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We continue the discussion of absorption in thin films that 
we began in Part 1 [1]. We recall that we are dealing with 
perfect thin films in the sense that they are homogeneous 

and isotropic with perfectly flat and parallel interfaces. Absorption is 
then that loss that can be explained in terms of a complex set of optical 
constants, (n – ik).

Perfect Absorption and Critical Coupling
In studies of contamination sensitivity [2, 3], a usual objective is to 
find ways of reducing the losses in a very thin absorbing overcoat. By 
contrast, an interest in increasing absorption in very thin coatings has 
been expressed in a number of recent publications [4-7]. As with the 
contaminant films, the absorbing layers in question are situated at the 
front of the systems. Terms like critical coupling, perfect absorption and 
coherent perfect absorption are used to denote systems where either no 
light is reflected or absorption is maximized, or both.

The idea has its origin in the reversible nature of light. Linear 
systems have the property of time-reversal symmetry. If we reverse 
time then the system will simply run backwards. We can think of an 
absorbing medium supporting a positive-going wave in our usual 
convention, that is with the phase term written as (ωt – κz) as
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where on the right-hand side we have reversed the sign of time. We can 
rewrite this wave as
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and we see that this time reversal can be interpreted as a progressive 
wave expressed in the alternative convention of (κz – ωt) but that 
is moving in the opposite direction, that is the negative z-direction. 
However, the convention for the complex index in this alternative 
convention is that an absorbing film should be represented as (n + ik) 
rather than (n – ik) and this new wave expression is clearly representing 
gain rather than absorption. Had the original wave been traveling 
through a gain medium then the flip in time would have changed the 
gain to absorption. The time-reversal symmetry is then completely 
assured if we replace gain with equivalent absorption and vice versa. 
A particular current interest is especially in what is known as time-
reversed lasing. In this case we start with a gain medium outputting a 
single coherent beam with no externally incident beam involved. If we 
now apply the time reversal technique, we have an incident beam that 
is simply the coherent output beam reversed in direction and a gain 
medium that is now switched to absorption. Since in the original case 
there was no incident beam there is now no reflected beam and the 
absorption of the now-incident light is complete. This is termed critical 
coupling or coherent perfect absorption. An idea behind all this is that 
new optical switching devices based on semiconductors might become 
possible. Control can be achieved over the extinction coefficient by 

injecting electrons for example. In the various studies, the absorbing 
layer in question is normally outermost with no overcoating and the 
linearity condition is satisfied by considering the system at the lasing 
threshold where the gain is unmodified.

From our point of view, time reversal is an interesting concept but 
is certainly not necessary for the understanding and optimizing of 
the absorption. Let us look at it as a straightforward optical thin-film 
problem. The authors of the studies correctly identify the properties 
of the rear surface of the absorbing films as critical in controlling 
absorption. But some of the studies are directed more at minimizing 
reflectance than maximizing absorption. Some of the substrates are 
themselves absorbing and then, of course, it is possible to reach 100% 
absorptance by attaining zero reflectance. But this is not a particularly 
interesting condition because, given the appropriate circumstances, even 
a dielectric layer on an absorbing substrate can achieve zero reflectance 
and therefore100% total absorptance, although the layer itself absorbs 
nothing. Let us therefore use a more interesting definition for perfect 
absorptance of 100% absorptance within the chosen layer.

In fact the problem has already been touched on in studies of 
contamination sensitivity [2, 3]. Contours of constant contamination 
sensitivity in the admittance diagram are a set of circles centered on 
the point –y0, where y0 is the admittance (real) of the incident medium 
and where the maximum sensitivity occurs at the origin where the 
reflectance is actually a maximum. However, this implies a value of 
contamination sensitivity that is four times the reference value, the 
reference value being equivalent to the absorptance of the same film 
added to the front surface of a perfect antireflection coating. The 
contaminant film is vanishingly thin. For 100% absorptance we need a 
slightly greater thickness.

We begin with potential absorptance, ( )
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where B and C have their usual meaning as normalized tangential 
electric and magnetic fields at the front surface of the layer and Ye is the 
exit admittance at the rear. Re(BC*) is simply twice the net irradiance 
entering the front surface of the system (in normalized units) and 
Re(Ye) twice that leaving. The actual absorptance, A, is then

Re(BC*) must be finite (we must have some input) and then for 100% 
absorptance both R and Re(Ye) must be zero. That implies:

The conditions cannot be achieved independently and, in fact, will 
require a precise value of both Ye and layer thickness.
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Let us take rhodium as our absorbing layer. The optical properties of 
rhodium are shown in Figure 1. We will design the coating for normal 
incidence and for 1000 nm where the optical constants of rhodium are 
3.4056 – i7.8276.

Figure 1. The optical properties of rhodium [8].

The admittance at the rear surface of the rhodium film, Ye, must be 
imaginary. In other words the admittance locus of the rhodium film 
must start at the imaginary axis. This is the first condition. But to assure 
the zero reflectance, the termination of the locus must be exactly at the 
admittance of the incident medium. This implies that both the starting 
point for the locus and the rhodium thickness must be chosen exactly 
to satisfy the termination condition. It should be possible to find the 
values by trial and error, or by refinement, but a quick solution is simply 
to plot a reverse locus. This is an admittance locus that moves in reverse 

from the desired end point to find the desired start point. (It should not 
be confused with the normal locus of a reversed design.)

The plot in Figure 2 shows a reverse locus for rhodium at 1000 nm 
and it is interesting that this section of the rhodium locus should be 
very close to a straight line. For zero reflectance the reverse locus 
must start at y0, 1.00 in this case. Perfect absorption clearly requires 
one, and only one, exact thickness for the film, and one, and only one, 
exact value of Ye. The reverse locus gives a thickness of 2.968 nm at its 
intercept with the imaginary axis at i0.927. No other values are possible. 
Using these values the reflectance of the correct thickness of the 
rhodium is as shown in Figure 3. Because the rear surface presents an 
imaginary admittance, no power penetrates past it. 

How can we achieve the imaginary exit admittance? We saw in Part 
1 that one way of achieving this was to work beyond the critical angle. 
At normal incidence, however, we simply have to achieve a structure 
with 100% reflectance and this is a goal that we can approach but never 
completely achieve. The 100% reflectance can involve dielectric or a 
mixture of dielectric and metal layers. Once the approach to 100% is 
close enough (more on that shortly) then the surface admittance can be 
adjusted by adding a dielectric layer of correct thickness that moves the 
end point of the locus up the imaginary axis, or at least as close to it as 
we can get. We can think of this layer as a phase adjusting layer.

Figure 2. A reverse locus for rhodium. This marks the locus of the exit admittances for a layer of the lim-
iting thickness (2.968 nm) to terminate at 1.00. The intercept with the imaginary axis is at 0.927.

Figure 3. The reflectance of the rhodium under the optimum conditions. Since the admittance of the rear 
surface is imaginary, at 1000 nm all light is trapped within the layer.
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How close to the imaginary axis does the admittance have to be? 
Contours of constant performance in the admittance diagram are nested 
circles [9] and we repeat here a short justification. We imagine a thin 
film, or system of films, with a rear surface that presents to the system 
an exit surface admittance, Ye. The parameters of the film structure 
are already fixed. System properties are based on a calculation of the 
following type. 
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where

The sole variables are α and β the real and imaginary parts of Ye. We can 
rewrite the relationships in (7) as:

and these contain various combinations of the following expressions:

In our analysis, we give these quantities constant values and derive the 
resulting locus of Ye, that is, α + iβ in the complex plane. In all of the 
expressions in as far as Ye is concerned, we have terms in Ye Ye*, in Ye 
and in Ye* but all other quantities are constants. This implies that we 
have terms in α2 + β2 and in α and in β but no terms like αβ. This in 
turn implies that the loci of Ye for constant R, T or A in the complex 
plane must be circular. The performance is an unambiguous, single 
value. Thus no two different-value contours for the same quantity can 
intersect, implying sets of nested circles.

Figure 4 shows contours of constant absorptance over the exit 
admittance plane for the optimal thickness of rhodium at 1000 nm. It is 
clear that the absorptance falls rather more rapidly with increasing real 
part of Ye than with changes in its imaginary part. Reflectance contours, 
Figure 5, show a slower change in reflectance with increasing real part 
of Ye.
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Figure 4. The contours in the admittance plane of absorptance (%) at 1000 nm for the rhodium film of 
optimal thickness, 2.9675 nm, in air as the incident medium. Errors in the imaginary part of the exit admit-
tance have less of an influence on the absorptance than those in the real part.

Figure 5. Contours of constant reflectance in the admittance plane with the same rhodium film as in Figure 
4. Clearly the reflectance does not rise as sharply as absorptance falls with increasing real part of the exit 
admittance.

If we change the sign of the absorbing k-values to turn the 
rhodium material into a gain medium and if we retain the 
optimum admittance at the rear, we obtain an admittance locus that 
terminates at the point –y0, that is 1.000. The resulting reflectance 
curve shows the lasing potential at 1000 nm. Theoretically the 
reflectance should rise to infinity but 8×1010% is close enough. Of 
course, such a gain is enormously beyond possible.
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Figure 6. Reflectance as a function of wavelength for the ideal rhodium film with gain 
instead of absorption and with the correct termination. That the reflectance does not rise to 
infinity is a consequence of the precision of the designed parameters.

Figure 7. The contours in the admittance plane of absorptance (%) at 1000 nm for the rhodium film of 
nonoptimal thickness, 2.000 nm, in air as the incident medium. Maximum absorptance, no longer 100%, 
still corresponds to an imaginary exit admittance.

Figure 8. Contours of constant reflectance in the admittance plane with the same rhodium film as in Figure 
7. Clearly minimum reflectance no longer corresponds to maximum absorptance.

Altering the thickness of the film to 2.0 nm changes the two 
diagrams as illustrated in Figure 7 and Figure 8. The maximum 
absorptance is now 96.13% rather than 100% and the reduction is 
almost entirely due to an increase in reflectance, Figure 8.

The exact nature of the perfect solution can be thought of as 
a consequence of the exact nature of the lasing condition in the 
presence of gain. The output is maximum at a resonance condition 
that corresponds to a reflectance of infinity [10, 11]. This condition is 
equivalent to the strict conditions for thickness and admittance that 
we have just examined. Also, in an actual working laser at power the 
gain tends to adjust itself to an optimum value. The various studies 
mentioned avoid this shifting gain by considering the laser at its lasing 
threshold before the gain is affected.

Some work has also been reported on the application of time 
reversal techniques to gain media in two-channel systems where 
there is coherent output from either side [12]. Again the time reversal 
must be applied under the conditions for lasing, and thickness, 
wavelength, and optical constants must be completely consistent with 
that. (Unfortunately impossible at any thickness for the rhodium film 
of Figure 6 on a normal substrate). Reversing the two output beams, 
introducing absorption to replace gain, and maintaining the necessary 
phase relationship will then give zero reflectance and maximum 
absorptance at each side of the film. Since both beams are required 
to assure complete absorption, one beam can be considered to be 
controlling the absorption of the other. This leads to the idea of a light-
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activated switch.
We can design such a two-channel perfect absorber with our usual 

optical thin-film theory. For simplicity of explanation we will continue 
to assume normal incidence but extension to oblique incidence is a 
straightforward application of our normal rules.

In an isotropic medium, E, H and the direction of propagation of 
a harmonic wave, in that order, form a right-handed set. Alternatively 
we can say that the direction of propagation coincides with the vector 
product of E and H. Reversing the sign of H reverses the direction 
of propagation. The matrix method illustrated briefly in equation 
(6) begins with a column vector that has elements consisting of the 
complex total tangential electric field amplitude and the complex 
total tangential magnetic field amplitude at the exit surface. These 
fields are then transformed into the corresponding fields at the front 
surface. We assume light arriving in the incident medium at the front 
surface and being partially reflected and partially transmitted so that 
a portion finally enters the emergent medium as a transmitted beam. 
Thus three beams are normally involved: a positive-going incident 
beam, a negative-going reflected beam and a positive going emergent, 
or transmitted, beam. Since the emergent medium is semi-infinite, only 
the emergent beam exists in it and the total tangential fields at the exit 
surface are those of the emergent beam. Since the processes are linear 
we choose to normalize the tangential electric field at the emergent 
interface to have the value unity and then the magnetic field has the 
value ysub, the characteristic admittance of the emergent medium, 
equation (10):

where B and C are the corresponding fields at the entrance surface. 
From B and C we can reconstruct what must be happening in the 
incident medium in order to assure that the output fields are 1 and ye. 
If C is equal to y0B, we can deduce that the fields B and C represent 
a single positive going wave in the incident medium. No counter-
propagating wave exists. We usually treat C/B as the surface admittance, 
Y, of the front surface. If Y = y0 then we can deduce that the reflectance 
of the system is zero. What we are doing is calculating what must be the 
input given the output.

In this particular design operation, our output, if we call it that, 
is actually a wave directed from the emergent medium onto the 
rear surface rather than one that emerges from it. In fact there is 
no emergent wave. We can handle that situation quite simply by 
reversing the sign of the magnetic field. In other words we replace ysub 
in the column matrix by -ysub. We emphasize that this should not be 
considered equivalent to a negative index. It is simply a consequence 
of a counter-propagating wave. Then we ensure that the front surface 
presents C/B = y0. This can be achieved either by a reverse locus that 
starts at y0 and terminates at -ysub or a forward locus starting at -ysub 
and terminating at y0. It is not always possible to do this with a single 
layer but with a multilayer it is similar to designing an antireflection 
coating.

We can choose an absorption-free material with index 1.52 as 
substrate and of index 1.00 for incident medium. We want the incident 
medium to be next to the outer surface of the metal. The reverse loci 
at 1000 nm of rhodium (3.406 - i7.828) and chromium (4.500 - i4.280) 

in Figure 9 show that neither meets the requirements, although 
the chromium comes close. Figure 10 shows that very close to a 
quarterwave of tantalum pentoxide (2.0938 - i0.0000) over some 16 nm 
of chromium gives an almost exact fit. Some slight adjustment of the 
thicknesses will complete the design.

However, all is still not complete at this stage. There are still 
amplitude and phase matters to attend to. We have arranged that the 
complex electric field amplitude at the emergent surface is real implying 
that the relative phase is zero. At the front surface, B contains the 
relative phase of the incoming field and is unlikely to be completely real. 
Then the irradiance entering from the rear is proportional to ysub while 
that at the front is likewise proportional to Re(BC*). These relationships 
must be satisfied for the device correctly to operate. And then there 
is the question of the performance difference from the off state, when 
illuminated from one side only, and the on state, when illuminated from 
both sides.

1

2

3

4

‐4 ‐3 ‐2 ‐1 1 2

Imaginary Admittance

Real Admittance

Rhodium

Chromium

Symbols
every 2 nm

Plot: Reverse Locus - Rh Cr at  1000 (nm)

Page 1

Figure 9. Reverse loci of rhodium and chromium at 1000 nm and starting at the point y0 = 1.0 - i0.0. The 
dots are spaced 2 nm apart.
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Figure 10. Intersection of a forward locus of Ta2O5 starting at -1.52, that is -ysub, and the 
reverse chromium locus starting at y0. This shows that just under a quarterwave of Ta2O5 
over about 16 nm of chromium is sufficient to give the required performance. The dots on the 
Ta2O5 locus are 20 nm apart and on the Cr 2 nm. 

The thicknesses required for the layers have to be rather precise. 
For the Ta2O5 the physical thickness should be 118.5615 nm and 
for the chromium, 15.9990 nm. The front surface then presents an 
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admittance of 0.99997. A closer match needs even greater precision in 
the thicknesses. Complete absorption is then assured with an irradiance 
ratio of 0.3503, the larger irradiance being from the substrate, a 
consequence of the Ta2O5 matching layer there. The phase of the input 
field at the front surface relative to that at the rear must be -94.54°. The 
front, unswitched, reflectance in the absence of the second beam is 
54.32% and of the rear surface, 6.67%.

Conclusion
Absorption is often thought of as a defect that would be better 
eliminated, whereas gain is something to be encouraged. In this second 
article on absorption we have concentrated on some studies that 
consider absorption as desirable a characteristic as gain. We have some 
useful tools that help in its design.
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