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Nanolithography using molecular optics
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We explore the possibility of using an intense laser beam to focus a molecular beam onto a surface
to create nanowires. We show that with a grazing angle of incidence between the laser and molecular
beams, it is possible to use available technology to create winm wide and>100um long

with a 100 W continuous wave laser. Narrower and longer features could be created with higher
power lasers. This technique is very general, and may be used to deposit any atom or molecule onto
an arbitrary substrate, so long as the particles may be entrained in a molecular beam and have an
adequate sticking probability. The effects of spherical and chromatic aberration and laser mode
structure on the focusing properties of the molecular lens are examined in detail, and design criteria
for building a practical device are discussed. 2003 American Institute of Physics.
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I. INTRODUCTION to the molecular axis, respectively. In the case of laser radia-

. a5 . 9 , tion with a circular Gaussian spatial profile, the field is given
Theoretical™ and experiment&r® studies over the past

few years have shown that it is possible to use intense laser
fields to manipulate the center-of-mass motion of molecules. e(r,t)zsoée*rz""zf(t), @)
Molecular deflection, focusing and dispersion have been re-
alized in the laboratory, and a recent theoretical study exwhere ¢, is the peak amplitude of the fieldy is its 1/e
tended the field of molecular optics to include m°|eCU|arradius,f(t) is its temporal envelope, andis a unit vector in

. 5 . . . . e
mirrors.” Theoretical work has also indicated the possibility e polarization direction. The radial gradient of the potential

of fabricating molecular wires of nanometer-scale width byenergy generates a force that may deflect the molecule

focusing a molecular beam onto a surfaceveral formal  hereas the angular gradient induces a torque that may align

problems associated with creating such structures werg ~ g .
. . A e molecule along. > The well depth of the time-averaged
studied? but an experimental realization has not been re-

ported as yet. The objective of this article is to explore the\r,a?r:althiofgnﬁe{F%ﬁpﬁﬁshgyg?ézﬁ; ZI]cli)udnetglrJe, da?ncggj(i% z;rled
Iﬁgsé?;gzp?;:gzjdrhncﬂeil;:?glgggsgraphy device that utilizes lattices used to trap atom$A rough estimate of the laser-

. L . . induced well depth,\/JWW', for the J=0, M=0 rotational
The underlying principle of molecular optics is the inter- . ,00_ Lo oA )
. A S state isVyy=15q)l oK, where g is in A3 and the peak in-
action of the spatially inhomogeneous electric field of a lase . L
ensity, |, is in TW/cn?.

beam with the molecular polarizability tensor. The field- A focused laser beam behaves like a “molecular lens”

matter interaction at nonresonant frequencies, for a Iinearl)(hat can squeeze a molecular beam into a narrow stripe. Mo
olarized electric field and a linear or symmetric top mol- S . R '
P y b lecular focusing is illustrated schematically in Fig. 1, where

ecule, can be cast in the form of an induced Hamiltoritae :
Ref. § the laser propa_lgates alqng thexis, and the Ie_lser and mo-
lecular beams intersect in tka plane. Pane(la) is drawn in
the plane of the two beams, which intersect at an awdgle
Hind(r,0,t)=— 3e’(r,t)(¢cos @+, sif®), (1)  The target surface is perpendicular to this plane and is par-
allel to the laser beam. Pan@l) is drawn in a plane perpen-
where Ef,t)=g(r.t)coswt is the electric field,w, is the  dicular to the target and the laser beam, and shows a cross
laser frequency® is the angle between the polarization vec- section of the laser focal spot. The molecular beam propa-
tor and the molecular axis, angj and «, are the compo- gates from the right, below the plane of the pdgelesss
nents of the polarizability tensor parallel and perpendicular=90°, in which case it propagates in the plane of the page
intersects the laser beam waist, and reaches the target above

aAuthor to whom correspondence should be addressed; electronic maifle pl_ane of the page. Two schematic trajectories illustrate
rigordon@Uuic.edu focusing of the molecular beam onto the surface. Pé&el
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the write rate by many orders of magnitude as compared to a

b) y
x | low-duty-cycle pulsed source.
| z The use of a cw radiation source also eliminates the
5 z 4 problem of background molecules accumulating on the sur-
a)

face when the laser is off. In principle, unwanted collisions
T with the surface may be suppressed also with a pulsed
source, either by employing molecular and laser pulses of
comparable duration or by splitting the laser into several

xT_, components, so that one serves to deflect and another to fo-
. y

Laser Molecular beam A

c)

| .
Wy/sind cus the molecular beam. In practice, however, both routes
| would be difficult to implement.
In this article, we examine the properties of the laser and
W aHf Wi molecular beams needed for constructing a nanolithography
apparatus. In particular, we explore the properties of a mo-
FIG. 1. Schematic drawing of the focusing of a molecular beam by a lasefecylar lens using a cw laser beam at a variable incidence
beam, shown from three orthogonal perspectiv@s: Plane of the two nale. In the followin tion we d ribe th mputa-
beams: The laser propagates in thelirection, and the molecular beam a gle. ¢ toflo g sec 0_ ¢ _esc € the computa
intersects it at angles. (b) Plane perpendicular to the laser beam: The initial tional methods. In Sec. Il we investigate the effects of the
width of the molecular beam M/, . (c) Plane containing the target surface, incidence angle, the laser intensity, focal radius and mode
parallel to the laser beam. The width of the focused molecular beam is structure, the translational and rotational temperatures of the
The target surface is shown on the left of pan@lsand (b). . . .
molecular beam, and the polarizability anisotropy of the mol-

ecule. In Sec. IV, we discuss several aspects of the laser and

shows slices of the molecular beam in planes parallel to thE0lecular beam design involved in constructing a practical
target surface. The slice on the right shows the moleculafPParatus, and in Sec. V. we summarize our conclusions.
beam before it is focused by the laser, having a collimated

width W;. The aspect ratio of this cross section is deter; coMPUTATIONAL METHODS

mined by the angle of incidence to the target. The slice on

the right shows the focused molecular beam. It is readily =~ We employ in this study the semiclassical methods de-

seen that the molecular beam is compressed so as to have \§¢loped in Ref. 2 to calculate the trajectories of a collimated
elliptical cross section in they plane with its major axis Mmolecular beam interacting with a focused laser beam. Fol-

along they direction. lowing adiabatic separation of the center of mass from the
For later reference it is useful to summarize the qualitainternal modes, the rotational problem is solved quantum
tive features that are general to molecular lengedepen- ~mechanically by diagonalizing the complete Hamiltonian at
dent of the molecule and field paramejertt has been fixed values of the laser field
showrf® that the lens parameters scale with the rafo [Hyort Hing(2)113 Mig) =EMI(8)| IM;8). 3
= Ekinzlvj\lw between the component of the kinetic energy ) o
transverse to the laser beam and the laser-induced well depti€reé Hr is the free rotor Hamiltonian, andHiy
The energy ratio characterizes the molecular lens in mucﬁ__1/462[%+(a|\—%_)C052] is the induced Hamil-
the same way that the refractive index determines the progonian of Eq.(1). The eigenstateld M;s) are expanded in a
erties of an optical lens. The focal distance is essentiallP@sis set of field-free rotor states wittdependent expansion
linear in R except in the smalR limit, whereas the image coefﬂment_s, determined by solving the e_|gen\(alue pro.blem
size is constant irR for large values of the energy ratio, (3). The elggnvalueEJ|M‘(g) serve as adlapatlc potgntlgls
dropping rapidly ask decreases below 3. for propagation of the center-of-mass motion. Ta!«ng into
In its original conceptior;® molecular optics was for- account the dlve_:rger_we of _the laser beam, the amplitude of an
mulated with the laser and molecular beams perpendicular tglllpncgl G_au53|an field with a wavelengthand a TEM,
each othefi.e., with =90° in Fig. Xa)], and experimental Mode is given by*

realization§~° have so far been confined to this geometry. In woywo, |2 (210200 + 210200}

these studies the laser beam was pulsed in order to obtain &(X,Y, Z)ZSo(W) I L4
sufficient intensity. Here we show that, for the purpose of y z

nanolithography, a grazing angle of incidence between th#here

laser and molecular _bea.ms. may offer a number of sizgnificant w2= w2+ 02X2,  wi=wd,+ 032, (5)
advantages. At grazing incidence, the energy rRtiws/1, oo z 2t

(wherev,=v sinéis thez component of the velocity, ang ~ and the divergence angles are given by

is the peak intensijyfor a given intensity is dramatically A

reduced as compared to the perpendicular configuration. 6= . (6)
Equivalently, for the value oR required to achieve a desired T@0y(02)

focal distance, the requisite laser intensity is drastically reThe origin of the coordinate system is taken to be the focal
duced. This reduction in the intensity opens the opportunitypoint of the field(see Fig. 1

of employing continuous-wavéw) laser technology to fo- Having computed quantum mechanically the effective
cus molecular beams. The use of a cw laser would increagmotentials for the center-of-mass motion subject to the inho-
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mogeneous electric field, we proceed to describe the corre- 1 Joony o,
sponding dynamics by numerical integration of Hamilton’s (y(z))= 2 Z E 2 gd(vi; Tirans)
equations of motioh® My, "3 IMI=0 i=1 =1 7K
) Py aEJi"M‘[S(X,y,Z)] XAUPJ,\M\y(t;yO,hpj)v (13)
=0 Px=— X ' (78 whereAu is the spacing of grid points in the speed distribu-
b JEIMI e (x v. )] tion, andP; |y is the Boltzmann rotational population. The
y=-2, by: _ AR (7p)  focal width, W, is computed as the minimum @[z(t)]),
m ay which occurs at=t;, and the focal coordinates are the re-
. Py - JENMIe(x,y,2)] sulting values of(t;) andz(t;).
Z=—=, pP,=— . (70
m 0z
lll. RESULTS

The initial coordinatesyy, Yo, andz,, are selected as fol-

lows. The molecular beam is assumed to have a nondiverg- Molecules with different initial conditions intersect the
ing square cross section of widéi; , andn, values ofy, are  xz plane at different locations, resulting in a nonzero width
selected uniformly between the limitsW,/2 andW;/2. The  of the focused structure. It is logical therefore first to inquire

initial values ofx andz are given by which physical properties of the molecular and laser beams
) ] determine the coordinates of the molecular beam waist, and
Xo=TsCOSO+pSING,  Zy=rsSINJ+p COSI, ) then to investigate the conditions needed for minimizing the

where the “shell” radiu . is the distance from the center of foc@ r‘:"idth' _Whilefmaintaining;\ useful focal dki§tark1]ce|.

the cross section of the molecular beam to the focal point of 1 N€ régime of interest to the present work is the laRye-
the laser, ang is the distance along a line perpendicular to IMit; where the focal distance is linear R and the width
the line of centers in thez plane. The value of, is chosen parameter iR independent.In this limit, the location of the

large enough that a further increase in the shell radius doefg_Cus _is determined by the i_ntensity and vel<_)city, and_ the
not affect the focal properties of the lensis selected uni- width is determined by spherical and chromatic aberrations.

formly between—W,/2 andW,/2 Specifically, the calculations presented here confirm that the
1 I : H

The speed of the molecules is assumed to have a supdPcal coordinates scale as

sonic Maxwellian distribution for a seed gas of mass Xt, Zg~MagTo/Meaylo. (14

mixed with a carrier gas of mass. with translational tem- Th lculati ted h ‘ d usi
peratureT.ns. FOr a highly dilute gas with no velocity slip- € calculations reported here were performed using

. . — 3 — Ag
h istribution function of th is qivefS @ prototypical molecule, withy 17A% anda, =8 A3,
E;J%e, the speed distribution function of the seed gas s glVeand Xe as the carrier gas wiify=300 K. Because the focal

coordinates vary inversely with the produmtl 5, the calcu-

5 7(2)2 lations apply equally to any carrier gas with the intensity
9(v)=(qyandve "o/, appropriately scaled. The initial width of the molecular beam
)12 was set atW;=10um with ny=40, and the electric field

radius was usually set at 3@m. Because averaging ovgr
id not affect the focal parameters significantly, we typically
setn,=1.

where gyans IS @ Normalization constanty= (2K Tyans/ M

is the most-probable speed of the seed gas in the movin
frame, and the flow speed is given by

T 1/2

vf=vw( 1- —) .

A. Focal coordinates
T, (10)

The quantities that are most important in determining the
The speed of the carrier gas at infinite Mach number is givefocation of the focus of the molecular beam are the laser

by intensity and spot size, the molecular speed, and the inci-
o dence angle. Figure 2 confirms that for laRgjbothx; andz;
v :( Ve w (11) vary inversely with laser intensity, and similar calculations
“ o ly—1 oc verified the mass and polarizability scaling of E#j4).> We

also found that the focal coordinates for a given intensity
depend on the lens curvature, increasing linearly wigtx)

for a circular Gaussian beartThe properties of a molecular
lens based on an elliptical optical focus are discussed in Sec.

where vy, is the heat capacity ratidl,, is the stagnation
temperature, andq.=(2kTo/m,) ¥ For an arbitrary inci-
dence angle, the initial velocity components are given by

Uox=V C0SS, voy=0, wvp,=vsind. (12) 1 B). _ . -
Perhaps the most interesting result is the dependence of

The properties of the molecular lens that are of greatest; and z; on the intersection angle of the beams, shown in
interest are the width)V, of the molecular beam at the focal Fig. 3. We find thatz; decreases withs, falling to zero at
waist (i.e., the image size of the molecular l¢rend the grazing incidence. This result is expected becausethe
coordinates of the focal waist; andz; . (See Fig. 1 of Ref. component of the velocity transverse to the laser beam, de-
3 for definitions of the lens parameter¥Ve determine the creases withs. Also, as expected; initially increases with
former by evaluatingy(t) as a function ofz(t), averaged angle, tracking the corresponding increase of A less in-
over all initial conditions. This quantity is given by tuitive result is thatx;=z at 45° and decreases monotoni-
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FIG. 2. Intensity dependence of the focal coordinates in the IBrtpeit. LA e S e L L B B

The calculations were performed fby in a Xe carrier gas at an incidence

angle of 5=5°. The range of the energy ratiB, is 43—4300. %

cally at larger angles. An examination of individual trajecto- = eo0
ries reveals the physical basis for this behavior. As a &
molecule traverses the laser beam it feels a time-depender
force. Asv, decreases, the magnitude of the associated im-
pulse increases, resulting in smaller values for bgttand

z;. The maximum inx; reflects the competition between 20
increasing transverse velocity and increasing impulse. It is

this property that makes it possible to use a continuous lase ol Lo Lo Lo Lo s Ly
for |IthOgraphy 20 30 40 50 60 70

@, (pm)

B. Focal width FIG. 4. The effect of spherical aberration on the focal width of the molecu-
In this section, we investigate the effects of spherical andar beam.(a) Trajectories for a molecular beam bfin Xe having an initial

chromatic aberrations on the focal width. In these calculaWVidth Wi=10um focused by a laser witlo=304m, at a peak intensity

. 5 . of 1P W/cnm? and an intersection angle of 5°. Both the translational and

tions, we set6=5° and| 0~ 108 chmz’ noting that other rotational temperatures are zefb) Variation of the focal width with the

values of these parameters yield essentially the same valueslius of a circular Gaussian focus.

of W (because we consider here the laRjeegime.

Figure 4a) shows a set of trajectories for a mono-

energetic beam of, molecules(with Tyans=To=0) and @  glectromagnetic lens. Figurdls} shows that this effect may

circular laser focus ¢ = woy = wo,=30um). The width of e remedied by increasing,. Under the conditions of these
the molecular focus is caused by spherical aberration of thgg|cylations. W varies aWi/wg falling to 5 nm for w,

®
1=

=80um. This effect has a simple origin that was noted

previously® Spherical aberration arises from the anharmonic
shape of the potential that governs the trajectories. For a
fixed molecular beam diameter, the molecules feel an in-
creasingly harmonic force field as the spot size of the laser in
the direction transverse to the plane of the molecular and
laser beamgsee Fig. 1b)] is increased.

In the smallR regime, the use of an elliptical focus is
advantageous, because it reduces the laser power while at
constant intensity, with the additional benefit of increasing
the focal distance. Calculations with an elliptical focus in the
large R limit show that, as expected, the focal width for a
constant intensity depends only an,. For an elliptical
0 Lol b b beam withw,<w,, the laser power required to produce a

particular focal width decreases with,. The calculations
0 (degrees) also show, however, that the focal distance for an elliptical
FIG. 3. Focal coordinates of the molecular beam as a function of incidencg)eam is greater than for a circular beam with the Same

angle. The calculations were performed for a beant,oh Xe at a laser I the largeR regime, e_”iptiCity _presents_ no advantage, be-
intensity of 16 W/cnr?. cause a greater focal distance is undesirable. In that case the
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FIG. 5. Chromatic aberration produced by the translational energy distribu-
tion of the molecular beanta) Trajectories for a molecular beam bkf in a

Xe carrier gas withT,,,e= 1K. The three trajectories for each valueyef

are for speeds equal t@,,+ a (solid lines, vy, (dashed lings andv,

— a (dotted lineg, wherev ,,, is at the most probable spedt) Focal width

as a function of the translational temperature. The other physical paramete
are as in Fig. 4.

FIG. 6. Chromatic aberration produced by rotational temperataré.ocal
width of the molecular beam as a function of the transverse distance for
different free rotor states. Shown here are the evolutiodyoffor J=0
Fgolid curve, J=1 (dashedl J=2 (dotted, andJ=3 (dot-dashed ForJ

=2 and 3, the value ofM| increases from 0 td starting from the lowest
curve. ForJ=0 the order of theM curves is reversedb) The focal width,
summed over all rotational states, as a function of rotational temperature.

. . . . . ._The curves are for different values of the ratio oF e /a; , with y
higher intensity required to offset the increased focal dis—3 12 corresponding tb, molecules. The calculations were performed as-

tance cancels the savings in laser power that might otherwisgimingT..e=0. The other physical parameters are as in Fig. 4.
have been achieved.

One source of chromatic aberration is the spread in ini- . .
tial speed of the molecular beam. Molecules with larger valSum of over a",‘]’ M states results in a consujerably br.oad—
ues ofR are deflected less during their passage through th ned beam Wa'St'. The dependencebbn Tro; is shown in
laser beam and, therefore, come to a focus at larger distanc g 6@' The maximum near 0.2 K_occurs becadse0 e_md
[see Fig. a)]. Consequently, the ensemble averaged imag =1 differ the most in their focal dl_stances, and at this te_m-
size is larger than for monochromatic trajectories. Clearly,pera_ture these states have_ approxm_ate_ly equal populations.
(y) increases WitfT o, s shown in Fig. &). For the case At higher T,y the focal points are dlstnbute_d over many
of iodine molecules we find at a translational temperaturénore states, and the focal width slowly declines with tem-

Twane= 1 K (which is readily achieved in a supersonic mo- perature. . . .
lecular beam an image size of 54 nm, as compared to the The effect of rotational alignment depends on the anisot-
monochromatic value of 38 nm ’ ropy of the polarizability. To study this dependence we arti-

A second source of chromatic aberration is the rotationa\‘ICIaIIy varied the ratio of polarizability componentsy

temperature of the molecular beam. The force felt by a di- a/a, , which for |, has a value of 2.12. Figure(§

atomic molecule depends on the direction of the angular mo§hOWS that, as expected de_c_reqses witty, and for spheri-
mentum vector,). If the molecule rotates in a plane perpen- cally symmetric molecules it is independent ;.

dicular toJ (i.e., if [M|=1J), it feels a smaller force than if it
rotates in a plane containirlg(i.e., M =0). As shown in Fig.
6(a), the focal distance is very sensitiveland|M|, so that, In the previous calculations we assumed a TEM

although each rotational state comes to a sharp focus, thBaussian mode. We expect, however, that the focusing prop-

C. Effects of laser mode structure
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ML L LU R UL L From these calculations it is clear that even a small in-
300 :— —: tensity in some of the higher order modes can have a delete-
r ] rious effect. Although the amplitudes of these modes may be
250 - b suppressed by spatial filtering, a small residual contribution
C ] could be troublesome. An efficient way of completely sup-
C TEM,;, ] pressing the unwanted modes is to pass the laser beam
g 200 = - through a capillary, producing an electromagnetic field hav-
) E E ing the form of a truncated Bessel functi¢the fundamental
2 150 - - EH,, of the guidé®
C ] r
100 Eb=EopJo| po /. forr<a (183
% E E =0forr>a, (18h
F——————> m——— wherea is the radius of the capillary,=(y?>+2z%)'? and
0 N T T T T | M}“I p po=2.4048 is the first zero of the zero-order Bessel function,
14
108107 10 105 104 100 102 100 100 Jo. ) L . . .
We find that this field has superior focusing properties to
S the TEMy, Gaussian field. Choosingi=w, and Egp

FIG. 7. The effect of Gaussian laser transverse mode structure on the focal E9v00’ with equal laser intensity, the Bessel beam produces

width. The parametes is the fraction of the laser intensity in the higher @ Slightly larger focal width(45 vs 38 nm ati=30um and

order mode. All other physical parameters are as in Fig. 4. lo=1x 10 W/cn?) at a slightly shorter focal distance(
=8.4cm andz;=0.73cm vs. 9.2 and 0.81 cm a&=5°).

erties of a molecular lens would be very sensitive to th Increasinga to 40.86 um, so that the laser power for the

. essel beam is the same as for a Gaussian beam awith

transverse mode structure of the laser beam. In particular, we . .

- . =30um, reduces W to 25 nm and increases the focal dis-
anticipate that the presence of a node in the center of the

o - fances to 11.2 and 0.98 cm. The most important property of
beam would have a large effect. The electric field for a cir- : . : o
: ! S the Bessel field, however, is that its decomposition into trans-
cular Gaussian beam with a TEMmode is given b}

verse resonator modes requires cylindrically symmetric

B wp 2 y 2 z Laguerre—Gaussian modes, which do not defocus the mo-
Emn= EOvmnw(X)Hm 2 w(X) Ha| V2 w(X) lecular beam.

2+22

Xexp( Y 2( +iag+i(m+n)n(x)|, (15 V. DESIGN CONSIDERATIONS
w (X

In this section, we discuss the key properties of the mo-

whereH; is a Hermite polynomial of ordef, Eq g is the  |ecular and laser beams that would be needed for construct-

amplitude of the fielda, is the spatially dependent phase of jng a practical lithography apparatus.

the TEMy, mode, and The molecular beam must have sufficient intensity to
have a useful write rate, and it must be sufficiently well

) (16)  collimated to deposit wires of the desired width. The number
of particles hitting the target surface per unit time is given by

In order to evaluate the effects of individual laser modesbF (), where® is the total initial particle fluxF is the mole
on the properties of a molecular lens, we calculatétbr a  fraction of the seed gas, aifdlis the solid angle of the final
field consisting of a superposition of TEland the mode of aperture. The write rate is then

Interest I =®F QP /A, (19

E= V1= sEot \/gEm“’ 17 whereA is the feature areay is the collision cross section of
wheres is the fractional intensity in the higher order mode. the molecule, andPy is its sticking probability. Ford
The results for TEM,;, TEM;o, and TEM, are shown in  =10°sr 's ! ®®F=10% andP,=10%, with a 10um-
Fig. 7 as a function o$. Not surprisingly, the TEM; mode,  diam collimating aperture located at a distanéd an from
which is symmetric with respect to tteaxis, has no effect the beam source, a feature size of 50nh®@0um, ando
on the focal distancgust aswW does not depend om, foran =1 nn¥, the write rate is 0.1 ML/s. A pointing stability of
elliptical TEMyg mode. The TEM,, mode, on the other the molecular beam of 20 nm, which is normally achieved in
hand, has a very strong effect. For small valuessofthe  an atom interferometér,could be obtained by attaching the
extended intensity along thg axis actually improves the collimating apertures to piezoelectric transducers driven by a
focusing, with the bimodal field acting like an achromatic feedback signal provided by a laser interferometer.
lens. For intensity ratios>10"°, however, the central node In selecting the operating conditions of the molecular
strongly defocuses the molecular beam. The TERode, beam, one must consider possible trade-offs between particle
which has a maximum at=0, has a much smaller defocus- flux, peak velocity, and translational temperatdre., width
ing effect at alls. of the speed distribution all of which may be affected by

Wo
w(X)

77(x)=cos‘1<
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condensation of the carrier gas. The rate of cluster formatior Molecular |
varies asd®P®, whered is the nozzle diametea~1/2, b Diode beam Yy
~n—1, andn is the cluster siz&’ Clustering of rare gases pumping |
also increases with atomic mass and decreases with nozzl ’ & Intracavity
! mode-control

capillary

A =]

temperaturé® Because the terminal Mach number varies as I]
(dP)¢, wherec~0.5 for atoms-® reducing eitherd or P
increases the translational temperature. Although all of theYb:YAG

1
o . i »
rare gases have been used in interferometry experiments phiudiste I, Deposition
i ; gain medium substrate at
produce cold beams of alkali atoriisreheating of the beam clecular
by cluster formation in Xe was problemati?® Elsewhere, focus

the flux of Xe was clusters reduced to less than 1% of the ) ) ) ) ) )

monomer by operating witP<1 atm andd<0.1 mm. 21 F;?étﬁé Schematic drawing of the interaction region of the lithography ap-
Alternatively, the fraction of clusters may be reduced byp '

either reducingm, or increasingT,, both of which would

increase the focal distance of the molecular b¢age Eq. resonator must be designed to minimize susceptibity to ther-
(14)]. This effect can in turn be countered by increasig  ma| effects, andiii) the directionality of the intracavity laser
Optimum conditions are likely to be achieved using Kr in- yagiation must bevery well controlled. The first two criteria
stead o_f Xe With a room temperature nozzle and a 60% i”strongly suggest the use of a properly configured diode-
crease in laser intensity. pumped thin-disk laser resonator, such as a j&iode
The laser power required to focus the molecular beanyp:yttrium—aluminum—garnetYAG) thin-disk lasef® The
depends on the desired focal distance and feature width. F@hin-disk laser geometry is relatively insensitive to thermal
the purpose of discussion we will choose an upper bound déffects in the gain medium because thermal diffusion is pre-
10 cm for the focal distances and 50 nm for the focal width.dominantly parallel to the optical axis of the resonator.
Using I, in Kr for illustration, and ignoring the effect of Satisfying the third criterion is much more challenging.
rotational temperatur@vhich is absent for atoms and isotro- |f we assume the use of a Yb:YAG thin-disk laser, then the
pic moleculey we may achieve these goals with a circular properties of Yb: YAG(saturation of the ground-state absorp-
Gaussian (or the equivalent Besselbeam having wg  tion in a multi-pass pumping scheme, 8témply a ~1 mm
=30um andly=1.6x 10° W/cn?, which corresponds to a fundamental mode spot sigealf width ate™ ! of the field at
cw laser power of 2.2 KW. At an intersection angle &  the gain medium. As a result, a focusing element with a focal
=5°, the focal coordinates arg=9.2cm andz;=0.8cm  |ength of about 10 cm will be needed to generate the required
(see Fig. 3 The requisite power could be lowered by further 30 um spot size at the intracavity focus. The requirement to
reducingé. A lower bound ond is given by the requirement reduce beam-pointing instabilities at the focus to less than 10
that the incidence angle be at least twice the divergencam implies that fluctuations in the directionality of the intra-
angle of the laser beam, which is 0.6° fep=30um and  cavity radiation must be less than Ourad. It should be
A=1.06um. At grazing incidencex; grows approximately possible to satisfy this rather demanding performance speci-
linearly with 5, whereasz; grows faster than linearly, and fication by inserting a capillarsf rather than a simple aper-
both focal distances vary inversely with intensity. Thus, forture, in the cavity and by employing active feedback stabili-
example, at6=3° and a power of 1.6 KW, the molecular zation of the laser cavity. In addition to defining the optical
beam focus is at;=10.0cm andz;=0.5cm. axis of the laser resonator, a properly inserted intracavity
Although diode-pumped, solid-state cw lasers with out-capillary will force the spatial oscillation mode of the laser to
put powers at the KW level have now been developed in thenatch an HE,, capillary mode. As shown by the analysis of
near infrared? the required powerful and high-spatial- Sec. Ill C, the cylindrically symmetric fundamental HE
quality radiation could be most readily accessed inside a lamode, which is represented by tldg(r) Bessel function
ser resonator. Specifically, a 100 W solid-state laser employtruncated at the first minimunithe capillary radiug pro-
ing a typical 10% output coupl&rwill have a total power of  duces a molecular beam focus that is very similar to a §EM
~2 KW at any point in the cavitfi.e., twice the~1 KW  mode Gaussian spatial profile.
intracavity power propagating in each directioihus, by
|r_1c0rporat|ng a suitable focusing sectltw_nth a 30 um spot V. CONCLUSIONS
size) intersecting the molecular beam within the laser cavity
(see Fig. 82* a relatively modestnominally 100 W laser We have shown that intense-laser-based molecular optics
will suffice for the lithography radiation source. can serve as a route to nanoscale processing of substrates
Precise focusing of KW-level intracavity cw laser radia- with unique advantages. Because all atoms and molecules
tion at grazing incidence to an 10 um-diameter molecular are polarizable, it is possible to manipulate any species that
beam possesses several additional challenges. In particulaguld be entrained in a molecular beam, including metals,
laser beam-pointing instabilities must be reduced to less thaimsulators, semiconductors, and biomolecules. Complex,
10 nm at the intracavity focus to maintain the integrity of amulti-material patterns could be made by using this tech-
high-quality, sub-100 nm molecular focus. This means thahique for direct writing on the substrate. For continuous laser
(i) the laser resonator must be operated at its most stabknd molecular beams, the contrast ratio is expected to be far
point (i.e., near the center of a cavity stability regipfii) the  superior to that achieved with other state-of-the-art tech-
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