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Viewpoint
Backward lasing yields a perfect absorber
Stefano Longhi
Department of Physics, Polytechnic Institute of Milan, Milan, Italy

Published July 26, 2010
Just as a laser can emit coherent light from an amplifying medium, an absorbing medium can perfectly capture
incoming radiation under the right conditions.
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It is well known that an amplifying medium embedded in an optical cavity, i.e., a laser oscillator, can emit
coherent electromagnetic radiation when the gain coefficient of photons in the medium reaches a threshold
value that balances the light leakage out of the cavity [1]. The emitted radiation escapes from the cavity
in the form of outgoing monochromatic waves, usually
along preferred spatial directions [see Fig. 1(a)]. The
frequency ω0 and spatial pattern of the emitted waves
are those of the electromagnetic mode sustained by the
leaky cavity, which experiences the largest amplification
in the gain medium.
A less familiar process is the time-reversed counterpart of a laser: by replacing the gain with absorption,
the same optical system supports a purely incoming radiation pattern with complete absorption and zero reflection [see Fig. 1(b)]. Such an optical system, referred
to as a coherent perfect absorber (CPA), has been theoretically proposed in an article appearing in Physical Review Letters by Yidong Chong, Li Ge, Hui Cao, and Douglas Stone at Yale University in the US [2]. In this device, even small single-pass absorption can lead to perfect overall absorption, and optical media that normally
do not absorb radiation well at certain frequencies, can
be made to do so.
When light hits a material, three things can happen:
light can be reflected, as by a mirror; it can be transmitted, as with window glass; or it can be absorbed and
turned, for example, into heat. The time-reverse of the
lasing process ensures that a coherent light shining on
a dissipative medium at a specific wavelength and with
appropriate spatial pattern is neither reflected nor transmitted, rather it is fully absorbed. This kind of coherent
perfect absorption extends and explains in an elegant
way previous known methods of absorption enhancement in integrated optical devices [3, 4]. As compared
to other perfect optical absorbers, such as those based
on engineered metamaterials [5], the CPA principle proDOI: 10.1103/Physics.3.61
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posed by Chong et al.[2] works for any kind of absorbing
medium, is not based on resonant material absorption,
and does not require material nanostructuring.
Perfect absorption of photons by a dissipative optical
medium as proposed by the authors is reminiscent of
the problem of perfect absorbing potentials for matter
waves investigated in computational quantum physics,
for example, in reactive scattering calculations or other
molecular collision studies [6–9]. Perfect absorption of
optical and matter waves share a similar mathematical
description, involving the search for poles and zeros of
the underlying scattering matrix, which relates the incoming and outgoing electromagnetic wave modes. Just
as in a laser at the onset of oscillation, coherent perfect
absorption provides a clear physical signature of certain
spectral singularities that arise in the underlying nonHermitian Hamiltonian [10, 11]. However, the picture of
coherent perfect absorption as time-reversed laser oscillation provides a simple and elegant explanation of the
underlying physics that does not require any advanced
knowledge of scattering or spectral theory.
In a dielectric optical cavity filled by a gain medium,
the spatial profile of the lasing mode is found as an
eigenfunction of the Helmholtz equation for the complex electric field amplitude E, which in the simplest
one-dimensional spatial case reads
∂2 E/∂x2 + ω 2 n2 ( x ) E/c20 = 0 ,

(1)

where n( x ) = n0 + in00 is the complex refractive index of the dielectric medium, and c0 is the speed of
light in a vacuum. The electric field inside and outside
the cavity is simply given by E ( x, t) = E( x )exp(iωt) +
E∗ ( x )exp(−iωt). The imaginary part n00 of the refractive index accounts for light amplification (n00 > 0) or
absorption (n00 < 0) in the medium. For a laser, the
outgoing radiation pattern E( x ) satisfies Eq. (1) for a
real frequency ω0 when the (positive) imaginary part n00
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FIG. 1: (a) Schematic of a laser oscillator: a gain medium with
complex refractive index n = n0 + in00 , embedded in an optical cavity, emits outgoing coherent waves with defined phase
and spatial pattern at frequency ω0 when the amount of amplification n00 reaches a threshold value. (b) Schematic of the
time-reversed laser oscillator that realizes a coherent perfect
absorber: when the gain medium is replaced by an absorbing
medium with complex refractive index n∗ = n0 − in00 , incoming waves with definite phase and spatial pattern [the timereversed waves of the lasing mode in (a)] are fully absorbed in
the medium. (c) Typical behavior of total intensity reflection
coefficient versus frequency in a simple two-port photonic device, comprising a slab of lossy material (like Si) of thickness
a embedded in a fiber or waveguide (inset), excited at the two
input sides. The red and blue lines show the spectral reflection
curves for coherent input waves with controlled phase difference ∆θ (∆θ = 0, blue curve; ∆θ = π, red curve). The dashed
black line depicts the spectral reflection curve for incoherent
input waves. The peaks in the coherent reflection curves correspond to the odd- and even-symmetric modes sustained by
the slab structure.

of the refractive index reaches a threshold value. Outside the resonator, the field has the form of outgoing
waves with appropriate amplitudes A± and phases θ± ,
i.e., E( x ) = A± exp(±ikx + iθ± ).
If we take the complex conjugate of Eq. (1), i.e., if we
consider the time-reversed process of lasing at threshold, it follows that E∗ again satisfies the Helmholtz
equation but in a medium with a refractive index
n∗ ( x ) = n0 − in00 , i.e., in a lossy medium with the
amount of loss exactly equal to the amount of gain in
the original lasing medium. Since complex conjugation
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of the field pattern E∗ replaces outgoing waves with incoming waves, the dielectric lossy medium inside the
cavity fully absorbs the incoming radiation pattern at
frequency ω0 , and thus acts as a perfect absorber. In
other words, the combination of cavity effects and material absorption enables the incident radiation to be
fully turned into heat, or re-radiated, without being reflected. Just like laser radiation, however, perfect absorption only occurs within narrow frequency bands,
requires spatial mode matching and phase control of
the incoming waves, and is observed for special values
of the dissipation. Nevertheless, Chong et al.[2] have
shown that such conditions can be realized using, for
example, an indirect band-gap semiconductor (like silicon) in a waveguide configuration.
The simplest CPA they propose is a two-port device
consisting of a silicon slab of thickness a and (imaginary)
refractive index n = n0 − in00 , embedded in a waveguide or fiber with (real) refractive index n0 . The waveguide is excited from the two input sides by two counterpropagating coherent fields with the same intensity,
same frequency ω, and phase difference ∆θ = θ+ − θ−
[see the inset of Fig. 1(c)]. The spectral behavior of the
light intensity reflected from the two ports of the device,
normalized to the total intensity of incident waves, is
shown in Fig. 1(c) for coherent input excitation with
∆θ = 0 (blue curve), ∆θ = π (red curve), and for incoherent beam excitation (dashed black curve). For coherent excitation, resonant peaks, leading to strong absorption in the material, are clearly visible, which correspond to the various resonant modes supported by the
silicon slab with either odd or even spatial symmetry.
The exact condition of time reversal of lasing, and thus
perfect absorption, is attained at a special frequency ω0
solely, which is the wavelength of the lasing mode that
one would observe when the loss is replaced by gain.
Conversely, for incoherent light excitation the resonant
structure of the absorption greatly disappears. For the
silicon slab design considered by the authors [2], the
spectral peaks of perfect (or enhanced) absorption occur
at around 940-nm wavelength. It is remarkable that CPA
enables not only a resonant enhancement of absorption,
but also a reduction of absorption, as compared to incoherent excitation, for appropriate choice of the phase
difference ∆θ [2] [see Fig. 1(c)].
The main limitations of CPA are the narrow-band operation and the need for coherent (phase and spatially
controlled) excitation fields. Such severe conditions
make CPA unlikely in applications where absorption of
broadband and incoherent light is needed (such as in solar photovoltaic or stealth applications). However, owing to the strong phase-dependence of the amount of
absorbed radiation in the medium, CPA can be ingeniously exploited to build a compact absorptive multichannel interferometer, as discussed by Chong et al.[2].
Unlike an ordinary interferometer, a CPA-based interferometer does not shift the input beams between possible output channels, but causes them to be absorbed
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within the material. CPA-based interferometers could
thus have potential applications in the realization of
transducers, modulators, or optical switches, for example, in on-chip integrated optical circuits based on Si
waveguide/resonator technology.
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