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Fig. 3. Mark-Houwink-Sakuradaplot for linear 
PSt standards and poly-5 obtained in THF at 
30°C. 

mined by PSt standards, whereas the M,of 
the same sample is twice as high when 
determined bv the "universal" calibration 
method that is heavily dependent on a ho-
mogeneous densitv distribution across the 
entire macromoledule. This discrepancy in-
creases with M,(Table 1, runs 2 to 4). 

Self-condensing vinyl polymerization 
may he broadly applicable to a large number 
of polymerization techniques and different 
AB monomer structures. We have succeeded 
in applying it to the preparation of hyper-
branched poly~nersby the "living" free rad-
ical polymerization (6) of AB vinyl mono-
mers. The versatility of the approach stems 
from the variety of architectures that may be 
obtained with the use of several monomers 
such as stvrene and substituted stvrenes to 
produce ukusual polymer architectures in 
one pot reactions. For example, stars and 
linear-dendritic hybrid structures can be ob-
tained by sequential addition of approprlate-
ly selected monomers. Given the interesting 
properties of these hybrid structures (15 ,  16), 
a fast synthetic process for their preparation 
would be very beneficial. 
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Scanning lnterferometric Apertureless 
~icroscopy:Optical lmaging at 

10 Angstrom Resolution 
F. Zenhausern, Y. Martin, H. K. Wickramasinghe* 

lnterferometric near-field optical microscopy achieving a resolution of 10 angstroms is 
demonstrated. The scattered electric field variation caused by avibrating probetip in close 
proximity to a sample surface is measured by encoding it as a modulation in the optical 
phase of one arm of an interferometer. Unlike in regular near-field optical microscopes, 
where the contrast results from a weak source (or aperture) dipole interacting with the 
polarizability of the sample, the present form of imaging relies on afundamentally different 
contrast mechanism: sensing the dipole-dipole coupling of two externally driven dipoles 
(the tip and sample dipoles) as their spacing is modulated. 

Near-field scanning microscopy at micro-
wave frequencies (I  ) and its extension to the 
visible region [near-field scanning optical 
microscopy (NSOM)] (2,  3) at resolutions 
under 50 nm have attracted much attention 
(4-7). Recently, a scanning interferometric 
apertureless microscope (SIAM) was intro-
duced (8, 9)  with which one can measure 
the scattered electric-field variation caused 
by a vibrating and scanning probe tip in 
close proximity to a sample surface by en-
coding it as a modulation in the phase of one 
arm of an interferometer. Here, SIAM imag-
es of various samples are presented at a re-

IBM Research D~vison,T. J. Watson Research Center. 
Post Offce Box 218, Yorktown Heights, NY 10598, USA. 

*To whom correspondence should be addressed. 

solution of 1 nm, almost two orders of mag-
nitude superior to that of other NSOM ~ m -
ages. A basic theory based on coupled di-
poles is put forward and compared with 
experiments. It shows that the contrast 
mechanisms are fundamentally different 
from those In regular near-field optical mi-
croscopes because of a unique dipole-dipole 
coupling mechanism. Furthermore, the the-
ory predicts the ability to measure complex 
susceptibility down to the atomic level. 

Experiments were performed in the 
transmission mode (9). A n  incident laser 
beam is focused on  the back surface of a 
transparent substrate holding the sample 
(Fig. 1) .  A tip vibrating in the z direction 
(frequency f, = 250 kHz, spring constant = 
20 N/m, tip-end diameter = 5 nm, vibra-

SCIENCE VOL. 269 25 ACGCST 1995 1083 



tion amplitude = 6 to 10 nm) is brought 
close to the focused spot and stabilized at 1 
to 2 nm over the sample surface with an 
attractive-mode atomic force microscope 
(AFM) (10). The return beam E: + E, 
(reflection from substrate of the plus tip- 
sample scattering) is detected with an in- 
terferometer by combining it with a refer- 
ence beam E,. The output signal of the 
interferometer measures either the ampli- 
tude of (E: + E,) or its phase difference 
with E,, which represents the contrast 
mechanisms. 

An AFM image of a cleaved mica sur- 
face (Fig. 2A) shows a 0.25-nm monatom- 
ic terrace on the left that appears as a 
bright scattering region in the simulta- 
neously recorded optical image (Fig. 2B). 
The AFM imaee also shows a steD in the - 
center composed of about 15 atomic lay- 
ers. The optical image shows the same 
feature as a bright band across its center 
but in addition shows much sharper detail 
(see arrows) not visible in the AFM image. 
These features could be subsurface defects 
in the mica as they do not appear in the 
topography; the smallest discernible fea- 
ture size visible optically is approximately 
1 nm and corresponds to an interferomet- 
ric phase shift of 2 x lop5 radian. 

In the next experiment (Fig. 3), index- 
matching oil was dispersed into tiny droplets 
on cleaved mica by repeatedly scanning an 
AFM tip across its surface (for about 1 hour 
at a force gradient of 0.1 Nlm). The data - . , 

were acquired at a force gradient an order of 
maenitude lower, and AFM and o~t ica l  im- 
ages were recorded simultaneokly. The 
AFM topography image (Fig. 3A), which 
represents constant-force gradient contours, 

Laser beam 

14 
t Amplitude 

Interferometer 

- -  - 

Sample ir 1 Substrate 
1 
n Feature dipole 

4 r;.. dipole 

Vibrating tip 

Fig. 1. Principle of the SIAM method. 

shows the oil dro~lets as b u m ~ s  on the mica 
surface. Certain regions also show dips (top 
rieht arrow): these d i ~ s  indicate that some . . 
oi'i droplets are probaily charged and there- 
fore locally reduce the overall force gradient 
on the tip caused by electrostatic interac- 
tions. The optical image (Fig. 3B) shows the 
oil droplets as enhanced scattering centers; 
the dips in the AFM image show up as 
optically bright regions with no sensitivity to 
charge. Note that a feature in the AFM 
image (top left arrow) is totally absent in the 
optical image. One can characterize this to- 
pographic feature, which produces little scat- 
tering and shows optical properties, as quite 
different from the oil droplets. The smallest 
feature resolved optically (bottom right ar- 
row in Fig. 3A) is about 1 nm across, as in 
the earlier experiments, and a phase change 
of lop4 radian is measured. 

Experiments have indicated that in 
some situations the image contrast can 
switch, depending on the optical parame- 
ters at the tip end, from high contrast to low 
contrast or inverted contrast. A test sample 
was prepared by spinning 45-nm fluorescent 
polystyrene spheres (1 1 ) on a cleaved mica 

surface. Figure 4A shows the AFM image of 
an island of polystyrene spheres, the topog- 
raphy showing individual spheres. Figure 4B 
shows the simultaneously recorded optical 
image, with interferometric phase modula- 
tion of about lop3 radian. A sudden change 
appears in the optical image, whereas the 
AFM image shows virtually no change (on 
careful examination of AFM line scans, a 
minute change in the tip z position of about 
5 nm is detected). This can be explained if 
the tip picked up a particle as it raster 
scanned the sample, perhaps a fluorescent 
dye molecule, which changed the phase of 
the scattered field. In the top region of Fig. 
4B, the spheres appear as a low signal in a 
bright background; here the scattered elec- 
tric field E, is expected to have a compo- 
nent  IT/^ out of phase with E:. In the lower 
region, the contrast is weaker but reversed, 
which implies that E, has a component IT 

out of phase as compared with the top 
region. Several similar results demonstrate 
that small particles (around 5 nm) can sig- 
nificantly affect the scattered field and re- 
veal the high sensitivity of the SIAM tech- 
nique to small changes in the tip-sample 

Fig. 2. (A) Attractive-mode AFM image showing atomic terraces on the mica. (B) Simultaneously 
recorded SIAM image revealing bright scattering regions corresponding to the atomic terraces but also 
showing fine subsurface features not present in the AFM image (indicated by arrows); smallest resolvable 
feature = 1 nm. 

I I 

n n 
2 nm 2 m  

Fig. 3. Dispersed oil droplets on mica. (A) Attractive-mode AFM topography image showing most 
droplets as bumps in the image, although some are shown as dips because of electrostatic charging 
effects. (8) Simultaneously recorded optical image showing the oil droplets as bright scattering regions. 
Some features in the AFM image are absent in the optical image and others are inverted in contrast 
(arrows); smallest resolvable feature - 1 nm. 
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optical interaction. As further evidence for 
the source of contrast, a 100-nm chromium 
grating was scanned at constant height with 
the AFM to remove any tip-height related 
signal. Although no detail was visible in the 
AFM image, the optical image showed 
strong contrast at heights of about 10 nm or 
less as a result of dipole-dipole coupling. 

A theory based on coupled dipoles can be 
derived to understand the contrast mecha-

40 nm i 

Fig. 4. Images of 45-nm fluorescent polystyrene 
spheres on mica. (A) Attractive-mode AFM topogra
phy. (B) Simultaneously recorded SIAM image show
ing contrast reversals in different regions caused by a 
small particle (=* 5 nm) sticking to the tip. 

• Experimental data 
- Fitted data 

50 100 
Tip-sample position (nm) 

Fig. 5. Measured optical dipole-coupling signal 
(after subtraction of instrument response) versus 
tip-sample spacing, compared with theory (Eq. 1). 

nism in SIAM. Because the optical dipole 
interaction varies with the tip-feature spac
ing (r) as r - 3 , the measured signal primarily 
derives from the tip end. One can therefore 
model the tip and the sample features as 
spheres of radius a (Fig. 1), with polarizabili-
ties a t and af, immersed in a driving electric 
field E,-. The equation (12) that describes the 
polarizability modulation Aa resulting from 
the coupling between the tip and feature is 

2a ta f 

A a = (r2 + a2)3'2 (1) 

The modulation AES of the scattered field 
Es caused by the polarizability modulation 
Aa can be calculated by applying a scatter
ing matrix (S) treatment for small particles 
(13). The spherically scattered wave at a 
distance d in the far field is given by 

expressions for the phase shift and extinc
tion modulation in the interferometer are 

E> = S ( s ) ; 
AES = ^ ( A S ) (2) 

For particles significantly smaller than 
50 nm, where ka«l(k = 2ivn/X being the 
optical propagation constant of a signal of 
wavelength X in a medium of refractive 
index n), the relevant scattering matrix 
component S (which has both real and 
imaginary components) can be written in 
terms of the polarizability a 

S = ik'a; AS = i/c3Aa (3) 

where higher order terms in k and a are 
neglected. 

The scattered electric-field modulation 
AES is directly proportional to Aa; one 
therefore expects to see a strong decrease in 
AES as the tip-feature dipole-dipole cou
pling decreases with increasing r. Figure 5 
gives a plot of the optical signal as a func
tion of spacing, compared with the theoret
ical curve obtained from Eq. 1. The sample 
was a chromium film, acting as a mirror, 
and the dipole-dipole interaction consisted 
of the tip interacting with its image. We 
observed a strong decrease in the optical 
signal over a distance corresponding to the 
tip diameter, 370 A in this case. Further
more, Eq. 1 shows that Aa is proportional 
to the product of a t and af. Consequently, 
the phase of AES can change drastically 
depending on the complex polarizability of 
the tip end, as observed in Fig. 4. 

In general, the scattered field will have 
a component Es<}) orthogonal in phase to 
E[ that provides a phase shift and a com
ponent Ese out of phase with E[ that pro
vides an extinction in the interferometer. 
Combining Eqs. 1 and 2 with the far-field 
expression for E'r, E'x = E^nlSiridNA2 (9), 
where NA is the numerical aperture, and 
noting that the polarizability is related to 
the susceptibility x by 

AEse 5 NA2 

"E7" = 9 ^ ~rJ~ I m ( X t X f ) 

AEs(t> 5 N A 2 

~1P~ = 9 ^ ~r^~ Re(XtXf) 

(5) 

(6) 

Several conclusions can be inferred 
from these equations. First, both the real 
and imaginary parts of the susceptibility of 
a feature can be determined—in principle, 
down to the atomic (9) scale—with two 
simultaneous measurements of in-phase 
and quadrature components, tip suscepti
bility being measured independently with 
the use of a known reference surface as the 
sample. Experimentally, absolute values of 
interferometric signals and their variation 
with tip susceptibility (a factor of 4 in
crease for an Al tip versus Si) agree with 
Eqs. 5 and 6. 

Another key advantage of the interfero
metric measurement in SIAM is the detec
tion of the scattered electric fields, which 
vary as (ka)3> rather than intensities, which 
vary as (Jca)6, as in typical near-field optical 
systems. The interferometric signal is signif
icantly higher than background noise (from 
sources such as stray light, dark current, or( 

thermal noise), which is inevitably present 
in experimental setups. By contrast, this 
background noise severely limits the sensi
tivity of typical NSOM at high resolution 
(smaller than 50 nm). The understanding of 
the principles involved in SIAM opens up 
many capabilities for imaging and spectros
copy at subnanometer scales and particular
ly extends its application to biology. 
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