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We all know what absorption is, but it is difficult precisely 
to define. When light is lost to a system it may be due to 
any of a very large number of physical and chemical effects 

ranging from fluorescence, through scattering, to conversion into heat. 
And these are only three of the vast number of possibilities. Is scatter-
ing absorption? Rather than try to classify and differentiate the various 
loss mechanisms that may or may not exist, a demanding and difficult 
task, we shall define absorption for our present purposes as any loss 
mechanism that can be explained by a complex refractive index. We use 
this description rather than one involving just the extinction coefficient 
because, as we shall see the loss depends on finite values of both refrac-
tive index n and extinction coefficient k. Essentially any loss mechanism 
that is proportional to the irradiance can be expressed in terms of n 
and k. In this multi-part discussion we will examine some of the conse-
quences of a nonzero extinction coefficient.

Fundamentals
We start with a few fundamentals. Let us imagine an infinite slab 
of homogeneous and absorbing material through which a linearly-
polarized plane harmonic wave is propagating. There may be multiple 
loss mechanisms but in this case they are all decoupled from each other 
and proportional to the irradiance of the wave. To avoid confusion with 
electric field, rather than using E for irradiance, we use the non-stan-
dard symbol I. We set up a coordinate system with the positive z-axis 
coinciding with the direction of propagation and, without specifying 
how we achieve it, we assign the value I0 to the irradiance at z = 0. Then 
at any value of z we can write the reduction in irradiance due to passage 
through a thin slice of material, dz, as

	   (1)

where α, known as the absorption coefficient, represents the sum of all 
the various sources of loss, αx. Then we can integrate (1) to yield

	  

giving eventually 
 

(2)

	   (3)

a law usually known as the Beer-Lambert Law, but that actually dates 
back much earlier to Pierre Bouguer and 1729, when Lambert was one 
year old and almost 100 years before Beer was even born. Beer and 
Lambert did write extensively about the law, which is why their names 
are associated with it.

Now let the material optical constants be given by (n – ik). This is 
the complex refractive index and the characteristic admittance in units 
of the admittance of free space, Y. Then, if E0 is the amplitude at z = 0, 
the irradiance can be written

	  

  

(4)

Comparing (4) and (3) we find that

(5)

Thus, as long as the loss mechanism yields a loss rate proportional to 
the local irradiance, we can represent it by (n – ik). Note that n must be 
finite and nonzero so that neither I0 nor E0 will be zero.

Reflectance, Transmittance and Absorptance
We can imagine an experiment in which we have a sample illuminated 
by light from a source and a receiver that can make measurements of 
the light that falls on the sample and the proportion that is reflected 
and that transmitted. We can then loosely define reflectance, R,  as the 
proportion of the incident light that is detected by the receiver in the 
appropriate reflecting position and the transmittance, T, as that detected 
by the receiver in the transmitting position. Of course some of the light 
will be missing. This is the lost light and we designate it as absorbed 
and we introduce a parameter known as absorptance, A, denoting that 
portion of the incident light that is lost. How, with all the mechanisms 
that are involved, can we possibly quantify this light? There are all kinds 
of techniques that are used to measure as directly as possible, the loss 
caused by a particular mechanism. These are exceedingly important 
in the study of the materials themselves but our particular need in this 
context is to find a concept that permits the estimation of A in the same 
way that we estimate R and T. Therefore, rather than attempt to calcu-
late it directly, we simply define it as that portion of the incident light 
that is neither reflected nor transmitted and we write:

(6)

This simple formula demands a rather more precise definition of R 
and T. As is usual we imagine a perfect structure where the surfaces of 
the component are completely flat and featureless and the bounding 
media, incident and emergent, are semi-infinite. To avoid any coupling 
between the incident and reflected waves, we must insist that the inci-
dent medium is completely free of absorption, that is of zero extinction 
coefficient. We also demand a sufficient lateral regularity of the com-
ponent that an incident uniform infinite plane monochromatic wave 
yield similarly uniform reflected and transmitted plane waves. Then, at 
normal incidence, the ratio of reflected to incident irradiance is defined 
as reflectance and of transmitted to incident irradiance as transmittance. 
These, of course, are the specular properties. If there is loss in the emer-
gent medium then we define the irradiance as that exactly outside the 
emergent surface before it has a chance to decay exponentially. We note 
in passing that once we admit the possibility of including also scattered 
light in our reflectance and transmittance measurements we must intro-
duce further sets of parameters and definitions, but these are beyond 
our scope here. R, T and A are frequently expressed in percent and in 
that case the left-hand side of (6) becomes 100.

An immediate problem is that our definition fails us when we move 
to oblique incidence because in the complete absence of any loss, the 
sum of the irradiances of the reflected and transmitted waves is no 
longer always equal to the incident irradiance [1]. The reason is refrac-
tion that changes the propagation angle of the transmitted wave. In the 
specular case that we are considering, the directions of the incident, 
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reflected and transmitted waves are coplanar with the normal to the 
surface, the plane being known as the plane of incidence. The propaga-
tion angles are all measured with respect to the surface normal, and the 
angle of incidence and the angle of reflection are equal, although on 
opposite sides or the surface normal, but the angle of propagation of 
the transmitted beam is related to the angle of incidence through Snell’s 
Law and if there is a difference in the optical constants of the inci-
dent and emergent media then the angles are also different. Unit area 
projected onto the component surfaces is not the same for all waves. 
We solve the problem by changing our definitions of reflectance and 
transmittance to the ratios of the normal components of irradiance in 
each wave and the problem is solved. Calculations at oblique incidence 
are sensitive to the polarization of the waves and we work in terms of 
the eigenmodes of polarization that are reflected and transmitted with 
no change in polarization. These have electric vector parallel to and 
normal to the plane of incidence and are known as p-polarization and 
s-polarization respectively. For more information on these see [1].

The model we are using is particularly simple, a plane wave is par-
tially reflected, partially transmitted and partially absorbed and these 
processes account for the entire power of the input wave. Many other 
parameters are also used to describe the same processes and they are 
not always defined consistently. Density, or sometimes optical density, is 
a logarithmic version of transmittance and is given by

(7)

Absorbance, a term used mostly in spectroscopy is usually identical to 
density. Absorptivity, reflectivity and transmissivity are terms often used 
inconsistently. Ideally, they should be used, like resistivity, to denote 
material properties rather than component properties, but they are fre-
quently used as replacements for absorptance, reflectance and transmit-

tance. Usually it will be clear from the context. Internal transmittance 
is the transmittance of a slab of material with any effect of its surfaces 
removed. It is derived directly from (3) as

	   (8)

The thickness, d, must be specified. Internal transmittance is directly 
related to absorption coefficient and is the property most frequently 
provided by material suppliers to express the level of loss.

Logarithmic scales are useful because they make the effect of 
changes in thickness easy to calculate but there can be practical 
problems. We understand very well what we mean when we say that 
a component has zero transmittance but what does that mean on a 
logarithmic scale? An exponential as in (8) never falls to zero for any 
finite value of αd. We can be sure that a density of 5 implies a transmit-
tance of 0.001% but what about a density of 50? With a continuous 
input power of around 1 GW at around 1000nm, a density of 50 allows 
a transmittance of very roughly 1 photon in 10,000 years. For all prac-
tical purposes this implies absolutely no light is transmitted and the 
transmittance is surely zero. The problem arises when, for example, 
we measure zero transmittance with an absorbing material and then 
try to calculate the effect of reducing its thickness by, say, a factor of 
10. Now what is the transmittance? The calculation is essentially the 
division of the density by 10. However, densities of five or greater are 
exceedingly difficult to measure accurately and their lack of accuracy is 
transferred to the new much lower value. Little or no problem exists in 
extrapolating measurements of low transmittance to greater thicknesses 
but extrapolating low transmittance to smaller thicknesses can be very 
dangerous. A similar but perhaps slightly less acute problem exists in 
the extrapolation of high transmittance to greater thicknesses.
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Absorption in a Very Thick Film
By very thick, in this context, we imply that the material is thick enough 
to avoid transmission of energy so that the admittance presented to 
the incident light is the characteristic admittance of the material. It will 
determine the reflectance and what is absorbed will be what is not 
reflected. For the sake of complete rigor we should assume that the very 
thick film is actually semi-infinite but that it does have values of n and k 
that are finite and nonzero. The incident medium will, as usual, be free 
from loss and will be represented by real characteristic admittance y0.

High index prism 

Sample 

Figure 1. A schematic of an ATR arrangement. In the absence of absorption in the sample, total internal 
reflection assures high reflectance. Absorption in the sample reduces the reflectance and this effect is 
enhanced by the multiple reflections. Usually there will be rather more bounces than shown in the diagram.

The absorption spectrum of a material tells us something about 
the makeup of the material. A measurement of the transmittance of 
a thin sample of the material is one way of revealing this information 
but sometimes it is difficult to arrange a suitable sample for such a 
measurement. A technique based on reflection can be used instead. 
At normal incidence, a small extinction coefficient has little effect on 
the reflectance, which itself is generally not high. Beyond the critical 
angle, however, the reflectance at a dielectric interface is 100% and 
absorption in the material beyond the interface will reduce this reflec-
tion to a much greater extent than any effect at normal incidence. 
The spectroscopic process is called Attenuated Total Reflection with 
acronym ATR. A schematic is shown in Figure 1. The sample is laid 
over the surface of a high-index prism and may be quite irregular in 
thickness. The angle of incidence is such that with no absorption, total 
internal reflection is achieved so that the light does not penetrate to the 
uneven external surface. With absorption in the sample the reflectance 
is no longer total and the reduction represents the desired signal. The 
light is still prevented from reaching the outer surface. Multiple bounces 
enhance the signal. The prism should be arranged so that it has a suffi-
ciently high index to assure total internal reflection at the interface with 
the sample, except for, of course, the absorption in the sample. As an 
example, a material with optical constants (1.33 – i0.01) over the surface 
of a high-index prism of index 2.15 and at 45° incidence shows a fall in 
reflectance due to the absorption of 3.77% while the same material at 
normal incidence shows a change of only 0.00078%, Figure 2.
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Figure 2. The reflectance signal from the arrangement in Figure 1. Only above critical is the signal of any 
use. Note that the critical angle in this case is that between prism and absorbing sample.

Harrick and Turner [2] showed that adding what they described as 
a resonator, but essentially an antireflection coating, to the surface to 
match the absorbing material enhances the signal still further. Provided 
the antireflection coating is dielectric then the total internal reflection 
condition when the sample is free from absorption is unperturbed. Only 
when there is absorption does the reflectance fall and, with the correct 
design, it can fall to zero. It is an interesting coating and worth closer 
examination. Harrick and Turner used silicon and silica at around 3 
micron for the layers in their design and an incident medium of silicon. 
As a variation on their values we shall work at 1000nm and use indices 
of 1.45 and 2.15 corresponding to silica and tantala with our incident 
medium also of admittance 2.15. Their absorbing layer had optical con-
stants (1.4 – i0.04). We shall use (1.33 – i0.01). Our explanation makes 
use of the admittance diagram [3].

At oblique incidence the modified admittances and the phase thick-
ness for a dielectric material of index and admittance n are given by

(9)

where ϑ0 is the angle of incidence in the incident medium of index and 
admittance y0 = n0, and n is the index and admittance of the dielectric 
material supporting an angle of propagation ϑ. Then ηs and ηp are the 
tilted and modified admittances (such that the tilted admittance of the 
incident medium remains at y0). The fourth quadrant solution of the 
root is the correct one. The modified admittances are arranged so that 
the tilted admittances for the incident medium remain at the normal 
incidence value of y0. This simplifies the loci and their interpretation, 
considerably.

There is a small modification when the material is absorbing. Then 
the square root term in (9) becomes

	   (10)

and again the fourth quadrant solution is correct.

Beyond the critical angle the quantity inside the brackets in (9)  
becomes negative because n0sinϑ0 is greater than n. Thus δ and ηs are 
negative imaginary while ηp is positive imaginary. If we substitute these 
values in the usual characteristic matrix for a thin film and calculate the 
form of an admittance locus we find that it is circular with center on the 
real axis and cutting the imaginary axis at the points η and –η. However 
s-polarization, as might be expected , executes the locus in a clockwise 
direction with increasing thickness, while, because of the inversion of 
the sign for η, the reverse is true for p-polarization. The wave within the 
material in each case is evanescent. In both cases there is a locus that 
travels from the imaginary axis to the real axis and beyond, and further, 
at a particular angle of incidence and given values of admittances, there 
is one p-locus and one s-locus that cuts the real axis in y0.

Beyond the critical angle, our absorbing material with its very small 
value of k behaves in a similar way to the dielectric material already 
mentioned but as well as the imaginary part there is a small positive real 
part so that the starting admittance for the locus is moved slightly off 
jthe form of the required locus. It is possible only if the start point is off 
the imaginary axis. Since the materials are dielectric, a move of the start 
point onto the imaginary axis, consistent with a reduction in absorption 
to zero, would pin the two dielectric layers to the imaginary axis with a 
resulting reflectance of 100%.
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Imaginary Dielectric 
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critical 

Dielectric 
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Absorber 

Incident 
medium 

Figure 3. The form of the two-layer antireflecting admittance locus for s-polarization.  
The starting point is the tilted admittance of the absorbing medium. Next to this is a layer that although 
tilted still has real admittance and so circles upwards terminating on the circular admittance of the dielectric 
layer that is beyond critical and so has a negative imaginary admittance. This locus, repreenting a layer 
supporting an evanescent wave curves round to terminate at y0.

The two values for our absorber at 45° incidence and in 2.15 mate-
rial as incident medium, can be calculated as (0.02553 – i1.0419) for 
s-polarization and (0.0671 + i1.6960) for p-polarization. Let us con-
centrate on s-polarization The modified tilted admittance under same 
incidence conditions for 1.45 material is –i0.6461. The two do not 
match and the absorber starting point must be joined to the 1.45 mate-
rial locus, by the high index, as in Figure 3. The absorbing material will 
be situated below the real axis, as in the figure, while the locus we want 
for the 1.45 material to link with y0 will start from around +i0.6461 and 
sweep round clockwise to intersect the real axis. With correct thick-
nesses it should terminate at, or close to, y0, that is at 2.15. 
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The optimum thicknesses for the two-layer locus were found to be 
79.3nm for the 2.15 material and 609nm for the 1.45 giving the final 
admittance locus shown in Figure 4 and the performance indicated in 
Figure 5. The reflectance with the ideal values is reduced to zero
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Figure 4. An accurately drawn admittance locus for the final coating. Compare with Figure 3.

A coating designed for p-polarization would have similar structure 
but now the absorbing material will be above the real axis while the 
starting point for the 1.45 locus will be around –i3.2539, that is below 
the axis, with the locus swinging round counter clockwise to reach 
the real axis. To get from the admittance at the absorbing layer to the 
admittance locus of the matching layer requires a dielectric layer that, 
as for s-polarization is operating below critical but must swing round 
clockwise in a very large circle to meet up, eventually, with the 1.45 
layer locus and must be rather thicker than in the s-polarization case.

The disadvantage of this arrangement is that the resulting enhanced 
absorptance is limited to a quite narrow band in terms of angle that 
also changes slightly with wavelength, Figure 5. Harrick and Turner’s 
approach was to arrange the incident medium in the form of a half cyl-
inder making it easy to change the angle of incidence to maximize the 
absorptance. Since many materials have similar real index but variations 
in their extinction coefficient, the conditions for one material are often 
quite close to those for another so the variation in angle is not always 
a major problem. However, it is not clear that the Harrick and Turner 
device was ever used commercially, although it was patented [4].
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Figure 5. A contour plot showing the resonance for spolarization as a function of angle of incidence and 
wavelength.

Now let us begin our discussion of absorptance in a very thin film, 
represented, of course by a rather greater extinction coefficient, but first 
we need to recall some results from an earlier study.

Potential Transmittance and Potential Absorptance
The concept of transmittance is quite straightforward but its relation-
ship with the properties of a given system of layers is rather less so.  
A much more useful quantity from the theoretical point of view is 
potential transmittance. Potential transmittance, usually denoted by 
ψ, compares what emerges from the system with what actually enters. 
Since the reflected light is what is missing from what is entering the  
system this effectively decouples potential transmittance from reflec-
tance. Potential transmittance is described in much more detail in an 
earlier Bulletin, [5]. It is given by two alternative and completely  
compatible expressions

(11)

where B and C have their usual meaning as normalized tangential elec-
tric and magnetic fields at the front surface of the system and Ye is the 
exit admittance at the rear. A related parameter is potential absorptance, 
A, defined as the comparison of what is lost in the system with what is 
entering.

	   (12)

Absorption in a Thin Film
We now take a closer look at potential absorptance, A, where a slice of 
lossy material is buried in an optical coating. For the moment we will 
consider only normal incidence.

What is actually entering the slice can be expressed in terms of the 
tangential fields at the surface. This will be given by the matrix expression:

(13)

where B and C have their usual meaning as normalized tangential elec-
tric and magnetic fields and Ye is the exit admittance. 

We can write γ=2πd/λ where γ is very small and then (13) reduces to

(14)

The output irradiance is simply 0.5ReYe. Neglecting terms in γ2 we find 
for the input irradiance

	   (15)

Then, finally, to the same degree of approximation, the potential 
absorptance is

	   (16)
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a result already derived in [5]. To find the actual absorption we need to 
multiply A by (1 – R). Note that although A tends to infinity as Re(Ye) 
tends to zero, the multiplication by (1 – R) cancels the Re(Ye) term and 
renders the absorptance finite and sensible

Enhancing Absorptance in a Thin Film
Provided the film is very thin (1 – R)A is given by

	   (17)

leading directly to the idea of contamination sensitivity already dis-
cussed in [5] where a very thin layer of contaminant is assumed to be 
deposited over the front surface of a coating. In an air incident medium 
a perfect antireflection coating with zero reflectance has the same sen-
sitivity, regardless of design and is given the sensitivity of unity. Then 
the maximum sensitivity becomes four when Ye has value (0 – i0) cor-
responding to the origin of the admittance plane, and it tends to zero as 
Ye tends to infinity. Contours of constant sensitivity in the admittance 
diagram are circles centered on –y0.

High index prism 

Thin sample Air emergent medium 
Figure 6. In this version of the ATR method the absorption is in a vanishingly thin layer. Although shown on 
one side only, sometimes the sample can be placed on both sides of the prism.

In the normal way we want to reduce the absorption in the contami-
nant layer but there are applications, especially in spectroscopy, where 
we wish to enhance it. One simple way of assuring that Re(Ye) is zero 
is to move to total internal reflection and the ATR method already dis-
cussed. Now the film is very thin and the schematic in Figure 6 shows 
the new arrangement. As before, multiple bounces enhance the absorp-
tion signal still further. Unfortunately this simple arrangement still 
yields a finite imaginary part for Ye and so it is not quite optimum.

Since the film is thin, the emergent medium is now no longer the 
absorbing material but the outside medium, the air. The s-polarization 
admittance of this emergent medium lies on the negative limb of the 
imaginary axis while the p-polarization is on the positive. At the critical 
angle, the modified tilted s-admittance [6] is at zero and as the angle 
of incidence increases beyond critical, the s-admittance slides down 
the imaginary axis towards negative infinity. Thus the absorptance for 
s-polarized light is a maximum at critical and zero at grazing incidence. 
In between there is a gradual reduction in absorptance. The situation 
for p-polarization is different. At the critical angle the p-admittance is 
imaginary at the very top of the imaginary axis. Then the value slides 
down the axis towards the origin. Thus at the critical angle the loss is 
very low. It would be zero except for the fact that the finite real and 
imaginary parts pull the very short locus of the absorbing layer off 
the imaginary axis. As the angle of incidence rises from the critical 
angle, the loss climbs. But the properties of the absorbing layer are also 
affected by the cosine term. Towards the origin and grazing incidence, 
its fall dominates. Thus by grazing incidence the loss, like that for 
s-polarization gradually vanishes. In this way there is, for p-polarization, 
a maximum loss at a particular angle depending on the details. This is 
illustrated in Figure 7.

As far as a spectroscopic signal is concerned, the results 
below the critical angle, although correct, are misleading because the 
reflectance is the signal, not the absorptance, and the reflectance change 
due to the extinction coefficient is actually just under 1% at normal 
incidence. Above the critical angle the signal and the absorptance coin-
cide since the transmittance is zero.
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Figure 7. The absorptance at 1000nm of a 1nm thickness of material with optical constants (1.5 – i1.5). 
Both polarizations show a gain over that for normal incidence but that for s-polarization is greater and 
would be further enhanced by the multiple bounces.
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The nature of the measurement technique is that the thin film of 
absorbing material is on the outer surface and so a coating over its 
outer surface to bring the outer admittance to the origin is not possible. 
However it is possible to reduce the reflectance at the surface of inci-
dence, that is the reflectance presented to the measurement system, and 
we return, once again, to the achievement of Harrick and Turner [2]. 
The original paper analyzed the system as a kind of resonator, on the 
lines of a narrow-band filter. We will again use our approach involving 
admittance loci.

As we discussed earlier, to match an admittance on the imaginary 
axis to the incident medium demands at least some absorption some-
where in the system. Any addition of purely dielectric material will 
remain on the imaginary axis. Thus the addition of a thin layer of com-
pletely dielectric material to the ATR arrangement will not change the 
total reflectance. Only if the added layer has some absorption will the 
locus leave the axis and then, of course, it can be antireflected by a com-
pletely dielectric system of layers. This sample is very thin. Thus, as with 
the thick sample, its terminating admittance is very close to the imagi-
nary axis. We can therefore use virtually the same kind of construction 
to antireflect it. Again an absence of absorption implies total reflectance.

Ye for air, s-polarization and 45° incidence in 2.15 material is, from 
(9), -i1.6194. The thin absorber terminating admittance will be close to 
this. So the thicknesses used for the thick film will require modification. 
We retain our 1nm of absorbing material and recalculate the thick-
nesses to give 100.1nm for the 2.15 material and 583nm for the 1.45. 
The reflectance signal that is the inverse of the absorptance, is shown in 
Figure 8. Also in Figure 8 are shown the resonances for different lesser 
values of extinction coefficient, k.
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Figure 8. The enhanced signal for s-polarization.The antireflection effect is optimized for an extinction coef-
fient of 1.5. The curves for lesser values are shown.

The geometry of the admittance locus is quite similar to that for 
a surface plasmon resonance with the dielectric low index mate-
rial beyond critical taking the place of the metal layer. There is, of 
course, the difference in polarizations, the surface plasmon requiring 
p-polarization [7]. However, calculations comparing the sensitivity of a 
typical surface plasmon detector to the changes in extinction coefficient 
in Figure 8 show a somewhat reduced sensitivity, Figure 9. It is possible 
that the Harrick and Turner configuration could be a useful supplement 
to the surface plasmon detector in some circumstances.
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Figure 9. Calculations showing the perturbation of a surface plasmon resonance in a silver film caused by 
changes in the extinction coefficient of the 1nm absorbing layer with index 1.5. The changes are less pro-
nounced than those in Figure 8

Conclusion
In this first article on absorption we have emphasized some techniques 
for enhancing it especially for spectroscopic and measurement pur-
poses. There are many more aspects of absorption and the discussion 
will continue in the next article in the series.
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