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ABSTRACT

We present a novel photodetector concept that involves the metasurface-induced scattering of a vertically incident photon
beam wave front toward desired direction, facilitating guided light propagation, and resulting in enhanced detection
efficiency in an ultra-thin photo absorption layer. The higher absorption efficiency is enabled by an enhanced photon
density of states while substantially reducing the optical group velocity of light and extending the photon material
interaction time compared to the traditional semiconductor photodetectors without an integrated metasurface. We have
demonstrated a surface-illuminated Si PIN photodiode (PD) structure with a metasurface composed of etched isosceles
triangle pillars using Finite Difference time Domain numerical simulation that can enable photon beam steering and guided
light propagation. This increases the absorption efficiency in devices with very small diameter (<10pum), surpassing the
capabilities of conventional omnidirectional scattering diffraction patterns. Our results show a 3.5-fold increase in internal
quantum efficiency over wavelengths above 900 nm compared to the structure without metasurface. The absorption
enhancement brought about by directional scattering is not limited to thin i-layers; it can potentially improve a wide range
of photodiode geometries and structures.
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1. INTRODUCTION

Photon trapping structures address the bandwidth-efficiency trade-off in photodetectors (PD) by enhancing the light-
matter interactions !4, Periodic arrays of micro and nanoscale surface structures are used to bend normally incident beams
of photons into laterally propagating modes along the plane of semiconductor films *7. Such structures bend light beams,
slow them down, and contribute to unprecedented improvement in the light absorption efficiency in devices, even when
designed with ultra-thin absorption regions. However, maximizing their efficiency in ultrafast devices remains a challenge
due to a multitude of factors influencing their design and fabrication. An ultrafast PD is designed to be small in area with
a typical diameter of ~10pm and with a thin absorption layer thickness to enable low RC time and short transit time. Since
wavelengths close to the bandgap of semiconductors always exhibit low absorption coefficients, such small diameters are
not sufficient for absorbing propagating modes along the plane of semiconductor films. For example, at 850 nm, we need
around 23pm absorption length to absorb >90% of the photons in silicon. Detecting such long wavelengths are important
for many ongoing and emerging applications in optical communications, sensing, or imaging 3.
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Here, we propose a strategy to improve the photon trapping effect in devices with small areas by redirecting the vertical
incident wavefront and guiding it circularly to ensure speed of operation while increasing the photon absorption efficiency.
We will use silicon to demonstrate the concept and show that near-infrared (NIR) detection efficiency can be considerably
increased while ensuring ultrafast operations.

2. PROPOSED DEVICE DESIGN

External Quantum Efficiency (EQE) is one of the key parameters that describe the sensitivity of PDs. We have designed
and fabricated several photon trapping (PT) PDs with integrated surface structures (nanoholes) by varying the nanohole
dimensions (diameter and period) and number of nanoholes (N). We also studied the influence of the N on the measured
EQE, where a set of devices with a constant device D of 50 um is characterized. SEM images of such devices with different
N are illustrated in Figure 1a. The measured EQE is presented in Figure 1b for PT PDs with a fixed nanohole period and
diameter of 1000 and 700 nm, respectively, for hexagonal lattice and inverted pyramid profile on SOI substrate, where the
N is varied from O (control) to 820. Compared to the control device with an EQE of ~12%, the EQE of the PT devices
gradually increases with increasing N, exhibiting a maximum of >38% for an N value exceeding 820. This experiment
mainly demonstrates a correlation between the EQE of a photodetector and N !. The EQE enhancement observed in the
device is due to the improved coupling of vertically incident light into laterally propagating modes with increasing N
within the same area of the devices. We also found that an increase in the planar area in a device, such as 100pum or 250pum
diameters, leads to higher absorption in the photoactive layer %1% 15 Consequently, the overall EQE of the PT devices
is increased to more than 80% in comparison to the control device !¢, This observation indicates that as device areas are
reduced, the benefits of traditional PT techniques cannot be fully realized.
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Figure 1. External Quantum Efficiency (EQE) versus number of nanoholes (N) in PDs under 850 nm laser illumination. (a) SEM
images of PDs with an increasing N in devices with 50 pm diameter. (b) Fitted curve shows that EQE starts with ~12% efficiency
for control PD (no photon-trapping structures) and saturates at ~38% for photon-trapping (PT) PD with ~30 periods of PT
nanoholes. This observation indicates that as device areas are reduced, the benefits of traditional PT techniques cannot be fully
realized due to the limited lateral propagation path length. The inset shows a vertically oriented photon beam diffracted into laterally
oriented omnidirectional guided modes in a PT semiconductor photodetector.

In this study, we considered metasurfaces with wavefront deflection function instead of a periodically etched surface
structure to improve the sensitivity in long wavelengths. Due to the sub-wavelength size and periodic arrangement of shape,
these metasurfaces work as meta-atomic elements and enable phase control instead of simple scattering of incident light.
Several groups reported metasurfaces enabled for beam deflection in active devices such as photodetectors 1*2, We used
isosceles triangle hole arrays with a period of approximately one wavelength. Because the distance between the two sides
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of an isosceles triangle varies continuously in the apex direction, multiple spatial mode excitations necessary for beam
deflection can be expected. Additionally, these metasurfaces also result in enhanced absorption electromagnetic (EM)
wave absorption based on directional scattering (DS) of photons, contributing to longer absorption length without
increasing absorption layer thickness.
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Figure 2. Schematic of the simulated PD structure with metasurface. (a) Perspective view. Triangular holes can be etched on the
surface to reach the i-layer of the device. At the bottom, there is N™* contact layer. (b) Top view of part of the triangular hole array.
For ease of fabrication, the vertices are rounded with radius 7. The vertex directions of the isosceles triangles are aligned with the
direction of the hexagonal sides inscribed in the top-layer circle. (c) The vertex directions (black arrows) of the isosceles triangles
are parallel to the sides of the circumscribed hexagon (dotted line), and 0° coincides with one of them.

Figure 2(a) shows a perspective view of the proposed photodetector (PD) structure, which features a metasurface on
top. The structure consists of a top layer made of heavily doped P++ silicon, sitting on an intrinsic silicon (i-layer) below.
The metasurface has isosceles triangle-shaped holes etched through these two layers. As shown in Figure 2(b), these holes
are arranged in a two-dimensional array, all oriented in the same direction, with periods ax and ay. The vertices of the
triangles are rounded with a 50-nanometer radius to make fabrication easier. Figure 2(c) shows the vertex directions (black
arrows) of the isosceles triangles that are parallel to the sides of the circumscribed hexagon (dotted line).

The shapes of the isosceles triangles vary with respect to the direction of their apex, meaning the distance between the
two sides changes gradually, which creates different spatial optical modes at various positions within a triangle. These
phase differences between the modes are generated within one grating period, and a series of phase differences between
adjacent gratings deflect the transmitted light. The appropriate phase difference for deflection is influenced by the triangles'
geometry, lattice period, etch depth, and optical wavelength. Our design was inspired by previous studies '* 7 that explored
the sizes of cylindrical and quadrilateral pillar arrays to determine the optimal size of triangular prisms.

3. DISCUSSION

The light propagation and absorption properties in the proposed PD structures were calculated using the Lumerical
FDTD solver. To verify the deflection effect in detail, the E-field intensity propagation in the x-z cross section was
investigated using a partial model of 3 x 3 nanohole lattices (Figure 3(a)). Here, the thickness of the Si layer below is kept
constant at 0.5 um. The 45° linearly polarized light pulse of ic = 0.9 pm, 44 = 0.1 pm, and ~6 fs long emitted at £ =0 is
incident on the top surface. Figures 3(b)—4(j) show the E-field intensity variation at 21 fs, 29 fs, and 38 fs time stamps.
The x- and y-axes of the monitor cross section is 5 um long and 0.86 um deep (i.e., SiO2 base 0.1 pm, i-layer 0.5 pm,
meta-surface 0.26 pm). We can see in Figs. 3(b)-3(d) that at 2 = 460 nm the optical pulse is slightly deflected and
propagates in the right side direction of the figures (+x direction) and is reflected from the SiO2 boundary in the upper
right direction. On the other hand, at 2 = 260 nm, multiple diffracted pulses are also generated, but the propagation is
almost symmetrical. These field intensity patterns are not simply deflected plane wave propagation due to the superposition
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Figure 3. (a) 3 x 3 periodic nanohole piece model; a light pulse with 45° linear polarization normally illuminates only the
metasurface piece section (approx. 0.17 um x 0.13 pm). The black dashed line is a monitoring plane (5 um x 0.86 pm) of the E-
field intensity, covering from the meta surface to the SiO, substrate. The cross-section is located between triangular holes. Non-
reflective Perfectly Matched Layer (PML) conditions are added to both the x- and y-direction end faces and to the SiO, bottom
surface. (b)—(d) E-field intensity transitions at times 21, 29 and 38 fs after incidence for the case of h =460 nm. Dashed lines indicate
metasurface positions. (¢)—(g) for h =260 nm. (h)—(j) for h = 0 without metasurface.

of some diffraction order lights with different amplitudes and phase distortions. The tringle array is designed to maximize
the total diffracted wave component in the +x direction. For reference, without metasurfaces, as seen in Figs. 3(h)-3(j),
the diffraction effect is small, resulting in almost plane wave propagation. Furthermore, using the same model shown in
Fig. 3(a), the deflection characteristics as a function of metasurface thickness # is evaluated from the power flow passing
through the x1 and x2 cross-sections. Detailed dynamics of the power flow are presented in Ref 22. 2!
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Figure 4 shows, at # = 0.46 pm, the transmitted power of x2 is significantly larger than that of x1, indicating that the +x
direction flow dominates in the longer wavelength region; however, when # is halved, it diffracts almost equally in both
directions. Furthermore, as 4 approaches 0, the deflection effect almost disappears.
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Figure 4: Light deflection manipulation with metasurface thickness 4. (a) Same model as Fig. 3(a). The light power transmitted
through x; and x; of the y—z cross-section in the Si layer is monitored. (b) Transmitted cross-sectional power as a function of 4. The
sign of the x; transmitted light is negative because of the direction of the inflow.

Figure 5(a) shows the simulated internal quantum efficiency (IQE). The thicknesses of the metasurface / and i-layer
hin are 0.46 and 1 pm, respectively. The orange solid and dotted lines represent the IQE values with and without the
metasurface, respectively. The gray line indicates the orange line divided by the i-layer effective thickness, which reflects
the absorption efficiency per Si unit volume of the i-layer. We can see that the absorption within the Si bulk is improved
by ~10%. Figure 5(b) shows the IQE spectra for different etch depths, i.e., the metasurface thickness /. The IQE trend in
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Figure 5. (a) Internal Quantum Efficiency (IQE) spectra for 1-um i-layer and 0.46-um metasurface. (a) IQE with and without
metasurface. The gray line indicates the IQE for the effective thickness. (b) Etch depth h dependence of IQE. The thicknesses of
P*" and i-layers are fixed at 0.1 and 1 pm, respectively. h = 0 indicates a flat surface with no metasurface.
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the long wavelength region nearly saturates at 4X enhancement for 0.26 pm </ < 0.56 um with a maximum IQE at around
h =0.46 pum compared to h=0 nm and shows ~2X IQE enhancement for # < 0.26 um wih respect to h=0 nm.

In photon-trapping photodetectors, a large planar area is advantageous for achieving high absorption efficiency,
particularly when dealing with wavelengths close to the semiconductor's bandgap. This efficiency arises from the weak
absorption coefficients associated with these wavelengths, necessitating extended lateral propagation to absorb the incident
photons effectively. However, the design of ultrafast photodetectors typically involves minimizing the device area to
enhance speed and response time. The challenge with small-area photodetectors lies in their limited ability to absorb
wavelengths near the bandgap. Due to the inherently low absorption coefficients of these wavelengths, small dimensions
fail to provide sufficient propagation distance for the absorption of omnidirectional propagating modes within the
semiconductor film. In contrast, enabling a uni-directional circular motion of the photons within the detector can
significantly increase the effective propagation length, thereby enhancing the absorption efficiency even in a compact
photodetector. The results presented here support this hypothesis, demonstrating that by promoting uni-directional circular
propagation, a small-area photodetector can achieve higher absorption efficiency despite the low absorption coefficients
of bandgap-near wavelengths. This approach offers a promising strategy for optimizing the performance of ultrafast
photodetectors without compromising their speed and size.

4. CONCLUSION

In photon-trapping (PT) photodetectors, larger planar areas enhance absorption efficiency for wavelengths near the
bandgap due to the need for extended lateral propagation, which is challenging in ultrafast, small-area designs. However,
promoting uni-directional circular motion within the detector can increase propagation length and absorption efficiency,
offering a solution for optimizing compact photodetectors without sacrificing performance. We proposed a surface-
illuminated metasurface-enabled photodetector with a deflection function and numerically demonstrated the improvement
in absorption efficiency for 0.85—1.1-pm wavelengths in a silicon-based ultra-fast design. The isosceles triangular hole
array metasurface caused directional scattering and improved the internal quantum efficiency for light in the wavelength
range above 0.9 pm by a factor of 3.5 compared to the case without the metasurface. The enhancement is comparable to
the devices that are designed with omnidirectional photon-trapping photodetectors. Directional scattering helps reduce
the device size, ensuring ultrafast operations without sacrificing high efficiency.
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