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Subwavelength lithography over extended areas
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We demonstrate a systematic approach to subwavelength resolution lithographic image formation on films
covering areas larger than a wavelength squared. For example, it is possible to make a lithographic pattern with
a feature size resolution af/[2(N+1)] by using a particular Rl -photon, multimode entangled state, where
N=<M, and banks of birefringent plates. By preparing such a statistically mixed state, one can form any pixel
pattern on a ¥ "N(N+1)x2M~N(N+ 1) pixel grid occupying a square with sitle=2M~N"I\. Hence, there
is a trade off between the exposed area, the minimum lithographic feature size resolution, and the number of
photons used for the exposure. We also show that the proposed method will work even under nonideal
conditions, albeit with somewhat poorer performance.
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[. INTRODUCTION quirements than subwavelength resolution of spatial features,
because in image writing one wants to write small details
Classically, to create an optical image, one has to moduwith high contrast A particular field where circumventing
late a wave front of an electromagnetic wave in space. Théhe classical resolution limit is becoming more and more
minimum resolvable feature size of an imaged object correimportant is optical lithography, which is the primary tool
sponds, roughly speaking, to the minimum modulation pefor writing electronic-circuit patterns. Current production
riod allowed, which turns to be of the order of the wave-technologies have tended to use light of shorter wavelengths
length\ of the light used. In fact, the best resolution that canto fabricate ever-smaller device features.
be achieved classically is about2, which is usually known It has been known for some time that entangled photon
as the diffraction limit. pairs can be used to achieve Heisenberg-limited resolution of
When the quantum nature of light is considered, one isime [14—16 and phas¢17—20, but only very recently has
naturally confronted with the role that photon fluctuationsthe use of entanglement to increase high-contrast image reso-
play in setting fundamental performance limits for imaginglution indefinitely [21—-24 been proposed. The reason that
systems. Even if all théechnicalnoise sources are elimi- these entangled quantum states show increased resolution
nated from the imaging system, the corpuscular nature of thean be traced back to the fact that they allow the modulation
photon induces fluctuations, or shot noise, that determine geriod to be as small as/(2N), and thus, they approach
seemingly fundamental spatial resolution, or standard quarHeisenberg-limited resolution. The process can be envi-
tum limit, of about\/(2+/N), whereN is the average number sioned as the photons clustering intdNgphoton quasiparti-
of photons. Subwavelength imaging has been used in a nunele with a linear momentunN times as large as that of a
ber of applicationd1-6] and a careful analysis shows that single photon, and therefore with a shorter de Broglie wave-
indeed the shot noise sets the resolution lif&i6]. length [25]. It is the de Broglie wavelength that ultimately
However, the quantum viewpoint allows for strategiesdetermines the interference resolution. This has been appre-
that could significantly improve the spatial resolution beyondciated for a long time in atomic, molecular, and solid-state
the standard quantum limit. A typical way of reducing physics, but has only recently been noticed for electromag-
photon-counting noise is by using multimode squeezed lighhetic waves.
[7-12]. This possibility has been experimentally demon- In an earlier paper, we discussed the use of reciprocal
strated in other precision measurement scherh8sand al-  binomial states in subwavelength resolution lithograjs).
lows one to attain an optimum spatial resolution proportionalOur method works for even number of photorls and it is
to NM/(2N), usually known as the Heisenberg limit. These subespecially germane to determine the exposure sequence to
shot-noise imaging systems enable resolving, in principlegenerate any pixellated pattern on -+ 1)X (N+1) grid,
arbitrarily small details of an object in a diffraction-limited occupying a square with a half wavelength long side. An
optical system. advantage with the method is that only one particular en-
However, writing images imposes even more stringent retangled state needs to be generated: all other necessary states
can be produced from the first by means of, e.g., a small
bank of phase plates with a prescribed birefringence. Unfor-
*On leave from Department of Electronics, Royal Institute of tunately, it is not possible to generate larger patterns since
Technology(KTH), Electrum 229, SE-164 40 Kista, Sweden; elec- the deposition methods proposed hitherto all are periodic
tronic address: gunnarb@ele.kth.se; URL: http://iwww.ele.kth.seWvith a period of half a wavelengtf21-24. Restricting the
QEO/ exposure source of the lithography to four modes, with pair-
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portional to the expectation value of the operagbtMeM,

whereé=(a_,+4,)/\2. Let us further assume that the two

beams impinge at the anglés. ;= * 7/2. The beams will

> hence strike the film surface at grazing incidence. Further-

X more, we shall assume that the modes are prepared in a two-
mode reciprocal binomial state of the general form

N
|¢(Ni)>=%i n§=:o VnE(N;—n)!n); @ [N;—n)_;,

(2.2

FIG. 1. A schematic showing the geometry of the lithographic

exposure. whereN; is the total photon number of the two modes and

M=E:i:0n!(Ni—n)! is a normalization factor.

wise opposite wave vecto(Big. 1) one can only increase the Let theX coordinate normalized to the optical wavelength
size of the pattern by some factor by sacrificing the pattern. be denotedc. Since the two modes 1 and 1 impinge over
resolution by exactly the same factor. To be able to adjusthe film in antiparallel directions, the accumulated phase of
the size of the deposited pattaéntdependentlypf the resolu- mode 1(propagating in the positivi direction at a distance
tion, one must use more modes. In this paper, we report ax from the left edge of the film will be

systematic multimode extension to the method we proposed

earlier[24]. U,=exp(ikAxala;) =exp(i2mxala,), 2.3

Il. SUBWAVELENGTH LITHOGRAPHY wherek=2/\, while mode—1 will have accumulated the

A. One dimension, two modes phase
Our goal is to establish how to create arbitrary two- U_lzexp[ik)\(l—x)éilé_l]=ex|c[iZw(l—x)atlé_l]

dimensional patterns on a squared substrate of Isidgup- (2.9

pose we have two counter-propagating beams in a direction

we shall denoté, see Fig. 1. The beams propagate at angleat the same location. Using these free-space unitary propaga-

*+ 6 to the normal of the substrate. This substrate is coatetlon operators, we find that at the locatignthe state(2.2)

with lithographic resistin the following, we will refer to the  for modes=* 1 is transformed into

resist as the filmand situated in the region where the beams

overlap. In general, provided the coherence lengths of the 1 N

wave packets are much longer than the side of the film, we |piMy= = 3 elzm(@n—Ny

do not need to take into account the mode shapes and we will VA7 =0

assume that they are plane over the side of the film. 5 mlnh@ml—n) .. @25

Following Ref.[21], the lithographic film absorption is
modeled by arM-photon absorption process. Thus, the ab-

sorption process can be modeled by the operaidfeM We can now translate the substrate a distaxiel (N,

+1)] to the left, and at the same time, phase shift mode 1 by

given by 27/ 1x (N1 +1) (F1x=1,2,... N;+1) relative to mode
oM iz " M iz R M o1 —hl. The corresponding state will be |abe|¢¢§Nl’/lx)>'
\/W i i \/W i i ’ . where
N
whered; is the annihilation operator of modeandW is the |l//(N1v/1x)>: 1S @l T[2x— (/1= 112)/(N1+1)](2n—Ny)
number of excited modes impinging on the film. In this way, x JN; =0
higher-order interference effects are naturally brought out.
The photosensitive “grains” in the film must be much XANH(Ng—=m)!n);®|Ny—n) 4. (2.6

smaller than the shortest de Broglie wavelength encountered
in the exposure process. Therefore, from the point of view ofAs shown in Ref.[24], this state will deposit a “one-
a “grain,” the photon packets in the respective modes will dimensional pixel,” that is, the deposition ratg, will have
be indistinguishable in spite of their different linear mo- a single pronounced peak/[2(N;+1)] wide, occupying
menta, as manifested by E@.1). the interval on theX axis betweem (/1,—21)/[2(N;+1)]

Let us now discuss the interference in one dimension beand\ /1, /[2(N;+1)].
tween a pair of modes, labeledl and 1, propagating in the To make a qualitative comparison between the subwave-
plane defined by th& axis and the film normal. We restrict length resolution lithographic method proposed in Refs.
ourselves to consider states that are eigenstdtesf the  [21,23 and our method, we have calculated the deposition
total photon number in the modes1. According to our pattern when the target pattern is a rectangular trench. In
assumptions, the deposition rate in the substigjeis pro-  Refs.[21,23 such a trench\/4 wide, was used as a trial
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FIG. 2. The deposition rate due to a pair of modes with FIG. 3. The deposition rate due to two pairs of modes with

=+ = i 1St i
+ /2 andN=10 in an equal statistical mixture state between 0.,=+ml2 and 0.,=+ arcsin (1/4) that are prepared in two

(10,1 (10,2 (10,3 (10,4 (10,9 (10,10
[0y, (10, (109, [0, [y, g9, and three-photon reciprocal binomial states. The deposition rate is peri-

|#3:°*). A trench, four pixels wide €4)/22) is formed. The odic with period 2. The width of the deposition rate peak is
unwanted exposure modulation of both the exposed and the une)'g(-)ughly \/8
5 .

posed pixels is on the order of 10% of the maximum exposure. Th

target deposition function is drawn with thick lines. . -
g P (We use the symbad in the ket above to indicate that the

target function for a 10-photon state. We have done thé¢nodes corresponding to the state do not impinge at grazing
same, but since a 10-photon state will define an 11-pixeincidence over the film surfage.

pattern(in one dimensionthe natural target trench function =~ Now suppose the N;+Nj)-photon, product state

in our case is an integer number of pixels wide. The pixel (,//iNl))®|¢f(N2)> is prepared. Calculating the pattern deposi-
width for a 10-photon state is/22. In Fig. 2 we have calcu- tion rate Ay, where nowé=(a_,+a_;+4a,+4,)/2 and
lated the deposition rate for a four-pixel wide trench, that is;M =N, + N,, we find that

a trench 2/11~0.18\ wide. In order to make this pattern

we can, e.g., expose the pixels sequentially employing the Ny N, 2
states indicated in the figure caption. Although not shown in Ayoc| D el2mx(@m=Ny B gi2mx(2n=Ny)/(N2+1)
the figure, remember that this two-mode deposition rate is m=0 n=0
periodic with the period\/2. .

We see that the result of our method is almost the same, " 1 SIP[2(Ny + 1) x] (29
both in the respect of edge sharpness and in exposure pen- [(N;+1)(Ny+1)]2 sir[2mx/(N,+1)]

alty, to those obtained by the method proposed by Botal.

[21,23. As we shall show below, neither the edge sharpnesshe deposition raté,, has a highest oscillation period in
nor the exposure penalty need to be sacrificed when thgs 172(N,+1)] and an overall periodicity of N,+1)/2,
lithographic pattern is extended over areas larger than half g;responding to the physical lengths[2(N;+1)] and
wavelength in each dimension. A fundamental difference bey (N, +1)/2, respectively. A plot of Eq(2.8) for the case
tween the methods is that the pattern-producing state is puig —N,=3 is shown in Fig. 3. Note that the deposition-
in the proposal of Botet al, while our proposal is based on f,nction spatial resolution is/8 and its periodicity is 2.
mixed stateqdor a sequence of pure states if each pixel is When we translate the substrate a distandg4 (N,

deposited separatgly +1)] to the left, and at the same time, phase shift mode
) _ 2 by 27/ 5 [ (No+1)+27/ 1, [[(N1+1)(No+1)] (/o
B. One dimension, four modes =1,2,...N,+1) relative to mode-2, the staté¢f(N2)> in

To overcome the limiting\/2 periodicity of the deposi- modes=+ 2 is transformed to
tion rate, we introduce another pair of mode® and 2
impinging along the X direction at angles 6., |¢(N2/1X,/2X)>
==+ arcsifl/(N,+1)] from the film normal. Hence, they X
have only the wave vector componett2 7w/[A(N,+1)] in 1 N
the X direction. We assume that this pair of modes are pre- =—— >, ¢! m2x~/ax= (“1~ U2)/(N1+ 1)](2n=Np)/(Ny+1)

pared in a reciprocal binomial state, too. Consequently, their N n=0
state at locatiorx is given b
9 y XANH(Na—=n)!NY,®|Ny—n) 5. (2.9
N
1 2
|¢f(N2)>= N gl 2mx(2n=N2)/(N2+1) Using Egs(2.6) and(2.9) we see that the four-mode state
20 |1//f(N1))®|¢f(N2)> will consequently be transformed into the

XN (No—n)!n),®|N,—n) .  (2.7)  state] z/f(XNl’/lx)>®|¢§N2'/1X'/zx)) after the translation and re-
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1 pattern one intends to expose. The second nice feature is that

the sum of the deposition-rate functions for all pixels add up

o 0.8 to unity; i.e.,

S Ny+1 Np+1

g 06 2 2 Au( /2= (2.13)

= /1x=1 /=1

& ) for all values ofx. This, in turn, means that we never risk

[ overexposure, even if we expose two or more adjacent pix-

0.2 els. In fact, if a row, or column, of adjacent pixels are ex-

posed, the resulting deposition function ridge will hardly

003 ‘S G - have any modulatio24]. The identity (2.11) also means
; . " : that if one wants to make the negative image of some pixel
Normalized position x pattern, one can construadentically the negative image
FIG. 4. The deposition rate due to two pairs of modes withd€POsition rate by exposing all previously unexposed pixels,
0.,=+ml2 and@.,=+ arcsin (1/4) in the six-photon reciprocal and vice versa.

binomial product statdy3?)®|43?Y) exposing pixel number Let us now discuss the geometrical scaling properties of
six. The deposition rate is periodic with perioa 20nly one period ~ the deposition rate. By decreasing the modes’ wave-vector
is shown. components in the film plane by a fixed factor, both the

minimum feature-size resolution and the fundamental period
é)f deposition rate will increase by the same factor. If we,
e.g., let modest 1 impinge at angles: arcsin(1/2) from the
film normal and modes*=2 impinge at the angles
* arcsin(lf2(N,+1)]), then the minimum feature size
1 resolution(i.e., pixel sizg¢ becomes\/(N;+1) and the pe-

[(Ny+ 1) (N, 1)]2 riod of the deposition rate becomes(+ 1». However, the

1 2 wave-vector component parallel to the film is not only gov-
; erned by the modes’ propagation angles, but it is also gov-
SInZ{[Z(N1+1)i '/15;; 12w} erned bz the de Brogllioe vf/)a\?elength 6qf the impinging staqces.
( i

spective relative phase shifts. The deposition rate for thi
state can readily be calculated to be

A7 15,7 20 =

Ox— [ — 77 Therefore, the pixel and pattern sizes are intimately con-
"2 N;+1 [ Ny+1 nected to how we prepare the states. If thee-dimensional
(2.10 film is modeled as & =2N-photon absorber, the choice to
' partition the 2N photons equally between the two pairs of
modes=*1, and*2, as assumed in Fig. 4, is by no means
If we divide the part of theX axis between the origin and the necessary. Instead we can, e.g., prepare medesnd 1 in
point x=(N,+1)/2 into (N;+1)(N,+1) pieces, each ga two-mode N—1)-photon statgy{" %) and the modes
1{[2(N1.+ 1)] !ong, egch mterve_ll' will represent a “one- 2 and 2 in a two-modeN+ 1)-photon statépN V). The
dimensional pixel.” With a specific choice of;, and/ 5« gppropriate relative phase shifts are2;, /N, where /4,
we can deposifor exposg pixel number/ 1 +(N+1)/ 2 =12 N and 27/ /(N+2)+27/1,/(N?>+2N)
[numbered from left to right and the number taken moduloyhere », =12, ... N+2, respectively. In this case, the
(N1 +1)(N+1)] with a negligible exposure penalhatis,  minimum  lithographic feature size resolution becomes
negligible unwanted exposure of nominally unexposed pix /(2N), the number of individually depositable pixels be-
els). This can be clearly/ seen in F|q. 4, where we have aSgomeN(N+2), and the fundamental period of the deposi-
sumed thalN; =N,=3, /';,=2, and/ =1, leading to the {5 rate becomes (N+2)/2. Anillustration of an ensuing
exposure of pixel number 6. The relative phas/e-shn‘ts begeposition rate function is given in Fig. 5. Continuing this
tween the modes, labeled by the numbeig and /., can  repartition, one can either increase the fundamental period of
be accomplished via a bank of appropriately chosen birefring,e geposition rate at the expense of increasing the minimum
gent plates, provided that the modesl and =2, respec-  yagolution by increasing the photon number in mode at
tively, are originally prepar_ed in spatially and temporally de-ihe expense of the photon number in mode&, or vice
generate modes, but with orthogonal polarizations, agersa. The attainable minimum size resolution and deposi-

discussed in Re{24]. _ _ tion rate period are shown in Table I.
The deposition-rate functio(2.10 has two special prop-

erties that are worth pointing out. The first is that the depo-
sition rate will be identically zero at the center of all unex-
posed pixels regardless of what other pixels are exposed. One can now extend the lithographic exposure procedure
Hence, a nominally unexposed pixel surrounded by exposetd two dimensions by simply introducing two additional
pixels will remain unexposed at the pixel center. This is apairs of modest1’ and*+2’, impinging towards the film at
very appealing feature of the proposed method since the exorresponding angles to modesl and =2, but in theY
posure penalty hardly depends at all on the particular pixetlirection, perpendicular t&X [24]. If the eight modes are

sir?

C. Two dimensions, eight modes
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1 I1l. GENERALIZED MULTIMODE QUANTUM
LITHOGRAPHY
8 0.8 It is clear that the procedure to increase the deposition-
s rate period is not limited by considering only two pairs of
8 0.6 modes with opposite wave vectors in each dimension. We
b= can continue this procedure by introducing a third pair of
é 0.4} modes, labeled-3 and 3, impinging towards the film at the
] anglesd. ;== arcsif1/(N+1)?] from the film normal. If
A 0.2 the number of photonk! contributing to the film absorption
process is divisible by 3or 6, in two dimensions so that
obeN A2 L L M=3N, and this photon number is partitioned equally be-
0 0.5 1 1.5 2 2.5 tween the three modes, then one will be able to deposit any

Normalized position x pixellated patterns with the minimum feature-size resolution
B _ _of M[2(N+1)] over a length oL =X\(N+1)?/2.
FIG. 5. The deposition ratg due to tyvo pairs of mo?zels) with However, in order to cover the maximum area for a given
0.1==xm/2 and f.,==arcsin (1/5) in the state|yy™™)  hymper of photonsvl and resolvable feature size/[2(N

@]y, In comparison to the example in Fig. 4, the pixel size is +1)], where I==N<M, the following product state should
increased by a factor 4/3 %/6, while the deposition-rate period be prépared' '

has increased by a factor 5/4 ta 2.
N,” 15 1/ 15/ 2x L/ 150  oxr - /(M —=N)x
|lﬂ§( l)>®|¢§( 1 2)>®...®|q§i 1 2 (M=N) )>,

prepared in the initial state|¢iN'/1x))®|¢§N'/1X’/zx)> 3.

®|¢§N’/1y)>®|¢§N‘/1y 2} the deposition rate is given by
the product pf th_e correspondmg deposition rates in )(hg where /1,=1,2, ... N+1, /o, .../ (_nx=12, and
and in theY direction. Of course,/lf the number of photons in modes=+ 1 impinge at grazing incidence, while modes

N,/ N,/ 1,7 . - I )
each of the two-mode statps ™), . ,_|¢§ vBlis 2o M —N, impinge at the angles 6.
N, then the film must have a non-negligitleé=4N-photon =+ arcsii2-(~V]. The rationale for preparing this state is
absorption cross section. If so, the assumed state will exposgat the statézp(N’/lx)> will determine the feature size reso-

H % / % 4 X

the pixel(/y+ (N+1)/ 5, /1y + (N+1)75)) and leave the | ion and will let us deposit any one of+1 pixels each

remaining pixels essentially unexposed. In order to expose Qith a size of\/[2(N+1)]. With the remainingVl — N pho-
pattern, such as a line of adjacent pixels, one must prepare a h of the one .photon stat{aﬁ(l’/lx‘/zx))
. e

statistical mixture of the pixels’ associated states, or one Cahorgls} ea;lc p "o

expose the pixels sequentially. As shown in Re#], diag- ¢y~ 22" ™) will allow us to double the funda-
onal lines composed of exposed pixels will have an unacmental period of the deposition-rate function. If we compare
ceptably large deposition-rate fluctuation along the diagonathis to a case where thd —N photons are partitioned be-
center line. However, the minima can be “filled in” by de- tween a smaller number of more highly excited states, it is
positing intermediate pixeléwith their centers at the inter- clear that the state(3.1) gives a longer fundamental
section points between four adjacent regular pixedgain,  deposition-rate period since¥2N=M—-N+1 for all rel-
the states corresponding to these intermediate pixels can lsyant number$/ andN. With the initial state(3.1) one will
prepared by appropriate relative phase shifts between tHee able to deposit any one of"2N(N+1) pixels in one
mode pairs[24]. For the rest of this paper, we shall only dimension, where each pixel \d[2(N+1)] wide. The fun-
study the deposition rates in one dimension, bearing in mindamental period of the pixel pattern will he=2M"N~1),
that with our method, the two-dimensional deposition-rateWith 2M photons one will be able to make a two-
function is simply the product of two one-dimensional func- dimensional pattern with this resolution and periodicity in
tions. both dimensions. This is the major result in this paper. In

TABLE I. A table demonstrating the number of depositable pixels, minimum feature size resolution, and
the fundamental deposition rate periodicity for different partitiondNef- N,=2N photons between two
pairs of modes in one dimension.

N1 N, Number of pixels Feature size Periodicity
2N 0 2N+1 N (4N+2) N2
2N-1 1 4N N/4N N
n 2N—-n (n+1)(2N—n+1) N2(n+1) (2N=n+1)N/2
1 2N-1 4N N4 NA
0 2N 2N+1 N2 (2N+1)N/2
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1 sorption processes, and exposure noise due to light quantiza-
tion.
o 08 First we will discuss the effect of losses occuring between
‘é’ the state generator and the film. As long as the film strictly
2 06 absorbs the same number of photons as the generated multi-
8 mode state contains, losses will not affect the lithographic
'g 0.4 resolution, it will only lower the deposition rate by a fixed
& amount. This is rather obvious, because if one or more pho-
A tons are lost from amM-photon state, nd1-photon absorp-
0.2 tion process can be triggered by the state. However, if there
A exists a competingM — 1)-photon absorption process in the
05 1 5 3 4 film, the film may be exposed even after a photon is lost. In
Normalized position x this case, the modified deposition rate will be the same

whether the photon is lost before impinging on the film or if
FIG. 6. The deposition rate due to a superposition state of foupnly M —1 out of M photons impinging on the film are ab-
pairs of modes with three, one, one, and one photon. The pixel sizgorhed. Losses prior to the film will, however, shift the rela-
is A/8, while the deposition rate period has increased Xo Bhe /o proportion betweenN —1)- and M-photon absorption
relative phase shifts of the states have been chosen so that pixels E)?ocesses in favor of the former by decreasing the probabil-
and 15 are exposed. As can be seen, the deposition rate is zero.{:nt L y_ . 9 P
ity that the state impinging on the film contailMs photons.

the center of pixel 14. . . . .
P Therefore, losses in the optical system prior to the film

Fig. 6, we have plotted the one-dimensional deposition ratghould be kept as low as possible. Fortunately, losses will
from the interference between eight modes in a statisticanly gradually increase the required exposure dose and shift

mixture of the states the probability of absorption toward absorption processes in-
volving a smaller number of photons.
et e |t o0 (3.2 Next, we shall examine how the deposition rate of a
M-photon state is affected by absorption processes involving
and less thanM photons. Two physical effects will deteriorate

the resolution and the exposure penalty in this case. One is
[y @l¢l D)o el¢t* ), (3.3 ihatif the state containsl photons, but onlyM — 1 of them
are absorbed, there are as many final states as there are
modes. If we look at the simplest case, an impinging two-
mode state| y{)), the possible final states at&,0) and

where modest 1 impinge atf.. ;= = 7/2 and the remaining
three pairs of modes impinge at the angles.,

==+ arcsin(1/2),6. ;=arcsin(1/4), and. ,= = arcsin(1/8). . e .
The total photon number in all states is six, the same numbelp'b' Since these states are distinguishable, the absorption

assumed in Figs. 4 and 5. The ensuing 32-pixel pattern is th%r_obability amplitudes leading to one of these final states

largest one-dimensional pattern one can make with six pho\g'rl]lI ntoht e'?rt]ﬁir;?ga\?gt& t0h>e(|%m'vrl) ;I)tu\,fj,iisel/%?\%ni%tgotrt]zesgger.
tons provided that the minimum feature size is fixed\18. Y ’ ’

The price for the large number of depositable pixels is th 1,0 (/0,1)) with certainty upon absorption dit —1 pho-

difficulty one will have generating this eight-mode state. If ons. (All other number-difference stategM —n,n), n

the states’ relative phase shifts are generated by birefringerﬁo’l\/I cantevolve elthber 'gt.i)fl'()) or |O’t1>t). Th|fhmeans th‘."‘t f
phase plates, one will need two plates for the first pair oiI € wo extreme number-dilference statés in the expansion o

(M) . . o .
modes, and three, four, and five plates for the remaining®x ) cannot interfere at all in & —1 photon absorption
three pairs of modes, respectively. We can, in principle, conPT0cess. Therefore, the Fourier component with the highest
tinue this procesad infinitum but for a fixed minimum fea- SPatial frequency will be absent in the ensuing deposition
ture size, this requireldl, the number of photons contributing rate. Hence, thepatial resolutionwill decrease monotoni-

to the exposure process, to increase. Since the absorpti&ﬁ"y with decreasing order of the absorption process. A sec-

cross section quite generally decreases rapidly with increaé’-nd effect will be that the destructive interference between

ing M, there will be a practical limit to such an extension. the_absorption probgbilities oqtside the designated pixel will
be incomplete, leading to an increasgosure penalty

In Fig. 7 we have drawn the deposition rates of the state
|44*) due to four-, three-, two-, and one-photon absorption
processes. The curves have been normalized such that the
deposition rates all have a maximum of unity to facilitate

Above we have discussed how subwavelength imagingomparisons. It can be seen that the width of the deposition-
can work under ideal conditions. However, in order for therate peak increases, and so does the exposure penalty as the
proposed method to be of practical use it is necessary that ihismatch between the state and the absorption process in-
is robust against imperfections. Below we shall discuss threereases. It is, of course, possible to make a better deposition-
mechanisms that will deteriorate the image forming ability ofrate function for, e.g., a three-photon absorption film by ex-
entangled states: linear losses, competing multiphoton alposing the film by a state of the kida}';‘f’) instead of the

IV. IMPERFECTIONS DUE TO LOSSES
AND COMPETING MULTIPHOTON
ABSORPTION PROCESSES
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FIG. 7. The deposition rate due to a pair of modes with, FIG. 8. The deposition rate due to three pairs of modes with

=+ /2 in the statd y{*¥). The solid line shows the deposition 6.,==*m/2, 0.,== arcsin (1/2), andf.,= = arcsin (1/4) in
rate for a four-photon absorption film. The dashed, dotted, andhe four-photon statéy>)@|p{t?) | ¢{++?2). The solid line
dash-dotted lines represent tiigormalized deposition rate for shows the deposition rate for a four-photon absorption film. The
three-, two-, and one-photon absorption processes, respectively. dashed, dotted, and dash-dotted lines repregemimalized the
deposition rate for three-, two-, and one-photon absorption pro-
cesses, respectively.
state| 4\*¥). On the positive side, it is seen that if the film
allows both for a three-photon and a four-photon absorption
process, our method will still work, but it yields a somewhatdate review of this early work was recently written by Bur-
poorer result than if the three-photon cross-section wergess[28]). In a first-order approximation, the exposure of
identically zero. The ensuing deposition rate is moderatelyaach pixel can be modeled by a Poisson distribution with a
deteriorated as compared to the ideal case. . mean determined by the relation between the absorption
In Fig. 8 we have drawn similar curves for a six-mode, propapility of a grain, the deposition rate at the pixel, and the
four-photon state that exposes pixelffom the lefd of 12 exposure dose. It is clear that in order to have pixels with a
pixels. Each pixel is./6 wide, and the fundamental period of re|ative variation in exposure of, say less than 10%, the mean
the deposition rate is & Again, three-, two-, and one- pyumper of exposed grains must be larger than 100. This in
photon absorption processes will deteriorate the depositiofyrn implies that the number of states that need to impinge on
rate, and in this case by a larger amount than for the twothe film to expose this particular pixel must be much larger
mode state. The physical reason is that with a larger numbghan 100. As a consequence, it is desirable that the state
of modes, there can also be a larger number of final stategenerator emits states with a high-repetition frequency in or-
that will separate the interference paths into a larger numbeder to expose the film swiftly.
of distinguishable groups. This will primarily affect tie- Finally, we wish to mention that the last, rather difficult,
structive interference between the different absorption path$,yrdie we have to deal with is how to generate two-mode
outside the deposition rate peak. However, in the six-modeeciprocal binomial states. Fdi=2, they can be prepared
case too, the deterioration is gradual. Hence, even if th@sing standard parametric down conversion. Other schemes
three-photon cross section is not identically zero, the consep produce them have been discussed in 28] and there

quences are not catastrqphic. . is, at least, one realistic proposal for implementing these
The final effect we wish to discuss regards the fact thakchemes for higheX [30].

the calculated deposition rate is an ensemble average. In an
experiment, the actual deposition rate may look rather differ-
ent than its expectation value. This effect has not been dis-
cussed in any of the previous papers on entangled-state sub-
wavelength lithography21-24. If a state of the type given We have developed a multimode extension of the sub-
by Eqg. (3.1) impinges on the film, the probability of state wavelength lithographic method based on multiphoton ab-
absorption is with all likelihood low. In addition, as has beensorption proposed in Ref24]. We have shown the optimal
discussed previously, each pixel defined on the film mustvay (in terms of the number of photons used in the process
contain many photosensitive grains since, for the method tto generate a pixellated pattern of givésubwavelength
make sense, the grains must be smalfmeferably much resolution and pattern size. A salient feature of our proposal
smalle) than the pixel size. Therefore, in order to expose as that only one particular multimode photon number eigen-
pixel, many exposure shotper pixe) are needed. Since the state needs to be prepared. Any pixellated pattern can be
absorption process is stochastic, the ensuing exposure wijenerated from this state by applying differential phase shifts
also be stochastic. The consequences of such an effect whetween the modes. For a given lithographic feature resolu-
studied in the context of the opposite process, namely imaggon, the price to be paid for a larger pattern is that the com-
recognition, by Rose already in the 194@6,27] (an up-to-  plexity of the state used to expose the pattern increases. For

V. CONCLUSIONS
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each doubling of the pattern area, two more modes in a onaieither effect results in catastrophic consequences, demon-
photon state must be used. This also requires the film absorptrating that the proposed method is somewhat robust against
tion process to increase by one, in terms of photons absorbéaperfections.

in thg process. Therefore, it seems unlikely that it will be ACKNOWLEDGMENTS

possible to make very large patterns.

We have also studied the effects of imperfections, in This work was supported by the Swedish Research Coun-
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