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Introduction
One of the most important structures in optical coatings is usually 
known quite simply as a quarterwave stack. The quarterwave stack has 
a long history with literally thousands of publications, but in spite of 
this long and detailed study, there still seem to be discoverable aspects. 
We begin this account with a quick reminder of its principal properties. 
Although we start with the classical structure, later in this account we 
will consider also important modifications that depart a little from the 
simplest form.

First, we note that the name may also be written in various ways 
such as quarter wave stack or quarterwave stack. There is no general 
agreement, and we will use the term quarterwave.

What is a Quarterwave Stack?
Although the structure is usually known quite simply as a quarterwave 
stack, sometimes, other names like distributed Bragg reflector or, more 
recently, one-dimensional photonic crystal, can be used and we shall 
return to some of these later.

The classical quarterwave stack is a series of layers of quarterwave 
thickness, and of alternate high and low index. The structure reflects 
strongly over a region around that wavelength for which the layers are 
quarterwaves, usually known as the reference wavelength, λ0. There are 
many different ways of understanding the properties of the quarter-
wave stack. Let us limit ourselves for the present to that wavelength for 
which the layers are all quarterwaves. We are well used to the ideas of 
a formula to describe a layer structure and so we create a quarterwave 
stack for our discussion as follows:

Air | HLHLHLHLHLHL … H | Glass
where we avoid specifying the exact number of layers except that it 
is quite large. An accurate expression for the reflectance uses what is 
known as the quarterwave rule. A surface admittance Y is transformed 
to an admittance of yf

2/Y when a quarterwave of admittance yf is placed 
over it. Repeated application of this rule leads to an exact expression for 
reflectance of:

(1)

where y0 is the admittance of the incident medium, yglass of the sub-
strate and there are x H layers and x-1 L layers. The identical interfer-
ence condition will exist should the layers be three quarterwaves in 
thickness, or five quarterwaves and so on.

It becomes rather more difficult when we shift the wavelength such 
that the layer thicknesses are no longer exact quarterwaves. Fortunately, 
with today’s computers, the calculation is a very simple matter. We find 
the quarterwave reflectance more or less maintained over a limited 
region that is broader the greater the contrast in index between the 
high and low-index materials. Let us define, as usual, the parameter g 
given by (λ0/λ). then with indices of 1.45 and 2.15 for the materials, 1.0 
for the air and 1.52 for the glass, and a total of 21 layers, we derive the 
curve shown in Figure 1.

Figure 1. The reflectance of a typical quarterwave stack as a function of g.

An increase in the number of layers, increases the reflectance in 
accordance with (1) while the width of the high reflectance zone remains 
essentially the same. The fringes in between the high reflectance zones, 
usually known as ripple, retain their envelopes but with an increase in 
the number of layers the density of the ripple increases.

As always with interference structures there is a sensitivity to the 
angle of incidence, the peaks moving towards greater values of g as the 
angle of incidence increases, with an eventual sensitivity to polarization 
appearing.

We shall return to the properties of the quarterwave stack later. Now 
let us examine some of the complex history concerning this important 
structure. To begin this account, we must wind the clock back some two 
hundred years. The origins of the quarterwave stack are inextricably 
entangled with the origins of photography.

Early History
Goethe’s great book on color [1] was published in 1810. It was a some-
what strange book, considered by Goethe himself as his greatest work. 
The importance of the book for color was not so much Goethe’s theo-
ries, which were largely incorrect, but his faithful account of experiments 
he had made and the recognition that important subjective factors, even 
psychological, were involved in color appreciation. It had a major impact 
on artists who began to paint much more according to the way they saw, 
rather than the way colors were popularly imagined to be. For our story, 
however, the importance of the book was much more in a chapter writ-
ten by his friend from Jena, Thomas Johann Seebeck (1770-1831), which 
described observations on freshly precipitated silver chloride that, when 
illuminated by light, showed, after a time, the very color associated with 
the illumination. No explanation was given and subsequent editions 
of Goethe’s book omitted this chapter. Alexandre-Edmond Becquerel 
(1820-1891) picked up on the phenomenon, and was an early pioneer of 
its use in photography. [It was Becquerel’s son Antoine-Henry who dis-
covered radioactivity.] At that stage the effects were not well understood. 
It was thought likely that colored precipitates of silver salts were created 
that somehow exhibited the correct colors. The color correspondence 
was not thought to be particularly strange. Others worked on the same 
problem but mostly the same experiments were performed over and 
over again with little in the way of any advances. Part of the reason was 
that some experiments were carried out on silver chloride impregnated 
paper. Becquerel’s best results were, however, obtained with an emulsion 
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laid down over a polished silvered surface.
The breakthrough in understanding came from Wilhelm Zenker 

(1829-1899) who proposed, for the first time, an interference solu-
tion to the problem of the colors. Güther [2] gives an excellent 
account of Zenker and his achievements. Zenker’s argument was 
presented in his self-published book [3] on color photography. 
The full title, in the manner of the time, is exceptionally long, and 
also generous in its acknowledgement. Zenker first shows that the 
standing wave in the silver chloride has a half-wave spacing. He 
then postulates that the chemical reaction induced by the light is 
to precipitate silver and that the maximum interaction will be at 
the antinodes of the standing wave pattern. A rough translation 
of an especially relevant sentence from the book (pp81-82): “The 
chemical action begins, in each case, at the maximum point and, 
if the silver parts deposited at this point are sparse, then their 
layers will be spaced apart at an interval of a half wavelength of the 
identical color.” Of course the idea of a standing wave is completely 
familiar to us, but it must be realized that at the time it was com-
pletely novel. In fact it appears that it was probably Zenker who 
invented the term in a, largely incorrect, theory of color vision [4]. 
Unfortunately Zenker’s insight was, as is so often the case, rather 
too much before its time. His work was largely ignored until very 
much later. But we must admit Zenker’s standing wave solution 
was essentially a hypothesis. We have no record of any supporting 
experimental results. That had to wait for Otto Wiener (1862-1927) 
who, using a photographic method, gave the definitive proof.

Ultimately Gabriel Lippmann (1845-1921) won the 1908 
Nobel Prize for Physics for his development of the now known as 
Lippmann emulsion into a viable technique for color photography, 
although it was not the technique that was later finally adopted. 
The successful process we can trace back to James Clerk Maxwell’s 

three-color technique.
A problem with the interference explanation was the difficulty 

of understanding how the effect that could be reasonably well 
understood in terms of monochromatic light could possibly be 
extended to a full spectrum of colors. Surely the effects due to one 
would be washed out in the combination. It was Lippmann [5] who 
showed that the combined effect of the colors would nevertheless be 
interpreted correctly by the illumination. The calculation resulted 
in “integrals analogue to a double integral discovered by Fourier.” 
Here we see the first hint of a possible Fourier technique in coating 
design, although the objective is not design but simple calculation, 
and design is never even suggested. It is a little unfortunate that 
Lippmann never mentioned any prior work, such as Zenker’s, on 
which he might have relied [4].

Now we move temporarily into the 20th Century but for a little 
longer follow the trail in photography. The Optical Society of America 
was founded in 1916, and in 1917 the first volume of the Journal of the 
Optical Society of America appeared. The second issue in March, 1917, 
carried a paper by Herbert Ives (1882-1953) [6] that is probably the 
first ever to describe the deliberate construction of what is essentially a 
quarterwave stack. As Zenker had originally proposed, the gelatin matrix 
of an exposed Lippmann emulsion contains a structure of silver laminae 
spaced at halfwave intervals according to the wavelength of the exciting 
light. In the normal way the exciting light would be in the form of an 
image containing all the spectral colors and the development processes 
were optimized for that. Illumination by monochromatic light then gave 
rather disappointing results, so that the resulting Lippmann photograph 
was not a good spectral filter. Ives changed the development process first 
to penetrate right through the emulsion and then to bleach the silver so 
as to replace it with a dielectric layer of different refractive index. His 
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result was a narrowband reflecting filter of high efficiency producing 
virtually monochromatic light with the great advantage of angle tuning. 
This will be recognized also as the forerunner of the holographic notch 
filter. In the way of many innovations before their time, the Ives filter 
seems to have disappeared with little trace. It was never cited in the 
Journal and seems to have a total of two citations only. It was referred to 
by Robert Wood in the third edition of his Physical Optics published in 
1934 [7] and in a historical study in 1987 by Pierre Connes [4].

The photography trail now, with a certain gap, moves more to what 
we would describe as holography and we relinquish it, switching to the 
track of optical interference. The phenomenon of optical interference 
was well understood by the beginning of the 20th Century. Fresnel and 
Poisson had begun the work on multiple beam interference with the 
properties of halfwave and quarterwave films including the formula 
for the ideal quarterwave antireflection coating [8]. However they had 
concentrated on the fringe minima that fascinated them because of 
their complete darkness. George Biddell Airy (1801–1892) worked out 
the shape of multiple beam fringes as early as 1836, but there was no 
practical application at that time because of the lack of suitable high 
reflectance coatings. It was much later when multiple-beam interference 
became very important with the work of Charles Fabry (1867-1945) and 
Alfred Perot (1863-1925) and their revolutionary interferometer [9]. 
The Pérot that we frequently see in the name assigned to their invention 
is an Anglicised corruption that has somehow even found its way back 
to France [10].

Exact theory of multilayers was not yet worked out, not because 
of any difficulty, but more likely because there were more pressing 
problems for progress in optics. In 1912, Lord Rayleigh (1842-1919) 
tackled the problem [11]. The paper is not particularly easy to read, but 
there are two especially significant passages in it. First of all Rayleigh 
mentions how an approximate technique can be set up by neglecting 
multiple reflections. This is what we now call the vector method. But 
further, Rayleigh speculated about a continuous variation of refractive 
index and how its properties might be calculated. This led directly to 
a completely recognizable version of the Fourier transform expression 
nowadays sometimes employed in the design of inhomogeneous struc-
tures including rugates [12]. We recall that Lippmann, too, had earlier 
derived a related expression. Rayleigh was an accomplished mathemati-
cian and surely must have immediately recognized the significance. 
Why did he not develop it into the design technique that we have today? 
It would have been very easy for him. The answer is likely that optical 
coating design was, even by then, still not a subject that exercised 
workers. There was essentially no optical coating industry segment and 
no recognized need for one. Rayleigh’s objective was to calculate the 
performance of an already given multilayer, not to design one.

In 1917 Rayleigh [13] revisited the calculation problem and in this 
later paper concentrated on a regular array of layers. This paper is no 
easier to read than the 1912 already mentioned. It is completely general 
and covers even the case beyond critical. However, hidden away in 
it, is the deduction that, for highest reflectance at normal incidence, 
dielectric quarterwaves of alternating indices are indicated, although 
once again the thrust of the paper is calculation, not design. One other 
significant aspect of the paper is the way in which Rayleigh approached 
the analysis. He was thinking in terms of plates, all of the same thick-
ness, supporting interference and separated by intervals all also of a 
given thickness. His analysis split the system exactly in the center of 
each separating interval, as in Figure 2. This, immediately suggests the 
idea of symmetrical periods, still a powerful design tool today.

Figure 2. Rayleigh’s arrangement for calculating the properties of a regular multilayer [13].

Thus, by 1917, the theory of the quarterwave stack and a technique 
for its production were both available. With the benefit of hindsight we 
can see the significance of the Rayleigh and Ives advances but recogni-
tion took some time.

The coating of choice for front-surface reflectors was still chemically-
deposited silver. Even when the substrate was highly polished, the 
silver films were never smooth and had to be hand polished. Beam 
splitters were particularly difficult because the initially opaque silver 
had to be polished by hand till the correct transparency was achieved, 
a process with a somewhat uncertain yield. During the 1920’s, vacuum 
processes were gradually gaining ground and by the 1930’s we see a 
growing interest in vacuum-deposited coatings of various kinds and 
the beginning of the field of modern optical coatings. John Strong who 
had been introduced to vacuum evaporation while completing his PhD 
at Michigan, moved to the California Institute of Technology in 1929 
and by 1932 had begun to coat astronomical objective mirrors with 
thermally evaporated aluminum. In 1934, August Hermann Pfund 
described a dielectric beamsplitter based on a thermally evaporated 
film of zinc sulfide for use in interferometers [14]. However the hot 
topic that marked the middle of the 1930’s was antireflection coatings. 
In 1936, John Strong published what is probably the first paper on a 
vacuum deposited intentional antireflection coating [15]. Although not 
mentioned in his paper, he also coated the lenses of a Leica camera, 
probably the first ever to be antireflection coated by a vacuum process. 
In the second part of the decade Charles Hawley Cartwright and Arthur 
Francis Turner working together at MIT described many different 
vacuum-deposited thin-film antireflection coatings. There seemed to be 
considerably less interest in dielectric high-reflectance coatings.

Then at the Physical Society Meeting in 1939, almost in passing, 
Cartwright and Turner presented a paper on exactly the quarterwave 
stack [16]. A short abstract seems to be all that was ever published, but 
the contribution is clear. “By alternately depositing films of high and low 
indices of refraction on glass such that each film has an optical thickness 
nd = λ0/4, the reflecting power for any pre-selected wave-length, λ0, can 
be increased to over 80 percent.” Titanium dioxide and cryolite had been 
found quite durable and silicon dioxide was suggested as an alternative 
low-index material. G L Dimmick of the RCA Manufacturing Company 
visited Cartwright at MIT and saw the usefulness of the reflector as a 
short-wave pass filter. His 1942 paper [17] describes the design and con-
struction of such a filter for use in the photographic recording of sound. 
The short-wavelength light to which the film was sensitive was directed 
to the film, while the longer wavelength light illuminated a photocell for 
monitoring.

Unknown to Strong and others at this time, Alexander Smakula 
at the Zeiss Company in Jena had, virtually simultaneously, started 
work on antireflection coatings, but under conditions of great secrecy. 
Germany was busy rearming at that time and the military implications 
were clear. Smakula was not the only one working on antireflection coat-
ings in Jena. At the Schott Company, Walter Heinrich Geffcken, realized 
that Smakula’s single layers were not enough and began to investigate 
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improved multilayer coatings. Again all of this was completely secret. 
Geffcken, inspired by the Rayleigh publications on multilayers, also 
seized on the idea of the repeat structure inherent in the 1917 paper and 
extended Rayleigh’s results into more general arrangements. Fortunately 
the story has been told by Thelen [18] otherwise it would have been 
completely lost. Some of the structures studied by Geffcken were to 
become the well-known long-wave pass and short-wave pass filters with 
their terminating eighth-wave layers.

The major interest of all parties involved in World War II was clearly 
antireflection coatings. There was a huge effort in optical coatings 
but no one had time to publish, and in any case it was mostly secret. 
Suddenly, immediately after the war, the dielectric high-reflectance 
coating appeared in all kinds of publications, as if it had always been 
there. Probably the most useful and complete account is that of Mary 
Banning.

Mary Banning gained her PhD from Johns Hopkins in 1941 and in 
the summer of that year found herself at the Institute of Optics charged 
with the creation of an optical thin-film laboratory from virtually 
nothing. She decided on vacuum processes as her primary technique, 
and built and operated the equipment. Only when she was leaving the 
Institute to marry in 1946 did she find time to write up her work in a 
series of important papers. From the point of view of our story the most 
important one is, of course, on the quarterwave stack. It includes her 
system of visual monitoring and also what is still the best and fullest 
description of the design and construction of an immersed polarizing 
beam splitter [19].

The war did not create the optical coating industry. Optical instru-
mentation had reached the stage where optical coatings were necessary. 
The war encouraged production but discouraged publication and so it 
is difficult to say whether the rate of expansion would have been the 
same without it. After the war, there was a flood of publications. Many 

concerned calculation techniques, still mainly involving iterative tech-
niques that made visualization difficult. Approximate methods were 
popular. In 1950, the situation changed with the publication of the doc-
toral thesis of Florin Abelès that laid the theoretical foundation of the 
calculation techniques involving characteristic matrices that we almost 
universally use for our thin films today [20, 21]. The matrix technique 
did not reduce the volume of calculation but it brought a clarity to the 
calculation missing from the earlier techniques. Each layer can have 
its effect described by a single two by two matrix in which there are 
only two independent variables, the phase thickness of the layer and its 
optical admittance. The economies of repeated structures can readily be 
seen. The matrix technique also lent itself to automatic techniques once 
computers became more readily available.

Thus, by the 1950’s, the quarterwave stack was well understood. 
Its properties could readily be calculated and it was becoming a very 
important structure in optical coatings.

The Distributed Bragg Reflector
William Henry Bragg (1862-1942) was born in Cumberland in the 
north of England. He graduated from Trinity College, Cambridge in 
1884 and was almost immediately appointed to the Elder Chair of 
Mathematics and Experimental Physics at the University of Adelaide, 
in Australia. While in Australia, his son, William Lawrence Bragg 
(1890-1971) was born. Lawrence (his father used the name William) 
graduated from the University of Adelaide in 1908, the same year that 
his father returned to England as Cavendish Professor of Physics at 
the University of Leeds. Lawrence was accepted at Trinity College and 
graduated in 1911 becoming a research student at the University. Both 
father and son were interested in x-rays. Indeed the father’s earlier use 
of x-rays to examine his young son’s broken arm was the first diagnostic 
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use of x-rays in Australia. Lawrence discovered diffraction patterns dur-
ing his investigations of the effect of crystals on x-rays and realized that 
the diffraction pattern could yield positional information on the atoms 
of the lattice. His father was an excellent instrument maker and an x-ray 
spectrometer was rapidly developed. Thus began the subject of x-ray 
crystallography. If the physical spacing of the planes in a crystal is d, 
then a reflection peak will occur at an angle of incidence ϑ, provided

(2)

where m is an integer. At x-ray wavelengths, the refractive index is 
unity. This will be recognized as the same rule enunciated by Zenker 
except that one would expect a cosine rather than a sine. The practice 
in x-ray crystallography is to define the angle of incidence as the angle 
between the beam and grazing incidence rather than between the beam 
and the surface normal. The introduction of x-ray crystallography was 
so important that it gained both father and son the 1915 Nobel Prize for 
Physics. Lawrence served with distinction in World War I. The Nobel 
award announcement came just after the loss of his younger brother, 
Robert, at Gallipoli.

A distributed Bragg reflector, or sometimes just Bragg reflector, 
is a reflector based on the half-wavelength spacing. Most often it is 
indistinguishable from the quarterwave stack. Why then is it necessary 
to have this other term for what is very well established already? It is 
difficult to be sure, but possibly the term became particularly popular 
with the advent of the optical waveguide. The theory of propagation in 
a waveguide is similar to that in an optical multilayer with the propaga-
tion constant substituted for refractive index. The term quarterwave 
stack is a little strange when used in terms of a waveguide and Bragg 
reflector has perhaps the appearance of being more general. The same 
ideas apply to optical fibers. There are also electro-optical devices that 
employ corrugated grating structures acting as waveguides with the 
properties of Bragg reflectors. When, in a related device, the corrugated 
grating is changed to a series of semiconductor layers it is natural 
to continue to use the term distributed Bragg reflector (or DBR) to 
describe it. And so into optical coatings.

One-dimensional photonic crystals
The wavelength of normal light is very much longer than the inter-
atomic spacing in a solid like a crystal. Interference effects from the 
lattice planes are, therefore, vanishingly small. Electrons, on the other 
hand, have wavelengths that are rather smaller than the interatomic 
spacing and so interference effects can be detected in the resulting 
properties of the electrons. In particular, there are forbidden gaps in 
the allowable electron energy levels. These gaps dominate the electrical 
properties of the solids and, especially in semiconductors, have led to 
all kinds of useful and interesting devices. For similar optical properties 
that might open the way to a set of new optical devices rivaling those in 
semiconductors, we need structures with spacing similar to the optical 
wavelengths. The name that has been given to such structures is  
photonic crystal.

Three-dimensional photonic band-gap structures, later termed 
photonic crystals, were first proposed by Eli Yablonovitch [22] with 
the primary aim of controlling the spontaneous emission that is the 
limiting factor in the performance of so many quantum-optical devices. 
Qualitatively, the structure should be that of a regular array of dielectric 
blocks in a matrix of a different dielectric, and with spacing of the 
same order as the wavelength. The idea was immediately exceptionally 
attractive. There are great practical problems in producing reasonable 

volumes of such a material and then equally difficult theoretical ones 
in determining the details of the necessary structures. All of this rep-
resented a fruitful field of investigation likely to last a long time. Many 
workers dived into the field.

It was even more difficult than had been thought. For a true band 
gap it was necessary for propagation to be forbidden in every direc-
tion within the crystal. Promising structures turned out to have elusive 
directions where propagation was allowed. Three dimensions was very 
difficult: two dimensions a little easier. Soon the idea appeared of the 
holey fiber with its regular array of holes running parallel to the axis 
and taking the place of the cladding. This was very successful. If two 
dimensions work well, how about one dimension? And here is where 
the trouble began. A one-dimensional photonic crystal has the same 
structure as an optical coating and the simplest and most appealing 
example is our quarterwave stack.

As we have seen, the quarterwave stack was quite well understood 
by the late 1940’s, and now, in the 1990’s, there had been added some 50 
or more years of development. What could possibly be new? First of all 
the language of the photonic crystal was new, and second, there likely 
was a misunderstanding at the start.

In 1998, two very significant papers appeared [23, 24] dealing with 
what was termed an omnidirectional mirror. The thrust of the papers 
was that it was thought for a photonic band gap material to reflect 
perfectly in all directions, a three-dimensional photonic crystal with a 
perfect three-dimensional band gap would be necessary. In spite of that, 
the papers demonstrated that such performance could be achieved with 
a one-dimensional crystal, in other words an optical coating consisting 
of a quarterwave stack. Sure enough, a particular quarterwave stack was 
demonstrated to give high specular reflectance over a complete hemi-
sphere regardless of polarization. To the optical coating community this 
was not surprising. All that is required is sufficient index contrast. Why 
was this result, of little if any significance to the optical coating com-
munity, of such immediate interest to the photonic crystal community? 
We have already mentioned the three-dimensional difficulties. But in 
the three-dimensional structure we are working with light propagating 
within the crystal that is assumed to be essentially infinite, in the usual 
manner of solid state physics. With the one-dimensional photonic 
crystal, the incident light was, like an optical coating, incident from out-
side. Effects like Brewster’s angle do not come into play with a normal 
quarterwave stack in an air incident medium. Of course, exactly as pre-
dicted in a photonic crystal, for propagation within the coating we do 
not have omnidirectional reflectance. There are Brewster angle effects 
and waveguide modes. So perhaps there was a misunderstanding. The 
genie was, however, out of the bottle. This was a new topic for publica-
tion. A spate of papers, some from the optical coating community, on 
omnidirectional effects followed. Yablonovitch, himself, has tried to 
limit photonic crystals to more than one dimension [25], to little avail.

The idea of a coating as a one-dimensional photonic crystal is prob-
ably here to stay. It is simply a different language that is being used to 
describe effects that are often already understood. But sometimes an 
exercise like this is useful. It makes us think in a new way about things 
we may already know.

Conclusion
This has been a short account of the history of the quarterwave stack. 
In the second part of this account we will look at many of the properties 
of this simple structure and how it is employed in a wide range of thin-
film coatings.




