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8
Experimental demonstration of light trapping
beyond the 4n2 limit in thin Si slabs using
resonant surface Si Mie scatterers

We experimentally demonstrate light trapping in thin Si slabs, by using
resonant surface Si Mie nanocylinders. Thin (1-4 µm) Si slabs were
grown by chemical vapor deposition (CVD) on glass substrates. The Si
Mie coating was fabricated by substrate conformal imprint lithography
(SCIL) and reactive ion etching (RIE). We measure the absorption
spectra of the thin Si slabs by using total reflection and transmission
spectroscopy. Strong absorption enhancement is observed over the
entire 420-970 nm spectral range, due to light trapping by the Mie
scattering coating. For a 1-µm-thick slab, we demonstrate optical path
length enhancement near the Si bandgap up to a factor of 65, well
beyond the geometrical Lambertian 4n2 limit.

8.1 Introduction

Thin-film crystalline Si cells have a high potential to reduce the cost of photovoltaic
energy, due to the reduction of material costs compared to bulk wafers. In addition,
thinner cells allow achieving higher open circuit voltages, due to reduced bulk re-
combination. However, efficient light trapping schemes are needed to absorb the
full solar spectrum in a thin-film cell [40]. As shown in Chapter 7, using an array
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8 Experimental demonstration of light trapping beyond the 4n2 limit

of Si Mie scatterers at the surface provides a very good light-trapping scheme for Si
solar cells with thickness in the range 1-100µm. As we have shown using numerical
simulations of the optical absorption in thin Si cells coated with Mie scatterers,
efficiencies above 20% can be achieved for Si layers of 10 µm.

In this Chapter we experimentally study light trapping in thin crystalline Si slabs
grown by chemical vapor deposition (CVD) on glass substrates. We perform total
reflection and transmission spectroscopy to measure the absorption spectra of the
thin Si layers. The absorption spectra are used to estimate the light trapping effect
by the Si Mie coating, which is then compared to the Lambertian 4n2 light trapping
limit [41, 42]. We find that for a 1-µm-thick Si slab the Si Mie coating provides light
trapping beyond the 4n2 limit for a spectral range close to the silicon bandgap.

8.2 Experimental results

We fabricate thin polycrystalline Si layers on top of a 2×1 cm2 glass substrate by
means of CVD. Three series of samples were fabricated, with thicknesses of 1 µm, 2
µm and 4 µm, respectively. The growth rate was ∼2 nm/s, and the surface rough-
ness of the deposited Si layers is 1.3 nm as measured using profilometry. Ellipsom-
etry shows that the optical constants of the layers are very close to those of single-
crystalline Si. Arrays of Si nanocylinders (NCs) were made at the surface using
substrate conformal imprint lithography (SCIL) and reactive ion etching (RIE), in
the same way as outlined in Chapter 2.

(a) (b)

(c)

2 µm

Figure 8.1: (a) SEM image of an array of Si NCs in a 1 µm thick layer on glass. (b)
Photograph of a 1-µm-thick uncoated Si slab on a glass substrate and (c) of a 1-µm-
thick Si slab on glass coated with the Si Mie NC array.

Figure 8.1(a) shows a scanning electron microscope (SEM) image of the Si NC
array etched into a 1-µm-thick Si layer. The Si NCs have height of 150 nm, diameter
of 250 nm and are placed in a square array with a pitch of 450 nm. Figures 1(b) and
(c) show photographs of a 1-µm-thick Si layer on glass with and without the Si Mie
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8.2 Experimental results

coating, respectively. As can be seen, the unpatterned Si layer (b) is semitranspar-
ent for light in the red part of the spectrum. In contrast, the Si slab coated with Si
NCs appears opaque, due to increased light absorption.

The light trapping properties were studied by means of total reflection and total
transmission spectroscopy in a Labsphere 4”-diameter integrating sphere, using a
supercontinuum broadband light source (Fianium SC400-A, spectral range 0.40 - 2
µm). The diameter of the normal-incidence beam spot on the sample was ∼1 mm.
Light from the integrating sphere was collected with a multimode optical fiber and
sent to a spectrometer (Acton, SpectraPro 300i), equipped with a Si CCD detector.
Measurements were taken up to a wavelength of 970 nm, limited by the sensitivity
of the detector.

Figure 8.2(a) shows the measured reflectivity spectra of a flat uncoated Si(100)
wafer (black), a flat uncoated 1-µm-thick Si slab on glass (blue) and the same slab
coated with Si NCs (red).
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Figure 8.2: (a) Reflection, (b) transmission and (c) absorption spectra of a 1-µm-
thick Si slab on glass for an uncoated slab (blue) and a slab coated with a Si NC
array (red). Panel (a) also shows the measured reflection spectrum of a thick Si
wafer (black) and the simulated reflection spectrum of a semi-infinite Si substrate
with a Si Mie coating (dashed purple line). Panel (b) also shows the transmission
spectrum of a bare glass slide (black) for reference. Panel (c) also shows the
spectrum of light that is absorbed into a semi-infinite Si substrate covered with the
Si Mie coating (dashed purple line) and in a flat uncoated semi-infinite Si substrate
(dashed black).

The reflectivity of a flat Si slab shows clear oscillations due to Fabry-Perot in-
terference in the slab. The overall reflection is larger than that of a thick Si wafer
(black), due to the contribution of reflection from the Si-glass interface. As can
be seen, the Si Mie coating reduces the reflectivity of a flat Si slab over the entire
spectral range from 420 nm to 970 nm. Fabry-Perot oscillations are still visible in
the reflectivity spectrum. In addition, features are observable that are spectrally
narrower than the Fabry-Perot oscillations. We ascribe these features to coupling
to waveguide modes in the thin slab (see also Chapter 7). Overall, the AM1.5-
weighed average reflectivity of a 1-µm-thick Si slab is reduced from 48.4% to 17.7%
by covering the slab surface with a Si NC array.

Figure 8.2(a) also shows the simulated reflectivity of a Si NC array on top of
a semi-infinite Si substrate (dashed purple line). A very good spectral match is
observed between this curve and the reflectivity of the flat slab in the range 420-600
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8 Experimental demonstration of light trapping beyond the 4n2 limit

nm. This means that the reduction in reflectivity in this spectral range is only due to
the antireflection effect of the Si Mie coating (similar to what is shown in Chapter 6).
No additional light trapping effect can be observed in this spectral range from the
reflectivity spectrum, as nearly all light is absorbed by the 1-µm-thick Si slab in a
single or double pass through it. For the spectral range 600-970 nm, light is not
fully absorbed by the thin slab, and thus the measured reflectivity of the thin slab is
larger than that of a semi-infinite substrate.

Figure 8.2(b) shows the transmission spectra of a glass substrate (black), a flat
uncoated 1-µm-thick Si slab on glass (blue) and of the same slab coated with Si
NCs (red). The transmission of a glass substrate amounts to ∼92% over the entire
spectral range, due to the ∼4% reflectivity on the two glass-air interfaces. The trans-
mission spectrum of a flat Si slab shows Fabry-Perot oscillations as in Fig. 8.2(a).
The transmission is reduced over the entire spectral range by applying the Si Mie
coating. This is due to the fact that light is scattered by the Mie NCs over a certain
angular range, and thus the optical path length in the Si slab is enhanced. This
yields higher absorption in the layer, and thus a lower transmission.

From the reflection (R) and transmission (T) spectra we can calculate the ab-
sorption as 1-R-T. The result is shown in Fig. 8.2(c), for a 1-µm-thick uncoated Si
slab (blue) and for the same Si slab with the Si Mie coating (red). Note that as the
Si NCs are etched into the 1 µm Si slab, the actual thickness of the slab with Si Mie
coating is actually smaller than that of the flat slab (the effective thickness is 850
nm). Despite this thickness difference, the Si slab with Mie coating shows higher
absorption of light over the entire 420 - 970 nm spectrum. The AM1.5-weighed
average absorption of the 1-µm-thick Si slab with Mie coating is 73.4%, compared
to 36.0% of a flat Si slab with same thickness. The Mie scatterers thus more than
double the absorption in the Si wafer.

The absorption enhancement is due to both an antireflection effect (see Chap-
ter 6) and light trapping (see Chapter 7). In this Chapter, we are interested in study-
ing the latter. In order to do so, we define a normalized absorption as the absorption
spectrum divided by the incoupling spectrum, i.e. the spectrum of light that is cou-
pled into a semi-infinite Si substrate covered with the Si Mie coating. This allows
eliminating the antireflection effect from the measured absorption spectra, and
comparing the Si Mie light trapping scheme to the Lambertian 4n2 light trapping
limit. The simulated Mie incoupling spectrum is shown in Fig. 8.2(c) by the dashed
purple line. The graph also shows the absorption into a flat uncoated Si wafer
(dashed black line), which is used to calculate the normalized absorption of the
flat Si slab.

Figure 8.3 shows the normalized absorption, defined as above, of a flat uncoated
Si slab (blue) and a Si slab with Mie coating (red), for slab thicknesses of 1 µm (a), 2
µm (b) and 4 µm (c), respectively. Each graph also shows the calculated absorption
spectrum for a single pass of light through the Si layer (dashed black line), a double
pass (dot-dashed black) and the 4n2 limit (solid black).

For the 1-µm-thick slab (a) we observe that the normalized absorption of the
uncoated slab oscillates around the double-pass absorption. This is expected, as
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Figure 8.3: Normalized absorption spectra for a flat uncoated Si slab (blue) and a Si
slab with Mie coating (red), for slab thicknesses of 1 µm (a), 2 µm (b) and 4 µm (c).
Each graph also shows the absorption spectrum for a single pass of light through
the Si layer (dashed black line), a double pass (dot-dashed black) and the 4n2 limit
(solid black).

light is reflected by the Si-glass interface at the back. The slab with the Si Mie
coating shows a normalized absorption larger than that of a flat slab over the entire
spectral range. The normalized absorption is equal to ∼1 for wavelengths up to
550 nm. In this spectral range all light that is coupled into the slab is absorbed
(the values above 1 for wavelengths shorter than 450 nm are due to a sharp feature
in the simulation spectrum used for the normalization procedure, see Fig. 8.2(c)).
In the spectral range 550-950 nm, the normalized absorption oscillates between
0.4 and 0.9. Interestingly, we find that for wavelengths larger than 950 nm, the
normalized absorption is larger than the absorption in the 4n2 limit. A similar
behavior is observed for the 2 µm (Fig. 8.3(b)) and 4 µm (Fig. 8.3(c)) Si slabs. In
this case however, the normalized absorption does not beat the 4n2 limit for any
wavelength up to 970 nm.

Next, we convert the measured data to optical path enhancement. Based on
the normalized absorption spectra shown in Fig. 8.3, we calculate the optical path

length enhancement as: l (λ) = − log(1−N A(λ))
α(λ)t , where l (λ) is the optical path length

enhancement, N A(λ) the normalized absorption, α(λ) the absorption coefficient
of Si and t the slab thickness. Figure 8.4 shows the optical path length enhancement
for the three thicknesses. Si slab with the Si Mie coating (red line), in the near-
IR spectral range (700-970 nm). The results are compared with the 4n2 limit path
length enhancement (black).

As can be seen, the Mie scattering coating on a 1-µm-thick slab leads to a strong
optical the path length enhancement that increases from a factor of 5 for short
wavelengths to a factor as high as 60 for larger wavelengths. The maximum ob-
served path length enhancement is 65, at a wavelength of 955 nm. The 4n2 limit
is exceeded for several wavelengths in the spectral range 940-970 nm. Path length
enhancements are particularly important at these long wavelengths where Si shows
poor absorption. For 2-µm-thick and 4-µm-thick Si slabs (Figs. 8.4(b) and 8.4(c))
the optical path length enhancement increases for larger wavelengths, as for the
thinner slab. Maximum values of ∼40 and ∼18 are reached, respectively. In both
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8 Experimental demonstration of light trapping beyond the 4n2 limit
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Figure 8.4: Optical path length enhancement for a 1 µm (a), 2 µm (b) and 4 µm (c)
Si slab with the Si Mie coating (red line), in the near-IR spectral range (700-970nm)
derived from the experimental data. The results are compared with the Lambertian
4n2 path length enhancement limit (black).

cases, however, the 4n2 limit is not exceeded for any wavelength up to 970 nm
because these slabs show stronger absorption due to their larger thickness.

Finally, note that in the present geometry the path length enhancement is lim-
ited by losses that result from outcoupling at the Si/glass back interface. The path
length enhancement by using Mie scatterers can be further improved by using a
metal back-reflector. Furthermore, it will be interesting to carry out measurements
of the path length enhancement at a wavelength range extending beyond the limit
of 970 nm studied here.

8.3 Conclusion

We have experimentally demonstrated strong light trapping in thin Si slabs, by us-
ing resonant surface Si Mie NCs. By using total reflection and transmission spec-
troscopy, we have measured the absorption spectra for slabs with thicknesses of 1
µm, 2 µm and 4 µm. In all cases, enhanced absorption is observed over the entire
420-970 nm spectral range for the slabs with the Si Mie coating with respect to a flat
uncoated slab. This is due to both an antireflection effect and a light trapping effect.
By normalizing the total absorption to an incoupling spectrum (accounting for the
antireflection effect), we derive the absorption enhancement that is due to light
trapping. For a 1-µm-thick slab, the Si Mie coating provides light trapping beyond
the Lambertian 4n2 limit in the 940-970 nm spectral range. The optical path length
enhancement depends on the wavelength and ranges between 5 and 65. For 2-µm-
thick and 4-µm-thick Si slabs, strong light trapping by the Si Mie coating is observed
as well but not beyond the 4n2 limit, in the spectral range considered. Finally, we
note that the Mie scattering geometry used in these experiments was optimized for
enhanced light incoupling (antireflection effect). Full optimization of particle size,
shape and array pitch may lead to geometries with path length enhancement even
higher than demonstrated here.
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