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This sculpture was 
created by Dr. David 
Makow from thin-film-
coated glass designed 
and produced in the 
Thin Films Group of 
the National Research 
Council of Canada. 
The coatings on all 
the glass surfaces are 
identical. Additional 
photos are available 
at: www.quantic.
ca/Makow/. Photo  
by Harry Turner.
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For the past 50 years, the Thin Films Group of the National Research Council (NRC) in Canada has 
successfully developed optical interference coatings that have changed the fabric of our lives. The coatings 
have been used for everything from protecting paper currency against counterfeiting, to increasing the 
contrast and efficiency of organic LEDs, to forming components of artificial vision systems used in space 
shuttles. This article reflects on NRC’s past successes, current challenges and future directions. 

50 Years of   

Optical  
Interference  
Coatings at the  

National Research Council of Canada

he National Research 
Council (NRC) of Canada 
began its work on optical 
thin film interference 
coatings in 1956. The first 
refereed paper published 

from the Thin Films Group appeared 
in the Journal of the Optical Society of 
America in 1959. It dealt with narrow-

band interference filters based on mica 
spacers with half-widths as narrow as 1 Å.  

The group grew from one person to 
18 people at its peak. Nowadays, about 
10 scientists and technicians work in the 
optical thin films field within the Group 
of Epitaxial and Multilayered Materials 
at the Institute for Microstructural 
Sciences at the NRC. Although the group 

is always embarking on new projects, 
it also continues to build upon its past 
endeavors; we believe it is important not 
to lose skills that took many decades to 
acquire.

The group’s research areas have been in 
thin film coating design, the development 
of advanced deposition processes and thin 
film applications.  

T
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The minus filter method developed at the NRC is based on the superposition  
of filters that transmit all the incident light except in a narrow spectral region. 

Solutions found by the (left) comprehensive search, (center) gradual evolution, and (right) 
minus filter synthesis methods developed at the NRC. The top and bottom rows show 
the targets and calculated performances, and the refractive index profiles, respectively, 
for (left) a wide-angle antireflection coating for the He-Ne laser wavelength, (center) for a 
linear filter, and (right) for a triangular filter.

which the transmittance varied linearly 
from 0 at 0.4 mm, to 1.0 at 0.55 mm, to 
0.0 at 0.7 mm. 

Pegis, Delano, Sossi and Kard de-
scribed inverse Fourier transform meth-
ods for thin film design that could find 
the refractive index profile of an inhomo-
geneous layer with the required varia-
tion of transmittance or reflectance with 
wavelength, providing that this variation 
could be expressed in terms of an analyti-
cal function that could be integrated. 

This development was simultaneously 
promising and very limiting, because it is 
difficult to find analytical functions that 
describe the sometimes very complicated 
spectral curves required for real problems. 
In 1978, NRC researchers developed 
a numerical inverse Fourier transform 
method that accepted tabular input of 
the required performance. This was the 
first time it was possible to design a filter 
with almost any spectral transmittance 
or reflectance curve for a normal inci-
dence of light, provided that the spectral 
region over which the curve is defined is 
not excessive. The inhomogeneous layer 
solutions could readily be transformed 
into multilayer systems consisting of two 
or more materials. A typical example 
is a filter with a spectral transmittance 
that corresponds to the silhouette of the 
Parliament Buildings in Ottawa.

The group has also developed its own 
versions of Bill Southwell’s “flip-flop” 
method and Alexander Tikhonravov’s 
“needle” method with powerful features 
that did not exist at that time in the origi-
nal programs.    

We’ve also created procedures that 
made possible the design of filters with 
specifications in two or more widely sepa-
rated wavelength regions. In the 1990s, 
the group developed several proprietary 
thin film design programs, including 
TFDesign (for DOS-based computers) 
and the very versatile TFArchitect (for the 
Windows environment).

The Thin Films Group is continu-
ing its work on thin film design tools. 
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six layers at a time were added to the 
system until the number of construction 
parameters and the overall system 
thickness were large enough to find a 
satisfactory solution to the problem. 
However, that solution could no longer 
be guaranteed to be a global minimum.  
A filter in which the reflectance varied in 
a linear manner from 1.0 to 0.0 in the 
0.4 to 0.7 mm spectral region is a typical 
early result.  

The minus filter method developed 
at the NRC and published in 1973 is 
based on the superposition of filters that 
transmit all the incident light except 
in a narrow spectral region. The center 
wavelength, half-width and attenua-
tion of such regions can be selected at 
will. The desired transmittance curve 
is decomposed into a series of notches 
corresponding to minus filters, which can 
then be superimposed on each other on 
one or two sides of a substrate and refined 
for further improvements. A typical result 
obtained by this method was a filter in 

Thin film design
The group’s early work focused on the 
design of optical interference filters, and 
this activity is ongoing. The group was 
an early pioneer in the design of thin 
film synthesis methods that required no 
starting designs, or only rudimentary 
ones. The first paper on this topic was 
published in 1965 and described the 
comprehensive search and gradual evolu-
tion methods.  

The comprehensive search method was 
designed to find global minimum solu-
tions to problems. However, it was very 
computation-intensive at that time, and 
could only be applied to problems that 
could be solved with a relatively small 
number of layers. A typical example is an 
antireflection coating for the He-Ne laser 
wavelength with an average reflectance 
smaller than 1 percent for all angles up 
to 60°. 

The gradual evolution method could 
be applied to problems that required 
many more layers for a solution. Up to 
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[ Solutions to thin film problems from methods developed at the NRC ]
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The software implementation of the 
numerical inverse Fourier transform 
synthesis method has evolved into one 
of the group’s most powerful thin film 
design programs. It has changed beyond 
recognition from the version that was 
first described in 1978. It incorporates 
many new features, including a procedure 
that corrects for the approximate nature 
of the Q-functions used in the Fourier 
transform design process; refractive index 
and thickness refinement of dispersive 
inhomogeneous and homogeneous layer 
solutions; a needle procedure based on 
analytical derivatives with variable refrac-
tive index needles; phase optimization 
in the Fourier transform and refine-
ment processes; frequency filtering for 
AR coating design and design cleaning; 
special procedures for the optimization 
of the performance of wavelength-divi-
sion-multiplex (WDM) bandpass filters. 
The Fourier transform thin film synthesis 
program has been used to investigate 
the important question of the overall 
required optical thickness for the solution 
of various design problems and of the 
robustness of solutions. 

All these numerical tools have been 
used to design special coatings, from 
WDM filters to solar blind coatings, 
gain equalization filters, polarizing 
long-wavelength cut-off filters, various 
non-polarizing beam splitters, bandpass 
and cutoff filters based on frustrated 
total internal reflection, long wavelength 
cutoff filters, tunable bandpass filters, 
and broadband wide-angle AR coatings. 
Prototypes of many of these devices 
have been produced on the group’s 
deposition systems. In collaboration 
with other colleagues at the Institute for 
Microstructural Sciences, the Thin Film 
Group has worked to produce materials 
with extremely low refractive indices. 

Precise manufacture of optical 
multilayer coatings
After the initial successes in optical thin 
film design, the group turned its at-
tention to improving manufacturing 
processes. This is because the design 
techniques quickly outpaced the capabili-
ties of the available coating equipment. 

Left: Picture from the cover of Applied Optics in which the numerical inverse Fourier trans-
form method was first described in 1978. Right: A recently designed gain equalization 
filter with reduced sensitivity to a specified set of random thickness errors; the filter had  
a 98 percent chance of being produced within tolerance [Appl. Opt. 41, 3092-6 (2002)]. 

Left: Theoretical and experimental reflectances of (top) a broadband, wide-angle antire-
flection coating of a glass/glass interface, and (bottom) a wide-angle antireflection coat-
ing for a silcon/air interface based on Reststrahlen materials. Right: An electron-beam-
etched photonic crystal material with an expected refractive index of 1.07 produced at 
the NRC. Such refractive indices are needed for broadband, wide-angle antireflection 
coatings of glass surfaces in air. Private communication: J. Lapointe, G. Aers, D. Dalacu, 
J.A. Dobrowolski, 2007.  
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[ The numerical inverse Fourier transform method ]
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At that time, the equipment frequently 
produced coatings that were quite porous 
and consequently changed their proper-
ties when exposed to the atmosphere. 

Further, the systems normally 
controlled the thicknesses of the layers 
using rather primitive quartz crystals or 
the quarter-wave monitoring method. 
However, the thin film designs frequently 
consisted of many layers of two or more 
coating materials with non-quarter-wave 
thicknesses. Thus, we needed to overcome 
several problems in order to take full 
advantage of the promising design results.  

First, it was necessary to find ways 
to monitor the thicknesses of non-quar-
ter-wave layers in real time. The NRC 
developed a system with rotating sources 
in the early 1970s in which quarter-wave 
layers were monitored on a witness sam-
ple that was placed next to the substrate. 
An adjustable, rotating shutter in front of 
the substrate intercepted predetermined 
fractions of the incident vapor. 

This system worked well, but could 
not be adapted to the deposition of hard 
coatings that required higher energy 
deposition processes. Therefore, we 
developed the most sensitive wavelength 
monitoring method for this application. 
Meanwhile, other groups around the 
world were working on similar problems. 
Emile Pelletier and his colleagues in Mar-
seille were at the forefront of this work 
and perfected the wide-band monitoring 
technique, which was eventually applied 
in NRC equipment.  

Second, it was also crucial to find 
deposition processes that yielded dense 
coatings. There was no point in spending 
a lot of time and effort producing accu-
rate coatings if their performance would 
deteriorate upon exposure to the atmo-
sphere. Researchers around the world 
were investigating ion-assisted evapora-
tion, ion plating and various RF- and 
AC-magnetron sputtering processes. After 
watching these developments, the group 
purchased an ion-plating system and 
designed an RF-magnetron sputtering 
system to its own specifications. Both sys-
tems yielded dense coatings of excellent 
quality, but the steady deposition rate and 
the repeatability of magnetron sputtering 

[ Li Li polarizing beam splitter and rugate minus filter  ]

The beam splitter and filter were produced on the AC magnetron system shown above. 
Left: Calculated performance for s- and p-polarized light of a Li Li polarizing beam split-
ter that is effective over a very broad spectral region and wide angular field. Right: Calcu-
lated and measured transmittance of a rugate minus filter and its refractive index profile. 

[ AC-magnetron sputtering system ]

NRC’s fully automatic AC magnetron system for the deposition of precise, complex 
multilayer systems. Left: Schematic view of the system. Right: Non-polarizing long-wave-
length cut-off filter for use at 45º produced on this equipment. (Top) Calculated perfor-
mance for s- and p-polarized light; (center) refractive index profile of the system; and 
(bottom) normal incidence transmittances of five filters produced in consecutive runs.
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Left: Scanning electron microscope image of a columnar microcavity with quantum dots 
produced from a planar structure by a complex etching procedure. The reflecting stacks 
were deposited in an ion-beam sputtering system. Right: Microcavity organic light emit-
ting diodes with double sided light emission of different colors. J. Vac. Sci. Technol. A 22, 
764-7 (2004).

lent itself better to automation, a goal 
that the Group set itself as early as the 
mid-1970s.  

It wasn’t until the 1990s that the 
group achieved complete automation of 
the deposition process, which included in 
situ determination of the layer thicknesses 
with re-optimization of the remain-
ing layers to compensate for the small 
deposition errors. This success led to a 
collaborative effort with Nikon Corpora-
tion, Shincron Company and Brooks 
Automation (Canada) to develop a faster, 
AC-magnetron-based deposition system. 

Eventually, this led to the formation of 
Iridian Spectral Technologies, a company 
that specializes in the manufacture of 
high-precision filters. The company was 
initiated by Brian Sullivan and a hand-
ful of other members of the Thin Film 
Group. Iridian survived the telecom crash 
and continues to do well today.

Over the past decade, the group has 
invested much work in the AC-magne-
tron sputtering system, which is now its 
main tool when precise, complex mul-
tilayers need to be deposited. Examples 
of advanced devices produced on this 
equipment are the Li Li polarizing beam 
splitter, various non-polarizing beam 
splitters and gain flattening filters. 

This equipment is now able to deposit 
layers with intermediate refractive indices 
within homogeneous multilayer systems. 
Such layers are of particular importance 
in systems designed for use at oblique 
angles of incidence of light. The repro-
ducibility and degree of control of thick-
ness and refractive index achieved with 
this apparatus is now sufficient for the 
deposition of rugate filters. 

The ion beam sputtering system has 
proved to be an excellent research tool. 
The advantage of using in situ ion beam 
etching to remove thickness overshoots 
during the manufacture of multilayers 
was convincingly demonstrated in 2003. 
This system has been used with great 

success to produce a variety of coatings 
for colleagues in the Institute. Some 
examples of the special coatings produced 
in this way are facet coatings for lasers, 
mirrors for VCSELs and micro-cavity 
devices, coatings to increase the contrast 
and efficiency of OLEDs, and microcav-
ity OLEDs with double-sided light emis-
sion of different colors and coatings for 
the Gemini North telescope (Altair). 

Anti-counterfeiting coatings

In 1968, the Bank of Canada was look-
ing for ideas about how to enhance the 
security of the nation’s currency. The 
group offered a proposal that would take 
advantage of the iridescent behavior of 
thin films. Normally this is an undesir-
able property that designers strive to 
minimize. However, when optical coat-
ings are incorporated into a bank note, 
they change color with the angle of view-
ing in a way that cannot be reproduced 
by photography or xerography. Identicard 

When optical coatings are incorporated into a bank note, they change color 
with the angle of viewing in a way that cannot be reproduced by photography 
or xerography. 

[ Exotic applications of optical thin films ]

Ltd., a company producing identifica-
tion documents and drivers’ licenses, also 
expressed an interest in the invention. 
This proposal was destined to become the 
group’s largest project. 

Unfortunately, at the time, no equip-
ment manufacturers were willing or able 
to supply coating machines that would 
produce the required large areas of accu-
rate multilayer coatings at a low enough 
per-unit-area cost. A period of intense 
engineering efforts followed as the group 
successfully designed and developed two 
different processes.  

We developed the system for the Bank 
of Canada in conjunction with the Cana-
dian Vacuum Corporation Ltd., Gastops 
Ltd., Lembo Corporation of Canada Ltd. 
and Vadeco International. The system was 
a semi-continuous roll-coater based on 
electron beam evaporation onto a Mylar 
web. The group developed a batch-type 
RF-magnetron sputtering system for 
Identicard Ltd., in conjunction with  
Corona Vacuum Coaters Inc. In it, a 
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large sheet of Mylar was draped over a  
1.8 m-diameter, 1.8 m-high cylindrical 
drum that was rotating about a horizontal 
axis. Currently, Canadian banknotes carry 
the second generation of optical thin film 
security devices. The group has also sug-
gested that optical thin films be used to 
protect optical media.    

Other special products and 
collaborations
Over the years, the Thin Film Group has 
developed a number of special multilayer 
systems that have been of interest to 
industry. For example, in the late 1980s, 
the group introduced thin metal layers 
into dielectric stacks to reduce the reflec-
tance of various generic filter types. This 
technology is used in the construction of 
high-contrast TFEL and OLED displays, 
as well as black layer coatings for the 
artificial vision systems of the CanadArm 
for use in space shuttles and the space 
station. 

The group has written many scientific 
articles about antireflection coatings, 

NRC Thin Films Group in 2006. Left to right: Frances Lin, Li Li, George Dobrowolski, 
Yanen Guo, Kamil Mroz, Pierre Verly, Daniel Poitras, Xiaoshu Tong, Bob Simpson, 
Dan Dalacu and Penghui Ma.

(Left) First- and (right) second-genera-
tion optical security devices on Canadian 
banknotes. The colors of the thin film 
systems change from gold to green to 
blue with increasing angle of viewing. 

[ Optical security devices ]

polarizing and non-polarizing beam 
splitters and cutoff filters. One outstand-
ing recent development has been the Li 
Li polarizing beam splitter, which offers 
an unprecedented performance over a 
broad spectral region and a wide range of 
angles. 

The group has also had many other 
significant institutional interactions. 
Some of the companies or institutions 
we have worked with include Luxell, 
Environment Canada, FISO, KAO, the 
Institute of Optics in Quebec, JDS-Fitel, 
Lumonics Optical, Nortel and, last but 
not least, its own spinoff, Iridian Spectral 
Technologies.  

Through the years
During the past 50 years, the Thin Films 
Group has been involved in a number 
of academic and commercial projects of 
national and international significance. It 
has published about 125 refereed papers 
and has roughly 25 U.S. patents to its 
credit. There can be no doubt that the 
successes of the group were due to its ex-
cellent staff and the stimulating working 
conditions at the NRC. t
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Member

One outstanding recent development has been the Li Li polarizing beam  
splitter, which offers an unprecedented performance over a broad spectral 
region and a wide range of angles. 


