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Surface Dual Composite Nanostructure for
Improving Visible Light Absorption
in Thin Silicon Films

Weishuai Chen

Abstract—Visible light communication has attracted significant
attention due to advantages such as high transmission speed, good
security, high confidentiality, environmental protection, and lack of
need for spectrum authorization. Herein, the problem of absorption
of light in the visible band in thin silicon films is examined, and a
dual composite nanostructure array based on nanoholes of two sizes
is proposed to increase visible light absorption. Light absorptivity
was determined to be greater than 80% at wavelengths between
400 and 678 nm. Moreover, using finite-difference time-domain
numerical simulations, the distributions of the electric field at
specific wavelengths were obtained, the propagation modes at these
wavelengths were examined, and the effect of these modes was ana-
lyzed according to the electric field distributions. The proposed dual
composite nanostructured silicon film can be used in photovoltaic
devices to improve visible light absorption.

Index  Terms—Composite visible
communication, thin silicon film.

nanostructure, light

1. INTRODUCTION

ITH the “great leap forward” of mobile internet data,
communication technology is constantly undergoing
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renovation and recreation. This has ushered in a new chapter in
the global information technology revolution, which has yielded
novel concepts such as virtual reality, smart cities, cloud com-
puting, and autonomous driving. While these “big data” services
are rapidly developing, they also pose new challenges to the
data-carrying capacity of communication networks [1]. Tradi-
tional wireless communications currently suffer from a scarcity
of wireless spectrum resources. Visible light communication s a
new type of communication method that employs the modulation
of light with wavelengths between 400 and 800 nm to carry
information. The visible light spectrum bandwidth is about 400
THz, which is significantly greater than the existing wireless
communication spectrum. This extremely large bandwidth sig-
nifies that visible light communication has the potential for use in
high-speed communication [2]-[6] and could greatly expand the
existing wireless spectrum resources, effectively alleviating the
current urgent need for wireless bandwidth. Additionally, visible
light communication has many significant advantages, such as
radio-frequency radiation is not produced, environmental pro-
tection, high reliability, and confidentiality [7], [8]. However,
although visible light theoretically has a large communication
capacity, in practice, it is limited by the materials and devices
used in existing transmitters, receivers, and optical systems as
well as the current digital signal processing algorithms. There-
fore, increasing the rate of visible light communication systems
is still challenging.

Silicon (Si) can absorb incident light in the wavelength range
of 300 to 1100 nm; thus, silicon-based photodetectors are widely
used in visible light communication systems. Moreover, ultra-
thin photodetectors could effectively improve the transmission
rate of visible light communication systems. The absorption rate
of a thin silicon layer in the visible light band is relatively low.
Therefore, the light absorption rate of the thin silicon layer needs
to be improved. For the development of ultraviolet detection,
infrared detection, and solar cells, most researchers have focused
on improving the absorptivity. The quantum efficiency of a
detector device can be improved by including features such as
plasmonic nanostructures [9]-[13], photonic crystals [14]-[16],
or nanowires and nanoholes [17]-[19]. Similarly, a series of
surface light trapping structures have been used to improve
the performance of solar cells [20]-[32]. Furthermore, lateral
and vertical detectors fabricated on silicon-on-insulator wafers
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Fig. 1. Relation between the absorption depth of light in the silicon layer and
the wavelength.

have been used to improve the quantum efficiency [33]-[37].
To date, few studies have been conducted relating to inorganic
detectors for visible light. This study presents a design for a
dual composite nanostructure in a thin silicon layer. Since this
structure can enhance the absorption of visible light (400-800
nm), not only is the efficiency of the detector improved but
also the range of applications for visible light communication
systems is expanded and the full use of the resources of the
visible spectrum is enabled.

II. STRUCTURE DESIGN AND SIMULATION

When light is incident on semiconductor materials, the light
intensity decreases with increasing propagation distance due
to the continuous occurrence of the intrinsic absorption. The
absorption depth [ of light in the silicon layer is usually used to
represent the absorption coefficient o: [ = 1/c. The absorption
coefficient is related to the imaginary part of the refractive index
of the silicon material [24]. In the visible band (400-800 nm),
the shorter the wavelength, the larger the imaginary part of the
refractive index of silicon material and the larger the absorption
coefficient, and vice versa. Fig. 1 displays the relation between
the absorption depth of light and the wavelength of light in
silicon (Palik’s experimental measurement data were used in
this report [38]). Additionally, Fig. 1 shows that the absorption
depth increases with the wavelength. The absorption depth of
visible light changes with the wavelength, varying from a few
tenths of a micrometer to a few micrometers, and the wavelength
range of red light is the widest, ranging from 608 to 800 nm, and
its absorption depth in silicon is about 2-9 pm. The thickness
of the silicon layer must be carefully considered in the design
of a photovoltaic device. If the silicon layer is thick enough,
the transmissivity of visible light will decrease and absorptivity
will increase. However, when the thickness of the silicon layer
is increased, the integration of devices will be affected and too
much heat will be generated.

We calculated the reflectivity (R), transmissivity (7), and
absorptivity (A) curves of the silicon layer with different thick-
nesses using the finite-difference time-domain (FDTD) method.
As shown in Fig. 2(a), the calculation settings were as follows:
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the periodic boundary conditions were applied in the x and y
directions, PML (perfectly matched layer) boundary conditions
were applied in the z direction, and the plane wave was incident
vertically along the negative direction of the z axis. Fig. 2(b),
(c), and (d) show the variations of R, T, and A, respectively,
which were calculated using the FDTD method, with varying
thicknesses of the silicon layer in the visible band. As shown in
Fig. 2(b)—(d), the existence of the Fabry—Perot (F-P) oscillation
was obvious for the reflectivity, transmissivity, and absorptivity
curves, and this phenomenon can be explained as follows: Air
is present on both sides of the silicon layer, which yields a
sandwich structure with a low refractive index, a high refractive
index, and a low refractive index, constituting a simple F-P
cavity. For the short waveband, the absorption coefficient of
silicon was relatively large. When light was incident vertically,
in addition to the reflected energy loss, most of the energy was
absorbed in the silicon layer and no interference effects were
observed. Additionally, no oscillation peaks were present in the
reflectivity and transmissivity curves. For the long waveband, the
extinction coefficient of silicon was small and interference ef-
fects were present, resulting in the oscillation of reflectivity and
transmissivity curves. Simultaneously, for the long wavelength
band, as the thickness of the silicon layer increased, most of the
energy was absorbed in the silicon layer and the interference
effect gradually weakened. This caused the gradual weakening
of the oscillations of the reflectivity and transmittance curves.
Fig. 2(d) also shows that, when the thickness of silicon was less
than 10 pum, the optical absorptivity of Si in the visible band
exhibited an upward trend with increasing thickness, and when
the thickness of the silicon layer was greater than 10 pm, the
thickness of the silicon layer was greater than the absorption
depth of the red band (Fig. 1) and the absorptivity exhibits little
change. For the short band of visible light, the high reflectivity
of the silicon surface affects the absorptivity of the silicon layer.
For the long band of visible light, the absorptivity depends on
the thickness of the silicon layer. However, if the silicon layer
is too thick, difficulties will arise during device integration and
other photoelectric properties of the device will be affected.

To improve the absorptivity of visible light in a thin silicon
layer, a dual composite nanohole array (DCN-A) based on
nanoholes of two different sizes was designed on the silicon sur-
face. Fig. 3(a) displays the schematic of Si/DCN-A, and Fig. 3(b)
shows its cross-sectional diagram. As shown in Fig. 3(a), hs is
the thickness of the silicon layer; r; is the radius of the smaller
sized nanohole, r is the radius of the larger sized nanohole, and
ro = 2rq; p1 is the period of the smaller sized nanohole, ps is the
period of the larger sized nanohole, and po = 2p1; p is the period
of Si/DCN-A and p =2p =4p;; and dis the depth of Si/DCN-A.
A SiOs layer with a thickness of 4 is present below the silicon
layer. The effect of DCN-A on the light absorption of the silicon
layer was determined using the FDTD method in the visible
light band. The calculation settings were as follows: the periodic
boundary conditions were applied in the x and y directions; the
plane wave propagated in the z direction; and the wavelength
range was 400-800 nm. Additionally, the polarization direction
of the electric field was along the x-axis. A perfectly matched
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(a) Schematic of calculation settings; (b) Relation between reflectivity and thickness of the silicon layer; (¢) Relation between transmissivity and thickness

of the silicon layer; (d) Relation between absorptivity and thickness of the silicon layer. The black solid line represents = 3 pm, the red line represents = 6 pm,
the green line represents ¢ = 10 pm, the blue line represents = 15 pm, and the purple line represents 1 = 20 pm.

Fig. 3. (a) Schematic of the composite nanostructure; (b) Cross-sectional
diagram of the composite nanostructure.

layer was used to absorb any reflection and transmission fields
along the z direction.

III. RESULTS AND DISCUSSION

We used A = 1 — T — R to determine the light absorption
of the thin silicon layer, where R and T were obtained from the
FDTD numerical simulation. R and T are factors that directly
affect the absorptivity of visible light in the silicon layer, and
DCN-A can modulate the R and T of a silicon film layer. We
set the thickness of the silicon layer as iy = 3 um and that of
the SiO4 layer as 1 = 500 nm. To achieve high visible light
absorptivity in the thin silicon layer, the effect of DCN-A with
different structure parameters on silicon layer absorptivity was
calculated using FDTD.
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Fig. 4. Light absorptivity curve of Si/DCN-A with p = 1.6 um, d =
1.0 pm, and r; = 0.15, 0.16, 0.17, or 0.18 pm. The black solid line represents
the nanohole radius r1 = 0.15 pm and ro = 0.30 pm, the red line represents r;
=0.16 pm and r = 0.32 pm, the blue line represents r; = 0.17 ym and ro =
0.34 pm, and the green line represents 1 = 0.18 um and ro = 0.36 pm.

Fig. 4 displays the relation between the absorptivity curve and
wavelength with different nanohole radii. The period of DCN-A
was fixed at p = 1.6 um (p; = 0.4 pum, po = 0.8 um), the
depth was fixed at d = 1.0 pm, the radius of the smaller sized
nanohole r; was set as 0.15, 0.16, 0.17, or 0.18 um, and the
radius of the larger sized nanohole ro was set as 0.30, 0.32,
0.34, or 0.36 pm. The light absorptivity curves calculated using
the FDTD method are shown in Fig. 4. The figure shows that
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Fig.5. Lightabsorptivity curves of Si/DCN-A withp = 1.6 pm, r; = 0.18 pm,

rg = 0.36 um, and d = 0.5, 1.0, 1.5, or 2.0 pm. The black solid line represents
the DCN-A depth d = 0.5 pm, the red line represents d = 1.0 pm, the green
line represents d = 1.5 pm, and the blue line represents d = 2.0 pm.

when the period and depth were fixed, the absorptivity curve for
400-800 nm exhibited an upward trend with increasing radii.
As shown in the figure, the absorptivity in small wavelengths
of light between 400-500 nm is improved by increasing the
radius of holes is obviously, this phenomenon can be explained
as follows: Si has high surface reflectivity and large absorption
coefficient in small wavelength of light. When the period and
depth of the nanohole arrays are fixed, with the increase of the
radius of the nanohole, the surface reflection area decreases
and the absorption area of the incident light of the nanohole
increases. In addition, compared with the short wave visible
light band, the light absorptivity curve in the long visible light
band sharply fluctuated. When r; = 0.18 um and o = 0.36 nm,
the light absorptivity in the visible band was relatively high.

Fig. 5 displays the relation between absorptivity curve and
wavelength with varying DCN-A depth. The period of DCN-A
was fixed at p = 1.6 um (p; = 0.4 pm, po = 0.8 um), the radius
of the smaller sized nanohole was fixed at r1 = 0.18 pm, the
radius of the larger sized nanohole was fixed at ro = 0.36 um,
and the depth of DCN-A was set as 0.5, 1.0, 1.5 or 2.0 ym. The
light absorptivity curves calculated using the FDTD method are
shown in Fig. 5. The figure shows that for the blue light band
with a wavelength of 400-500 nm, the light absorptivity curve
exhibited an upward trend with increasing d. When d > 1 um,
the change of light absorptivity curve with the DCN-A depth
was relatively small for incident light with wavelengths greater
than 626 nm. Thus, the absorptivity in the short band of visible
light can be effectively improved by increasing d.

Fig. 6 displays the relation between the absorptivity curve
and wavelength with different DCN-A periods. The radius of the
smaller sized nanohole was fixed at r; = 0.18 pm, and the radius
of the larger sized nanohole was fixed at ro = 0.36 um. The depth
was fixed at d = 2.0 um, and the period of DCN-A was setasp =
1.6, 1.8, 2.0, or 2.2 pum. The light absorptivity curves calculated
using the FDTD method are shown in Fig. 5. The figure shows
that for A between 400 and 500 nm, the absorptivity decreased
with increasing DCN-A period. Compared with that in the long
visible band, the light absorptivity in the short visible band was
more sensitive to the change of period. When p = 1.6 um, the
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Fig. 6. Light absorptivity curves of Si/DCN-A with r; = 0.18 pum, ro =
0.36 pum, d = 2.0 pm, and p = 1.6, 1.8, 2.0, or 2.2 pum. The black solid
line represents the period of nanocomposite structure p = 1.6 pm, the red line
represents p = 1.8 pm, the blue line represents p = 2.0 pm, and the green line
represents p = 2.2 pm.
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Fig. 7. Light absorptivity curves of Si/DCN-A with r; = 0.18 pum, ro =
0.36 um, d = 2.0 pm, and p = 1.6 pm (p; = 0.4 pm, p2 = 0.8 pm).

light absorptivity was higher in the bands of 400-573, 581-623,
636-678, 700-726, 740-744, and 763—771 nm, covering most
of the visible band.

Based on the above research and after repeated optimization,
the following structural parameters of DCN-A were chosen: r; =
0.18 pum, ro = 0.36 yum, d = 2.0 ym, and p = 1.6 pm (p; =
0.4 pym, po = 0.8 um). Fig. 7 compares the absorptivity curves
of Si/DCN-A (shown by a black solid line in the figure) and
those of the Si thin film (shown by the pink solid line in the
figure) in the visible light band. According to the black solid
line in Fig. 7, for wavelengths A between 400 and 626 nm, the
optical absorptivity of Si/DCN-A was greater than 0.85; for A
between 626 and 678 nm, the absorptivity of Si/DCN-A was
greater than 0.80; for A between 678 and 698 nm, the absorptivity
of Si/DCN-A was greater than 0.75; for A between 698 and 735
nm, the absorptivity of Si/DCN-A was greater than 0.70; and
for A between 735 and 797 nm, the absorptivity of Si/DCN-A
was greater than 0.60. Thus, DCN-A can effectively improve
the light absorptivity of Si thin films in the visible band. The
fundamental Bloch, channeling Bloch, and guided resonance
modes are the main modes excited by DCN-A in the visible light
band [39], [40]. DCN-A supports the fundamental Bloch modes
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of all incident waves in the 400—800 nm band; when the channel
mode is excited, the field strength is mainly concentrated in
the nanoholes [40]. Furthermore, the field strength distribution
of the guided resonance mode is mainly concentrated in the
sidewall of the nanoholes, and the excitation of this mode is
usually accompanied by violent fluctuations in absorptivity,
which yields numerous resonance peaks with narrow half-widths
and random intervals [41]-[44]. As shown by the black solid line
in Fig. 7, for 400 nm < A < 510 nm, the light absorptivity curve
was relatively smooth, and the channel mode was the main mode
excited by the DCN-A in this band. For 510 nm < A < 636 nm,
the absorptivity curve displayed obvious fluctuations, the DCN-
A excited the channel mode and guided wave resonance mode
in this band, and the channel mode remained the main excitation
mode in this band. For A > 636 nm, the light absorptivity curve
sharply fluctuated and the guided wave resonance mode was the
main excitation mode of DCN-A in this band.

y(microns)

x(microns)

A =766nm

The x—y plane the electric field distributions at A = 425, 446, 501, 538, 590, 636, 676, 707, and 766 nm. (The electric field intensity of the incident light:

To further examine the effect of DCN-A on optical absorp-
tivity, we calculated the electric field distributions at A = 425,
446, 501, 538, 590, 636, 676, 707, and 766 nm; the field strength
distributions are shown in Fig. 8. The figure shows that in the
x—y plane, the intensities at A = 425, 466, and 501 nm were
mainly concentrated in the nanoholes, indicating that channeling
modes are the main mode of optical propagation. At A = 538
and 590 nm, although a small part of the field intensities was
concentrated in the sidewall of the nanoholes, most of the field
intensities was concentrated in the nanoholes and the channeling
modes remained the main modes of optical propagation. At A
= 636, 676, 707, and 766 nm, the electric field intensity was
concentrated at the sidewall of the nanoholes, signifying that
the guided resonance modes are the main modes of optical
propagation.

Fig. 9 compares the light absorptivity curves of Si/small-sized
nanohole array (structural parameters: r; = 0.18 pum, d =
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2 pm, and p; = 0.4 pm, shown by the black solid line in
the figure), large-sized nanohole array (structural parameters:
ro = 036 um, d = 2 pum, and po = 0.8 pum, shown by the
solid red line in the figure), and Si/DCN-A (shown by the solid
blue line in the figure) in the visible light band. The figure
shows that for the Si/small-sized nanohole arrays (Si/SSN-A),
the light absorptivity was relatively high in the range of 400-584
nm, and in the range of 604-800 nm, due to the excitation
of the guided resonance mode, the optical absorptivity sharply
fluctuated and a large number of resonance peaks were obtained.
For the Si/large-sized nanohole arrays (Si/LSN-A), in the range
of 400-611 nm, the light absorptivity was always lower than that
of Si/SSN-A, and in the range of 611-800 nm, compared with
Si/SSN-A, fewer guided resonance peaks were afforded. For
Si/DCN-A, in the range of 400-584 nm, the optical absorptivity
was smaller than that of Si/SSN-A, but the light absorptivity
still exceeded 0.83 in this range. In the range of 584-800 nm,
compared with Si/SSN-A and Si/LSN-A, Si/DCN-A exhibited
higher light absorptivity while affording fewer guided resonance
peaks and its light absorptivity curve was relatively smooth.

IV. CONCLUSION

To improve the absorption rate of visible light in a thin silicon
layer, a dual composite nanostructure based on nanoholes of two
different sizes was designed on a silicon surface. The proposed
Si/DCN-A exhibited light absorptivity exceeding 0.8 for wave-
lengths between 400 and 678 nm. This study also showed that in
the visible light band, periodically arranged DCN-A in a silicon
layer can improve light absorptivity through the combined action
of three light propagation modes. Finally, we compared the
light absorptivity of Si/DCN-A, Si/LSN-A, and Si/SSN-A in
the visible light band. Compared to the single-sized nanohole
arrays, the DCN-A exhibits a better absorptivity enhancement
effect over the whole visible band. The results of this study
provide a reference for the design of other photovoltaic devices.

APPENDIX

See Appendix 1 for the supporting content.
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