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Soft x-ray 

projection 

lithography 
By the Bell Lab Soft X-ray Projection 
Lithography Group* 

A s the VLSI (very large scale integration) industry 
demands cameras that can produce images of 
ever greater resolution, lithographic technology 
has responded by developing lenses capable of 

diffraction limited imaging. When the need arose for sub-
half micron features, the industry sought higher resolution 
by using shorter wavelengths, the near UV in the mercury 
i-line at 365 nm, and soon the deep UV using excimer lasers 
at 248 nm and, eventually, perhaps even 193 nm. However, 
as we increase resolution we decrease the depth of focus, 
and patterns produced by poorly focused imaging is a 
major source of defects in the final circuits. The relation
ships for resolution, Res, and depth of focus, DOF, are given 
by the well known formulae: 

where λ is the wavelength, NA is the numerical aperture of 
the projection lens—usually between 0.4 and 0.5—and K1 is 
a constant determined by practical considerations like 
resist contrast and processing details, and may range from 
0.8 to 0.6 when using conventional masks that have opaque 
patterns and 0.5 or less when using phase masks. The value 
of K 2 also depends on processing details, but is typically 
equal to 0.5 and somewhat greater. 

It is impossible to push the wavelength of ordinary lenses 
to much shorter wavelengths. Quartz becomes opaque at 
wavelengths in the 150 nm range. To achieve greater 
resolution by increasing the numerical aperture reduces 
the depth of focus. For high resolution, the DOF becomes so 
small that it is necessary to planarize the surfaces, an 
expensive operation. 

To achieve projection lithography with a tenth micron 
resolution, and using K1 = 0.8 and K 2 = 0.5, we must go to 
much shorter wavelengths. Figure 1 plots regions of sub 
tenth micron resolution and DOF greater than ± 0.5 µm vs. 
the numerical aperture and the wavelength. The cross-
hatched regions are where both conditions are satisfied. 

To make a tenth micron projection system with a sizeable 
DOF, we are compelled to make a camera that works in the 
soft x-ray region below several tens of nm in wavelength. 
Since we ultimately want to make a printer that is produc
tion worthy, we must choose a wavelength with which we 
can produce a large quantity of quality product. Wavelength 
will be determined by factors like resist sensitivity, camera 
losses, and x-ray source power. As we will see later, the best 
compromise between these factors is in the 10-15 nm range, 
with 13-14 nm being the current favorite because of our 
ability to make mirrors that have high reflectivity in that 
region. 

Experiments 
Experiments to test feasibility of x-ray projection lithography 
at 14 nm have been done by our group at Bell Labs.1 One of 

*The Bell Lab Soft X-ray Projection Lithography Group 
comes from the research and the development areas 
bringing together experience in optical lithography, laser 
physics, electron microscopy, thin films, lens design, etc. 
The purpose of their project is to determine, by theoretical 
and experimental studies, if soft x-ray projection is a 
practical solution for the needs of the VLSI industry when, 
near the end of the decade, it is anticipated that a tenth 
micron lithography will required. The background of most 
of the team is that of an individual scientific investigator 
and this is their first experience as part of a large group 
effort. 

J.E. Bjorkholm, J. Bokor, L. Eichner, R.R. Freeman, W.M. 
Mansfield, L. Szeto, D.W. Taylor, D.M. Tennant, 0. R. Wood 
II—AT&T Bell Laboratories, Crawfords Corner Road, Holmdel, 
N.J. 07733. T.E. Jewell, D. L. White, W.K. Waskiewicz, D. L. 
Windt—AT&T Bell Laboratories, 600 Mountain Avenue, 
Murray Hill, N.J. 07974. A.A. MacDowell—AT&T Bell Labo
ratories, 510 E. Brookhaven Lab, Upton, N.Y. 11973. 

May 1991 Optics & Photonics News 27 



HIGH PRECISION ENGINEERING & METROLOGY 

our experimental configurations is shown in Figure 2. The x-
ray camera was a 20X Schwarzschi ld built by GCA Tropel. The 
mirrors were coated with molybdenum-si l icon mult i layers to 
form a high reflectivity coat ing (48%) at 13.8 nm. Transmis
s ion masks were used—both open stenci l and a heavy 
element absorber on a relat ively transparent s i l icon mem
brane. The camera had a numerical aperture of NA = 0.1. 

The mask was i l luminated by a beam of x-rays from the 
undulator of the NSLS Vacuum Ultraviolet synchro t ron at 
the Brookhaven National Labs. This type of radiat ion is 
essential ly coherent, so in equat ion 
(1) we would use K1 = 0.5, giving a 
resolut ion of 0.07 µm. Qual i ty 0.1 µm 
lines and spaces were pr inted in P M M A 
resist. By opening the aperture to N A 
= 0.15, we observed 0.05 µm lines and 
spaces, as shown in Figure 3. This ex
periment showed that a camera using 
mult i layer coated mir rors is capable 
of pr in t ing near d i f f ract ion l imi ted 
features. 

A Schwarzsch i ld camera is not a 
pract ical system for product ion. But 
the experiment is an existence proof 
that the goal of x-ray imaging wi th mul
ti layer mirrors is not impossib le. Since 
practical c a m e r a s w i l l r e q u i r e 
mult i layers, this is an important result. 

Practical projection cameras 
To be a pract ical pr inter, an x-ray project ion camera must 
produce a product better than any other method. As we 
look forward, we see that quarter m ic ron l i thography wi l l 
be needed for mass product ion wel l before the end of the 
decade and tenth mic ron l i thography somet ime after. 

It is bel ieved that ultraviolet step and repeat cameras 
using phase masks wi l l be extended to 0.3 µm, perhaps 
sl ight ly below, but wi th restr ic t ions in pattern geometries. 
Deep UV may be extended to quarter micron, perhaps even 
sl ight ly below 0.2 µm. However, it wi l l be very diff icult for 
even deep UV wi th phase masks to be pushed down to a 
tenth of a micron. 

Prox imi ty x-rays is theoret ical ly capable of a quarter 
m ic ron l i thography and by shr ink ing the gap between the 
mask and the wafer to 5 µm, it cou ld be pushed to a tenth 
mic ron . However, the l imitat ion on prox imi ty x-rays is that 
of making a 1:1 mask. Unless a breakthrough in mask 
making occurs , we cannot expect prox imi ty x-rays to be 
extended much lower than a quarter mic ron . 

E-beams certainly can write tenth micron patterns, but 
conventional e-beams have very low throughput. They cannot 
be made fast enough for mass product ion. There are projec
tion e-beams, such as SCALPEL, but they are new and unde
veloped, and their development wi l l no doubt proceed in 
parallel and, possibly, in competit ion with projection x-rays. 2 

Since development of an ent irely new technology is very 
expensive, it seems prudent to design for a performance 
that cannot be achieved by a reasonable extrapolat ion of 
exist ing methods, i.e., a pract ical pr inter must have both 
high resolut ion, about 0.1 µm, and high throughput, per
haps one c m 2 / s e c on s i l icon. This performance would be 
needed by the turn of the century. Furthermore, s ince chip 

Figure 1. The numerical apertures and wavelengths needed to 
obtain both high resolution and a large depth of focus. 

Figure 2. A Schwarzschild objective modified for use with 14 nm x-rays. 
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size increases with time, it must be capable of printing 
fields of several square cm. 

The camera may have four mirrors, have reduction, and 
perhaps use a reflective mask. No large area all reflective 
projection systems are known.3 To print large chips, the 
camera would have to be a scanner, in which a long thin 
strip is imaged on the wafer, and by moving the mask and 
wafer simultaneously, the image sweeps out a large area on 
the wafer. 

Throughput 
A practical printer is one that can expose silicon at a high 
rate, say one cm2/sec. The cameras invariably have consid
erable loss, so the source must be powerful and the resist 
must be sensitive. 

Transmission loss through the system is minimized by 
using mirrors with as high a reflectivity as possible. At 
present, we can make good multilayer coatings in the 13-14 
nm range. Thus, if each mirror has a reflectivity of 60% and 
there are five surfaces—four mirrors in the camera and one 
on the mask—the system will transmit only 7.8% of the 
radiation incident on the mask. 

In this wavelength range, all of the incident radiation is 
absorbed in the top 0.2-0.4 µm of the resist, so the resists 

are very sensitive. It seems likely that a quality resist will be 
developed that has a sensitivity in the 1-10 millijoules/cm2 

range. Thus, if we have an x-ray resist with a sensitivity of 
5 millijoules/cm2, and 7.8% of the incident radiation is 
transmitted through the camera system, we would need to 
illuminate the mask with at least 64 milliwatts of x-ray 
power in the transmission band of the camera to expose the 
wafer at a rate of one cm2/sec. 

Most sources are broadband, but multilayer mirrors are 
Bragg reflectors and have a narrow passband. For five 
multilayer mirrors in series, a bandwidth of about 2-2.5% 
seems normal. A synchrotron can supply several tens of 
milliwatts in this bandwidth and may have sufficient power. 
While compact synchrotrons may become available (and 
reliable), laser produced plasmas are an alternate source 
that has attractions. A laser pulse focused to a small spot, 
say 100 µm, produces a high temperature plasma that 
radiates a broad band of x-rays. While the efficiency of laser 
plasmas depend on many factors, it seems that perhaps as 
much as 0.5-1% of the laser power might be converted into 
x-rays in the desired transmission band. If the condenser is 
capable of delivering 10% of the power to the mask, we 
would need a laser power of at least 100 watts. This type of 
power is available, but would have to be produced at a high 
repetition rate if the camera is a scanning system. 

The main problem in the system is in making the camera 
and the mirrors. Mirrors must have a surface figure accu
rate to at least an twentieth of a wavelength or about 0.6 nm 
to produce good imaging. To make high reflectivity 
multilayers, the roughness of the surface must be less than 
0.1-0.2 nm. Furthermore, at least some of the mirrors will be 
aspheres. This presents a formidable problem in fabrication. 
In order to make mirrors to such precision, there must be 
a metrology capable of measuring these surfaces. 

Present measurement techniques, like Phase Measure
ment Interferometers and possibly profilometers, might be 
improved to measure surfaces to such accuracy. However, 
multilayer mirrors will eventually have to be measured at 
the wavelength where the mirrors reflect. Multilayers are 
resonant structures that may show phase and amplitude 
anomalies at 13 nm that are not apparent with visible light. 
Thus an x-ray metrology must be developed, and may 
include x-ray interferometers. 

There are many problems to be solved in making a 
practical x-ray projection printer, and this will require 
considerable investment in money and time. However, 
nothing has been encountered that says the problems are 
insolvable. 
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Figure 3. 0.05 µm lines and spaces in PMMA obtained with 14 nm x-ray 
projection. 
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Precision 

measurements on 

optical fibers 
By Douglas L. Franzen 

A s the optical fiber industry matures, the precision 
and accuracy of measurements improve to further 
reduce cost and enhance performance. The dives
titure of AT&T has resulted in a multivendor mar

ketplace that must rely on common measurement tech
niques to ensure product compatibility. Such a set of volun
tary standards has been a goal of the Telecommunication 
Industries Association (TIA). Their standards provide a 
system of documentation to efficiently procure fiber and 
other lightwave components. 

Attenuation 
The industry has moved from a predominance of multi-
mode fiber in the early 1980s to single-mode fiber at present. 
This has resulted in improved measurement accuracy for 
those parameters that are mode dependent. For example, 
attenuation of multimode fibers depends on the launching 
conditions or mode excitation. A TIA/NIST industry round 
robin to determine multimode fiber attenuation using con
trolled launching conditions gave a one standard deviation 
spread of 0.23 dB/km for fibers with attenuations in the 
range of 2.3-3.9 dB/km. 1 Interlaboratory agreement for 
single-mode fiber attenuation has not been a problem and 
consequently was never the subject of TIA/NIST evaluation. 
When NIST has compared single-mode attenuation mea
surements with other laboratories, the disagreements have 
generally been less than 0.01 dB/km for attenuations in the 

range of 0.3-0.5 dB/km. The single-mode reference test 
bench of one major manufacturer has a repeatability (one 
standard deviation) of 0.004 dB/km for attenuation mea
surements on 2 km lengths of fiber. In comparison, the 
repeatability of their multimode reference test bench for 
similar measurements is 0.02 dB/km. 2 

Other important measurement quantities for single-mode 
fiber include mode-field diameter, cut-off wavelength, and 
geometry. Measurement agreement obtained in past TIA/ 
NIST interlaboratory comparisons is summarized in Table 
1. Are present measurements for these quantities suffi
ciently accurate to meet industry needs? 

Mode-field diameter 
Mode-field diameter (MFD) is a measure of the fundamental 
mode size in single-mode fibers. For Gaussian profiles, it is 
the diameter where the normalized intensity has decreased 
to 1/e2. A mismatch in mode-field diameter at a fiber joint 
results in an intrinsic loss. For example, a mismatch of 10% 
(1 µm out of 10 µm) in mode-field diameter results in a loss 
of 0.043 dB. This is significant since fibers can be spliced 
with a mean loss of only 0.03 dB. 

An early TIA/NIST interlaboratory comparison indicated 
discrepancies of approximately 0.7 µm between commonly 
used far-field measurement methods at wavelengths far from 
cut-off (1550 nm and dispersion un-shifted fiber).3 Those 
measurements assumed a Gaussian mode-field profile. While 
this assumption is good enough for common dispersion un
shifted fibers near their cut-off wavelength, it is not 
sufficiently accurate for other wavelengths or fiber classes. 

The currently used Petermann definition of mode-field 
diameter, based on far-field moments, does not assume a 
particular functional shape. It accurately predicts splice 
loss for all fiber classes of interest and, moreover, reduces 
to the Gaussian definition when the mode-field is actually 
Gaussian. A second interlaboratory comparison using the 
Petermann definition with essentially the same participants 
gave results that reduced the previous 0.7 µm offset to 0.05 
µm. 4 The TIA far-field scan and knife-edge measurement 
methods for mode-field diameter—FOTPs 164, 167, and 
174—now require the use qf the Petermann definition.5 

This, along with certain hardware recommendations, has, 

Table 1: Measurement Spread Observed in TIA/NIST 
Comparisons 

Parameter One Std. Dev. Nominal Value 

Mode-Field Diameter 0.11 µm 10 µm 
Cut-Off Wavelength 6-12 nm 1250 nm 
Cladding Diameter 0.4 µm 125 µm 
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