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Abstract: Structured illumination applied to imaging interferometric 
microscopy (IIM) allows extension of the resolution limit of low numerical 
aperture objective lenses to ultimate linear systems limits (<~ λ/4 in air) 
without requiring a reference beam around the objective lens. Instead, the 
reference beam is provided by an illumination beam just at the edge of the 
optical system numerical aperture resulting in a shift of the recorded spatial 
frequencies (equivalent to an intermediate frequency). The restoration 
procedure is discussed. This technique is adaptable readily to existing 
microscopes, since extensive access to the imaging system pupil plane is not 
required. 
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1. Introduction  

It is not necessary to explain the importance of resolution enhancement for millions of 
existing optical microscopes. The classical diffraction limit [1] has been successfully 
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exceeded in the impressive results of fluorescent microscopy [2-5]. However, there are many 
applications where non-fluorescent transmission/reflection microscopy is of critical 
importance. Much work has been reported in resolution improvement beyond the classic 
Rayleigh limit by synthetic aperture approaches [6-11].  

We have previously demonstrated imaging interferometric microscopy (IIM) for the 
resolution enhancement of low numerical-aperture (NA) microscopes, using a Mach-Zehnder 
interferometer around the optical system, taking multiple offset partial images covering 
different regions of spatial frequency space, and synthesizing a complete image from these 
partial images [8, 11]. A related concept was first introduced for lithographic image formation 
(imaging interferometric lithography or IIL) [12]. Tilting the image plane in IIM allowed a 
close approach to the minimum theoretical linear systems resolution limit of ~ λ/4 (a 
maximum spatial frequency of 2/λ) [11,13]. IIM requires building an interferometric system 
around the objective lens, and provides an optical solution to recording high spatial 
frequencies in the image plane. 

In this paper we propose a new approach to achieve the same resolution using a simpler 
and more robust configuration. Structured illumination using two interfering illumination 
beams at different incident angles (an interferometer in the illumination system) provides an 
offset frequency coverage in which all of the image information is transmitted through the 
low-NA objective lens. The result is analogous to the intermediate frequency used in radio 
frequency communications, the recorded image information is at the low frequencies allowed 
by the objective lens. Procedures for extracting the image information and shifting it back to 
the true image high frequencies are described and demonstrated. Two major advantages of 
this approach are: a) because reduced or no access is required to the image pupil plane this 
approach is much more amenable to implementation on existing microscope systems, which 
typically do not offer image pupil plane access, and b) the recorded images are at low spatial 
frequencies which reduces demands on the resolution of the imaging camera (e. g. a smaller 
camera pixel count is sufficient as compared with the previous demonstrations). Another 
advantage of this method in comparison with conventional IIM is greater stability, due to the 
possibility of a much more compact interferometer, which no longer has to include the 
objective lens and other associated optics. 

2. Structured Illumination 

In previous papers we discussed conventional IIM with an extreme off-axis illumination beam 
(extreme is defined as illumination at an angle beyond the NA of the objective lens) and a 
coherent reference beam, equivalent to the zero-order transmission, reinjected into the 
objective lens Fourier plane using an optical fiber (Fig. 1(a)) [13]. As is easily seen, this is 
equivalent to constructing a Mach-Zehnder interferometer with one arm including the 
objective lens and requiring access to the image pupil plane. This can be difficult in an 
existing microscope system, where the pupil plane is not generally available and ancillary 
optics are required. In this paper, a second, coherent local-oscillator illumination beam at an 
offset angle just within the objective NA is introduced in addition to the extreme off-axis 
illumination to obtain the high frequency partial image (Fig. 1(b)). As seen in the figure, this 
results in building the interferometer in front of the object where there is more convenient 
access and smaller path lengths are possible. The interference between this local-oscillator 
beam and beams diffracted from the off-axis illumination beam and passing through the 
objective provide the high frequency information for the image. However, since the zero-
order and the diffracted beams all pass through the low-NA objective, the image information is 
at low frequencies, < 2NA/λ, e.g. is in a shifted laboratory frame, and signal processing is 
necessary to restore the correct image frequencies. In addition, there are dark field terms 
arising from the interference between the diffracted orders from both illumination beams that 
must be eliminated. The optical and signal processing procedures necessary to achieve the 
final image are discussed below.  
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We begin with a simple mathematical description, first of the extreme off-axis coherent 
illumination microscopy image of the previous IIM experiment (Fig. 1(a)) [13] and then 
extend this mathematical treatment to the present experiment. The total transmission through 
an arbitrary object illuminated by a tilted (off-axis) plane wave (assumed to be periodic on 
large scale to allow Fourier sums rather than Fourier integrals) and the optical system is given 
by: 
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propagating in the z-direction, away from the object. A scalar electromagnetic model is 
adequate since the NA of the microscope system is relatively modest. 
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Taking the square of expression (1) provides the intensity on the imaging camera: 
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Fig. 1. Optical arrangements for (a) conventional IIM with an interferometer that includes 
the objective lens, and (b) structured illumination with the interferometer in front of the 
object. 
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where the three terms on separate lines correspond to (top) a constant term, (middle) the 
imaging terms and (bottom) the dark field cross-correlation image. Subtracting out the dark 
field terms (by taking an image with the reference zero-order blocked so that only the third 
term survives) provides a sub-image that accurately captures the spatial frequency 
components that are transmitted through the optical system. Note that the imaging terms 
(middle line) are at the correct frequencies and that the offset illumination angle has cancelled 
out of the expression except for the filter transmission functions. Changing the illumination 
angle (and the angle of reintroduction) changes the offset allowing recording of a different 
region of frequency space.  

Now consider structural illumination where there are two coherent illumination beams, 
one at the same offset as in the previous example (extreme off-axis, corresponding frequency 
shift denoted as offω and corresponding longitudinal wavenumber denoted as off

γ ). The other 

beam come at the maximum offset allowed by the lens offsetω  <~ NA/λ denoted as NAω  in the 

equation (and the corresponding NA
γ ). Then the fields are:  
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and squaring while taking advantage of the fact that the A0,0 beam is not transmitted to the 
objective image plane while the B0,0 beam is transmitted through the lens gives: 
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The first and the second (in the upper bracket) terms [(5a), (5b)] are just the result of the off-
axis illumination at the edge of the pupil. This sub-image can be measured independently by 
blocking the extreme off axis beam, and subtracted from the sub-image. The third term (5c) is 
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the one we want, the image terms from the extreme off-axis illumination beating against a 
zero-order beam from the second illumination beam; because the zero-order beam is not at the 
correct angle to reset the frequencies to match the object frequencies (adjusted for 
magnification) there is a shift between the observed and the actual image plane frequencies 
that requires signal processing to reset (e.g. we are evaluating the Fourier components at an 
intermediate frequency). The forth term (5d) is the dark field from the extreme off-axis 
illumination. Finally the last term (5e) is the combined dark field from the two illumination 
beams. 

Two approaches to eliminating the unwanted dark-field terms are presented. The first one 
requires blocking just the zero-order beam without making an obstacle to the other diffracted 
information. This can be done by adding a moveable block at the edge the objective pupil as 
shown in Fig. 1. A flow chart schematic of the procedure is shown in Fig. 2. The object is 
illuminated by two beams: one at an extreme off-axis angle (beyond the objective sin-1(NA)) 
and one (local oscillator) with an angle close to sin-1(NA), such that its 0-order transmission is 
captured by the objective lens (Fig. 2(a)). By blocking only the 0-order we obtain the dark 
field image which can be subtracted from the image formed by interference of all of the orders 
from both beams [5(b), 5(d), and 5(e)]. Then we record the low frequency image obtained by 
the local oscillator object illumination with and without the 0-order blocked (Fig. 2(b)). We 
subtract the low frequency image without dark field from mixed image and restore high 
frequency image by shifting frequencies in Fourier space (Fig. 2(c)). The reconstructed image 
can be obtained by adding high frequency images with the low frequency images recorded in 
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Fig. 2. Schematic of structural illumination and restoration algorithms: a) the object is 
illuminated simultaneously by two coherent beams: one at an extreme off-axis angle (green) 
and one (local oscillator, orange) at an angle of ~sin-1(NA) to the normal. High frequencies 
diffracted from the extreme off-axis illumination mix with low frequencies from the local 
oscillator, the dark field of the image is obtained by blocking the 0–order beam in the image 
pupil plane, b) low frequency image/dark field obtained by local oscillator illumination only 
with and without the 0-order blocked c) the dark field of the image is subtracted as well as 
the low frequency image without the dark field. Then frequencies are shifted in Fourier 
space and the total image can be reconstructed by standard IIM procedures: combining high 
and low frequency images. 
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necessary directions or just with on-axis illumination image as was done in the current 
experiment. This procedure is repeated in the orthogonal spatial direction for the Manhattan 
geometry test object; additional images are necessary for objects with arbitrary orientations. 
Appropriate filtering to deal with overlaps in frequency space coverage should be applied as 
has been discussed previously [13]. 

A second method to obtain the same result is to use a zero-order beam reinjected before 
the objective using a beamsplitter (Fig. 3). The beamsplitter is located between the object and 
the objective lens, eliminating all of the diffracted beams associated with the local oscillator, 

0,,0, ≠∀= rpB rp , and simplifying Eq. (5). We subtract the image dark field (recorded with 

blocked reference beam) and reference beam image (recorded with blocked illumination 
beam) using the same procedure described in Ref [8] and then restore high frequency image 
by shifting frequencies in Fourier space (Fig. 2). 

Both methods have advantages and issues. The first arrangement requires access to the 
pupil plane of the system, which can be nontrivial. The second method does not contain the 
first, second and fifth terms ((5a), (5b), (5e)), so no access to the pupil plane is required, but it 
does require a beamsplitter between the object and the optical system which reduces the 
system working distance. Also, there is a possibility of introducing aberrations, especially if 
the beam splitter is at an angle to the optic axis; aberrations can be minimized by using a thin 
pellicle beamsplitter. In this configuration, it is particularly straightforward to use phase-
shifting dark-field retrieval [14,15], as an alternative to blocking the reference zero-order, for 
eliminating the dark-field terms. 

Interferometric methods require setting the phase relationship between the interferometer 
beams. This phase can be set in real time by observing the image of a reference object while 
adjusting the phase of one of the illumination beams. An alternative is to record images with 
an arbitrary phase shift and to evaluate the correct phase using signal processing approaches, 
again with the use of a reference object. MSE methods can be applied for higher precision in 
setting this phase. Even without the use of a reference object, the recorded image has higher 
contrast at the correct phase point, very analogous to the higher contrast observed in an image 
at focus, but this is a somewhat subjective evaluation and is certainly pattern dependent. The 
use of a reference object is a more reliable indicator of the correct phase. 

3.  Experimental results 

For our experiments we use an NA = 0.4 objective with a He-Ne laser illumination source (λ = 
633 nm) so that the Rayleigh resolution (above) is limited to ~ 950 nm. The results of a 
structural illumination experiment with 240 nm critical dimension (CD, equivalent to 
linewidth for these equal line:space structures) along with the corresponding simulations are 
shown in Fig. 4. The mixed image obtained as the result of the two-beam illumination and 
corresponding to the all terms of the Eq. (5) is shown in Figs. 4(a), 4(b); Figs. 4(c), 4(d) are 
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Fig. 3. Structured illumination with extreme off-axis illumination beam (green) and reference 
beam (orange) injected between object and objective lens. 
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the images after subtraction of the dark field and low frequency image, and Figs. 4(e), 4(f) are 
restored high frequency images. 

 

The reconstructed image of 260- and 240-nm CD structures, within the same image field, 
obtained by this method is shown in Fig. 5(a). Figure 5(b) is a crosscut of the image through 
260 nm 240 nm structures compared with a crosscut of the corresponding simulation. A total 
of four offset images, two each in the x- and y-directions, with θill = 53° and 80° were used 
along with a 0.4 NA objective. As discussed previously [13], this configuration provides 
resolution to <~ 240 nm CD. There is overlap in the frequency space coverage between these 
two exposures and frequency space filtering is used to assure a uniform coverage of frequency 

(a)       

 

 

               (b) 0  
1 0 0  2 0 0  3 0 0 4 0 0  

0 

1 0 0  

2 0 0  

 
Fig. 5. (a). reconstructed image of 260- and 240-nm CD structures obtained using the optical 
configuration of Fig. 1 (b); b) crosscut of the image (green) compared with a crosscut of 
corresponding simulation (blue). 
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Fig. 4. (a,b) the mixed image corresponding to the interference of the low and high 
images, (c,d) the image after subtraction dark field and low frequency image, and (e,f) 
restored high frequency image. 
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space. The present Manhattan geometry structure has spectral content concentrated along the 
x- and y-directions, so the offset illuminations were restricted to those directions. It would be 
a simple matter to add additional frequency-space coverage for arbitrarily shaped structures 
by taking additional sub-images with rotation of the object around the (x,y) axes. The spatial 
frequency content of the image covers a wide range as a result of the large box (at 10X the 
linewidth of the line:space structures). 

The reconstructed image of the same structures obtained by the method with the 
beamsplitter is shown in Fig. 6(a) and a crosscut of the image with corresponding simulation 
is shown in Fig. 6(b). 
 

 
The quality of the experimental results for both methods is quite comparable. The first 

method retains a long working distance, but requires access to the imaging system pupil for 
blocking 0-order. The second does not require any modification to the traditional microscopy 
components, but has reduced working distance due to the beamsplitter in front of the 
objective.  

There are some extra features experimentally as compared to the model due to the lack of 
precision in mutual phase determination between the sub-images and speckle effects from the 
coherent illumination. These issues can be reduced by using improved arrangements and 
lower coherence sources. There are other possible alternatives; the optimum choice will 
depend on the specifics of the object and the constraints of specific optical systems. 

4. Conclusions 

In the previous papers we demonstrated the possibility of increasing the resolution of an 
optical microscope with a low-NA objective, and demonstrated experimental results resolving 
a 240-nm CD Manhattan geometry (x, y pattern) object with a 0.4 NA objective at a 
wavelength of 633 nm (R ~ λ/2.9) without tilt of the object plane and of a 180-nm pattern (R ~ 
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Fig. 6. (a). reconstructed image of 260- and 240-nm CD structures (reinjection of zero-order 
between object and objective lens (Fig. 3), b) crosscut of the image (green) compared with a 
crosscut of corresponding simulation (blue). 
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λ/3.52) with tilt of the object plane. However, those results required the construction of a 
Mach-Zehnder interferometer around the lens which led to phase instability and difficulties in 
the adjustment. In addition, access to a relayed imaging-optical Fourier plane was required. 
Here we demonstrate alternative approaches to the same results by introducing the reference 
beam on the front side of the objective, including either a second off-axis illumination beam at 
an incident angle close to the edge of the imaging system NA or a reference beam, injected 
into the objective using a beamsplitter between the object and the objective lens. Both 
procedures require image restoration, since there is an offset in the frequencies necessarily 
associated with passing all of the beams through the low-pass filter of the objective lens NA. 
The first technique retains the long working distance of the low-NA lens, but requires access 
to the illumination system pupil. The method with a beamsplitter between the object and the 
objective lens does not require this access but has shortened working distance as a result of 
accommodating the beamsplitter. In both cases, extension to the tilted object case is 
straightforward, so that the resolution extends to ~ λ/4 and to ~ λ/4n with immersion. The 
demonstrated techniques require only a minimal access to the microscope system which 
makes them much more adaptable to current technology. Specific application areas of interest 
include semiconductor manufacturing metrology and biosensors.  
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