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This report will be broken into two parts. The first part
will deal with the theory underlying the principles of wavelength
independent optical lithography and microscopy and the second
part will deal with the experimental realization of these
theoretical principles.
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APPLIED OPTICS (In press)
Near-Fleld Diffraction by a Slit: Implications for Super-Resolution
M{croscopy
|
E. Betztg, A. Harootunian, A. Lewis, and M. Isaacson
Cornell University -
School of Applied and Engineering Physics

Ithaca, NY 14853
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ABSTRACT

The transaission of light through an infinite slit i{n a thick, perfectly
conducting screen is investigated. The spatial distridbution of the near-fileld
energy flux is determined through the formulation of four coupled integral
equations, which are solved numerically. Transmission coefficients calculated
by this method are in agreement with those determined by an alternative

formulation. The results theoretically demonstrate the feasibility of

near-field super-resolution microscopy, in which the colllimated radiation
passed by an aperture ls used to clircumvent the diffraction limit of
conventional optics, and further suggest the feasidbllity of near-field

super-resolution acoustic imaging.
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INTRODUCTION

The transmission of radiation through small apertures has been
{nvestigated for a number >f years. Bethe' treated --e case of diffracticn oy
a round hole {n an (nfinitely =hin, perfectly conduc:.ng screen {n the limi:
where the hole was small compared to the wavelength, and considered the

applicability of his soluticn %o frequency “ehavior and power flow in

microwave cavities, Mcre recently, research in aperture diffraction nas een
aimed 3t o2btaining a betler understanding of ne =2ffects of nucle r-induced
alectromagnetic pulses.® However, these studies nave noC Zlealt w#{th the
near-field spatial dlstriduticn of radiation transmitted past the aperture.
The development by Ash ang N.:=zlls? of a 3canning micrcowWave microscope with
\/60 resolution provides ine incentive to apply apertuire 2iffraction theory =C
3 new prodlam: <ne Zetermititiin of the practical limits of rnear-field

juger-resolution MiCrsscsry.  +.wnZugh in this saper w2 4ill consider the
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specific case of optical microscopy, the results are applicadble to other
regimes of the electromagnetic spectrua.

In the near-field microscope, an iflluminated subwavelength aperture s
used as a light source. This aperture 1S then placed within the near field
relative to an object and an image i(s generated by scanning the aperture
relative to the object (see Fig. 1). From a theoretical standpoint, the most
interesting questions concern the degree of collimation of the radiation
immediately past the screen and the rate of spreading of the radiation farther
from the screen, which would determine the resolution capabilities and
positioning requirements of a super-resolution {astrument. TO address these
questions, a two-dimensional aperture model will be considered, L.e., an
infinite slit in a thick screen of perfect conductivity.

The infin{te slit geometry has already Deen considered by a number of
researchers. Harrington and Auckland® have analyzed the problem using the
method of moments and have developed a simple equivalant circuit in the narrow
slit limit (width € A\). However, their results are :co>ncerned primarily with
transmission coefficlents rather than the spatial distridbution of the
radiation. Neerhoff and Mur® have used a Creen's function formulation for :he
problem. Indeed, their derivation will bDe used for the analysis here, and .s
summarized below. The difference hetween this‘work and that of Neernof! anc
Mur lies {(n the manner in which the model is applied. First, the smallest
alits considered by Neerhoff and Mur were roughly A/2 in width, whereas much
smaller slits (width =)/']; 3ire of interest in super-resolution applications.
Secand, although the futhcrs ccmpare the electromagnetic fleld amplitudes in
the plane of the slit wita similar amplitudes farther from the screen, the
lown-screen distances cnosen f:ir comparison are general.y beyond the range of

collimation as cetermined =y zne ~cre tnorsugh calculations included i{n this
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Wworx. Ffinally, <nen considering illuminatlion for microscopic or
phatolithographic applications, the energy flux transmitted by the slit (s of
greater physical significance than are the fleld amplitudes calculated by
Neerhoff and Mur.

In short, the theoretical development of Neernhoff and Mur will be used to
find the fields at the dboundaries of a numder of narrow slits and these fields
will then be used to calculate the spatial distridbution of the transmitted
energy flux within the near fleld. To check the consistency of the results,
transsission coefficients will be calculated ang-compared to the findings of

Harrington and Auckland. The implications of the results for super-resclution
microscopy will then be discussed.

THEORETICAL DEVELOPMENT

In{tial Formulation

The following formulation summarizes the work of Neerhoff and Mur. The

notation used has also been largely adopted from tha- work.
The configuration appropriate for the formulatizn of the problem ls shown
in Fig. 2. The slit, with a width 2a, is chosen parallel to the y axis and is

contained in a screen of thickness b. The space surrounding the slit (s

divided into three regions. Region [ (Ix|<=, |y|<=, 2<z<=) contains %he 2pace
; i

above the slit and includes tne incident electromagnetis wave, 3Jegion II

(Ix]<a, |y|<=, J<z<b) contains the space inside the slit. Finally, region Il

(|x|<m, |y|<e, -<z<0) contains the space below the s.:i% and includes the

-

transmitted wave. D{fferent 2:i2_ ectrizs can exist in :ne different regions.

The {ncizlent pl%ne ~3va .n region [ propagates in tnhe x2 plane it an

angle 34 «41tn respect L0 wne I :ix.5., The magneti:z fie.l .3 assumed tO be tite

narmonic and S0th polarized -2 2:2nstant ia tne y diraction:

£a

;(x,y.z.c) = J(x,z2)exg. ~..7 2.




These restrictions are placed for tWO reasons. Flrst, elementary waveguide
calculations indicate that at least one propagating mode exists for th!
polarization, no matter now narrow the slit. Hence, the arrangement (s of
physical interest since large transmission coefflicients can be anticipated.
Second, Maxwell's equations can be used to find the electric fleld from

Uix,z):
i¢
Ex(x.z) "y azU(x.z) (2a)

’ -0 (25
Ey(x z) 25)

le
Ez(x,z) s axU(x.z)

o~
n
(8]

Thus, the restrictions ({n Eq. (1) reduce the diffraction problem to one
fnvolving a single scalar field {n only twc dimensions.

The fleld {s represented by UJ(x.z) (J=1,2,3) in each of the three
regions. The time harmoni: dehavior indicates that =-e fleld sat{sfies the
Helmholtz equation:

(7"k3)Uj-O (i=1,2,3) (3)

In region I the fleld i3 further decompcsed intd three components:

’

ey ’ L -vr »
Jyix,2) = U (x,z2) = U (x,z) « J7{x,2)

W

2acn of which satisfy:

2 2 q;,r.d_

7 K 0

D

gl ois represents the {ncizent fielg, whicn, for simplizity, is assumed Lo e
i plane wave of unit ampl.-.z=2:

e ik, (xgin3-22259) .- .
Jt{x,z)=e" "} :

JT 2enotes tne Sield tnat .:..: 22 -~aflactad Lf tnere ~ere 49 3LiT ia tne

32reen, and “hus satisfies:
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r,

0T ix,2) = U

X,2b=2) 9)
yd describes the diffracted fleld in region [ due to the presence of :he

slit.

For a perfectly conducting screen, the tangential £ vanishes at the
surface, 30 that:
3nU=0 at the conductor surface (9)
where n is the normal vector at the surface. Further boundary conditions

result from assuming that the diffracted fields vanish at (nfinity:

1
Ud.u, - °(§) as Ree (10a)

1
anud.anu3 - O(ﬁ) as Ree (10b)

The final doundary conditions are valid at the upper and lower slit
boundaries:

for |x|<a (
cont.nuity of tangential

U,ix,z2)] U, (x,2)]|

z+b" z*0~

Jalx,2) ], neoUyix,2)] for |x|<a

20 z+0"
e,azu.<x.z)[z.b.-exazu,(x.z)lz‘b- for |x|<a {
continuity of tangential £

s,azu,(x.z)l .-czazu,(x,z)!z‘o- far |x|<a {12y

z+0
dith the above set of 2quations and doundary conditlons, a unigue

soluticn 2x.3ts for the Ziffraction problem.

cevelopment of [ntegral field Representations

To find the fleld, the -wo dimensional lreen's theorem i3 applied, wi:in

one function given ny U(x,z an2d :the Jther Dy a standard Green’'s function:

[7tex?) Qi m -iigex', z=z') [j=1,2,3) S

«here (x,z}) rafers to a f.20: c2int zf interest and x',z' are (ntegration

. i 1 2 -~ ot
7ariables. 51nCe Ji g3pi5f:25 T3, 1), irean's sneorem raduces to:
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J(x,2)

) “ 3oundary

(:anu-uanc)as

<4nere the doundaries are shown {n Fig. 3.

By virtue of Eq. (9), more is known about 3,U at the boundaries than is

xnown about U {tself.

3,G.(x,2)] , ,,+%0 for |x|<e
326'(x'2)'z00"0 for |x|<e
3,Galx,2)|, ,-=0 for 0<z<d
3,Ga(x,2)] ,_ +=0 for 0<z<d

Hence, we (mpose boundary conditions on G:

Furthermore, G, and G, must satisfy the Sommerfeld radiation condition:

G,,G,(r,t) = e

The equations of this section permit the complete evaluation of the three

Green's functions. Inr

G, (x,z;x',2")

Gy,(x,2;x',2")

<here:

»> »
'l(ut’k't‘) as Irl‘.

Rav (x=-x"')%«(2

egions [ and [II we find:
-2 [H H O )« 1 e an)
-z Die,ay » 8 e am ]
_zl)f

' ey x=x")

Te(zez'-20)°

R"ey (x=x"')
n regicon [I, the

Morse and Feshhacn®: ¢

Tetncl

L. N S
PP, T . P -

te(zez')?

of

images can Je used.

i A A A

The result i3 given by

el bt et

(r4)

(15a)
(15b)
(15¢)

(154)

(16)

13¢;
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{19)

: L i lz-2'| ¢ =1 mw(x+a) mr(x'+a), tym|z-2'
Gatmzin,zt) » ghye o112 Lo T o lcos (B oa 22020 Jy Rl
where:

wyfkie(==)? (20)
Ya™'3 ( ) Re(Y )20 Im(v,)20

With these explicit representations for G and the dboundary conditions on
both G and U, the integral representation for U given in Eq. (14) can be
simplified. Furthermore, with the continuity conditions at the slit
boundaries, U can be written exclusively in terms of U, and 3pU, at these

boundaries. wWe find:

d a g,
U (x,2)==f (=)G,(x,z;x',D)DU, (x')dx' for b<z<e (21a)
-a €, b .

a e,
U,(x,2)ef (E-)G,(x.z;x'.O)DU,(x')dx' for -=<z<0 ° (210)

-a €a

Up(x,2)m=f2 (G (x,2:%",0)DU,(x")=Uqg(x" Ya,,3,(x,z3x",2")| . Jax
-a z+0
.a ' .. '

'J_a[G,(x.z;x.b)DUb(x )=U (3, G0, zix "2 ") ], - Jdx

for [x|<a and C<z<b (2132
<here the bdoundary fields ire defined by:

Yo (x) 20 {x,2) |, 4 222
, DU,(x)EazU,(x.zllzwj. 1223
Ub(x)EU,(x.z)I,.ﬂ- (222
) 22

[}

- 4 = r I3 - ’
.J:\x)-azd,\x,.,|z.°_ .

Hence, the fleld can z2 7:ur2 at any zesired point Jnce the four unknacwn

functions in EQs. (22) have z2en :e-ermined. 7TRe eva.ualt:ion of these

- et
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functions (3 di3cussed delow.

Development of Integral Equations for the 3oundary Functions

A set of four integral equations is needed to completely determine the
boundary functions. These equations result (mmediately from application of
the continuity equations (11) and (12) to the field equations (21) at the slit

boundaries. We find:

zué(:)-ub(x)-f‘ (5*)G,(x,b;x'.b)DU (x')ax' for |x|<a (23a)
-3 £a b

U.(x)-ia(fi)c,(x.o;x'.OJDU.(x')dx' - for |x|<a (23p)
-3 2

1 a L} ' ] ]

EUb(x)--{a[G,(x,b;x L0)DU,(x")=U,y(x )az,o,u,o;x'.z')lm.]ax
'Iac,(x.b;x'.b)Dub(x')dx' tor |x|<a (23¢)
-a

‘ 3 ’ (] [ ] L L}

gu.(x)-{a[c,(x.o;x'.o>oub<x')-ub<x )3,,G(x,0:x",2 "z»a-]‘”‘
-73G,(x,0:%",0)DU, (x")dx" for |x|<a (23a:

-3
<nere:

Ub;(x)_exkl(xsine - bcose)

~N
&

213

These coupled equations for the four boundary functicns #ill Ye solved
numerically in <he following section.

Approximate Solution of the [ntegral Tguations

To demonstrate the technijue that 4ill Ye used %0 solve the system in
123), we consider £q. (23a3). The :ntagral in this exprassion is first divizag
into N suointarvals of <iztn 23/N, 2azh with a zentral point X given dy:

1
23(;-3)

X = - .
5 3 a Tat,




(V9

Furthermore, cnly the fleld at the midpolint x, of each subinterval will se

considered. Hfence, we have:

i €
2U (x )=U (x ) = f (=) ! G,{(x ,5ix",0)DU (x')dx"'
b k b Kk CJ K o]

=1 €,
Jok
€ ' ' '
°(Et)kaG\(xk.b;x .D)DUb(x )ax (26)

The kN {ntegral is written {ndependently since it contains the point Xy
corresponding to the singularity in G,(x,,b;x',b) as X'*Xy e

£q. (26) can be further reduced by applying the first mean value thecrem
to the N-1 sudbintervals C; and the second mean value theorem to the

subinterval C,. This yields:

i . g 2a g, g
ZUb(xk;-Ub(xk) » — E- G, Xk,D.EJ.b)DUb(E )

J-] N 2 J

Juk
OE$ ~ ! . vl ’ ’ \
= [ICku“x.‘.:.x'.a)ax JREESD (27)

The above expression {3 still exact for some unk-o>wn set of N points
5j- each within (s own ccrresponding 2omain CJ. However, an
approximation (3 now introcduced to simplify =he result. In particular, when
wne number of subintervals N Sec¢comes Large, 3j can e a2stimated dy the

midpoint 2f 2ach interval:

i. s X 2'3
S0 that:
1 v
- . 5 ° U X, =1 . 2,...° L29)
2Ub(xk) Ub(xk) P PR xJ) <=1,2 N

“

-
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where:
ot a B Eg(c ,0x,,0) for jek (30a)
k.J N Cy ! ¥ J
J!k.‘ lZ.OooN
L - SL . '
Sk o ICRG.(xk.t.x'.b)dx (30D)
Eq. (29) can bde written in matrix form:
20 -5 « sho (31)
b -] b
where the components of the vectors are given by:
(UL) - ui(x ) je1,2,...N {32)
b J b J 1] 1 ]

with similar expressions for Gb.oﬁb (and ﬁ..Dﬁ. later on). The matrix

elements are found from the explicity representation of G, given in Eq. (172a):

I 1)  2k,a ]
’k,J - L% %: Hg (-ﬁi-lk-jl) for ek (33a)

I, agg (1) ka m Kaayv (1) kya, _wkpaya(1) ka
RS F G ke RUNC DL DRI SLEC )

{33n

The Struve functions W, and #, result from an integra-.on of the Hankel

(1)
function H, about its singularity as outlined {n Abramowitz and Stegun.’

Application of this same technique to the integral in £q. (23b) yields a

second matrix equation:

Jo = 5% 0U, 34
w“here:
III ac (1).2x,a
- - =k - o . ’
DN L5 » Hy (=5 <=3 Sar ek (35a,
Iz - (1), kya, v = <,a, ') «,a ,<a {1 <a ,
D o G R e SR RC TS T 352

ce

Note trnat S§+--, lixke S§*, nas 1-~ly M indezendent 2lements3 3and hence can de

readily calculated.




Finally, =ne integrals in Egs. (23¢) and (23d) can be similarly

approximated. After considerable calculation, we obtain:

15 - afpg,. offf,.stiol (36a)

Y% o b

1 IL.> . olls . oLI.*

2’, = =870l + 070, « "YU (36b)
wnere:

II t 1Y t o= 1 g,k a®

k,3" 3NV, e *F m§1 E- T m (37a)

RIS IREE JEI a® . (379)

» * -
k,J "2 ¢ N m ° 37
me1

II ! L o2 1 4k

Koy " INTT O W oy Ty Tm (37¢)
and

T rj,k 2N os[mw(i-1/2)Icos(mw(:-l/2)]S

in(E) (373)
In order to lmprove the convergence in £gqs. (37a)~(37:), the second mean value
theorem was used on all N sudintarvals.

To summarize, the approximation in 2q. (28) nas been used to transform

the four coupled integral equations in Zgs. (23a)-(23d) into the four coupled

matrix equations in Eqs. (3'), (38), (36a), anz (365). The remaining gzocal :.s

->

»> » -
i3 solve tnis system for tne vectars U,, Uy, 2U,, and IUy <hich represent

the values of the previously unknown doundary functions at N distinct points.
» el
Toward this end, J, and Un cin Se eliminated from ne system %o give a

3ingle 2Nx2N matrix equat.:n:

?

e

A3 (38

R
'.I
~
s
.
!
N
| ]
B
‘

| U T T S Tt e T VLRVl S S
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where:
(otlelll uII]m . for m,ne{1,2,...5} (393)
I 1.1 .

(sl R tor me{1,2,...N} ne{N+1,N+2,...2N} (390)
: ten” II 1 GIII
i . R R for me{N+1,N+2,...2N} ne{1,2,...N} (39¢)
‘ I I_ oIl .1 Ne
: (o'‘st- n ]m-N.n-N for m,nc{N+1,N+2,...2N} (394)
{
h
/ (DU,) for nef1,2,...N} (39e)
l By
¢ * . )
t (DU.) g for ne{N+*1,N+2,...2N} (39¢
? ) ror ne{1,2....N} (398)

a ’ 2hans

) C.=
- 20t i3l for ne{N+1,N+2,...2N} (39n)
s . b*n-N ) reos .

Since A and E are composed caompletely 3f «nown elemer-s, the unknowns DG, and
Dﬁb can Ye readily determined. 3Substitution {n%td> Eqs. (36a) and (36b) then
determines the remaining unknowns G, ang Gb- in other words, by formulating
tne problem in the language of linear 1lgebra, 3 discrete solution has been
faund for the complete diffraction prodblem. As the number of subdivisions
increases, tn.3 2iscrete solutisn should approach tne true Iontinuocus
so.ution.

There are several advintages to tre method outlined nere., First, the
accuracy of the results can -2 .nCreased without altering tne 2asic algoritnm
oy increasing :ne nuéEer >f susintervils. Second, :he /aliditf of the
solution is not limited =2 :n2 rnarraw siit Limit. Tinally, the

2lectiromagnetic fields anz 2-2~z7; flL.x 23n e Zleterm.ned using the simple

-

o
4,

) - - A - - -,
O R P RO A A



P Yt T S

wa

numer {cal approach described delow.

Determination of the Near Fleld Energy Flux

when considering a slit as a light source for super-resolution
microscopic applications, the degree of collimation of the radiation
transmitted into region III is of great significance. Hence, the expressions
below deal with quantities only in this region, although the same method can
be used to find the fields in regions [ and II as well.

The first mean value theorem can be applied to the integral expression
for the field in Eq. (210). 1If the approximatiom in Eq. (28) {s then employed
and the Creen's function (s written in explicit form, we find:

N -
~(x.z)=1% £a 3 H£1>(k,/(x-x 1T+z7)(0U,) @ (40a)
‘g J-] J J y N

where the components (DU,)J are found by determining 8 in the matrix

equation (38), From Maxwell's equations we then know:

- ave = z (%) —
Lx(x'z) - = 3 _:L L mm—————— H, Tk, x-x,)'*z‘)(DU,) (4Cb}
T e ——r—
2 Vix=x_)tez J J
J=1 J
Ey(x.z)-o (43¢
ave, \—I X=X, v)
S, 2) o= =4 —_— Hy, Ik ,/ox=x jiez?)icyy) iz
z N o€, —————— : ‘
yix=x_ )*+2z Y
o=l 3

For field soints very close %2 =ne 3creen, tne second ~ean value theorem is
needed Lo avold the singular.-.e3 in =he Hankel funct:ions.
Finally, it is desirac.2 -2 sresent thne r~adiation 2olllmation data in =ne
form of 2nergy flux, sinze .- .3 Tne .ntensity 1istrit.tisn that determines
. ine resolution in rear-f.2.: -.:Ir2scopy. Hence, ine t.me averaged Poynting

-

Fir w.me marvenis fielis, we fing:
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Furthermore, since the object to be resolved will lie {n a plane parallel =5
the screen containing the slit, we are most {(nterested in the energy flux
through such a plane, and thus concern ouselves primarily with <Sz>,

Lastly, the flux snould be normallized tO the {ncident flux determined from

Eq. (7). This ylelds:

S ——
2 /e

—-— = eedem

Si coso Re(Ex"') (42)
z

Determination of Transmission Coefficilents

Although the normalized transmission coefficient for a particular
geometry could be calculated by integrating the above expression over the :
lower eage of the slit, an expression which is more tractable numerically can
be obtained Dy manipulating the integral expressions for E and H. This (s
demonstrated telow.

Integration of the normalized flux 2ver :the slit :etermines the

sransmission coefficient:

T = - -L/-E—L.—. ;a tlim ‘E H.‘E'H]:’:X R
-3c098 -2 zey= X X!

Using tne 2xa:2t .ntegral farms of Iy and H ylelils:
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to:
{e,¢ a ' a ] * " ;
dx"DU,(x')/7dx'DU,(x") | I,~I [4h)
T e EET;::g;;F {a x"DU, a ° [ :]
where:
[
I,(x',x")elim 2 G,(x.z:x”.O)azG,(X.Z=X'.O)dx (47a)
z+Q” -a
*
I.(x',x")ellm /2 azG,(x.z;x".O)G,(x.z;x'.O)dx (479)
z2+0" -a

When the explicit foram for G, is (nserted, [, and I, can be evaluated

analytically. It {s found that:

I, « %Hs?)(k,lx'-x"l) (48a)
I, = -éHSZ)(k,lx'-x"l) (48b)

Substitution of these expressions {nto Eq. (46) and subsequent manipulation of

DU, and DU,* leads to tne final form of the transmission coefficlent:

NN
ale ¢ T T 2k,a /-

T s i atisom L-?:l 5 Jo (5= 1t jl)[Re[JU,)i]Re[(DU,)J]
’Im[(DU,)Lfim[(DU,)J] (49

“nhere J, represents the zeroth order Bessel function. The elements (DU,)J

are obtained immediately when the system i{s solved, iand J, is analytic, so

that the transmission coeffizient is easily obtaired.

NUMERICAL METHODS

The accuracy and range >f . alldity of this model 13 limited solely by :re

nunber of subdivisions N .sec¢ .n approximating the integral equations as a

1

matrix equation. In parc.c..3ir, I, in %ne analog of I3. (25) i3 roughly

constant over the lntervals in3 ~2nce tne first mean value theorem can e

P

applied only if the argumen:t :U ="n2 <Sankel funciion In 3, i3 roughly
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constant. Hence, from Sqs. (18), we must have:

Y]
v
F ALY
[

a
O

for the approximations to be valid. Following the example of Neerhoff ind
Mur, N=30 was used to evaluate our bdboundary functions, so that the results
could be applied to find the energy flux at distances greater than 1/30 of the
slit width beyond the screen. The resulting 60x60 matrix equations were
solved using Gaussian elimination. The solution was checked for numerical
accuracy by back substitution {nto the matri{x equation, and was found to yteld
differences in the components of C of less than one part tn 10%,

COMPARISON OF TRANSMISSION COEFFICIENTS

The first objective of this study was to check the consistency of the
results by comparing the transmission coefficilents determined from the
integral approach of Neerhoff and Mur to those obtained by the method of
Harrington and Auckland. Toward this end, EqQ. (49) ~as used to calculate T
for four different slit widtns and a2 varjety of screen thicknesses. The
results are shown {n Fig. 4,

From this figure, (% is seen that the transmission resonances of /2
periodicity predicted by Harrington and Auckland are reproduced. Furthermore,
tne resonance positions are very si{milar, and the peaks neights are in

dgreement «4iwn the expression:

.
- ‘=

. » —= 3t resonance D
3

leveloped dy Harrington in: 4.c«.and .n the narrow 3.i: limit. In short, the
2xcellent agreement 2étweer --23e %wWwO iisparate methads lends :zonfidence in

. 1 . * a
ne validity >f :tne resu.ts.




RESULTS AND IMPLICATIONS

Near-Field Scanning Optical Microscopy (NSCM)

To determine the degree of colllmation within the near fleld, the
bdoundary functions corresponding to the i(nitial resonant thicknesses of Fig.
were used tO calculate the energy flux in planes parallel to the screen. The
results are shown (n Figures Sa-54 for four di{fferent slit widths (1/2.5
through 1/20). From these curves, the full width at half maximum (FWHM) of
the energy flux perpendicular to the screen was determined as a function of
the distance from the screen. These results are in Figure 6.

From the data in Figures S and 6, it is possible to estimate the
feasibility of near-fleld microscopy at optical wavelengths. First, we note
that the outward travelling radiation {s collimated to exactly the slit¢ utdtﬁ
at the edge of the screen. This (s a direct consequence of the perfect
conductivity assumption, dut is likely to hold in a realistic situation
iavolving thin metal films of sufficient opacity. Hence, the basic concept of
super-resolution microscopy remains valid: the light sassing through an
aperture {n an opaque screen can e used to define a sub-wavelength light
source wWhich can then bte used to generate an inage by 3scanning.

Further analysis of Tigures 5 and 5 indicates rthe practical difficulat.2s
inherent {n near-field microscopy, due t0 the divergence of the radiation
past the slit. A3 a rough criterion, the full «4idth 3t nalfl maximum of the
radlation distridution {3 no more zhan 20% greater %than the geometric
projection of the slit at 1 2:s:tance of 3pproximately nalf the slit width. In
the visible regime (1450C71), :nis .mplies that an apercure must be placed
sithin 20CA relative %2 2 3urfiz2 in srder -0 obain an image w~ith =30CA
resoluticn. If we wish :narmg=ss .- <ne detacted Light intensity to De due %o

vari:tlons in cptical progerti23 =f =ne sample, thnen e snarp lecrease (n tne

_———— s ®_Swmtwlal




peak flux as a function of iistance places a further constraint on th
srectsion of the aperture positioning. when scanning over law 2ontrast
samples such as biological specimens, this suggests that a positioning
accuracy of =20A must be maintained (n order to achieve 3500A resolution using
visible light.

These conclusions clearly {(llustrate the techr ical challenges (nherent (n
extending the microwave results 2f Ash and Nicholls to the optical regime.
However, due to recent developments (n micropositioning technology such as
seen In the scanning tunneling microscope® and thw capacitance microscope?,
aven the strict requirements of near-f{eld optical aicroscopy can be met.
Indeed, by employing micropositioning technology, we have already developed 3
prototype microscope, the Near-Field Scanning Optlcal Microscope (NSOM),:°''!
Wwith this {nstrument we have obtained better than 1QC0A resolution using a
light source with 1«5000A, thus circumventing the conventional diffraction
limit. Fischer'? and Pohl, 2t al.'®’® have also worked »n the problem of
near-field optical imaging, and nave similarly concluc2d that subwavelengtn
resolution {3 achievable. In addltion Massey'® has investigated the (nfrared
case, where the positioning requirements are .ess severe because of the larger

wavelengths used.

n
r
i)
[¢1]

Altnough nalf of the siit wilth zan te used %0 provile in 2stimate o
ccllimation distance, It i3 also clear frem Tigure 4 tnat, 2ven when tne
distance (s scaled to the slit wilth, the radiation tands %o diverge more
rapldly as the width decreasas :articularly for the smaliar W4idths. Hence,

wne apertures used fop N3IM snzull not te made 30 small 33 Ty prohidvit

gosizioning 3f <ne sampie ~.:7.n tne cclliimated rear-field. Limi%s on 3ignac

D

letection capabiiizies 3132 -riv.ie 1 Ltwer Scund tO tne 3perture 3{ze. In
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at least as small as the desired resolution.

The existence of transmission resonances as a function ¢f screen
thickness leads to the question of what effect the screen thickness has on *n
spatial distridbution of the energy flux. Presumably, the high transmission at
resonance occurs when the system effliclently channels radiation from a wide
area through the slit. In this case, one might assume that if the energy flcw
ls symmetric about the screen, then the radiation should diverge very rapicly
past the screen at resonance. Thus, the large signal strength associated wit!
resonance could only be obtained at the expense';r the resolution of the
system. To test this hypothesis, energy flux distribution curves similar -o
Figures 5a-54 were developed for four slit widths corresponding to the
anti-resonance positions {n Figure 4. 3y comparing the two sets of data it
7as found that the resonance affect 2oes not influence the collimation. T¢
verily this unexpected resuylt, the FWHM of the cenergy flux was calculated fcr
the four different slit w:i2tns 38 a fuynction of scree~ thickness at one
particular distance from :tne screen. [t was seen %hat, axcept for very small
thicknesses, tne 2:i3tribut.3n .3 [ndeed :independent 2f =nickness. Thus, ni3n
traasmission zan Ze ichiaved 4itnoul 3 congurrent 12s8s 1 resoluticn., In
~atrospect, <nls result (3 r2ascnable, since tne 3ymmetry >f the2 frco.em s

2l3rupted Yy <ne presence >f tre (nitial and reflected f:ields .a additizn =

(4]

tne 2iffracted fleld on one 3ide (£3. 3). A8 the =nii<ness changes, :-he

» -
rialas 9 3nq J, change :c-nl, [~ "magnitudle, durt the field U, tnanges .n
. *4
J18Crioution 318 «ell 8.nI2 .t .7volveg ine 3um 2f U4 4ith %ne unchanging
- . Q” -
Ti2l2s Ut oapna UTL AT resinmarnta, A2 2istrisatisn of U, l2ads o a
tranneling of tne radiatizn, .1 TUe f.3tr~itus.ian Sf U, ramalns urnaffected.
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Subwave_engen Srotoliznograpny

The near-field collimation phenomenon can also e exploited =9 procduce

subwavelength structures via pnotolithography (n the visible or near UV
regime. However, because the collimation range {s so short at optical
frequencies, the pattern {n a 2ask can bYe reproduced with high fidelity (n
photoresist only Lf the mask (s in close proximity to the resist and only if
the resist {tself {s very thin. Again referring to Figure 6, the mask should
be roughly 200A or less away from the furthest side of the resist in order to
produce SO00A structures. This may be achievable by suitably thinning
conventional resists, but should certainly be Sossible using recently
developed Langmuir-Blodgett film %echnology.'?

This method of super-resolution pattern generation has already heen
demonstrated Dy Fischer and Zingsheim.'® Using a conventional resist and a
blue light source, they obtained '000A resolution, and with a photobleaching
dye layer they obtained 50C-7J04 resolution., We are :urrently working to
extend these results using sharper magks farmed by e_2c%tron bdbeam lithograpny.

The model studied here {3 more applicable to lithography than %o
nicroscopy, since the masks used in tne production of (ntegrated circuits are
generalily formed from multiple slit-lixke 3truciures, <hereas the ipertures

i3ed for twWwo Zimensional N3CM nust Se approx.imataly ~cund., However, tne mcI:.

(9]

is restriciive [n that the magretic filell .3 33sumed -3 ce 3alinged along :n2
slit. This lLeads to the 2x:stence of :ropagating moces Within the 3lit ‘an:
sorrespondingly large tranam.:s.on ccefficients), zul for atner polarizaticts
tne modes nay te evagesce::. Tous, Jf colarized Light i3 used for

sudwavelength snstalizhzgrazny, <ne 2xposure -7 tne 2313t nay depend <n tne

srientation 3f tne masak 33 ~2.. 313 :n Tre 3.229 2f tn2 f23%tures incorporate:

tnerein. T2 3vold thi3 -ris . -7, Looslarizel Llluaminatiin should te Jsed.
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The region dDetween the mask and the substrate underlying the resi{st can
also form a two dimensional waveguide w~nich supports propagating medes.'’ If
monochromatic illumination (s used, these modes can produce a serles of i/2
spaced fringes in the developed resist which are analagous to the transmission
resonances shown in Figure 4. However, (f polychromatic {llumination {s used,
the fleld maxima under the mask should occur at different points, so that tne
fringes are eliminated by destructive interference, For example, a Xe arc
lamp would be preferrable to 3 laser or even to a Hg arc lamp LDecause it has a
smooth, broadband output in the visidle and ne{r uv.

High Density Optical Information Storage

The NSOM concept can be combined with the principle of subwavelength
photolithography to produce high density read-write optical memories. To
accomplish this, the photoresist must be replaced by a bistable optical
material: that ls, a material whose optical properties (e.g., absorption) can
flip reversibly between two states based on the {(ntersity and/or the frequency
of the radiation employed. The light passed tnrougnh 2n aperture (s then used
to change a small section of the surface to either :tne "on" or "off" state.
The informarion in many such sections can then De read %y using the same
aperture Wwitn 3 2ifferent incident intensity ang freguency as an NSOM prcte.
The Hit 3ize i35 limited only by the 3size of =he acerture. Assuming that =ne
2its are 3JCA in diameter anz? are separated by 53CA, 2 51%3 (more than '
3izaobyte) of information can ze stored (n ! 2ml.

Near-Field Scanning A:custiz Micrescopy (NSAM)

The abave 3analysis :f -re ~esar-fiald i3 also irectly applicadble o NSaM,
Near=Fiald 3canning ACTuUSI.LT YiIr23COopy. 0 tne 3acoustic zase, the magneti:

field J i3 replaced Dy tne Irassure @, Thig field still satisfies ih

delmnoltz 2quation {f tne 2x2.737.In U5 “armonil:
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(7le?) Pa0 (52)
k-ﬁg- (53)

where g (s the density of the fluid (analagous to the index of refraction).
The velocity fleld U is derivable from P just as the electric fleld £ {s from
the magnetic field, , except that Lt s longitudinal to the direction of

travel rather than transverse to i{t:

[ (54)

*>
U =

sl”

Furthermore, if the assumption of perfect conductivity is replaced by the
assumption that the screen is perfectly rigid, then:

3nP-O at the screen (55)

Comparing £qs. (52) and (55) to Eqs. (3) and (9) it is seen that P satisfies
exactly the same differential equation and boundary conditions as does U.
Hence, the above numerical solution for the magnetic ‘ield immediately yielcs
the pressure in the acoustic case, and the results ccncerning the collimation
distance and the feasibility of super-resolution imaging remain valid.

NSAM has the potential to extend the resolution of conventional,

di{ffraction limited acoustic microscopy'® in the same manner that NSOM can

extend optical microscopy. However, NSAM has :wo 13dditional advantages.
first, acoustic misroscopy i3 limited in resoluation 2y atte2nuation within tne
medium supporting the wave. 3Since one 20uld obtain A/'0 resolution using =ne
near-fleld technique, the f-equency of the incicent acoustis wave can >e
reduced dy an order of magrn.-ude with no concurrent 1338 af resolution., The

r
248 attenuation, groportiznil T the frequency squared, can thus be reduced 3y

1 factor of "C0 without .2s5s :f ~esoluzion if an NSAM systam with a /10

aperture is employed. 3Secsnz, 1 yl.ndrical acoustic waveguide, such as an

. - TN e
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aperture {n a thick rigid screen, supports at least one propagatlng mode no
matter now narrow the constriction. Hence, attenuation of the signal within
the aperture should be small compared to the optical case.

Topographical Mapping and Mask Alignment

The rapid decrease in the transmitted intensity past a slit can also be
used to advantage (n two ways. First, a nor-destructive topographical
instrument could be constructed by collecting light passed through a slit or
aperture and reflected back through the aperture by an object within the
near-field. As the aperture (s scanned over an ¢ptically uniform surface, the
{ntensity of the reflected light would represent changes in the aperture to
object separation due to vartiations in the height of the object. Second, =his
same reflection scheme with a feedback mechanism could be used to position a
lithographic mask with respect to a substrate.

The analysls of the near-field diffraction by a slit could be applied to
a number of other problems as well ranging from electromagnetic interference
between close packed semiconductor devices to the shi2.ding of an environment
from RF noise.

CAVEATS

The limitations of the adove analysis must >e considered before tne
results are used <0 apply near-fleld phencmena to 2xper.nental situations.
First, (% snould ce noted that the 3si{t nodel was chosen more for its
mathematical tractability than (%s correspondence to reality. Ffor example,
the metal films which can -e .3sed %0 form a thin screen nhave f{nite
conductivities and hence are -2t completely Zpaque. This wWould increase the
noise in an NSCM system zZue = <ne jassage Jf 1 small Tractisn of the light :in

the region away from the ager<.re., rfurtnermore, -he effective 2ifameter 3f an
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aperture wou.d increase, since energy could propagate telow the surface of the
metal wall forming the aperture.

The model considered above (s also limited to the situation where the
incident magnetic field is aligned along the slit. For other polarizations,
the transmitted intensity may be radically different, but the degree of
collimation should be roughly the saame.

In {nterpreting the results, it should be remembered that the full width
of half maximum of the outgoing flux provides only a rough estimate of the
resolution to be expected in a NSOM system. Of additional importance i{s the
sharpness of the distribution below the slit, as is evident in Figures Sa-5d.

Using this additional criterion, it {s seen that the FWHM probdbably overstates

- @ e = W

p

the resolution, and that it may be necessary to place the aperture closer ihan
half the width in order for the resolution to approach the aperture size.
Another potential problem concerns the effect of -“he object (for NSOM) or
the resist and substrate (far lithography) on the dis=ribution of radiation
emanating from an aperture. Cllearly, any such objects placed within the ]
near-field change the joundary conditisns 3and nence tne solution of the ent.r2

problem. The most significant changes should occur for the case of conducting

surfaces, Sut in all sf{tuations one might 333ume that the substriate should

cause the raciaticn to spread more rapidly, 3ince the screen and the surface
can act a3 3 w~aveguide to funnel radiation away from the aperture.

Altrough the principle >f rnear-fi2ld (maging can Te investigated using
tne infinite slit model s:.:.22 nere, 3 circular aper-uire nust be used for t«:
dimensional imaging in “M3IIM szplications. In terms of tne transmitted
iatensity, tis 2an nfave 3.37.7.23n% consequences:  Trhe 310t 1 a tnick 3cre=n
1Ct3 33 3 ~aveguide whicn -":n 3.z72Ir% 3 prigagating ~cle, ~nereas a round

iperture (n a tnick 3cres2n [:in 3.ISIrt Inly 2vanescent ~odes (Y tne aperturs2
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i3 considerably smaller than a wavelength. Furthermore, there {s an additonal
reduction in transmission due to reflections at the screen which occur even in
the simpler case of an infinitely thin screen,

The geometry of an aperture closed in two dimensions has been considered
by many researchers. Massey'!® studied a square aperture {n a thin screen
using Fourier cptics and considered the feasibility of super-resolution
aicroscopy and lithography. The qualitat{ve conclusions of the work
concerning the extent of collimation are consistent with the more extensive
distribution graphs {n Figures 4a-ud, although the approach used may not de
valid {n the near-field. More recently, Lavia?an“ has determined the
distridution of the magnetic field transmitted by a circular aperture (n a
thin screen using the method of moments. The collimation results were also’
found to be similar to the slit geometry studied here. The more reallstic
case of a round aperture {n a thick screen has been considered by McDonala?!,
although only the degree of coupling between the two sides of the screen was
investigated rather than :rne distribution of radiatizn in the near-field.

The results of McDonald can Ye used to obtain a3 rough estimate of the
minimum aperture size which can de used for practical N30M imaging. The .eas:
attenuated mode within a round aperture ~as fsund to =2 tne TI,, mode, for
wnich *he energy Zecays at 31 rate of: -

-2+1,841
e 2+1.8414/a

wh

O

-
B
- -

(U]

where d {3 the 3creen thickness and a {3 the aperture radius. However, ihe

energy decay in the screen :: i finite rate as ~ell, ~ni2n (3 given 5y:
T . zg,e Y Sh
&nere 5 13 tne 2XTinsiiin .4t Ln o tne screen, The —2tal «4ith the largest

opacity ia the visidle .3 :i..”.~.7 f2r 4n.:n 3a33) wran (=30C2A.%Y  When nne
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attenuation ue 0 the waveguide effect exceeds the attenutation in the metal,
the contrast between the aperture and the surrounding screen decomes
insufficient for super-resolution applications. Hence, the minimum aperture
diameter i3 given by:

23 = Us1,8U1.8 (58)
For A1, this ylelds a diameter of =480R, which explains our choice of a goal
of 500A for NSOM {maging. It should be noted that this (s a very approximate
result, since the finite conductivity of the screen should decrease the
wavegulde attenuation below the value given {n ;q. (56) due to the larger
effective aperture size as discussed above.

In a strict sense, the resolution of an NSOM system should indeed dy
limited to the aperture size, since two or more small structures will not be.
completely resolved {f their separation is less than the aperture diameter.
However, it should be possible to determine the position of the edge of a
structure larger than the iperture (i.e., determine .:s position) to
considerably less than the 3perture size, To accompl:sh this, the [ntensity
information obtained when the aperture is partially accluded by the edge woull
be deconvoluted to find the edge position.

Finally, alzhough it is easiest to understand near-field microscopy in
tne senaris w“here the aperture (3 used for form a subwavelength sized light
source, this :8 Dy no means -he dnly po0s83ible mode for NSCM viewing. In
addittion, the light transmittel through tne sample cculd de collected 2y the

>

aperture in the near-fiel2. 2 %his arrangement, only :he light from the
region directly delow /the icerture .3 cetected. ilthough <ne 3lit nodel
3uggests nat tnl3l Zeometry Tay yiald a lower resolution for 3 given 3lit o

object separation 2ue to tn2 -31:.31%.:cn scooping effect it resonance, the

resoluticn should not be arf2c%21 1 =ne tase Of a CUircular aperture since al.
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modes are evanescent and no resonances occcur. Finally, the light could de
both transajitted by and collected with the aperture, thus forming a reflection
NSOM instrument. This system has two principle advantages: even thick,
opaque samples could be scanned, and the resolution and contrast may be higner
than {n the transmission modes, since the near-field collimation phenomenon is
used to advantage not once but twice,
CONCLUSIONS

The energy flux transmitted by an infinite slit in a thick conducting
screen has been determined using the method of Neerhoff and Mur. The model is
limited only {n the number of subdivisions taken to solve the resuiting
integral equations by numerical methods. Transmission coefficients were found
to be ldentical to those calculated by the alternative method of Harrington
and Auckland. The flux perpendicular to the screen is indeed collimated to
tneAlet width within the very near-f{eld, but diverges sufficiently rapidly
80 that an object must be placed closer than half the slit width {(n order %o
generate an image with a resolution approaching this <{dth. In addition to
near-field microscopy, other applications such as subwavelength photolitho-
graphy and optical information storage were considered. Many physical
phenomena which may be associated with the optical near-fi2ld were discussed

qualicatively in conjunction w~ith these applications. Finally, the
limitations of the slit mocdel w“ere viewed in the context of i%s application =2
the design and construction of a practical Near-Field 3canning Zpt:izal
Microscope.
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FIGURE CAPTICNS

Figure !'. GCeometry of the Near-Fleld Scanning Optical Microscope.

Figure 2. Model for diffraction by a Slit in a thick screen.

Flgure 3. Reglons of integration used for the boundary value problem.

Figure 4. Transmission coeffici{ents for iA=5000A radiation as a function of
screen thickness for slits of i/2.5, A/5, A/10, and 1/20 widths.

Figure 5. Distributions of S,, the component of the energy flux normal to
the screen, transmitted by slits of width: a) 1/20; d) A/10; o)

A/S; 4) A\/2.5 for A=5000A radiation.

A

! R Flgure 6. Rate of spreading of A=5000A radiation past the screen as
determinad by the full width at half maximum of Sy for slits of

A/2.5, /5, A/'0, and A/20 widths,
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ABSTRACT

A new method for high resolution imaging, near field scanning optical
microscopy (NSOM), has been developed. The concepts governing this method are
discussed, and the technical challenges encountered in constructing a working
NSOM instrument are described. Two distinct methods are presented for the
fabrication of well characterized, highly reproducible, sub-wavelength
apertures. A sample one dimensional scan is provided and compared to the
scanning electron micrograph of a test pattern. From this comparison, a
resolution of better than 15008 (i.e., ®A/3.6) is determined, which represents
a significant step towards our eventual goal of 500A resolution. Fluorescence
has been observed through apertures smaller than 600A and signal-to-noise
calculations demonstrate that fluorescent imaging should be feasible. The
application of such imaging 1s then discussed in reference to specific
biological problems. The NSOM method employs non-ionizing visible radiation
and can be used in air or aqueous environments for non-destructive

visualization of functioning biological systems with a resolution comparable

to that of scanning electron microscopy.
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INTRODUCTION

Resolving components spatially in biological systems presents a classical
biophysical problem. Most imaging techniques presently in use are
fundamentally limited by the wavelength of the radiation. 1In this paper we
present vur development of a unique new imaging method that is independent of
the radiation wavelength. This method permits the non-destructive 1imaging of
surfaces within their native eanvironment, with a resolution comparable to
scanning electron microscopy. We have called this advance in biophysical
technology, near field scanning optical microscopy (NSOM).

The resolution limits for this new technique fall between the extremes
defined by light microscopy (25008) and fluorescence energy transfer
techniques (=408 to ~80A). Using visible wavelengths, a conservative estimaté
of the resolution is approximately 500A. Thus, it is likely that this
technique will make an important contribution to the investigation of
macromolecular assemblies such as lipid microdomains, receptor clusters, and
photosynthetic reaction center aggregates. Furthermore, unlike other
techniques at this resolution, near field imaging will be able to follow the
temporal evolution of these macromolecular assemblies in living cells,

Therefore, NSOM has the potential to provide both kinetic information and high

spatial resolution.

The Conceptual Basis of Near Field Scanning Optical Microscopy (NSOM)

The fundamental principle underlying the NSOM concept 1is outlined 1in
Figure |, where visiblée light is depicted as being normally incident upon a
conducting screen containing a small (sub-wavelength) aperture. Because the
screen 18 completely opaque, the radiation emanating through the aperture and
into the region beyond the screen 1s first collimated to the aperture size

rather than to the wavelength of the radiation employed. This occurs 1n the

near field regime. Eventually the effect of diffraction 1s evidenced as a

o _am
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marked divergence in the radiation, resulting in a pattern that no longer
reproduces the geometrical image of the aperture. This occurs in the far
field regime.

To apply the collimation phenomenon, an object, such as a cell membrane,
is placed within the near field region relative to an aperture. In this case,
the aperture acts as a light source whose size 1s not limited by the
considerations of geometrical optics. The light source can be scanned over
the object, and the detected light can be used to generate a high resolution
image. Because the resolution is dependent upon the aperture size rather than
the wavelength, it should sbe possible to obtain 500 or better resolution
if a sufficiently small aperture 1s used. These are the essential features of
the NSOM technique, which can be applied in air or aqueous environments using.
non-ionizing, visible radiation. Thus, macromolecular assemblies in
functioning biological systems can be imaged at high resolution.

Comparison With Other Optical Methods

It 1s 1mportant to distinguish NSOM from more conventional diffraction
limited techniques. For example, although images have been obtained of
isolated 250A structures using video enhanced contrast optical microscopy,1
the images of these structures are, in the best of cases, limited by
diffraction to sizes of 1000-2000A. Hence, with this method it 1is difficult
to determine the true sizes of the observed features. Furthermore, two or
more structures will not be individually resolved 1if their respective Airy
disks overlap (as determined by the Rayleigh criterion). In comparison, the
NSOM method should gene;ate images which indicate the true sizes of assemblies

even when these assemblies are separated by much less than the wavelength.

Historical Background

As far back as a decade ago, the principle of super-resolution microscopy

was demonstrated at microwave frequencies (A=3cm) by Ash and Nicholls.? In
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their pironeering experiment, a grating of 0.5wn periodicity was imaged with an
effective resolution of A/60. However, until we reported our initial results
in 19833, there were no published attempts to extend this techanlque to the

visible region of the spectrum. This 1s quite understandable, because the

R Y SN IV, 1.7 "e™s

minute physical dimensions of the optical near field demand aperture
fabrication and micropositioning technologies on a nanometer scale.
Furthermore, 1t 1s not immediately obvious that the results of the microwave
experiment could be extended to the visible regime, because the finite
conductivity of thin metal films has to be considered in the design of screens
for submicron apertures, whereas the comparatively thicker metal screens used
in the microwave case are completely conducting and thus opaque.

Since our original report, several additional publications on near field.
imaging technology have appeared.“ 1 Fischer8 has produced an interesting
series of results by scanning a sub-wavelength aperture over a second, larger
aperture, but these results are difficult to interpret for a number of
reasons. For example, the opacity of the metal films employed was not large,
so that the apertures were poorly defined and much stray light was transmitted
through the aperture screens. In addition, coherent, monochromatic
tllumination was used at grazing incidence, so that a series of standing waves
may have been generated when the polarization of the electric field was
perpendicular to these screens.

A near field imaging system for use in the far infrared is also currently
being developed by Massey.lo Although this sytem may find many applications
’
(such as in the detection of heat transport on a microscopic scale), it will
not approach the resolution capabilities of NSOM and can best be viewed as a
complementary imaging technique.

Finally, Pohl et al.11 have developed a system for super-resolution

microscopy that shares some of the same features as our NSOM instrument. They
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4
call their techaique optical stethoscopy. This 1s somewhat of a misnomer,
as the analogy to a medical stethoscope 1s not strictly valid. This can be
understood by treating the optical aperture and the acoustic stethoscope as
classical waveguides, In the optical case, a consideration of the appropriate
boundary conditions 1ndicates that all modes are evanescent (decaying) within
the aperture.12 Indeed, only the finite thickness of the aperture screen
permits the flow of any energy at all. A different set of boundary conditions
must be 1invoked in the acoustic case. These conditions lead to the existence
of a single propagating plane wave'’ and explain why a 20Hz (A=17m) sonic
disturbance can be detected through a long stethoscope tube only a centimeter
1n diameter.

At the experimental level, the sizes and the structure of the apertures
used by Pohl et al.!! vere not characterized. In addition, the nature of
their manufacture presents considerable challenges in the attainment of repro-
ducibility. To demonstrate 250A resolution using optical techniques, not only
must the apertures be well-characterized, but it 1s also essential to have
well-cha?acterized test structures. Nelther of these criterion was met in
Pohl et at.'s paper.

In short, initial attempts to implement the near field scanning concept
attest to the difficulty of the NSOM technique. To further appreciate the
technical challenges inherent in this form of microscopy, we have performed
model calculations to obtain a first approximation to the pattern of radiation
in the near field. These calculations (to be published) investigate the
transmission of light térough a slit of infinite length in a screen of finite
thickness, and were based on the powerful Green's function technique of

Neerhoff and Mur.lh

In particular, the component of the time averaged
Poynting vector perpendicular to the screen was calculated in the region just

beyond the screen, The results are shown in Figure 2, where the divergence of

« e 4 8" e -
~ LI N I ) -

e e e e )
e N .,!\J- . -,‘;‘h“gl-m;\. “uy




00 oL M0 SR DR W B Sy g5

the energy flux is plotted as a function of the distance from the slit. These
results demonstrate that the radiation remains collimated to a distance of at
least half the slit width. Furthermore, they also indicate that the exteat of
the near field increases with the slit width. Finally, these near field
energy flux calculations exhibit a close to exponential decrease in intensity
with increasing distance from the screen. This suggests that rigid stability
requirements will need to be maintained in the z direction, as will be
discussed more fully in the following section. Of course, significant
differences can be expected between the near field radiation pattern of a slit
and that of a circular aperture, but the simpler slit geometry should give an

indication of the pattern to be expected in the aperture case.

TECHNICAL CHALLENGES TO BE ADDRESSED

To construct a super-resolution microscope, several practical
considerations must first be addressed. These considerations fall into two
broad categories: micropositioning and eanhancement of the signal to noise
ratio.

Micropositioning

The theoretical analysis mentioned above indicates the degree of coatrol
required over the aperture to object separation. For example, the radiation
emanating from a S00A wide slit remains collimated to an approximate distance
of 250A. Furthermore, because the intensity in the near field is so strongly
dependent upon distance, the separation must be maintained with a precision of

about 20A. To satisfy such strict positioning requirements, several potential

problems must be successfully confronted. These are discussed below.

Vibration Isolation

In a typical laboratory environment, building vibrations exist at fre-

quencies as low as 2 to 4 Hz, although most of the vibrational energy 1s 1in
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' the 5 to 30 Hz range. In our environment, we have measured displacements of

up to lp 1n this frequency range. If this energy were to be transferred with-
out attenuation to the critical components of an NSOM system, and if the aper-
ture and object were not held together with sufficient rigidity, then their
relative displacement could vary by 2 to 3 orders of magnitude greater than
the precision required. To preclude this possibility, it is necessary to de-
sign an 1solation system which attenuates both horizontal and vertical vibra-

tions from the floor at frequencies above a few Hertz. In addition, such a

Y re AV .Y S S 73 5 RAEERRT . 0 0

system must employ a damping mechanism to insure that any vibrations which are
transmitted to the microscope are transient in nature. This damping mechanism
is also needed to reduce the vibrations induced by the motion of the sample

stage itself in the course of a scan. Finally, an effective isolation system.

must also shield the NSOM instrumeat from acoustic vibrations, which fall in

the 20 Hz to 20 kHz range.

Thermal Drift

Although the thermal expansion coefficients of the various components of
an NSOM system will vary widely with composition and size, it can be expected
that these components will expand/contract roughly 0.1 to 1.0 microns for
every 1°C increase/decrease in temperature. Hence, the differential rate of
expansion of the aperture relative to an object could present a serious
obstacle towards obtaining the required micropositioning capabilities for
super-resolution microscopy. This obstacle can be surmounted through two
lines of attack: either the ilnstrument can be designed so as to insure that

the thermal expansion of the aperture relative to the object is rather small,

or else stringent control can be maintained over the temperature of the entire

apparatus, Ideally, both of these methods should be used.
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Aperture and Sample Translation

As a final micropositioning requirement, it 1S necessary to translate the
aperture and sample accurately relative to one another in all three spatial
dimensions. As mentloned above, the translating system should position the
aperture with a precision of roughly 20A in the z direction (perpendicular to
the sample plane). However, it is equally necessary to obtain accurate
positioning in the x and y directions, as one factor which limits the
resolution of an NSOM system 1is the size of the steps taken while scanning.
In particular, the step size should be shorter than half of the desired

16

resolution. Hence, a system designed for S500A resolution must include

positioning control of better than 250A in the x and y directions.

Factors Determiningﬁthe Signal to Nolse Ratio

Signal Considerations

The light transmitted through a submicron aperture is weak enough to
require the use of sensitive detection electronics. A good detection system
becomes increasingly important when it is considered that, in the interest of
producing high resolution images rapidly, the aperture must scan quickly over
the object, so that the time avallable at each point to accumulate the
requisite counting statistics is rather brief. Weak signals can particularly
be expected 1in biological applications, where contrast differences in a
specimen can be quite small., In such applications, a variety of
non-destructive methods would be needed to increase contrast, ranging from the

computer enhancement of images to the fluorescent labeling of specimens.

14

Noise Considerations
Since rather weak signals are expected, one obvious source of noise is

that of statistical noise. The significance of this source can be reduced by
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increasing the period of data collection, but this 1s done at the expense of
scan speed. Systematic noise can also be expected from the detection system
in the form of dark noise and noise from the preamplifier and discriminator
electronics., Noise will also be introduced if there is any variation in the
light intensity used to illuminate the sample or aperture. Furthermore, since
the aperture screen 138 not completely opaque, any light which is transmitted
through this screen (rather than through the aperture) will contribute to the
systematic nolse,

There are also sources of noise related to the 1issue of
micropositioning. First, unwanted variations in the xy positioning of the
sample relative to the aperture can either cause an apparent distortion in the
image (for variations long compared to the scan time) or else can smear the
contrast and resolution information at a point (for variations short compared
to the data collection time a’ that point). Of even more signifitance are the
large variations in apparent signal strength which can be caused by slight
changes 1n the aperture to object separation. Finally, noise can be
introduced when scanning thick (>1000A), translucent samples, because the
system will detect light scattered from the diffraction limited far field
regions as well as from the collimated near field regime, In short,
considerable effort must be expended to increase signal strength and reduce

noise so as to permit rapid high resolution microscopy.

INITIAL FEASIBILITY STUDIES
Our 1initial goal was to construct a simple prototype to demonstrate the
feasibility of the NSOM concept. The essential features of this prototype

are discussed below.
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Submicron Aperture Fabrication

Aperture Arrays

Two radically different techniques have been employed in fabricating
submicron apertures for near field microscopic studies. The first scheme
congists of the formation of aperture arrays in a thin, planar silicon nitride
membrane, These arrays were formed using electron beam lithography at the
National Research and Resource Facility for Submicron Structures. This
technique, which was described in an earlier paperl7, has generated uniform,
reproducible holes as small as 80A in diameter. After aperture information,
the opacity of the surrounding membrane was increased by evaporating aluminum
over the arrays. Similar apertures have already been applied in optical .
transmission studies in which we have demonstrated that visible light from a
tungsten source is transmitted through holes as small as 300A.% The
efficiency of the transmission process 1s demonstrated in Figure 3A, where
light transmission is shown through 2400A diameter apertures. Figure 3B
demonstrates the alteration in the signal to noise ratio in going to a 600A
diameter aperture array. The uniformity of the transmitted intensity attests
to reproducibility of this method of aperture fabrication. In addition to the
utility of such arrays in characterizing the optical properties of submicron

apertures, they can be applied to non-scanning near field imaging methods.

Pipette Apertures

The principal problem in near field imaging 1is the finite depth of field
due to the limited ext;nt of the collimation of radiation in the near field.
Because of this limitation, apertures in a planar membrane cannot probe reces-

sed regions in rough surfaces. To address this problem, we have developed a

simple, inexpensive method of aperture fabrication involving the formation of

submicron apertures in the tips of highly tapered, metallized glass pipettes.
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This method is based on an extension of the technology developed for making
glass pipettes used in electrically probing cells by the patch clamp mer.hod.18
We have extended this technology by: a) fabricating apertures with diameters
of less than 1000A, b) characterizing the apertures at the tips of the
pipettes with scanning electron microscopy, c¢) demonstrating that light is

transmitted through such pipette apertures,

"N W N B WV P YEemy e w9

A two stage method was used for constructing the apertures. The first

;
y

stage tapered the pipette and the second stage pulled until the breakage point
was reached. By varying the wall thickness of the glass pipettes, aperture
diameters from less than 10008 to 5000R with outer diameters of 5000A to 7500A
were reproducibly generated. Thicker walled pipettes were found to produce
smaller apertures. Aluminum was again evaporated to increase the opacity of
the glass wall surrounding the aperture. This evaporation resulted in a
uniformly metallized tapered pipette with an aperture smaller than 1000A at
the tip (see Figure 4).

The taper of the pipette is of particular importance. When light 1is
passed down the pipette, it is transmitted through the outer glass walls as
well as through the central region (see Figure 5). The inner diameter of the
pipette rapidly tapers to dimensions of less than an optical wavelength, This
model of light transmission suggests that the radiation exists in a propagat-
ing mode throughout the length of the pipette, since the pipette outer dia-
meter is larger than the cut-off value calculated by treating it as a classi-
cal wave guide. Only at the thin metallized region at the tip of the pipette

18 the cut-off threshold reached. Thus, the large throughputs observed are a

consequence of the fact that the region of evanescence 1is short. Upon leaving

the aperture, the radiation once again exists in a propagating mode.
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An NSOM Prototype--Design

The pipette type apertures were an lmportant advance in our development
of a simple NSOM prototype, but even for the initial feasibility experiments,
the technical challenges discussed above had to be addressed in at least a
preliminary fashion. The consideration of these challenges in our development

of a workable NSOM prototype will now be discussed.

Initial System

A two-stage system was employed to shield the instrument from floor
vibrations. The first consisted of a large table top mounted on tennis
balls. Measurements in our laboratory demonstrated that this system reduced
high frequency vertical disturbances to amplitudes of less than 300A. The
second consisted of a heavy steel plate resting on a foam pad, which provided
isolation in the intermediate frequency range (10 to 50 Hz).

Using precision translation stages and conventional micrometers, the
pipette was positioned with approximately one micron accuracy in the xy plane
over the section of the sample to be scanned. Another stage was used to
position the pipette within a few microns of the sample surface. To bring the
pipette within the near field region, a stacked piezoelectric element was used
(see Figure 6). A low-noise (15mV peak to peak), high-voltage supply was
employed to insure that the error in the piezoelectric expansion due to
voltage ripple was considerably less than the 20A limit mentioned previously.
Another piezoelectric element was used to drive the pipette in the scan
direction. The step sife could be varied, but was typically 150A. Because
conventional piezoelectric elements have limited expansion ranges, the scans

were constrained to be no larger than several microns. Furthermore, these

conventional elements exhibit hysteresis problems (=15 of the full

N
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expansion), so that accurate positioning could be achieved only along a single
axis.

To deal with the problems posed by signal to noise considerations, the
1 prototype system (see Figure 6) employed an optical multichannel analyzer with
an SIT vidicon detection system in conjunction with a conventional light
microscope. This design insured that a sufficient portion of the available
light was collected and detected. Noise in each channel of the detector was
at most half the signal due to the aperture, even when small apertures and
weak (tungsten) illumination were used. Much of the noise consisted of a
: constant background level, which was easily subtracted. To measure the noise
: from other sources, the final detection signal was plotted as a function of
time in a test situation where the aperture position was fixed. The resulting-
variations in intensity were roughly one percent of the apparent signal.
These noise fluctuations were at least an order of magnitude smaller than the
1ntensity changes observed in the course of a super-resolution scan.

. NSOM Prototype--Results

o Microfabricated Patterns for Resolution Tests

x To test the NSOM method, it was necessary to fabricate objects that could
. be used to accurately define the resolution limits of the resulting device.

& Toward this end, electron beam lithography was used to create a mask
consisting of several sets of line gratings with varying periodicity. The

- image of this mask was reproduced with high fidelity as a series of aluminum
3 .- lines on a glass coverslip using the method of contact printing. These lines
i . were 20002 wide and were separated by spacings ranging from 2000A-8000A. In
n Figure 7, a scanning electron micrograph of one of these gratings is shown.

. Note the quality with which the pattern 18 reproduced. As noted above such
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high-quality test objects with reproducible features are required before any

- & & & iEmEmewy s+ £ 7

conclusions can be drawn about NSOM resolution.

A One Dimensional Scan

Using the NSOM prototype and the test object discussed above, a one

e s W EEEEENS b 8 .

dimensional scan was performed which demonstrated super-resolution

capabilities. The light from a 100W tungsten lamp was passed through a

Rl

a s a s

pipette to illuminate the aperture., The tip was brought into contact with the
sample surface and then retracted several nanometers for scanning.

The initial scan was performed using a 50008 diameter pipette type
aperture and the results are shown in Figure 8. Note that the periodicity of
the grating pictured in Figure 7 is reproduced throughout the entire length of
the NSOM scan. A resolution of better than 1500A is inferred from averaging
the sharpness of the steps in going from transmission minima to adjacent
transmigssion maxima and vice versa., Note further that the technique permits
detection of sharp edges with a resolution considerably better than the limit
expected based on a naive model of the aperture size., This is understandable,
because with a sufficient signal to noise ratio it should be possible to
detect changes in intensity due to partial occlusion of the aperture by the
sharp edge.

Future Improvements

Although the prototype system was sufficient to demonstrate the
super-resolution concept, it suffered from a number of limitations. These
included the inability to scan in two dimensions, the inability to scan over

rough topography, the inability to produce highly reproducible scans, and the

inability to scan at high speed. Methods exist for attacking all these

problems. We are currently incorporating these methods in the construction
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of a second generation NSOM instrument. Many of the ideas employed in this
construction effort were first developed for scanning tunneling microscopy,
where positioning on a sub-Angstrom scale is required.19 At the completion of
this effort, we hope to have a versatile system capable of investigating

problems of biophysical 1interest.

BIOPHYSICAL APPLICATION

T« e e e B a8« § EES ¥ S5 % 5 5 T T

? Fluoregcence Detection
4 T
? Because NSOM employs visible radiation, many of the techaniques which have

already been developed for conventional microscopy (e.g., polarized
;llumination, phase contrast methods, etc.) can be used to advance the
biophysical applicability of super-resolution microscopy. In particular,
contrast enhancement by fluorescence techniques will be useful, because many
biological systems can be selectively labeled with fluorophores in a
non-destructive fashion or else contain fluorescent domains in their natural
state. The only potential problem associated with fluorescent labeling lies
in the reduction of the signal strength due to the limited cross sections and
quantum yields of these fluorophores. However, in this paper, we have taken a
first step in demonstrating the feasibility of fluorescence imaging by
observing fluorescence emanating from sub-wavelength apertures (see figure
9). This result was obtained by illuminating a thin film of perylene with
5145A radiation from a laser, and viewing the fluorescence transmitted through
an aperture array with the appropriate filter. Note that relatively strong
signals are obtained, even though perylene has only a moderate quantum

. efficiency.

Fluorescence From a Functioning Biological System

The next step in approaching a significant biological problem involved

observing the transmission of fluorescent light through submicron apertures
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emenating from a viable biological specimen. To acheive this, spinach
chloroplasts were used. A suspension of such chloroplasts was placed directly
on an array of 2400A holes, and the suspension was made sufficiently dense so
that the chloroplasts adhered to the array and did not migrate. The
chloroplasts were illuminated through the apertures using 4579& laser
radiation incident from the opposite side of the array, and the fluorescence
was detected back through these same apertures in reflection. The results,

shown in Figure 10, demonstrate the feasibility of detecting such fluorescence
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on a submicron scale in a non-destructive manner.

Chloroplagts were chosen for out initial experiments because they are
involved in the current debate concerning the distribution of the two
photosystems involved in photosynthesis. Photosystem II is involved with the
splitting of water while photosystem I is involved with the alteration in the
oxidation-reduction potential of electrons ejected from the split water. Both
photosystems are found in the thylakoid membranes of chloroplasts, but only
photosystem II fluoresces at room temperature.

The membranes themselves contain two structurally distinct regions: the

grana, in which the membranes are stacked; and the stroma, which are regions

of unstacked membranes interconnecting the grana regimes. According to one
model, photosystem 1 is excluded from the stacked regions of the grana.
However, the evidence on which this model is based comes from freeze-fracture
electron microscopy, detergent methods of fractionating the grana and stroma

membranes, and mechanical fractionating methodszo'zl, all of which have a

s
disruptive effect on the membranes. Conventional microscopy cannot be used,

since the grana regions cannot be resolved with sufficient clarity to

determine the distribution of the two photosystems. In contrast, near field

microscopy should provide the resolution necessary to determine the

photosystem distribution within viable chloroplasts maintained in their native
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environment. We are currently working on this problem, the results of which
should help elucidate energy transfer mechanisms involved in photosynthesis.

Signal to Noise Ratio Calculations for Biolq&ical Applications

The signals detected by fluorescence NSOM imaging are weak and many
possible sources of noise can be expected. In this section we demonstrate the

feasibility of fluorescence imaging methods by calculating the signal to noise

=N W YW F F TEEEESe = & WS T e rmmmm——T T

ratio in a specific biological application. The particular problem we focus

e

on is the detection of a receptor in the plasma membrane of human fibroblast

cells that binds low density lipoprotein (LDL). LDL is the predominant

E
g

transporter of plasma cholesterol, and at least 30 fluorescent lipid molecules
¢an be incorporated per LDL molecule.22 It has been shown that with the
fluorescent lipid 3, 3'~dioctadecylindocarbocyanine iodide (diI[3])) single LDL

molecules on single LDL receptors can be detected.22

We can use this data to
obtain signal to noise estimates which will indicate the feasibility of
imaging such receptors. However, these calculations are not limited to this
example, because phycobiliproteins have been shown to be as highly fluorescent
as LDL and can be used to selectively label a variety of cellular receptors.23
We have been able to irradiate LDL molecules with green light for about one
minute at an intensity of luw/uz before the resulting fluorescent image begins
to fade. This corresponds to a total dose of 1.9:(1022 photons/cmz.

To determine how this limit affects the incident intensity and hence the

total signal in an NSOM application, we consider here the specific case of

near field microscopy in reflection, The use of such a geometry is

advantageous, because each molecule is affected only when the illuminated
aperture 1s overhead. In practice, this 1s not strictly true, because the
finite opacity of the screen must be taken into account, For example, a 600A

thick layer of aluminum will transmit roughly 0.01% of the incident light. If
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the attenuation of the radiation 1n the aperture 18 assumed to be 90%, then
the differential transmittability of the aperture relative to the screen 1is

10°.

In a typical scan, we may wish to record a 100x100 element image within
100 seconds. In this case, the differential transmittability indicates that
the LDL molecules will receive dosages roughly ten times greater from
transmission through the screen as they will from transmission through the
aperture. Hence, to remain below the photobleaching threshold within the 100
second scan time, a maximum photon flux past the screen of
1‘7x1020 photon/sec/cm2 1s permissible, corresponding to an incident intensity
of S.QmW/uz.

Although at first glance it may appear troubling that the dosage from
screen transmission is an order of magnitude greater than that from aperture
transmission, when the situation is considered in detail 1t 1is not /
problematical at all, First, it must be remembered that these figures refer
to the total dosages in the course of a scan, and at any given time the
intensity directly below the aperture is roughly 1000 times greater than the
lntensity below the screen. Furthermore, from the standpoint of the signal to
noise ratio, we are only interested in the fluorescent light which 1is
transmitted back through the aperture and screen for eventual detection.

In as much as this is the case, the transmission of light through the screen
is unimportant, because any fluorescence which might otherwise be generated by
LDL molecul s under the screen is highly quenched by the presence of the metal
within the screen.zu Hénce, only the fluorescence from the near field
directly below the aperture contributes to the signal, and only far field
fluorescence contributes to the noise,

The maximum permissible intensity calculated above can now be used to

estimate the total signa. which can be expected in our Gedanken experiment,
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In particular, by again assuming a 102 transmittability for the aperture and
noting that the above scan parameters lead to a 10ms exposure time per pixel

location, we find that l.7x1021 photons/cm2 for each pixel are transmitted

through the aperture. We will further assume that these photons are all
incident on the fluoresceat site of a single receptor.
To calculate the resulting signal, we note that each of the 30 dil

chromophores per LDL molecule has an effective photoabsorption cross section

0_17 2 22

of 3.8xl cn” with a fluorescent yield of 0.1. Using these numbers, we
find an initial signal of 1.9x10° fluorescent photons/pixel.

A number of factors cause the detected signal to be lower than this
initial value. First, in the reflection mode described here, the assumed
aperture transmission reduces the fluorescent light intensity by 90%. Second,’
inefficiencies in the collection optics can be assumed to further reduce the
intensity by 50%. Finally, the photomultiplier that will form the heart of
a sensitive detection system has a quantum efficiency of only 20Z. When all
these factors are taken into account, the detected signal is found to be
1.9x10° counts/pixel.

To determine the noise associated with a signal of this strength, we
first consider noise due to photon counting. Statistical noise for the above
counting level is roughly 44 counts/pixel. 1In contrast, dark noise from the
photomultiplier should be less than 10 counts/sec. For the above scan rates,
this corresponds to 0.1 counts/pixel, and hence is quite negligible.

Other fundamental sources of noise arise from the limited extent of the
collimation of radiation in the near field. For example, although the LDL
molecules in close proximity to the metal screen will not exhibit
fluorescence, other such molecules bound to the far side of the cell membrane

will be weakly illuminated by residual far field radiation from the aperture,

and hence may yield dim fluorescence noise. This noise is considerably less

LG Sad Vg

PR S SR, S S )




P A )

A S

'f,..‘n..".
a4 A 8

-

than the signal due to fluorescence from receptors within the intense near

field radiation pattern emanating from the aperture, as can be understood by
the following simple argument.

As was mentioned previously, the intensity of radiation emanating from a
slit falls in an almost exponential manner within the near field. It is
reasonable to assume that a similar behavior exists in the case of a circular
aperture. In fact, by treating an aperture of diameter d=5008 as a waveguide,
a specific form of exp{-2rnr/d] can be assumed to hold out to a collimation
distance of roughly 250A. Hence, the radiation should remain collimated
through the entire thickness of that portion of the cell membrane which is
directly under the aperture, and any fluorescence that occurs in this region
can be considered to contribute to the signal. In contrast, any fluorescence
which occurs in the far field region contributes to the noise. However,
within the far field, the aperture can be modeled as a dipole radiator, so
that the outward flux falls as l/rs. If we assume that this behavior is valid
up to r=250A, then the continuity of intensity at this distance can be used to
provide a complete, qualitiative model of the energy flow past the aperture.

We can now use such a model to estimate the signal-to-noise ratio due to
the limited extent of the collimated near field:_ The signal 1s determined by
integrating the exponential intensity factor over a hemisphere of 250A
radius. Similarly, by integrating the factor of 1/r6 over a 250A thick shell
one micron away (which represents the membrane furthest from the aperture),
the noise is found. In this example, which should fairly well model the
binding of LDL receptor; to fibroblast cells, the noise is found to be several
orders of magnitude less than the signal. Even if we were to assume that
chromophores are evenly distributed throughout the bulk of the cells (which is
certainly not the case in our example), a signal to noise ratio of 7.7 can be

obtained using this model. When it 1is also considered that the fluorescence
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from the chromophores decreases in intensity by l/r6 as well, the noise is
dropped even further,

The implications of this last point cannot be overemphasized., The finite
extent of the near field is used to advantage since the far field noise is
small compared to the near field signal. Thus, NSOM can be used to image
surfaces on thick samples without sectioning.

Returning to our model for imaging LDL receptors, it can now be seen that
the most significant source of noise is statistical in nature. Thus, by using
the above results, we find that a signal-to-noise ratio of about 44 should be
obtainable, and hence the experiment should be entirely feasible. Indeed, it
would not be necessary to run the experiment at the threshold for
photobleaching., If, for example, the incident intensity were to be decreased:
by a factor of ten, a signal to noise ratio of almost 14 would still be
achieved. Alternatively, the size of the scan speed could be increased by a

factor of ten with an identical chanse in the signal-to-noise ratio.

CONCLUSIONS

Our initial prototype system has demonstrated the feasibility of NSOM as
a high resolution imaging technique. Furthermore, the results of the
fluorescence experiments and the signal-to-noise ratio calculations indicate
that NSOM may be applied to a variety of biological problems. For example,
with the development of a flexible second generation system, NSOM could be

25

used to: 1image lipid microdomains in model membrane assemblies”” or living

cells; investigate banding patterns in chromosomes with fluorescent molecules
’
that bind to particular DNA sequences and structureszs; delineate

cystoskeletal interactions with membrane bound proteins; characterize

alterations in cell surface topography as a result of cellular stimulation27;

28; and to study

visualize organelle movement along dissociated actin filaments

T AT 4 T & T @ T W




Vgl 'R AR e Avd e A M2e S Ate b e A CAA Al A aul et v dva Sie A\e fde b ub AAR A0tl Yk ek \Rak Mdh Nl b A ARl e
ANS i) LI * : )

21
the kinetics of specific proteins during nuscle contraction.?’ In addition,

this technique could be used to investigate problems in many other areas from

microelectronics to chemistry where non-destructive, high resolution imaging

is required.

ACKNOWLEDGEMENTS
The chloroplast imaging experiments are in collaboration with Prof.

Chanoch Carmeli. We would like to thank Brian Whitehead for electron beam

e # & F A2 S v o e 7 7

exposure of the mask gratings.

This work 1is supported by U.S. Air Force Contract #84-NE-121, U.S. Army
Contract #DAMD17-79-C-9041, and the National Research and Resource Facility

for Submicron Structures through NSF Contract #EC58200312,

t
.
;




v w v

T v T W

Figure !

Figure 2

Figure 3

Figure 4

Figure 5

|39
(9]

FIGURE CAPTIONS
Schematic representation showing the collimation of radiation
emanating from a sub-wavelength aperture.
The energy flux emanating from a 500A wide slit, normalized to the
energy of the incident plane wave, is shown plotted as a function
of both the perpendicular distance (z) from an 1800A thick
conducting screen and the ratio of the lateral distance from the
center of the slit to the half width of the slit (x/a). Notice
that the radiation is collimated to roughly the edge of the slit
(x/a=1) out to approximately z=250R.
(A) 5145A light transmission through 2400A diameter apertures is
shown detected in the far field with an optical multichannel
analyzer. Note the uniformity of the light transmission through
the nine apertures shown. Incident beam power was 0.62m W/cm? .
(B) 51452 light transmission through 600A diameter apertures is
shown as detected in the far field with an optical multichannel
analyzer. Incident laser power was as above. Note the even for
these smaller apertures a good signal-to-nolse ratio is achieved.
A scanning electron micrograph of the tip of a metallized pipette
is shown with a 50004 outer diameter and with a <1000R central
aperture. Although even smaller apertures could be prepared with
our technique, they would be difficult to characterize with the
limited resolution of the SEM available.
A cross-sectional representation of a metallized pipette 1s shown

together with the propagation of light toward the tip.
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A schematic diagram of the experimental apparatus used for
our inttial feasibility experiments 1s shown. Both the optical
multichannel analyzer and the piezoelectric translators are
controlled with a microcomputer.
A scanning electron micrograph of a grating of aluminum lines on
glass used for our resolution tests is shown. The lines were 20002
separated by 4000A., To obtain this micrograph the sample was
coated with a 100A thick film of gold palladium.
A scan of the test grating in Figure 7 is shown. From the
sharpness of the intensity modulation between adjacent maxima and
minima, a resolution of <i15008 is inferred. Furthermore, note that
the periodicity of the grating 1s reproduced over the entire scan.
Perylene fluorescence through (a) 1200A diameter and (b) 600A
diameter apertues are shown. The exciting laser light at 5145A
1lluminated the sample from below,and the fluorescence was detected
through the apertures from above. The laser power that was used
caused no detectable bleaching of the sample. The fluorescence was
recorded with ASA 400 Kodak Ektachrome film using a 30 sec
exposure, These arrays contain graduated aperture sizes with the
maximum corresponding to the diameters noted above.
Photosystem I1 fluorescence is shown detected through 2400A
diameter apertures using epi~illumination. The incident intensity
from an argon ion laser at 4579 was 0.067 uw/uz at the surface of
the array. Kodacolor ASA 400 film and an exposure time of 40 sec

was used to detect the fluorescence from the chloroplasts.
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