thai an optimum value of o s

Collector

Scanning stage

Figare 44  Spherical (2) and chromatic abermation (h) prevent a parallel beam from being
browght 1 podat focus. Tnstead, a dise of least confusion 15 formed in the focal plave

Higure 4.2 In the scanning eleciron micrescops, 4 fine probe of high-energy clectrons is
f:_xmmd on to the sample surface and then scanned across the surface in a television raster. A
fignal generated by the interaction of the probe with the sample is collected, amplified and
fisplayed on a monitor with the same time hase as the raster used to scan the sample

Electron optics analogous to

Scanning Electron Microscope (SEM) _ _
conventional optics

relates to electron beam lithography
as
Optical Microscope
relates to optical lithography
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Writing structures by electron beams
5.1 Electron Beam Direct Write

In electron beam direct write electrons are formed to 8 beam and are accelerated to s

detsrmined 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 ar electron gun, the

electron-optical g:,rstem (the electron column), a mechanieal wafer stage s.m:l a controller 7 HV. power supply N

system. A schemetic view of an electrom beam lithography tool is given pure 15. R : electron gun
The two types of electron gung which are commonly used ave ‘- i :

on: the one hand, ad Tield emission scurces;om the other hand. In thermiomte so ¢ 105 POWSE SUpPIGs ;

electrons are emitted by e source material, such as mwnpgsten (W) or lantanum i . o = [

hexaboride (LaB,}. While LaB, offers a higher brightniess (10%(A/cm?)steradian)) and a + | blanking amplifier i |

longear lifetime (~1000 k) than W {10 A/em® ¥steradian; ~100 hj, W has the advantage ) 1 ; column

that vacuum requirsments gre not as high as for LaB,. Nevertheless, LaB; has become ] ;

the standard source for thermionic e-beam sources. Lol gmew
In field emission seurces the clectrons are extracted from a sharp tip by a high elec- ;

tric field. Though these sources have a high brightness {10 {Afcm ysteradian)), they are D/A converters — |

unstzble and require & vlhrahigh wacuum. Therefore they have not bean widely adopted dellection amplifiers : final lgns

in electron beam lithography systems.
2 electron column the exiracted electrons are formed to a beam with £definit® -ﬁ registration unit

3 ape> Therefore differeme electron-optical elements as focusing and defo- airlock :
cusng lenses and apertures are employed, Further parts of the column are a beam blank stage
i switch the beam on and off and a beam deflection system, with which the beam is — aser interterometer
positioned on the wafer, stage controller

Since the deflection systern can only address a field of 400 — 200 pm {depending cn
spot size and ool), it is necessary w move the sample under the beam fTom one exposure
fizld to the next by a mechanical wafer stage. The position of the stage is measured by
an interferometer, 30 1t i= possible to adjusr the beam with at accuracy g Computer vacuum system

The whaole systern has to enable the electron beam tobe formed
ard has to be isolated from vibretions. Firther requirements are low electromagnetic vibration isolation table
stray field, because this would hamper the positioning of the beam. pattern data storage

The patiern, which is given as a CAD file, is translated into movernents of the elecs
tron bearnswafer stage by a compuoter. During an illumination, the dh of the sample is
measured continuously and the focus is adjusted. There are two exposure schemes: In
the first ong, the raster scan scheme, the deflection systern and the waler stage address
every point of the sample, but the beam is switched on and off according to the structure.
In tha second scheme, the vector sean scheme, only the points which have o be iilumi-
nated are addressed. Hence the vector scan scheme is less time-consuming than the
raster scan scheme,

The time needed for the {Mwmination -:rf a whole wafer d:pmda on the patterm, bt
because the electron heam dirsct write is@ it 1
suitable for the industrial mass productidn-of microstectronic circuits. Nevertheless,
becatss the resolation is pushed to a few nanometers, it has a high impact on rescarch
activities and is the method of choice for defining the pattern on the masks used for opti-
cal lithography.

| _L.._ electron detector

chambear

Topics in Nanotechnology 2004/5 -ver. 2 - part 3 - pag. 26



Electron Beam Lithography (EBL)

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

ELECTRONS TABLE 1.6 Electron- and Ion-Beam Applications
«
;ﬂ Electron-Beam Applications Jon-Beam Applications
a  VACUUM , : - —
,:: @ Micromachining and ion milling
> e Low-vo ning electron Microdeposition of metals
\\ ' // MICIosCoOpy
Direet write Critical dimension Maskless ion implantation
e measurements
Electron-beam-induced metal Microstructure failure analysis
deposition
Reflection high-energy electron Secondary ion mass spectroscopy
diffraction {RHEEDY
(b) ELECTRON-BEAM LITHOGRAPHY DCSRIUE SUECT INGIOsCORY Fuamentis
T 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 focussing

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
Permisson. )

Electron emission in a water bucket

THE THREE MECHAMISMS used by field
emission sources all basically involve [

emitiing electrons and ions from a
metal surface under the influence of
a strong electric field

Undemstanding 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-
tom is the energy required to get the
water droplets [electrons) from the
tep 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 ko allow the
electrons o escape from the bucket

In thermionic emission, heat ther-
mally F‘Hcrl:l?:u thﬂ.‘: electrons, pm'm‘tl:ng

off .md ot ul' !he I:lur'kﬂ
In field emnission a high electric

ﬁvld can thin the side of the b‘ucket
sugh s0 that the electrons

:n.el th!uugh it

»

F > functi
armi ion
lovel

Photoemission

Work
function

Tharmionic amission

. Work
Fermi | function
lewed e

Field emission

AooW Spol Magn WD Erp
SO0k 40 B0 103 31
This carbide crystalline tip, with a radius of
100 angstroms, or 10 nanometers at the top
and 0.5 micron at the base, emits electrons
in a iny beam.

FICI04 CHIDGS OO ACS-6TAR T30

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.qg., fluorides, amorphous
calchogenides, AsS, AsSe,...)

Technological problem of EBL:
Inelastic scattering of particles

g 4 4

- Robust and compact resists needed
- Very thin resist layers to prevent inelastic
scattering

W-T‘;

- Extremely careful control of the dose . Example of overdosage

_— - P

Space resolution strongly affected by
the resist properties

Fui. 3. Single pass lines etched into 5i wsing the two step ECR ewch, for
KRS resist exposed at | keV {a) and a 20 ke (b) with line doses of 11 and
175 pCiem, respectively.
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The SCALPEL technique
52 SCALPEL

The drawback of electron beam direct write is me method, Tn mass
production, where throughput is concermned, exposmetmes of several hours are not

acceptable. Though there are electron optics which could enable prajection lithography ‘ ‘

analogonsly to oprical projection lithogranhy, this meathod suffers from the huge panatia-
tion depth of electrons, The masking lavers have to be thick o stop & significant paxt of
the electrons.

Cme method of circumventing this problem is the SCALPEL method (scatteting
with angular Bmitation in projection e]ectmn bea.m Illhngmph)':} In SCALPEL & broad

Attempts to overcome the

gold 3 3 Gl whic onl;.r strike
the membrane layer, wlll pass thls Iayer rm:nstly Lmscaliered while the electrons, which mi 1 1
sirike the scattering laver, will be distracted strongly from their path. The unscattered lim Itations Of =Gl ng
electrons are focused through an apenure and projected onto the wafer, while the scar- i i EC
tered electrons will be blocked. So a high contrast imags can be achieved. techn Iquée with a “beam
As a projection lithography method, SCALPEL offers the advantage of image p roj ection” appro ach

reduction thus miuking mask fabrication easier. The mask itself consists of silicon struts,
between which the membrane laver is clamped (Figure 20b). The width of the mem-
brang correaponds to the dismeter of the electron beam, while it iz a few cm in length,
By means of the projection optice behind the aperture the electrons coming from two
different membrane sreas separated by a silicon stut can be stitchad together ar the
wafer, so circudts of 2 cm timea 3 om can bhe exposed.

a) Mask: b) Figure 20:
prapusssmis  giN  Membrane (a) Electron path through a SCALPEL tool. A
Ak and Scalterer parallel beam of electrons passes through the
fjfff:ﬁh\\ mask; a scattering layer in which the pattern is
| i ( ( 1 'nli elt‘:lﬂiﬂ Rirg inscribed scatters the electrons, so that they are
FANERYY '\h 9P ;ca not focused through an aperture by the electron
system

optical system; only the unscattered electrons will
pass the aperture. These electrons are projected
onto the sample [16], [43].

{b) Top view of a mask and

{c) cross-sectional view of the mask. The masks
are strips and separated by silicon struts. The
masks are {lluminated in series and the pictures of
the masks are projected onto the adjacent sample .

il Wafer backside

e Aperture

]

] Projection
on sample

Nitride
membrane

Adhesion
layer

Scattering
layer

Water 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 subsifate directly, The heavy

- ions impinging on the sutface will sputter the material or, dependinig 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 possibility 1s the

al deposition of an additional layef_The impinging ions can induce the decomposi-
tion of & gas. As1 emical Vapor Deposition (CVD) process, where the decomposi-
tion of the process gasses is induced globally by thermal activation {Low Pressure CVD) |
or by a plasma (Plasma Enhanced CVD), this local decomposition leads to a local depo-
_sition of the material.

Besides a certain impact on the structure definition in the research environment, the
direct modification of the surface, the sputtering as well 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,

Focused ion beams
(accelerated) can be used as
well (typ., for nanomachining)

Stencil Mask Resist .

: — Figure 21; Schematic
lon _l#=r ——— E view of an ion projection
Source . ] TS lithography tool.

Y 1
o
Electrostatic Silicon
Lens Wafer
. 6 ; e Y 2 ~

lon Radiati Electrostatic

S SRR Reduction lon Optics

System
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An emerging simple nanotechnology: nanoimprint

9 Naneoimprint Lithography

There are several approaches for patterning structures without lithographic methods, e.z.
a silicon swrface can be modified by depassivation by the tunneling current in a
UHV-E8TM {Ultra High Vacuum Seanning Tunneling Microscope [20], [21], or the sur-
face can be modified by the movement of an Atomic Force Mictoscepe (AFM)-tip - A
certain interest has been focused con the nanoimprimt lithography (WIL), which ig
described in more detail in this section,

With the § mold is pfmusacd by cmwcmm:mﬂ tcchnu:ulngy, ie e hcam Twgra
phy and etching techurquesmmxHsp b izt 2 structurss
in the mold are msﬁerred mtn the TESIS! and can I:-e uhhzed after mmuvmg the mold,
There are twe different kinds of NIL, the hot embossing technioue and a UV-based techs
nigue. A sketch of both tachniques is given in Figure 29,

Hot Embossing Technigne
Here the la i ove the glass transition tem ure of the recist, which
is a thermoplastie polvmer. Above that temperature the palymer behaves a8 2 vicous lig.

wid and can flow unnder pressure. The mold itself can be made of different materials, usu-

ith-a ed.This Si0; layer is patterned and
Tphy-an et Teactive ion atchmg The aspect ratio
to 6 1, and ﬂle mold size is several em’. As thermoplastic pul}h
3 well lumwn e-heam resist) or novolak resin-based resists are in
use. Ph‘ﬂvlﬁ sea emall thermal expansion coefBeient of ~5:<10°° K and a small pres-
sure shrinkage coefficient of ~3.8x 107 psi’'. To ensure a proper removal of the moid,
the resist is modified by release agents, which decrease the adhesion between mold and
resist. Resist layers befween 5U and 250 nim thickness are used. The imprint temperature
and pressure are dependent on the resist. For FMMA the glass transition temperature is
about 105°C, so the temperature at which the sample and the mold sre heatad is between
140 and 180°C. Then the mold is pressed onie the sample with pressures of about
40 — 130 bar. The temperature is then lowered below the glass transition temperature
and the mald is removed. The features of the mold are now imprinted in the resist, The
tesidual resist lsyver in these features is removed by anisotromic ri:actwe ion E‘tchm,p,:

_ Aferwards, the structures can be fransferred 1o the subsirate either bydire i or
by metal depasition and lift-off. Stroctures down to a feature gize of 10 nm fur hules J
* 4% nm for mesas are imprinted with & high accuracy [22]-[24].

Healing Alignrment
] T=Tuss of mald

and wa'ler

{140°-180°C)

I
E

F
L

Iprint: Imprirt;
40-150 bar 40 mbar-
1 bar

Ceal down LI-beake

resmoiae
kil

S

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

nanoscale)
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UV-assisted nanoimprint

UV-based NIL

Haating and cooding of mold and samiple is time-consuming, Therefore to achieve a
somiehow highet' throughput, euring of the resist by UV irradiafion is used. The thermo-
plastic resist is replaced by TV-curable monomers. The mold has to be fabricated of a
UV-transparent material, e g. quariz. The fegmmres are ransferred o the mold by e-beam
lithegraphy and a TYPMMA resist stack, The patterned PMMA 15 used to transfer the
fesmires into the Ti, and the Ti is wsed to strocture the quartz mold, The resists are
acrylate- or epoxide-material svstems, which can be modified with respect to low vis-
eosity, UV curability, adhasion to the substrate and datachment from the mold. The low
viscosity is essential for using low imprint pressures of 40 mbar — 1 bar. Afler pressing
the mold on the sample, the semple is irradiated by UY-radiation through the mold and a
baking, and hence a polymerization of the resist is initigted. This step lasts only about 90
seconds, After detaching the mald, the residual resist is rernoved by RIE and the further
pattern transfer can be dome. Again mold areas of severzl aquare centimeters can be
imprinted in one run, and one imprint step takes about 19 minutes. The minimum feature
size reported in the literatare is 80 i for dots. [25]).

NIL offers the oppaortunity to " rather simpie man-

ner, at least in q:n::-mpm'lsun 1o the advanced [thography methods described above. The
field size of ~2:2 cm? is comparable to a die whu:h is lluminated by & stepper. On the
other hand, this method is time-consuming (>10 min for one imprict) and up to now
only structures on a plain surface have been investigated, while advanced lithography is
able to define structures on textured substrates. Neverthelsss, because of ity technologi-
cal simplicity, the NIL will be an sltemative 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?)

Healing Alignment | ]
1 T=Tuss of mald 1 ]

and wa'ler
s 55 pavmen]
Iprint: Imprirt;
40-130 bar 40 mbar-
1 bar
Cooldown Webake m——— 75—
I_| i i i T Tyina of resist "i i i i]
H-H'-\.
. i E'“-a-\_‘__
-\H\-\""\-\_
""'~-~-.__lI -
L

f:?/
Iiﬁ’”

remowe
modd

Figore 2%: Nancimprint lithography:
het embossing technigue (left hand side)
and LIV nancimprint (right hand side).
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See
http://nanocold.df.unipi.it

Alternative approaches based on atom optics

Basic idea: use of a neutral particle beam
--> sub-nm (| ;) 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

DPTHCAL LITHOGRAPHY ATENTLITHOGRAPHY

Fadiation
bearnm

Me

7%

"Optical mask”
(standing
J em. wave)

Mechanical _Ah

mask el ey

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
Vol
@

A few words on atom optics

Mirtror

© ]-dimensional : _
o
s © °o standing wave Optical mask (standing e.m. wave)

. --> dipolar forces (conservative)
L Along a direction transverse to atom beam

Meschede Metcalf
JPD (2003)
— The optical dipole force acting on an atom with resonance frequency w4 in a laser
NQ ' field of detuning § = wy, — w4 is derived from the spatial variation of the light shift
substrate wie(r) [1]. For a single laser beam travelling in the x-direction with Rabi frequency
1, the light shift is given by

iy = Ve -4 /2. - (1)

For sufficiently large detuning § > Q, approximation of Eq. 1 leads to wz, = 012/45 =
425/85, where 8 = I/l,a:, I is the laser beam intensity, .. = mhe/3A%r is the
saturation intensity, and T = 1/ is the atomic excited state lifetime.

In a standing wave with § 3 Q, wis = wye(z) varies sinusoidally from node to
antinode and also spontanecous emission is inhibited so that %y, (z} may be treated
as a potential U{z). The resulting dipole force is

=" ]
Punftios 1 (m)

Flgure 3. Left: Numenically colowlated irojectories of & laser cooled beams of

alerme T | v CEnier & Faussan en waee i 2
(ihick ﬁ:r h:l; ll!:;r _-'wmnfhuf beam wﬁﬁ:ﬂ@.mﬁyﬁ: F(:c) = —VU(I) = —“h—fr" VI(:E) = Umas Vf (m)'l (2)
ofipped by the rubtirote, Note the different seoles in =. gnd p-dinections, : 881,01 )

e Iy ok ek L T e & el , Ry | : .

gt bt g S el it ol o ~where I(z) = I f(z) is the total intensity distribution of the standing wave light
field of period A/2, Imax is 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 Fmax 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)
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Beams for atom lithography

Which atom source for ANF?

1. Intensity --> reasonable exposure times
Area

2. Collimation --> reduce aberration effects S

Immximm

Substrate P
Standirg 1001 00u—8

Mi - Wave

Loser Cooling . iy i 18
Collimatian 10 i 10" Flux [s'] 10'°
‘ - Atomlaser 2D+-MDT
Seomeric
i ===

Collimation

Ve
Wﬁ ﬁ ,E. _,.__.-y«—% Optical molasses

Atomic Beam

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,...)

isd
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GBE;;______i_______l______
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I
I
]
I
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}
i
]
i
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81z

 [Ber9s)

iEn

Cr 48} Fe 7 Cop# N 41 Zn
[McC 53]

Element

ﬂ”ﬁWElw! |J RA[#2|pd]  [Agfisica
i [unioo] |
Atom Ts A T B Gjuwe I, F Bp Br Pawr
K @&m W8 mfs mred p3 mm wW mrad mrad @W
‘He* 300 1083 10 L7 15 1% 003 0.03 036 011 040
B 430 S8R 6.2 5.8 13 3 018 1.0 080 000 012
Al 1640 309 521 40 4.0 m 0 6 044 Q0T 085
g 0 812 36 48 17 106 0459 05 068 O 015
Ber 1825 426 31 11 3.5 37 008 24 0.5 003 LD
L = 1920 am L& L0 L3 3 008 15 018 04 46
™ 49 31 52 45 014 43 0.55 003 1.1
o ﬁ 82 61 1] 43 020 T8 0.48 O3 0.59
Wap 1435 328 14 1.2 15 46 033 18 061 003 046
Len 135 410 58 3B 8.5 77 039 60 0.40 003 083
451 W2 T3 15 93 068 0S5 054 00F 043
130 410 852 13 45 W 383 17 33 0.55 002 021
ray 1800 248 187 T.1 19 57 040 32 056 004 060

Wavelengths |

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

resist - technique with
self - assembling - monolayers

CHj B -
(C )j g / 4 | / \\‘-.
I\{_\_LJ/'I ,f’r | . ,f’,
cesium-

atomic beam / dilute gold-

etching solution

g .."’ 4
silicon - wafer /

!

o, S =

preperation exposure development

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

i el [FRIL (el Ak e 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 - reglon

Regular nanostructures built by
either resist-assisted or direct
deposition with feature size
w— below 20 nm

g

results with Ceslum
atomic beam

substrate Miitzel et al. PRL (2002)
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® Position [nrgh]

Our “own” results (resist-assisted)

Standing wave space profile v, = TOFRikim
I'= 25 mWicmé (O = 10817
§2n =1 GHz [192T)

H 12 Due to the use of a “laser-cooled”
200 3 atom beam (speed ~ 10 m/s),
TR: 2 atoms are expected to be
:"E' 113 |} -
D T channeled” instead of focused by
100 2 the standing wave
200 — I T i i ! e, B [ e e e | T T | I —
=300 -200 -100 I} 100 ] 11 A i o u i
z Pasition [ ] :
n ‘ I
- - H
- - ‘ AFM line profile
i | e
# 1] I.- L ﬁ'.| 1 -III. fi |
::“Ew! j a | |Illf ".'1|I.' _I !. A |I" : :
f - '1 sty | I Detail of a single trench
. e Tas L
|. . ta -10F | nm| T
- o ' | 426 nm :
' . L | I| =472 10
r " .m!-ﬁ DI DA0508 1 131:  =250-8 A v X
) ! ]
. ﬁ . se) o -0 2
I " T 1 y -l £ %
* a0

AFMimage —plan view AN R T
Sputtered gold 30 nm thick } 0 X0 30 e

2h deposition and 12 min etching
E=timated dose: 2 atomsrSAM molecule
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Our “own” results (direct-deposition)

Strochares with a wariety of mo
festures cheerved after deposi
opti cal mask

bzzez=ment and
imterpretation =il to be
carfed 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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Conclusions

v’ The top-down approach, i.e., the ability to transfer a predefined pattern
onto a substrate or a multilayered structure, is an essential compoent of
technology

v’ Conventional lithography is very appealing for large scale applications
(parallel operation) and a flexible and fully integrated implementation

v’ Technological and fundamental (diffraction) limitations prevent further
Improvements of space resolution (probably, the ultimate limit is slightly
below 50 nm)

v’ Diffraction can be ruled out with shorter wavelength radiation/particle
beams

v’ Alternative approaches are being developed (e.g., nanoimprint, atom
lithography, etc.)

v’ Bottoms-up approaches briefly mentioned in atom lithography and to
be shortly seen in scanning probe manipulation at the atom level
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