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Abstract

The ultra-thin limit regime is characterized by a structure which at least in one
dimension is significantly smaller than the incoming light wavelength. The
absorption in this regime is characterized either by very weak absorption or
by a broad peak attributed to the zeroth order Fabry-Perot mode. We show
that this mode provides a 14.5% ultimate efficiency in a 25 nm GaAs slab
on a gold substrate. GaAs in air achieves only a 5% for a 10 nm slab. Such
an amplification of the resonance absorption is attributed to the high losses
of the substrate. For very high losses, the zeroth order mode transits from an
over-damped regime to an under-damped one.

Keywords: Solar cells, absorption, quasinormal modes, optics, optical
coating.

1 Introduction

Light absorption plays a central role in the design of optoelectronic devices. It
is of particular relevance in the case of solar cells, where the photogenerated
carriers result from the absorption of the incoming solar light. The most simple
physical model to describe the absorption in the active material of a solar cell
is a free-standing slab. The absorption of a slab presents a series of peaks
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which are well described by the Fabry-Perot resonances resulting from the
interference of the transmitted and reflected waves at the bounding surfaces.
Such resonances are commonly described as an integer multiple of the optical
path: mλm/2 = nL, being λm the wavelength of the resonance of order
m = 1, 2, . . . , n the refractive index and L the thickness of the slab. The
positions of these resonances coincide with the transmission maxima of the
slab and conversely, with the minima in the reflectance. If the slab presents
optical losses, i.e. its material is described by a complex refractive index,
the position of the absorption maxima are slightly shifted with respect to the
aforementioned thumb rule of the FP resonances. A broader perspective of
the problem is attained from a guidance point of view. If we look at the slab
as a two dimensional waveguide, there would be guided modes propagating
within the slab at particular frequencies and wavevector orientations thanks
to the total internal reflection (TIR) at the top and bottom interfaces [1]. For
an incoming angle larger that the TIR critical angle, part of the energy of
the field is radiated away from the waveguide, becoming a leaky mode. In
a seminal work [2–4], Kliewer, Fuchs and Pardee described such modes
as virtualmodes. The particular case of light impinging on a surface at a
normal angle is equivalent to the study of a guided mode propagating with a
wavevector normal to the waveguide surfaces. Physical methods have evolved
in the description of open cavities, being the theory of quasi-normal modes
(QNM) the most complete nowadays [5, 6]. Hence, the resonances of an
optical system, which are traditionally determined by the poles of the scattering
matrix [7], are the eigenvalues of the QNM allowing a rigorous description
of optical systems like photonic bandgap structures [8, 9] and plasmonic
cavities [10].

In the ultra-thin regime (L/λ � 1) an additional peak can be identified
which has no correspondence with any order m, as illustrated in Figure 1. In the
same plot, we show how the real part of the QNMs eigenfrequencies [Re(ω̃m)]
points perfectly the peak absorption maxima, while the simple interference
conditions formulated above (ωm) appear to be red-shifted. Relying on the
QNM theory, we managed to attribute the left-most absorption peak to the
excitation of the QNM of zeroth order, i.e. m = 0 [11]. More intriguing is
the fact that the position of this peak is predicted by the imaginary part of
the QNMs eigenfrequency [Im(ω̃m)]. This is attributed to the over-damped
nature of the zeroth oder mode, i.e. Im(ω̃m) � Re(ω̃m), as discussed in [11].

In the current study, we analyze the impact of the optical properties of the
substrate on the features of the absorption peak. We will see that the presence
of a metallic substrate amplifies enormously the absorption of the zeroth order
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Figure 1 Optical absorption for a free-standing slab of refractive index N = 4.0+i0.35. The
vertical lines denote the position of the resonances as predicted by the real (blue) and imaginary
(black) part of the eigenfrequecies of the QNMs (ω̃m) and the FP interference condition (red).

model. Indeed, Massiot el al. reported in [12] an experimental absorption of
≈ 70% at ≈ 650 nm for a single GaAs layer of 25 nm on Au substrate, which
was identified as an “unexpected” FP resonance [13]. We have identified such
peak with the zero-frequency mode of the structure and studied the critical role
played by the losses of the substrate. The absorption in ultra-thin films might
be enhanced even further by introducing a diffraction grating [14], being even
possible to achieve the total light absorption in a narrow band [15].

2 Optical Absorption in the GaAs/Au System

In the quest for achieving ultra-thin optoelectronic devices, Massiot et al.
proposed in [12] an absorber design where the active region consists of a
single 25 nm GaAs layer finalized with a silver nano-grid embedded in a SiNx

matrix. In Figure 5 of [12] the theoretical and experimental absorption of the
isolated GaAs layer on the Au substrate are reported. Both curves show a very
good agreement. To get an insight in the performance of just an ultra-thin slab
of GaAs in a solar cell, we show in Figure 2(a) the total absorption together with
the absorption in the semiconductor to identify the amount of light absorbed
in GaAs from that absorbed in the Au substrate. The values of the dielectric
function for GaAs and Au are taken from [16] and [17], respectively. Even at
the extreme narrowness of the GaAs slabs considered in the calculations, the
amount of absorbed light is very significant. This point is better illustrated in
Figure 2(b) by the ultimate efficiency, which is computed as:
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ηult =

∫ λmax

λmin

I(λ)A(λ)λ/λmaxdλ

∫ λmax

0
I(λ)dλ

, (1)

being I(λ) the AM 1.5 solar radiation spectrum, A(λ) the GaAs layer
absorption, λmin = 350 nm and λmax = 872 nm (the GaAs bandgap at 300 K).
The top bound of ηult (A(λ) = 1) for these settings is 45%. A clear maximum
can be identified at 25 nm. At larger thicknesses the absorption peak overlaps
the GaAs bandgap region, which acts as a high-pass filter, hence resulting in
a less efficient absorption. The value of the maximum ηult is 14.5%, meaning
that with such a small amount of GaAs a third of the theoretical ultimate
efficiency is achieved. The amplification effect can be quantified by comparing
this value with that obtained in a free-standing GaAs slab. It is possible to see
in Figure 2(b) that the first maximum in ηult reaches a 5% at L = 10 nm. Hence,
the gold substrate plays a crucial role in the amplification of the zeroth order
resonance. This result might be interpreted as an effect of a better overlapping

Figure 2 (a) Total absorption (blue) and absorption in the GaAs layer (red) for different slab
thicknesses. The spectra are displaced vertically one to each other. The dotted horizontal lines
denote the different axis scale from zero to one. (b) Ultimate efficiency taking into account
only the absorption in GaAs on Au for dispersive (solid black) and non-dispersive materials
(dashed black, NGaAs = 3.83 + i0.15 and NAu = 0.155 + i3.6). Dispersive GaAs on air case
(solid red).
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between the mode and the absorbing material. As the metallic substrate is
a better back-reflector, the mode tail does not penetrate so deeply into the
back material and experiences a confinement in the active region. The total
absorption increases even further due to the losses present now in the substrate.
These losses play a little effect in our study, because we have considered only
the absorption in the active layer along the paper. In general, the enhancement
of the zeroth mode absorption increases with a higher refractive index contrast
and a higher absorption in the substrate. The latter effect is discussed in the
next section.

The position of the maximum is difficult to predict because of the
dispersion of the materials. A direct search of the resonance position requires a
location of the poles of the scattering matrix in the complex plane. Therefore,
an analytical continuation of the dielectric function of the involved materials
must be available. For the sake of simplicity, we follow a different approach.
The dielectric response of GaAs and Au is described by a fixed value provided
that the same qualitative results to those reported in Figure 2 are obtained.
Taking as a reference the value of the refractive index at the position of
the maximum for L = 25 nm (650 nm), we use the following values
NAu = 0.155 + i3.6 and NGaAs = 3.83 + i0.15 to describe the materials.
The resulting ηult is shown in Figure 2(b) to facilitate the comparison. As can
be appreciated in the plot, both curves show a qualitative good agreement.
The absorption spectrum is shown in Figure 3 in dimensionless units given

Figure 3 Absorption spectrum for a slab of index N = 3.83 + i0.15 on a substrate of index
N = 0.155+ i3.6. The vertical lines denote the position of the resonances as predicted by the
real (blue) and imaginary (black) part of the eigenfrequencies of the QNMs (ω̃m).
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that the absence of material dispersion permits to apply the scale invariance
of Maxwell’s equations. From the comparison with Figure 1, it is remarkable
the change in the shape of the spectrum. Now the absorption is more intense
and the peaks have experienced a reduction of their linewidth. Such change
is even more pronounced for the zeroth order mode. Instead of appearing as a
“shoulder”, it adopts a Lorentzian shape, like any other FP resonances. This
effect is again related with the presence of a substrate which acts as a back
reflector.

The position of the resonances can be inferred from the eigenfrequencies
of the QNMs [11]:

ω̃m =
m

2NGaAs
+

i

4πNGaAs
ln

{(
1 − NGaAs

1 + NGaAs

) (
NAu − NGaAs

NAu + NGaAs

)}
. (2)

The vertical lines in Figure 3 help to localize their position in the spectrum.
As we saw in Figure 1 the position of the first and second order FP peaks is
well predicted by the real part of ω̃m. However the position of the zeroth order
is now better predicted by the real part than the imaginary part. The metallic
substrate induces a strong blue shift of the eigenfrequency. The resonances
lose their over-damped character becoming critically-damped, i.e. Im(ω̃m) ≈
Re(ω̃m). Therefore the position of the maximum is neither the imaginary nor
the real part of the eigenfrequency.

3 Effect of the Substrate Losses on the Zeroth Order
Resonance

The fact of replacing the air (Figure 1) by a metal (Figure 3) as back material
results in a huge blue shift of the zeroth order mode. Such strong effect is
attributed to the high losses of the substrate. This is illustrated in Figure 4.
We have considered two different cases: a substrate defined by Re(N) = 1.5
(a) and Re(N) = 0.155 (b) and a varying Im(N). The former case resembles
a dielectric material, while the latter is representative of a metal substrate.
In both cases, the evolution of the spectra with the imaginary part shows the
strong blue shift and the increase of the absorption at resonance. From the
comparison can be also noted that the metallic substrate is more efficient in
amplifying the FP resonances, in particular that attributed to the zeroth order
mode. These results also show that the peak identified in Figure 2 is originated
by the zeroth order mode. It is possible to recognize an enhancement in the
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Figure 4 Absorption spectrum for a slab of index N = 3.83 + i0.15 on a substrate of real
index N = 1.5 (a) and N = 0.155 (b) for different values of the imaginary part. Position of
the absorption maximum of the zeroth order mode compared to the real and imaginary part of
the resonance for the same slab of L = 25 nm on a substrate of real index N = 1.5 (c) and
N = 0.155 (d) and different values of the imaginary part.

light trapping as a result of having a higher index contrast in the metallic case
than in the dielectric one.

The change in shape of the zeroth order peak evolves from that of an
over-damped resonance to the case of a critically-damped and finally an
under-damped one. It is possible now to study the evolution of the peak
maximum as a function of the substrate losses. In Figure 4(c) and (d),
the position of such maximum is extracted by inspection of the absorption
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spectra for the two aforementioned cases. The peak position is expressed
in wavelength terms to facilitate the comparison. For negligible losses, the
imaginary part of the eigenfrequency is significantly larger than the real
part, which corresponds to the over-damped case. Indeed, the imaginary part
provides an accurate estimate of the position of the maximum for both types
of substrates. However, as the losses increase, the position of the maximum
deviates from the imaginary part and slowly converges to the real part of the
eigenfrequency. Such convergence is achieved in the under-damped case.

4 Conclusions

We have studied the absorption of slabs in the ultra-thin regime, meaning
thicknesses of a few tens of nanometers. These systems are very interesting
for solar cells [12] and also for optical coatings [18]. Relying on the theory
of quasi-normal modes, we have successfully attributed the absorption peak
appearing in a 25 nm GaAs slab on Au to the excitation of the zeroth order
mode. We have also shown that the losses of the substrate play an important
role in the amplification and shift towards optical wavelengths of the zeroth
order resonance. In the past, the origin of such resonance was qualitatively
explained by means of strong interference effects [12, 18]. In this work, we
have provided a complementary description solely based on the quasi-normal
modes of the structure.
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