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ABSTRACT 
 

The use of transverse electric (TE) polarization has dominated illumination schemes as selective polarization is 
used for high-NA patterning.  The benefits of TE polarization are clear – the interference of diffracted beams remains 
absolute at oblique angles.   Transverse magnetic (TM) polarization is usually considered less desirable as imaging 
modulation from interference at large angle falls off rapidly as the 1/cosθ.  Significant potential remains, however, for 
the use of TM polarization at large angles when its reflection component is utilized.  By controlling the resist/substrate 
interface reflectivity, high modulation for TM polarization can be maintained for angles up to 90° in the resist.  This can 
potentially impact the design of illumination away from most recent TE-only schemes for oblique imaging angles (high 
NA).  We demonstrate several cases of TM illumination combined with tuned substrate reflectivity for 0.93NA, 1.20NA, 
and 1.35NA and compare results to TE and unpolarized cases.  The goal is to achieve a flat response through polarization 
at large imaging angles.  

An additional application of TM illumination is its potential use for double patterning.  As double patterning 
and double exposure approaches are sought in order to meet the needs of 32nm device generations and beyond, materials 
and process engineering challenges become prohibitive.  We have devised a method for frequency doubling in a single 
exposure using an unconventional means of polarization selection and by making use of the reflective component 
produced at the photoresist/substrate interface.  In doing so, patterns can be deposited into a photoresist film with double 
density.  As an example, using a projection system numerical aperture of 1.20, with water as an immersion fluid,  and a 
conventional polyacrylate 193nm photoresist, pattern resolution at 20nm half-pitch are obtainable (which is 
0.125lambda/NA).  The process to transfer this geometry into a hardmask layer uses conventional materials, including 
the photoresist layer and thin film silicon oxide based materials.   
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1.  INTRODUCTION 
 

Over the past several years, illumination source and photomask optimization has been centered mostly around 
the use of transverse electric (TE) polarization.  The effects of transverse magnetic (TM)  polarization has been quite 
extensively studied and compared to TE polarization 1-5, but little work has been carried out regarding practical imaging 
at very large numerical apertures.  It is well known that optical behavior of a film stack will influence the reflectivity of 
incident light with significant dependence on polarization.  With application to a photoresist stack, a low level of 
reflectivity is normally designed below the resist, generally on the order of 1% or less.  As angles within the film stack 
are increased, the disparity between TE and TM polarization increase, requiring either the selective use of a polarized 
narrow angular bandwidth or a more complex film stack 6.  Where simplicity is normally the goal, a single or dual layer 
anti-reflective coating is targeted and designed most commonly for TE polarization.   
 It is also generally well known that while interference between two TE polarized beams is independent of angle, 
the interference between two TM polarized beams falls off as 1/cos (θ).  This contrast loss in the TM image component 
would normally prevent its use at angles in the photoresist exceeding 30° (a numerical aperture of 0.85 at a k1 of 0.25).  
This analysis assumes only contribution from the incident beams themselves, where any reflected term is suppressed 
through the use of an anti-reflection layer beneath the photoresist.  With a more general consideration of the situation, 
where reflection is allowed, some insight is gained regarding the “untapped” potential within the TM polarized 
component.  Consider the diagram of Figure 1 which shows how each of two interfering beams produce reflected beams  
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from the interface between the propagating media and the substrate.  For the TE image component, the resulting electric 
field in the intersection has only one component along the y direction and can be expressed as: 
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where θ is the incident angle of the beam, k is the wavevector, and E1 and E2 are the amplitudes of the electric fields. 
With TM polarization, the electric field is in the plane of incidence and it has two components along the x and z 
direction. The resultant electric field is: 
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For two-beam interference, typically the two beams have same amplitude and Equations [1] and [2] can be simplified as: 
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The resulting intensity images become:  
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For an absorbing media, the effective refractive index of the media, n’, is defined where:  
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and intensity image fields for interfering TE and TM polarized beams become 4 : 
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where k’ is the effective extinction coefficient of the media (nk/n’) and A is the wave amplitude 7. 

Figure 1.  Four beam interference 
from two incident beams (two 
transmitting beams and two 
reflected beams). 
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Figure 2 shows experimental results for TM polarized imaging at angles in a photoresist film from 20° to 53° 
(corresponding to 0.60NA to 1.35NA at k1 =0.25).  Resist SEM images are shown for half pitch features from 80nm to 
36nmin  thin resist films with BARC layers optimized for reflectivity below 1%.  Images were produced with an 
Amphibian XIS system by varying the numerical aperture across the values depicted.  Simulated images are also shown 
from ILSim 8.  As shown for NA values above 1.20 (corresponding to angles in the resist of 45°), modulation drops to 
zero and then line/space parity reverse.  The results confirm that TM polarization would not be well suited for 
lithography over a low reflective substrate.   
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The above analysis shows how the departure of “scalar-like” behavior occurs at relatively low angles in the 
imaging media.  The analysis is, however, limited to an infinitely thick media slab or a film stack which eliminates 
reflective effects.  If an analysis is carried out to include film stack effects, some interesting, and not so intuitive, 
behavior results.  The goal is then to understand the broader impact of polarized illumination, to determine if the contrast 
loss with TM polarization is necessary, and to identify if such behavior can be taken advantage of. 
 
2.  IMAGING WITH A HIGHLY REFLECTIVE SUBSTRATE 
 

Analysis thus far has used the assumption that a standing wave effect is negligible.  The root cause of standing 
wave is identical to two-beam interference.  The reflected beam interferes with the incident beam, which results in 
standing waves along the direction normal to the wafer surface.  As Figure 1 shows, a situation with reflection being 
maximized would be quite different.  If E1 and E2 are the two incident waves and they have same polarization state then 
R1 and R2 are the two reflected waves respectively.   E1 with R2 and E2 with R1 will form two pairs of counter-
propagating waves if the two incident beams are symmetrical.  The amplitude of the reflected beams is comparable with 
the amplitude of the incident waves when the substrate is highly reflective.  The counter-propagating waves will interfere 
regardless of the polarization state of the incident waves. This results in a four-beam interference situation. 

Figure 3 compares TE polarized imaging to TM polarized imaging for three interference angles, 28°, 35°, and 
45° over a reflective substrate 9.  The corresponding half-pitch resolution values for these three angles are 60nm, 50nm, 
and 40nm respectively.  For the TE case, the central portion of each plot represents the line regions iof the image, which 
exhibit strong standing waves effects.  As expected, the z-nodal spacing increases and the x-nodal spacing decreases with 
increasing angle.  The modulation across x-nodes for the 45° case is approximately 0.86.  For the TM case, a strong anti-
node develops with increasing angle at the diagonal cross section of z and x nodes.  At a 45° angle, these anti-nodes can 

Figure 2.  Modulation vs. interference angle (NA) for TM polarized imaging in a thin resist with 
reflection eliminated.  Image reversal occurs as the interfering angle exceeds 45°.   
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possess as much intensity as the nodes, resulting in a spatially averaged modulation of zero between line regions and 
space regions.  If, however, regions are selected which contain just one node, high modulation can be maintained.  For 
example, if the first node is isolated by using a resist with a thickness of: 
 

n
t

22
λ

=  ,      [10] 

 
corresponding to a 40nm thickness (assuming a resist refractive index of 1.71, a wavelength of 193nm), the modulation 
become 0.76, nearly as high as could be achieved using TE polarization.   
 

 
 
2.1 Analysis of TE and TM cases with reflection  
 

For four-beam interference with TE polarization, the reflected wave can be exactly in-phase or out-of-phase 
with the incident wave.  Assuming the amplitude of the incident wave is E0, the sum of the two incident waves is: 
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If the reflectivity is rTE at the interface, the sum of the two reflected waves resulting from the incident waves is: 
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The total electric field resulting from the incident and reflected waves is: 
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For four-beam interference with TM polarization, the analysis is more complicated  due to the x and z components of the 
wave.  With the z dependent phase factor in the expression, we have the sum of the two incident waves: 
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where ETM0 is the amplitude of the incident wave. The total electric field resulting from the reflected waves becomes: 

Figure 3.  Comparison of 
interference using TE and TM  
polarization with a reflective 
substrate, showing how the 
intensity at the first node of TM 
interference can be driven to zero, 
resulting in high modulation and 
contrast recovery.   
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As a result, the intensity is a function of both x and z regardless of the polarization state.  To see how the contrast lost 
with TM polarization can be recovered, we can examine a simple case where rTM equals 1 and drop the common term.  
The electric field can then be written as: 
 

( ) ( ) ( ) zkxkzxkxkzE
totalTM ˆsin)sinsin(coscosˆcossincoscossin θθθ−θθθ= .  [16] 

 
If a value of z is chosen so that sin(kzcosθ) is equal to cos(kzcosθ) are equal, Equations 4 and 15 are similar to each 
other and the resulting contrast is zero. However, if sin(kzcosθ) is zero and cos(kzcosθ) is unity, Equation 16 becomes 
similar with Equation 3 and full interference can be achieved.   Thus the contrast from TM polarization approaches 
“scalar-like” behavior and can be recovered, regardless of angle.   
 
2.2 Contrast recovery for TM imaging 
 

To illustrate how modulation of TM imaging can be recovered by high reflection, we consider TM imaging with no 
reflection, such as that shown in at 1.20NA in Figure 2. The wave propagating angle in the resist is 45°. The two incident 
waves have electric fields perpendicular to each other, therefore no interference occurs and there is no modulation in this 
case.   As shown above, when the substrate is highly reflective, the contrast can be recovered at certain values of z.   If 
the resist absorbance is neglected for simplicity, Equation 14 can be used to calculate the TM image contrast for various 
reflection values. The highest contrast that can be achieved with an angle in the resist of 45° is shown in Figure 4.  
Contrast greater than 90% can be achieved with reflection above 40%.   This can be achieved with Al or Si as underlying 
substrates. 
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 Figure 5 shows simulated results 9 for 40nm half-pitch imaging using a photoresist with a refractive index of 
1.71, a numerical aperture of 1.35, and TM polarized dipole illumination (0.90 center sigma and 0.10 radius sigma).  An 
aluminum substrate is used below a 40nm photoresist layer.  Alternative to capturing the first node, imaging of other odd 
harmonic nodes is also possible using an index matched layer between the resist and the substrate, such as low absorbing 
dielectric or polymeric film.    In this case, the total film stack thickness is 40M nm, where M is an odd integer multiple 

Figure 4.  The contrast recovery 
possible for a 45° interference 
angle as a function of reflection.     
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representing the number of nodes or harmonics captured.  The figure illustrates the latent image in the photoresist and the 
developed image, which both exhibit image quality comparable to TE cases.   
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figures 6 and 7 are comparisons of modulation and SEM image plots for imaging of 40nm half pitch features in 
a thin resist layer (JSR ARX2928JN) using an Amphibian XIS system at 1.20 NA (45° in the resist).  Figure 6 shows 
results where reflection is eliminated (using a Brewer Science AR29A BARC), where contrast falls off rapidly as 
polarization angle changes from 0° (TE) to 90°(TM).  Figure 7 shows results where high reflection is utilized by coating 
the resist over bare silicon (44% reflective), showing a high degree of modulation that is maintained through 
polarization.  In fact, the calculated surface modulation is a conservative measurement, where a higher contrast can be 
achieved at a depth into the resist film.  This may be a more realistic value, which would result in a flatter modulation vs. 
polarization plot.  If the maximum modulation were measure for each case, a value near 1.0 could be maintained 
throughout.  

  

Figure 5.  TM images a 40nm resist layer and a reflective substrate.   

Figure 6.  Plot of modulation 
vs. polarization along with 
SEM images for 40nm hp 
imaging with the reflection 
beneath the photoresist 
eliminated. 
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 As Figure 4 shows, the influence that substrate reflectivity has to TM image contrast is relatively small as 
reflectivity values exceed 40%.  Figure 8 shows a plot of CD error vs. substrate reflectivity for a resist stack optimized 
over an aluminum under layer (89% reflective).  The error is relatively low for low variations in reflectivity, which can 
be easily achieved.  Figure 9 shows the dose sensitivity to pitch, which has the potential to add variability to the 
lithography process.  This is a direct consequence of the variation in the intensity distribution between nodes and 
antinodes distributed within the photoresist layer.  As shown in Figure 10, there is an ideal resist refractive index based 
on the targeted pitch that is being imaged, which results in a 45° interference angle in the resist.  The ideal refractive 
index is: 
 

hp
nPR 2

5.0 λ
=        [17] 

            
which suggests that a higher refractive index is desirable for smaller geometry when TM or unpolarized illumination is 
used 2.  
 In addition to the imaging examples shown above, series of experiments have been carried out at 0.93NA for 
52nm half pitch imaging and 1.35NA for 36nm half pitch imaging.  Similar conclusions can be drawn, and the contrast 
of the TM image state can be recovered using a thin imaging layer over a reflective substrate.  Figures 11 and 12 show 
the results.  With regard to the 36nm case, it should be noted that the limitations of the resist are being reached, where a 
modulation of 0.5 or greater is likely required to be achieve adequate printing of image into resist.   
 
2.3. Applications to unpolarized imaging 
 

One possible application of this method of TM contrast recovery is in the use with an illumination scheme which 
would not require selective polarization.  The advantages would be quite obvious.  If unpolarized illumination could be 
used, decomposition of a mask into x and y components would not be necessary.  A single exposure using a cross 
quadrupole aperture and unpolarized illumination may be possible.  Figure 13 shows the simulated results for a TM 
polarized dipole illuminator (0.90/0.10) and an unpolarized cross quadrupole illuminator of the same settings.  The plots 
show CD variation through focus (for 40nm half pitch) with 6% dose variation for the dipole and 10% dose variation for 
the cross quad.  Although the resist profile for the cross quad is quite shallow, there is significant dose latitude and DOF 
compared to the TM dipole.  Comparatively, no exposure latitude or DOF is possible using a conventional scheme with a 
BARC layer.   

Figure 7.  Plot of modulation 
vs. polarization along with 
SEM images for 40nm hp 
imaging with the reflection 
beneath the photoresist 
enhanced. 
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Figure 8.  Plot of %CD error 
vs. substrate reflectivity, 
showing relative 
insensitivity to small 
variations at the resist 
substrate interface. 

Figure 9.  Plot of resist dose 
to size vs. half pitch, 
showing the sensitivity of 
imaging to the interference 
angle in the photoresist. 

Figure 10.  Plot of resist 
refractive index vs. half 
pitch, showing how the 
ideal index is 
determined when the 
interference angle is 
45° in the resist. 
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Figure 11.  Plot of 
modulation vs. polarization 
along with SEM images for 
52nm hp imaging with the 
reflection beneath the 
photoresist enhanced. 

Figure 12.  Plot of 
modulation vs. polarization 
along with SEM images for 
36nm hp imaging with the 
reflection beneath the 
photoresist enhanced. 
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3.  APPLICATIONS TO FREQUENCY DOUBLED IMAGING 
 
 
 The creation of interference nodes and anti nodes in a semitransparent film provides opportunities for 
alternative nanolithography schemes.  This may include the imaging of nanospheres or nanorods, as described in an 
earlier paper 4.  Alternatively, a scheme like that shown in Figures 14 and 15 could be envisioned.  By making use of the 
reflectance present at the interface below a photoresist layer, four-beam interference can result from two incident beams.  
Through TM polarization, a phase inversion is created, resulting in the deposition of a frequency doubled pattern through 
the film.  By engineering a photoresist stack and processing, a frequency doubled pattern can be projected toward the 
substrate.  Figure 14 shows a stack to take advantage of this concept.  A thin imageing layer is coated over an index 
matched layer, which has beneath it a second photoresist layer and a thick index matched film.  The substrate is 
reflective, as before, using aluminum, silicon, or the like.  At a 193nm wavelength, 40nm half-pitch imaging results in an 
interference angle of 45° in the photoresist (assuming an index of 1.71).  Illumination is carried out with a TM polarized 
dipole, as before.  Figure 15 shows the multi-step process that would be carried out to enable both the node and antinode 
regions to project onto the underlying dielectric layer, providing for a frequency doubled pitch of 40nm (and half-pitch 
or 20 nm).  Challenges include the ability of the second photoresist film to tolerate the processing steps carried out over 
top of it, as well as the process compatibility of each layer.  Index matching is less of a problem as these materials are 
already currently available.  This scheme is an alternative one to the variety of chemistry based double patterning 
schemes that are being pursued today. 
 
 
 
 
 
 

Figure 13.  Focus exposure comparisons for TM dipole and unpolarized cross quadrupole illumination using a thin 
resist over a reflective substrate. 
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4.  CONCLUSIONS 

 
 We have demonstrated that fundamental imaging with TE and TM polarization is quite different, especially at 
very large angles.  The contrast loss due to TM polarization is not intrinsic and can be recovered to scalar-like behavior 
in first or odd multiple nodes.  Although challenging, an illumination source may not have to be polarized for imaging at 
high NA.  It also follows that high index resists may be desirable for TM and unpolarized imaging.  Finally, a frequency 

Figure 14.  Imaging 
stack concept for 
polarization based 
frequency doubling 
scheme. 

Figure 15.  Process sequence concept for polarization based frequency doubling scheme. 
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doubling concept using a single exposure has been introduced.  The process complexity is not necessarily increased 
compared to current chemistry based double patterning approaches 
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