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SI Text
Reproducing the Standard Conventional Limit for Cells with Noniso-
tropic Response. This section expands upon the discussion on light
trapping in bulk structures, by considering the case where the
resonances do not couple to channels isotropically. Suppose
the resonances in the structure only couple to light with incident
angle less than θ. In applying Eq. 6 to calculate the upper limit for
the absorption enhancement factor, we only need to include
channels with a radius of k== ¼ sinðθÞω∕c in the k== space:

N ¼ 2π sin2ðθÞω2
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: [S1]

Therefore, the upper limit for the absorption enhancement factor
is

F ¼ 4n2

sin2ðθÞ : [S2]

This result agrees with that of ray-optics theory (1, 2).

Analytic Calculation of the Light-Trapping Limit of the Simulated
Structure. In this section, we use our theory to calculate the upper
limit of the absorption enhancement factor for the structure
shown in Fig. 3A. The structure in Fig. 3A consists of four layers,
a top scattering layer, a cladding layer, an active layer, and a mir-
ror plate. In order to determine the upper limit for the absorption
enhancement factor, the first step is to calculate the guided mode
profiles. For this calculation, we approximate the scattering layer
as a uniform layer with its refractive index (n2 ¼ 4.64) deter-
mined by averaging the dielectric and air regions. The whole
structure supports three waveguide modes at 500 nm wavelength.
For each waveguide mode, its loss αwg and group index nwg are
calculated directly by mode solving. Its contribution to the upper
limit of absorption enhancement factor is then calculated as

F ¼ αwg
α0

λ

d
nwg; [S3]

where the absorption coefficient of the material in the active layer
is α0 ¼ 400 cm−1, and the thickness of the active layer is
d ¼ 5 nm. The computations for these modes are summarized
in Table S1. It is known that only transverse magnetic (TM)
modes have the slot-waveguide effect with the field strongly
enhanced in the low-index active layers (3). Here we indeed
see significant contributions to the absorption enhancement only
from TM modes (Fig. S1). The predicted upper limit, summing
over the contributions of all three modes, is 147.

Details of the Simulated Structure. In this section, we provide de-
tailed information about the simulations performed to obtain the
absorption spectra for the structures shown in Fig. 3A. A scatter-
ing-matrix-based numerical simulation was used; details can be
found in ref. 4. This method first solves the electromagnetic field
in the spatial Fourier space for each layer, and then determines
the scattering matrix of the overall structure by matching the
boundary conditions between different layers. The number of
spatial Fourier components used is 21 × 21.

The scattering layer has a square lattice with a period
L ¼ 1;200 nm and a thickness of 80 nm. Each unit cell consists
of a number of air grooves cutting through the high-dielectric ma-

terial (n2 ¼ 12.5). There are three sets of air grooves. The first set
consists of 10 grooves with width 0.05L, aligned along the axial
direction through the center of the unit cell. These grooves are
evenly distributed every 18 deg starting from the [10] direction.
The second set consists of two grooves with 0.1L width oriented
along [11] and [−11] directions. Lastly, two concentric rings
(0.05L in width) with radius 0.25L and 0.48L are introduced
to further increase the scattering strength. The scattering layer
is then discretized by a 50×50 grid mesh (Fig. S2). Using this
mesh, the Fourier components (4) of the dielectric function
are calculated by

Fkx;ky ¼
1

2500 ∑
i;j¼1;…;50

εðxi;yjÞe−iðkxxiþkyyjÞ:

We note that there is in fact no stringent requirement on the
design of the scattering pattern, e.g., a wide range of widths
and number of air grooves can be used.

Detailed Derivation of Some of the Main Equations in Paper. Eq. 2 of
the main text: Single resonance absorption spectrum AðωÞ. The
amplitudes of resonance and incident channel can be written
as

aðtÞ ¼ aðωÞ expðjωtÞ SðtÞ ¼ SðωÞ expðjωtÞ; [S4]

where aðωÞ and SðωÞ are spectra of the resonance and incident
channel. Substituting into Eq. 1 of the main text, we obtain the
spectrum of the resonance amplitude

aðωÞ ¼ j
ffiffiffiffi
γe

p
SðωÞ

ðjðω − ω0Þ þ ðγi þ NγeÞ∕2
: [S5]

The absorption spectrum can be calculated as

AðωÞ ¼ γijaðωÞj
jSðωÞj ¼ γiγe

ðω − ω0Þ2 þ ðγi þ NγeÞ2∕4
: [S6]

Eq. 7 of themain text: Number of resonant modesM.We consider the
photon density of states in a medium that has a thickness d, and a
square lattice with a periodicity L. In k space, each resonant mode
occupies a volume of ΔVk ¼ 2π

d × 2π
L × 2π

L . The total number of
resonances below frequency ω is obtained by counting resonant
modes within the sphere specified by radius k0 ¼ nω∕c:

m ¼ 2 ×
4π

3
k30 ×

1

ΔVk
¼ 8π

3

n3ω3
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where the factor of 2 arises from the two polarizations of light.
The number of resonances in the frequency range ½ω;ωþ δω� is
then

M ¼ 8πn3ω2
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δω: [S8]

Eq. 8 of the main text: Number of channels N. The number of chan-
nels is counted in two-dimensional k== space (Fig. 2A of the main
text). With a period L, each channel takes an area 2π

L × 2π
L . All
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channels have parallel wavevectors that satisfy k== < k0 ¼ ω∕c.
Thus

N ¼ 2 × πk20 ×
1

ð2π∕LÞ2 ¼
2πω2
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2

: [S9]

Again, a factor of 2 arises from two polarizations.

Eq. 10 of the main text: Number of resonances formed by a single
waveguide mode. In contrast to Eq. 7, here the number of reso-
nances is counted in kxy space because there is only one mode
in the z direction. The area that each resonance occupies in
kxy space is 2π

L × 2π
L . The number of resonances below frequency

ω is counted within the circle of radius k0 ¼ nwgω∕c:

m ¼ 2 × πk20 ×
1

ð2π∕LÞ2 ¼ 2 ×
πn2wgω2
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; [S10]

where nwg is the group index of the single mode. For convenience,
we assume nwg does not change with frequency and polarization.
In the frequency range ½ω;ωþ δω�,

M ¼ 2 ×
2πnwg2ω
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δω: [S11]

Absorption Enhancement Without a Perfect Electric Conductor (PEC)
Mirror. A PEC mirror is not essential to obtain high light-trap-
ping-based absorption enhancement. Here we consider a struc-
ture similar to Fig. 3A, except that the PEC mirror is replaced
by a dielectric layer with a thickness of 60 nm and a dielectric
constant of nH ¼ ffiffiffiffiffiffiffiffiffi

12.5
p

(Fig. S3A). The averaged enhancement
factor in this case becomes 67 (Fig. S3B), which is still well above
4n2 ¼ 10. This enhancement factor is about half of the enhance-
ment factor shown in Fig. 4A of main text due to the lack of a
reflecting mirror.
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Fig. S1. Profiles of electric-field intensity for the waveguide modes.
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Fig. S2. The real-space pattern of the scattering layer. Black corresponds to high-dielectric regions. White regions are air.
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Fig. S3. (A) Light-trapping structure where PEC is replaced by a cladding layer. (B) Absorption spectrum for the structure shown in A.

Table S1. Absorption coefficients and enhancement factor of
waveguide modes

Mode Mode1 TM Mode2 TM Mode3 TE

αwg∕α0 0.37 0.069 0.00053
nwg 3.4 3.2 3.9
λ∕d (λ ¼ 500 nm) 100 100 100
Enhancement 125 22 0.2
Total enhancement limit 147.2

TM, transverse magnetic; TE, transverse electric.
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