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Abstract. The photosensitivity of silicon is inherently very low in the visible electromagnetic spectrum,
and it drops rapidly beyond 800 nm in near-infrared wavelengths. We have experimentally demonstrated
a technique utilizing photon-trapping surface structures to show a prodigious improvement of
photoabsorption in 1-um-thin silicon, surpassing the inherent absorption efficiency of gallium arsenide
for a broad spectrum. The photon-trapping structures allow the bending of normally incident light by
almost 90 deg to transform into laterally propagating modes along the silicon plane. Consequently, the
propagation length of light increases, contributing to more than one order of magnitude improvement
in absorption efficiency in photodetectors. This high-absorption phenomenon is explained by finite-
difference time-domain analysis, where we show an enhanced photon density of states while
substantially reducing the optical group velocity of light compared to silicon without photon-trapping
structures, leading to significantly enhanced light-matter interactions. Our simulations also predict an
enhanced absorption efficiency of photodetectors designed using 30- and 100-nm silicon thin films
that are compatible with CMOS electronics. Despite a very thin absorption layer, such photon-trapping
structures can enable high-efficiency and high-speed photodetectors needed in ultrafast computer
networks, data communication, and imaging systems, with the potential to revolutionize on-chip logic

and optoelectronic integration.
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1 Introduction

Emerging applications in cloud computing, optical communica-
tion and interconnects,'™ internet of things (IoT) integrated
communication networks,”® lidar-assisted applications, such
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as autonomous vehicles,” security, surveillance, artificial intel-
ligence,*’ and low-light-enabled imaging applications in life
sciences'™"? can be made economical and versatile by designing
complementary metal-oxide-semiconductor (CMOS)-compatible
or silicon (Si)-compatible photonic systems. However, as an
indirect bandgap material, Si inherently exhibits a weaker ab-
sorption coefficient in comparison to group III-V compound
semiconductors.”*'* The absorption in Si shows a dramatic
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reduction in the near-infrared (NIR) wavelength spectrum—a
wavelength spectrum range essential to plenty of the aforemen-
tioned optoelectronic applications. Owing to its weak absorp-
tion, Si-based photonic devices demand a thick substrate
layer to fully utilize the illuminated optical stimuli, e.g., for
95% photon absorption of 850 nm wavelength, a ~50 um thick
Si layer is required." Despite an enhanced absorption in such a
thick Si absorption layer, a long transit time of the generated
electron—hole pair and its inherent low carrier mobilities result
in only sub-par photodetectors that do not comply with the
performance requirements of emerging photonic systems. In
contrast with Si, the most commonly used III-V compounds,
such as GaAs and InP, exhibit 15x and 40x higher absorption,
respectively, at a wavelength of 850 nm."” GaAs shows ~90%
absorption of 850 nm incident wavelength in merely a 2.5 um
thick layer. Attributing to its higher absorption coefficient and
exceptionally high carrier mobilities,'® GaAs-based photodetec-
tors exceed the performance expectations for the current and
emerging optoelectronic systems. Such exceptional perfor-
mance helps the GaAs, and their alloys thrive as the mainstream
materials for numerous emerging photonic applications.
However, a CMOS incompatibility in the fabrication process
of such devices calls for a tedious and costly hybrid integration
with CMOS electronics. Recently, despite its sub-par perfor-
mance, foundries have introduced Si-based optoelectronic inte-
grated circuits in the CMOS infrastructure'™'® as a trade-off
between performance and the manufacturing/integration cost.
Therefore, innovative techniques to enhance light—matter inter-
action are crucial to designing photodetectors with diminish-
ingly thin Si films used in modern CMOS processes.
Researchers are actively working on engineering photon-
trapping solar cells and light-emitting diodes with diffusive
surface textures to enable randomized light scattering and have
demonstrated considerable enhancement in efficiency.'”'"*
The most recent studies focus on theoretical simulations of
the integrated photon-trapping structures in solar cells, offering
distinctly high-absorption efficiency by generating enhanced
photonic density of states (DOS) and guided optical modes.**
These simulations utilize the wave optics approach, which ap-
plies realistic Maxwell’s physics as opposed to the geometric
optics to simulate a thin-film solar cell and show an enhance-
ment in the effective optical path length that absorbs close to or
beyond the geometrical limit. Different wave optics photon-
trapping schemes, such as photonic crystal structures,’'*’
metallic nanoparticles,” plasmonic surfaces,*> and grating,*
have been extensively investigated. Many of these theoretical
investigations have revealed a very high optical absorption en-
hancement enabled by the photonic light-trapping structures in
Si solar cells at longer illumination wavelengths.***”** With the
emergence of advanced optical device design and fabrication
techniques, several experimental demonstrations of high optical
absorption efficiency in solar cells and photodiodes have been
conducted.”™* However, we were the first to experimentally
demonstrate high-efficiency and ultrafast Si photodetectors
operating in the NIR regime by integrating photon-trapping
microhole structures.”” Later, several similar techniques with
such microhole structures were utilized in realizing efficient and
ultrafast photodetectors, avalanche photodetectors, and high-
performance single-photon avalanche photodetectors.*** It
should be noted that photodetectors usually operate under reverse
bias conditions, while solar cells are designed to operate at maxi-
mum power points and are used under zero bias. To circumvent
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the arduous device fabrication processes, researchers measured
the quantum efficiencies using 1 — 7 — R, where T and R are
transmission and reflection of the illuminated light***"*
In contrast, the quantum efficiencies of photodetectors were
directly calculated from the measured I — V characteristics.
Despite tremendous development in the fabrication facilities,
such prodigious absorption enhancement in Si is only theoreti-
cally demonstrated and yet to be experimentally realized.*"*’

In this work, we report an experimental demonstration of the
performance enhancement of an Si photodetector by incorporat-
ing photon-trapping micro- and nanosurface structures. We have
fabricated metal-semiconductor-metal (MSM) photodetector
on a 1 ym thin Si layer and integrated periodic photon-trapping
hole arrays. We have utilized CMOS-compatible processes to
fabricate the photodetectors. To present a fair comparison, we
have fabricated two sets of devices with and without a photon-
trapping hole array. These hole arrays assist in diverting nor-
mally incident beams of light almost orthogonally and facilitate
a lateral propagation of light. Such engineered surface profiling
efficiently guides and effectively slows down the propagating
light beam and results in a dramatic improvement in absorption
efficiency. We demonstrate remarkable enhancement of 80%,
85%, and 65% in the absorption efficiency in the photon-trap-
ping-equipped photodetectors for the NIR wavelength spectrum
at 800, 850, and 905 nm, respectively. Further, we show a ~20%
reduction in the device capacitance due to a reduced effective
device volume of photon-trapping-equipped Si photodetectors
that can further result in ultrafast performance due to the reduc-
tion in the resistance and capacitance (RC) time constant.”'

Furthermore, with the help of finite-difference time-domain
(FDTD) simulations, we have shown that most of the propagat-
ing modes in Si with photon-trapping structures exhibit lower
optical group velocity compared to that of the conventional
Si layer without photon-trapping structures. This contributes
to enhanced light—matter interaction, ensuring a higher absorp-
tion. This enhancement in the absorption is shown to be com-
parable to that of GaAs absorption. We have also shown that an
equivalent performance enhancement can be achieved with 30
and 100 nm thin Si layers. The performance of such ultrathin Si-
based photo-trapping-equipped photodetectors are intriguingly
encouraging for fabricating ultrafast photodetectors in the
existing CMOS foundry framework.’>"?

2 Fabrication of the Photodetectors on a
1 pm Thin Si Layer

A thin Si slab with a thickness of 1 ym integrated with a photon-
trapping structure of cylindrical shape is designed to maximize
light absorption. In this effort, the geometry is optimized for
the lattice structure, diameter, period, and depth of the photon-
trapping holes that are filled with air. The cross-sectional struc-
ture is schematically shown in Fig. 1(a) and Figs. S2 and S7 in
the Supplementary Material. To fabricate the photodetectors, we
have exploited the standard CMOS-compatible infrastructure.
We have opted for a mesa-based photodetector geometry where
the photon trapping holes are patterned on the top mesa.
The devices are fabricated on a silicon-on-insulator (SOI) sub-
strate with a 1 ym thick active Si layer (the absorber layer).
Figure 1(b) showcases the optical micrographs of the fabricated
photodetectors for a range of hole diameter (d) and periodicity
(p). Detailed microscopic images of the fabricated device are
shown in Fig. S3 in the Supplementary Material. A firsthand
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Fig. 1 Design and fabrication of highly absorbing thin-film Si photon-trapping photodetector.
(a) Schematic of the photon-trapping silicon MSM photodetector. The photon-trapping cylindrical
hole arrays allow lateral propagation by bending the incident light, resulting in an enhanced photon
absorption in Si. (b) Optical microscopy images of the photon-trapping photodetectors fabricated
on a 1 um thin Si layer of the SOI substrate for a range of hole diameters, d, and period, p of the
holes. Under white light illuminations, the flat devices look white (bottom left) because of surface
reflection. The most effective photon-trapping device looks black (bottom right). Less effective
photon-trapping devices show different colors reflected from the surface of the devices. SEM im-
ages of fabricated (c) planar and (d) photon-trapping MSM photodetectors. The inset indicates
circular-shaped holes in a hexagonal lattice formation (Video 1, mp4, 5.27 MB [URL: https://

doi.org/10.1117/1.APN.2.5.056001.s1]).

confirmation of the wavelength selectivity of these photon-
trapping holes is evident from the different color spectra re-
vealed during microscopic imaging for different devices with
different d and p [Fig. 1(b)]. The scanning electron microscopy
(SEM) images of the planar and photon-trapping photodetectors
are shown in Figs. 1(c) and 1(d), respectively. The planar (with-
out holes) photodetectors are used as a control device to bench-
mark the performance enhancement resulting from the hole-
array introduction. The inset of Fig. 1(d) indicates that the pat-
terned holes are circular. Interdigitated aluminum fingers with a
thickness of 100 nm and width of 300 nm are sputtered on Si.
Cylindrical photon-trapping holes with a p, d, and hole depth of
1300, 1000, and 600 nm, respectively, are etched in the Si active
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layer. Fabricated photodetectors are isolated from each other,
and coplanar waveguides (CPWs) were delineated for high-
speed operation. The roughness observed on the CPW pads
and the presence of residual dielectric particles on the Si surface
were a result of the hydrofluoric acid (HF) passivation process
during fabrication. Despite these effects, the optical measure-
ment remained unaffected. The details of the fabrication method
are discussed in Fig. S1 in the Supplementary Material."

3 Leapfrogging the Absorption Coefficient
of Thin Si beyond That of Intrinsic GaAs

Using the Bouguer—Beer—Lambert law and considering surface
reflection losses,”* an effective absorption coefficient (aef),
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defined in Eq. (1), is estimated to quantify the enhancement
in photon absorption of the fabricated devices with photon-
trapping structures,

B 1 1—- QEmeus (ﬂ)
Aerp(4) = _tSi{ln {I—Rmeas(ﬂ)] } v

where fg; is the thickness of the Si active layer of the photo-
detector, and QE,.,s and R, are the experimentally measured
quantum efficiency (QE) and surface reflection of the devices,
respectively. If a perfect photon absorption is assumed with a
QE close to unity or 100% in a thin semiconductor film, the
enhanced absorption efficiency (a.g) approaches an exception-
ally high value. The measured surface reflections for the planar
devices without antireflection coating range from 15% to 25%,

whereas the surface reflections in the case of photon-trapping
photodetectors show a notable reduction and are measured to
be from 10% to 12% for illumination wavelengths ranging from
800 to 905 nm. Using the experimental results and Eq. (1), the
a.ss of the Si photon-trapping photodetectors is estimated as a
function of incident wavelengths. The estimated a.; of the
photon-trapping thin Si photodetectors is compared against
the absorption coefficient of the bulk Si and other potential pho-
tosensitive semiconductors, such as Ge,* InGaAs,*® and GaAs,”’
as shown in Fig. 2(a). The enhancement factor of the 1 ym thin
photon-trapping Si photodetectors is not only higher than that
of the bulk Si but also exceeds the absorption coefficient of
GaAs over a broad NIR wavelength spectrum and becomes
comparable to the absorption coefficients of Ge and InGaAs.
Quantitatively, in the photon-trapping hole-array-equipped

Fig. 2 Experimental demonstration of absorption enhancement in Si that exceeds the intrinsic
absorption limit of GaAs. (a) Comparison of the enhanced absorption coefficients () of the Si
photon-trapping photodetectors and the intrinsic absorption coefficients of Si (bulk),”” GaAs,”
Ge,* and Ing 5,Gag 45As.% The absorption coefficient of engineered photodetectors (PD) shows
an increase of 20x at 850 nm wavelength compared to bulk Si, exceeds the intrinsic absorption
coefficient of GaAs, and approaches the values of the intrinsic absorption coefficients of Ge and
InGaAs. (b) The measured quantum efficiencies of the Si devices have an excellent agreement
with FDTD simulation in both planar and photon-trapping devices. (¢) Photon-trapping photode-
tectors exhibit reduced capacitance compared to their planar counterpart, enhancing the ultrafast
photoresponse capability of the device (Video 2, mp4, 9.68 MB [URL: https://doi.org/10.1117/1

.APN.2.5.056001.s2]).
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photodetectors with the measured quantum efficiencies of
80%, 84%, 86%, and 68% at 800, 840, 850, and 905 nm, re-
spectively, a.; is determined to be ~27,467, 31,797, 39,713,
and 14,938 cm™!. The a, determined at 850 nm is more than
70x and about 4x higher than the intrinsic absorption coeffi-
cient of Si (535 cm™') and GaAs (10,035 cm™!),” respectively.
Hence, the effective absorption coefficient of the fabricated pho-
ton-trapping photodetectors exceeded the intrinsic absorption
coefficient of GaAs in the NIR wavelength region.

Next, we study QE, an essential performance metric to quan-
tify the optical sensitivity of the fabricated photodetectors. The
measured QE of photon-trapping photodetectors for incident
wavelengths ranging from 800 to 905 nm is shown in
Fig. 2(b). We have shown a comparison of QEs of planar and
photon-trapping photodetectors. External quantum efficiencies
over 80% are observed experimentally in the photon-trapping
photodetectors for incident wavelengths below 860 nm.
Owing to Si’s inherent optical material properties, the absorp-
tion decreases sharply above 860 nm wavelength, with a mini-
mum value as low as 68% at 905 nm. However, compared to the
photodetectors with a planar surface, the absorption efficiency is
increased by >550% in photon-trapping photodetectors at
850 nm wavelength. The corresponding responsivities of the
photon-trapping devices exhibit more than 500 mA/W, as shown
in Fig. S11 in the Supplementary Material. In addition, the mini-
mum enhancement of QE in all the fabricated photon-trapping
photodetectors compared to the planar devices is at least more
than 280% for the wavelength spectrum between 800 and
905 nm. The measured QEs also exhibit an excellent agreement
with simulated QEs in both planar and photon-trapping devices,
as depicted in Fig. 2(b). The detailed simulation study is dis-
cussed in the following section and in the Supplementary
Material. Such a high-absorption enhancement directly results
from the generation of optical modes propagating laterally due
to the integrated photon-trapping surface structures (Video 2).
Notably, such photon-trapping photodetectors exhibit reduced
capacitance compared to their planar counterpart due to reduced
surface areas caused by the photon-trapping structures, as exper-
imentally characterized and depicted in Fig. 2(c), leading to en-
hance bandwidth in the device. Such reduction in capacitance
can further strengthen the ultrafast response of the devices caused
by the thin absorption layer. The corresponding dark current of
the planar and the photon-trapping devices are also provided in
Fig. S10 in the Supplementary Material. So far, to the best of our
knowledge, such a high-photoabsorption enhancement in the Si
photodetector is the first experimental demonstration.

4 Performance Prediction for Ultrathin
Photon-Trapping Si Photodetectors

Leaping on the experimental demonstration of extraordinary
enhancement in the performance of photon-trapping photo-
detectors fabricated on 1 pym thin Si, optical simulations are
performed by an FDTD method for the most optimized
photon-trapping structure with a p, d, and depth of 1000,
700, and 600 nm, respectively. Again, it should be mentioned
here that the best dimension for the fabricated devices was
p = 1300 nm, d = 1000 nm, and depth = 600 nm. The dis-
crepancy could occur due to the limitations of the fabrication
technologies.”’ The detail of the optical simulation method
is provided in the Supplementary Material. Such a photon-
trapping structure is simulated for absorption in the wavelengths
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ranging from 800 to 1100 nm, as presented in Fig. 3(a). Photon-
trapping structures with different lattice patterns and microhole
shapes/channels also demonstrate a high-absorbing phenome-
non, as provided in Figs. S8 and S9 in the Supplementary
Material. Figure S9 in the Supplementary Material further dem-
onstrates that different photon-trapping holes with different
shapes would impact light-matter interactions in photodetectors
differently. Additionally, a Si slab with a 1 um thickness and a
planar surface is also simulated as a reference. The red curve
represents simulated absorption spectra of the photon-trapping
structure for normally incident light. The photon-trapping struc-
ture exhibits distinctly higher absorption in comparison with the
planar structure. For Si structure with photon-trapping holes and
the normally incident light illumination, a maximum photon
absorption exceeding 85% is achieved around the 850 nm
wavelength. The photon-trapping structures facilitate absorption
enhancement through guided lateral modes for a broad range
of NIR wavelengths. Figures 3(b) and 3(c) represent the calcu-
lated Poynting vector in the photon-trapping Si slab with 1 ym
thickness on the x — y and x — z planes. These figures demon-
strate how an ensemble of integrated holes induces a change in
the direction of the propagating photons from vertical to lateral
orientation in Si films. Laterally oriented Poynting vectors form
vortex-like circulation patterns around the sidewalls of the cylin-
drical holes, resulting in guided light propagation parallel to the
photodetector surface for a prolonged time and enabling absorp-
tion in Si with high efficiency. Notably, the guided lateral modes
in the Si active layer are also facilitated by the front and the back
air/Si and Si/oxide layer interfaces, where the oxide layer of the
SOI acts as a back reflector. It should be explicitly mentioned
here that the oxide layer significantly facilitates the high absorp-
tion of photons in the active layer.”' A movie demonstrating the
side view of energy density distribution mapping of a normally
incident light beam that bends almost at a right angle into
laterally propagating modes of light along the plane of the
Si absorber layer with photon-trapping holes is provided in
Video 2. To summarize, the photon-trapping surface structures
increase the optical path length, which improves the absorption
efficiency within the structure with the aid of enhanced light—
matter interactions.

To study and analyze the photon absorption limits of ultrathin
Si films used in modern CMOS processes, we further explored
the absorption efficiency of 30 and 100 nm ultrathin Si films
integrated with and without photon-trapping structures, as de-
picted in Fig. 3(d). Similar to the Si film with 1000 nm thick-
ness, photon-trapping ultrathin Si film exhibits dramatically
higher absorption efficiency than the planar Si film. This also
proves that such enhancement in absorption is a direct conse-
quence of enhanced light-matter interaction, irrespective of
the film thickness, as visualized by Video 3. More than 21%
and 8% absorption efficiencies are observed at 850 nm illumi-
nation wavelength in Si with 100 and 30 nm absorption thick-
ness, respectively. In contrast, the absorption efficiency is <1%
for such ultrathin planar Si, as depicted in Fig. 3(d). The
estimated a.y for 100 and 30 nm Si layers are 23,572 and
27,794 cm™!, respectively, which are significantly higher than
the intrinsic absorption limit of GaAs at 850 nm wavelength.

Intriguingly, we also observed that the enhanced absorption
coefficient of our fabricated devices effectively exceeds the 4n>
limit, as provided in Fig. S12 in the Supplementary Material,
where n is the refractive index of Si at the corresponding
wavelengths. Nevertheless, we cannot claim that it exceeds the
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Fig. 3 Theoretical demonstration of enhanced absorption characteristics in ultrathin Si film inte-
grated with photon-trapping structures. (a) Comparison of simulated absorption of photon-trapping
[Fig. 1(a) and Fig. S7 in the Supplementary Material] and planar structures demonstrates absorp-
tion efficiency in photon-trapping Si around 90% in 1 um thickness. In contrast, the black curve
shows extremely low-absorption efficiency in planar Si without such surface structures. Calculated
Poynting vectors in holey 1 um thin Si on (b) x — z (cross section) and (c) x — y (top view) planes
showing that the vectors originated from the hole and moved laterally to the Si sidewalls, where the
photons are absorbed. (d) Simulated enhanced optical absorption in ultrathin Si of 30 and 100 nm
thicknesses with and without photon-trapping structures.

light-trapping geometrical limit of 4r2,'>'"” since a collimated laser

beam was used for device illumination. In contrast, an isotropic
and incoherent light source is commonly used in solar cell char-
acterization. For the case of a collimated beam, the geometrical
limit is adjusted by 4n?/(sin 8)2, where 6 is the angle between
the light source and a plane perpendicular to the surface.”” We
further noticed that the absorption enhancement of our devices
could reach a maximum up to 70z limit at 850 nm of incident
wavelength (Fig. S12 in the Supplementary Material). Further in-
vestigation correlating the illumination angle of the collimated
beams and absorption enhancement will help us understand
whether the light-trapping geometrical limit can be overcome.

5 Physics-Based Explanation for the
Performance Enhancement

Based on the above observations, photon-trapping structures ef-
fectively supporting lateral modes and efficient coupling of light
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are essential for the optimum enhancement of absorption
efficiency. The eigenmodes of the microhole array determine
the propagation of photons in the lateral direction. The calcu-
lated band structures and allowable available eigenmodes with
small holes (d =100 nm, p = 1000 nm, and thickness,
ts; = 1000 nm) and large holes (d = 700 nm, p = 1000 nm,
and thickness, fg; = 1000 nm) are shown in Figs. 4(a) and
4(b) and Fig. S14 in the Supplementary Material for the lateral
light propagation in a thin film with an array of holes with the
period p and hole size d. The band structure is calculated using
the standard technique that converts Maxwell’s equations from
(r,t) space into (k,w) space by solving the number of wave
vectors k = mp, where m is an integer number. The eigenmodes
in the array were calculated at wavelengths near 850 nm,
whereas the ratio of hole diameter to period of the photon-trap-
ping photodetectors is assumed to be d/p ~ 0.7 to make it con-
sistent with the fabricated devices. The number of eigenmodes
for the hole-array structures increases with an increasing value

Sep/Oct 2023 ¢ Vol. 2(5)
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Fig. 4 Reduced group velocity in photon-trapping Si (slow light) and enhanced optical coupling to
lateral modes contribute to enhanced photon absorption. Calculated band structure of Si film with
(a) small holes (d = 100 nm, p = 1000 nm, and thickness, t5; = 1000 nm) and (b) large holes
(d =700 nm, p=1000 nm, and thickness, t5; = 1000 nm). Red curves represent TE modes
and blue curves represent TM modes. Slanted dashed lines are solutions for k. that couple into
the lateral propagation for a vertically illuminating light source. Small hole structures exhibit
solutions only for the finite number of the eigenmodes with k = 0 (vertical dashed line), whereas
large hole structures essentially have both solutions k = k, and k =0 (vertical and slanted
dashed lines) with the eigenmodes, pronouncing enhanced coupling phenomena and laterally
propagated optical modes. (c) FDTD simulations exhibit optical coupling and the creation of
lateral modes. Low coupling and photonic bandgap phenomena are observed for the hole size
smaller than the half-wavelength. (d) Larger holes that are comparable to the wavelengths of the
incident photons facilitate a higher number of optical modes and enhanced lateral propagation
of light. (e) Calculated optical absorption in Si with a small hole (d = 100 nm, p = 1000 nm,
and thickness, tg; = 1000 nm) compared with the absorption of the large hole (d = 700 nm,
p = 1000 nm, and thickness = 1000 nm). (f) For frequencies (period of holes/light wavelength)
between 1.3 and 1.6, the normalized light group velocity (red curve) for 850 nm wavelength is
significantly lower in photon-trapping Si compared to that of the bulk Si (blue line). The red curve
represents an averaged group velocity for Si photon-trapping structures, which exhibits a distinctly
lower value in our fabricated devices (Video 3, mp4, 12.4 MB [URL: https://doi.org/10.1117/1.APN
.2.5.056001.s3]).

of p/A, where p/A is larger than unity. Figures 4(a) and 4(b)
illustrate the relationship between lateral wave vector k and
the incident wavelength for a hole size of 100 and 700 nm, re-
spectively, under TE and TM polarizations. The solid curves
represent the solutions for I'X and I'M directions, whereas
the dots represent the areas between those directions, which
are also provided in Fig. S14 in the Supplementary Material.
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First, a high-absorption characteristic can be observed under
both TM and TE light incidences, as seen in the band diagram
[Figs. 4(a) and 4(b)] and the comparative absorption curves pro-
vided in Fig. S15 in the Supplementary Material. It is noticeable
that the larger holes pronounce curves with a smaller slope,
which corresponds to a smaller group velocity. The next ques-
tion is the coupling into the array. When significant lateral field
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components are generated in the cylindrical coordinates for
a hole with a specific dimension, the solutions of the wave
vectors using Bessel functions can be given as ky = 2x/4,
g2 = k3 — , and g3 = ek} — f*, where k is the wave vector
for a given frequency in the vacuum, e is the dielectric constant
of Si, and f is the propagation constant. When the solution to the
Bessel function ¢, is k., the lateral wave vectors are coupled
with eigenmodes. The cross of the solution k = k. or k = 0 with
the eigenmodes pronounces the modes that propagate laterally
and can be absorbed in the material. It should be noted that the
Bessel function was solved for a single hole, and it is expected
that a similar characteristic can be achieved for an array of holes.
For the small holes, we have the solutions only for the finite
number of the eigenmodes with k = 0, which corresponds to
the guided modes in photonic crystals. Such structures exhibit
sharp spikes in absorption, as shown in Fig. 4(e). However, a
continuous solution can be found in the large holey structures
for the wavelengths ranging from 800 to 1000 nm, leading to a
distinctly higher light absorption than in small holes, as depicted
in Fig. 4(e). Hence, the optimized larger holey structures exhibit
a good coupling phenomenon due to the relationship between
the k vector and the eigenmodes.

In the next step, the influence of the size of the holes on the
formation of lateral optical modes and the corresponding field
distribution is studied. Coupling phenomena are only observed
in the photon-trapping structures, as presented in Fig. S16 in the
Supplementary Material. Low-coupling phenomena are ob-
served for the devices with hole sizes smaller than half the wave-
length, as shown in Fig. 4(c), where photons cannot efficiently
couple within the absorber layer. However, for the hole size
comparable with the incident wavelength, the light can couple
into the holes and leak out through the sides of the hole, as illus-
trated in Fig. 4(d). The incident photons also reflect from the
surface of photodetectors when the hole diameter is smaller than
the incident wavelength, which is not the case for our most
efficient fabricated devices. The hole diameters of our most
optimized fabricated devices are comparable to the incident
wavelength, similar to the one shown in Fig. 4(d). In photode-
tectors with larger holes, photons accumulate in the x — z plane
around the hole after coupling into laterally propagating modes
and eventually getting absorbed there. Furthermore, the verti-
cally illuminated light refracts at atan(n) angle from the boun-
dary conditions, increasing light absorption in the active layer.
Finally, the oxide layer of the SOI wafer underneath the sensors
further contributes to enhanced photon absorption by reflecting
the photons in the direction of the device surface. The influence
of coupling for smaller and bigger holes at different incident
angles is also studied on the photon absorption, as provided
in Fig. S5 in the Supplementary Material. Photodetectors with
larger holes (d/p ~ 0.77) exhibit noticeably higher light absorp-
tion, irrespective of incident angles, than devices with smaller
holes. However, when illuminated with photons of longer wave-
lengths, a relatively higher photon absorption is obtained for
the incident angle of 30 deg compared with 0 deg in both small
and larger holes.

Slow light with reduced group velocity increases absorption
efficiency due to the augmented light—matter interactions. The
group velocity was calculated from the band diagram as u, =
dw/dk under TE polarization modes, as presented in Fig. 4(f).
The group velocity in bulk Si was calculated as ¢/n, where c is
the light velocity and n is the refractive index of Si at 850 nm.
The normalized frequency of our experimental structures is
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between 1.3 and 1.6. Herein, the group velocity in most modes
for the normalized frequency between 1.3 and 1.6 is signifi-
cantly lower than the group velocity of light in bulk Si. The
average group velocity for the modes was also calculated, as
shown by the red line, indicating a conspicuously lower average
group velocity of the photon trapping structures compared to
that of Si without such surface structures. Light-trapping
surface structures have been demonstrated to be capable of en-
abling enhanced optical DOS with light enhancement beyond
the ray optic limit."®” Herein, the DOS was also calculated
as an integral over the wave vector for a given frequency,

f{ ,1}5 [E — E(k)], in which d and E are differential
dlmenswn and energy, respectively. For the 2D photonic crys-
tals, DOS could be approximated as pp (@) = 49.”” The DOS
of the photon-trapping photo detectors is found to be higher than
that of the photodetectors with planar surfaces, as provided in
Fig. S13(a) in the Supplementary Material. The photodetectors
with micro-hole periods shorter than the incident wavelengths
exhibit noticeably low DOS compared to the periods compa-
rable to and slightly longer than the wavelengths. Our designed
and fabricated photodetectors closely match with the shaded
area on the right half of Fig. S13(a) in the Supplementary
Material, exhibiting high DOS for frequencies higher than
1.0 (periods are comparable to or slightly longer than the inci-
dent wavelengths). Nevertheless, the region with high values of
p/A needs more Fourier components, and the maximum peaks
of the DOS are not as pronounced as expected, while there is a
constant increase of the optical mode density with p /4. We con-
clude that observed absorption enhancement in Si is a combined
effect of slow light with reduced group velocity, the enhanced
photonic DOS, lateral propagation of a large number of optical
modes, and efficient coupling of incident photons to the photon-
trapping structures integrated on the Si surface. The cumulative
impacts of the aforementioned processes help Si enhance light
absorption by more than 20-fold and exceed the intrinsic ab-
sorption limit of GaAs.

We used a 1-um thin Si film with photon-trapping structures
to demonstrate ultrafast time response characteristics of ~31 ps
full-width at half-maximum (FWHM) and 16 ps deconvolved
time response at 850 nm, as shown in Fig. S13(b) in the
Supplementary Material. Such ultrafast time response coupled
with broadband very high-absorption efficiency exhibited by
ultrathin Si helps overcome the bandwidth-absorption trade-
off faced by the ultrafast photodetector community. This work,
thus, is very relevant to the design and fabrication of extremely
fast and highly sensitive integrated photodetectors using modern
CMOS foundry processes that currently use ultrathin Si of
similar thickness.

6 Conclusions

We presented an experimental demonstration of photoabsorp-
tion enhancement by more than 20x in Si that effectively
exceeds the intrinsic absorption limit of GaAs for a broad
wavelength spectrum between 800 and 905 nm. In our demon-
stration, we used photodetectors designed with a 1 ym thin
Si film integrated with an array of periodic photon-trapping
structures that allow the generation of slow light with reduced
group velocity, enhanced photon DOS, and, consequently,
very high density of laterally propagating slow and stationary
optical modes. This results in a more prolonged light-matter
interaction time within the thin absorption region of the device.
Intriguingly, simulated performances for ultrathin silicon
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photodetectors with even thinner absorption regions, such as
30 and 100 nm thin films, exhibit similarly enhanced photosen-

sitivity. Additionally, Si photon-trapping structures help reduce 17
photodetectors’ capacitance compared to their planar counter- 18
part, enabling faster response. The fabrication process is '
CMOS-compatible and can contribute to integrated photode- 19.
tectors with ultrafast responses for quantum computing, data
communication systems, emerging biomedical imaging appli-
cations, biosensing, and autonomous vehicles. 20.
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integrated with transimpedance amplifier (TIA)/equalizer analog circuits in
the photonic BiCMOS platform.
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1 Fabrication of photodetectors
The Si absorber layer (p-type) with a thickness of 1000 nm was epitaxially grown on a
silicon-on-insulator (SOI) substrate. The SOI wafer has a 1000 nm buried oxide layer BOX, where
the active layer was epitaxially grown with a resistivity of 14-22 ohm-cm. Next, the native oxide
was removed by cleaning the surface of the Si with buffered oxide etching BOE (6:1) process. The
fabrication process flow chart is shown in Fig. S1, while the detailed process steps are described

in the following.

Figure S1: Flow chart of the fabrication process of Si metal-semiconductor-metal
photon-trapping photodetectors devices. (a) Epitaxially grown p-type 1000 nm thick silicon on
Si0, SOI wafer. (SOI wafer substrate: Gray (SiO2), epitaxially grown Si: Turquoise (Si)). The
native oxide of the wafer is cleaned by the buffered oxide etching BOE (6:1) process. (b) Photon-
trapping holes patterning using DUV photolithography and DRIE holes etching. (¢) Mesa etches

to the substrate layer (SiO2). (d) 100 nm thick, and 300 nm width interdigitated aluminum (Al)
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metals sputtered and lift-off to form Schottky contact: Gold (interdigitated Schottky contact). (e)

Coplanar waveguide metal deposition (CPW: Gold).

1.1 Photon-trapping hole formation
Right after the wafer cleaning, sub-micron photon-trapping (PT) hole arrays were patterned
using a stepper lithography system. In the stepper system, we can adjust the focus of the ultraviolet
(UV) light to shrink the features present on the mask plate and enables sub-micron feature
patterning. Next, PT hole arrays were etched in a reactive ion etching (RIE) process. Fluorine-
based chemistry was utilized to etch holes in the silicon. The fabricated PT structures possess a

period, diameter, and hole depth of 1300, 1000, and 600 nm, respectively.

1.2 Mesa isolation
In this process step, the top and the bottom mesa structures of the photodetector were
patterned. The top mesa was defined followed by the bottom mesa in alignment with the previously
patterned PT structures by utilizing the stepper and RIE system. Patterning the top mesa exposes
the bottom contact layer on the stack, whereas the bottom mesa patterning isolates the

photodetectors from the neighboring devices.

1.3 Metallization
In the next step, the Si substrate was cleaned with BOE (6:1) to remove the native oxide
before the metal deposition. The interdigitated aluminum (Al) fingers with a thickness of 100 nm
and width of 300 nm were sputtered on the Si in an RF sputter system. Uniform Schottky contacts

were prepared by lifting off the sputtered Al.

1.4 Co-planner waveguide patterning



After the metallization, the sample was patterned for co-planar waveguide contact. In this step,
about 300 nm of Al layer was deposited followed by a lift-off process to create coplanar
waveguides (CPW), which utilizes for the high-speed transport of the electrical pulse converted
from a picosecond (ps) pulsed laser by the fabricated photodetectors.

1.5 Passivation

The passivation process step is conducted after completing the fabrication of the devices. To
passivate the surface states created on the sidewalls of the holes and mesa, 2% HF was used for 3
seconds with HF:H>0, 1:100 ratio. The hydrogen ion present in the solution attaches itself to the
surfaces and neutralizes the active surface state. This passivation process reduces the dark state

leakage current.

Figure S2: Schematic of Si MSM fabricated photodetector devices. (a) Planar (flat) surface, (b)
Photon trapping Si MSM photodetector.

Metal semiconductor metal or MSM control photodetectors without integrated PT structures
were also fabricated to compare their performance with the PT MSM photodetectors. The

schematics of both control and PT photodetectors are shown in Fig. S2, while the optical



microscopy images of fabricated devices with various mesa sizes, photon trapping structures with

holes diameters as well as periodicities are illustrated in Fig. S3.

Figure S3: Optical images of fabricated photodetectors. Optical microscopy images of
fabricated devices with various mesa sizes, different photon-trapping structures with varying hole
diameters (d), and periodicities (p) (Left Top). The change in emission color from the surface of
the devices indicates wavelength-dependent photosensitivity for varying device diameter, d, and p

(All other images).



Figure S4: Measured reflection characteristics of photon-trapping devices by varying the

diameter and periodicity of holes.

2. Simulation methods
A 3D finite-difference time-domain (FDTD) optical simulation was utilized to rigorously solve
Maxwell’s curl equations to calculate the electromagnetic (EM) fields within the photodetectors.
The simulations were performed for the array of cylindrical holes of 700 nm diameter with a 1000
nm period in Si slab of 1000 nm thin on SiO: substrate. The depth of the holes was assumed to be
1000 nm. Furthermore, the optical absorption in Si was approximated by the Lorentz model with
parameters fitted to the data at the range of around 850 nm wavelength. In FDTD, the incident
pulse had a Gaussian-shaped spectrum between 600 to 1200 nm, spatially it is a plane wave. The
averaged amplitude vs. wavelengths of the signal that were reflected and transmitted at the bottom

and the sides were detected using Fourier transform. Then the reflected (R) and transmitted (7)



power normalized to the input source were calculated. The absorption (4) was calculated as 4 =
1- R -T. Boundary conditions in the direction of light propagation were assumed to be Perfectly
Matched Layers (PML). Periodical boundary conditions were considered for the other directions

around the simulation area.

Figure S5: Photon absorption in photodetectors with small and large holes under different
illumination angles. Effect of coupling phenomena for small and large holes at different incident

angles of light on the photon absorption in Si photon-trapping photodetectors.

Fig. S6 estimates optical losses caused by the interdigitated metal on top of the MSM planar (Fig.
S6(a)) and photon-trapping (Fig.S6(b)) photodetectors. The curves represent the plane wave
normal to the surface for the E component of the EM field parallel to the metal fingers vs. the
perpendicular and the averaged value. A very low absorption loss has been observed due to the

interdigitated metal in photon-trapping devices compared to the planar devices.



Figure S6: Optical absorption of the aluminum interdigitated metals. (a) Optical absorption of
Al interdigitated metals in planar St MSM photodetector, (b) Extremely low optical absorption of

Al interdigitated metals in photon trapping Si MSM photodetectors.



Figure S7: Optical absorption in photon-trapping silicon photodetectors under normally
incident illumination and incident light with different angles (a) Schematic of silicon slab on
silicon-on-insulator (SOI) integrated with cylindrical photon-trapping holes that allow lateral
propagation of light resulting in enhanced optical path length and photon absorption, where (p) is
the periodicity of the photon-trapping array, and (d) is the photon-trapping hole diameter, (b) A
comparison of simulated absorption of photon-trapping and planar (flat) Si MSM photodetectors,
where red and blue curves are simulated absorption spectra for normally incident light and

averaged among +10° angles, respectively.

The cross-sectional simulation structure is schematically shown in Fig. S6 (a). A thin Si absorber
is assumed to be prepared on an SOI substrate. The photon-trapping photodetector is simulated for
absorptions in wavelengths ranging from 600 nm to 1100 nm as presented in Fig. S6 (b). A
photodetector with a planar surface is also simulated as a reference. The red and blue curves are
simulated absorption spectra of photon-trapping photodetectors for normally incident light and
incident light averaged between +10° angles, respectively. The photon-trapping photodetectors

exhibit distinctly higher absorption in comparison with the planar counterpart. For devices with
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photon-trapping structures and the normally incident light illumination, a maximum photon
absorption exceeding 85% is achieved around 880 nm wavelength. We also observe that the
simulated devices exhibit photon absorption beyond 4n° (n is the refractive index of the silicon
material as a function of incident wavelength) in the wavelength spectrum ranging from 820 nm
to 1100 nm as can be seen. Moreover, the maximum absorption enhancement can be as high as
27n° by integrating our fabricated devices' most optimized photon-trapping holes. The
corresponding calculated responsivities of the characterized devices are also depicted in Fig. S7

for a broad wavelength spectrum.

We have attached a numerical simulation showing the optical absorption in an optimized square
lattice pattern with circular holes and compared it with a hexagonal lattice pattern with circular
holes. Photon-trapping holes arranged in hexagonal lattice show higher optical coupling
performance than the square lattice, as depicted in Fig. S8, since the incident light couples more

efficiently in such a design, resulting in enhanced optical path length and light-matter interactions.
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Figure S8: Comparison of calculated quantum efficiency between planar and photon-trapping

silicon photodetectors with hexagonal and square patterns.

Then the influence of different microhole shapes/channels on the quantum efficiency of 1.0-
micrometer thick silicon photon-trapping photodetectors has been studied, as presented in Fig. S9.
It should be mentioned here that the simulations are performed based on a single micromole, and
the devices are not optimized. The goal was to justify that different shapes would impact light-

matter interaction differently.

Figure S9: Comparison of calculated quantum efficiency with varying photon-trapping hole
shapes. The devices are studied based on a single hole and are not optimized.
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The measured dark current characteristics of a 50 um planar and photon-trapping photodetectors
are presented in Fig. S10. The planar device exhibits 67 nA dark current at 3V biasing, whereas

the photon-trapping pronounces 157 nA.

Figure S10: Dark current characteristics of the fabricated 50 um planar and photon-trapping

photodetectors.
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Figure S11: Responsivity of the fabricated photodetectors. The measured responsivity of the
fabricated control and photon-trapping photodetectors. The periodicity (p) and diameter of the
photon-trapping structures are 1300 and 1000 nm, respectively, while the device’s active layer

thickness (s;) is 1000 nm.

Figure S12: Excellent enhanced absorption coefficient obtained from the fabricated photon-
trapping photodetectors. The maximum enhanced absorption coefficient obtained from the most

optimized fabricated photon-trapping photodetectors exceeded 70n°, where n is the refractive
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index of the material. The devices were measured by a collimated beam, which does not allow to

directly compare this absorption coefficient with the geometrical light-trapping limit of 47°.

Figure S13: High density of states and ultrafast time response of photon-trapping
photodetectors. (a) Normalized energy band structure of photon-trapping photodetectors with a
hole diameter and period ratio (d/p) of 0.7 (inset) and the corresponding density of states (DOS),
where high peaks in the DOS are observed for frequency (period/wavelength) points higher than
1.0 (shaded region). The red line shows the DOS for the planar devices. (b) The 1000 nm thin
fabricated MSM photodetector exhibits an ultra-fast time response of 31 ps in full width at half
maximum (FWHM). The actual time response of the device is approximated to be ~16 ps by
considering 22 ps and 15 ps FWHM response for the 20 GHz sampling oscilloscope and optical

laser pulse width, respectively.

3. Ultrafast response measurement:
The high-speed characterizations of the fabricated metal-semiconductor-metal photodetectors
were performed by an approx. 15 ps pulse width pulsed laser with a repetition rate and incident

wavelength of 70 MHz and 850 nm, respectively, on a microwave probe station. The photocurrent
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of the tested photodetectors with a 50 um diameter was maximized by aligning the center of the
optical light beam with a translational stage, while the active region was mainly targeted to be hit
by the pulse of the single-mode fiber tip on the probe stage. The input and output power were set
at around 1 mW and 100 pW, respectively. In this case, a 20 GHz sampling oscilloscope was
utilized to observe the resulting photoresponse of the photodetectors as the electrical pulses, while
a 25 GHz bias-T was used for the DC biasing of the photodetectors.

The high-speed pulse response of a photon-trapping photodetector is depicted in Fig. S9 (b) for
the incident wavelength of 850 nm. The full width at half maximum (FWHM) for the photon-
trapping Si photodetectors is measured to be ~31 ps. However, the actual time response of the
device is approximated to be ~16 ps by considering 22 ps and 15 ps FWHM response for the 20
GHz sampling oscilloscope and optical laser pulse width, respectively, which is a valid

approximation for our actual measurement with Gaussian pulses.

4. A physics-based explanation for the performance enhancement

We investigated the energy band structure and the corresponding density of states of the photon-
trapping photodetector as shown in Fig. S9 (a). The optical density of states (DOS) influences
photon absorption in optoelectronic devices. Herein, the ratio of hole diameter and period of the
photon-trapping photodetectors is assumed to be d/p = 0.7, which is consistent with the fabricated
devices. The frequency of the energy band diagram was normalized by 2zc/p so that the values
represent period/wavelength, where ¢ and p are the light velocity and the lattice period,
respectively. Furthermore, the wavevector is also normalized by 2z/p. The density of states is
calculated as an integral over the wavevector for a given frequency. DOS for photodetectors with

planar surfaces (without nanoholes) is also added to Fig. S9 (a) as a reference (red curve). First,
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the DOS of the photon-trapping photodetectors is found to be higher than that of the photodetectors
with planar (flat) surfaces. Then the photodetectors with nanohole periods shorter than the incident
wavelengths exhibit distinctly low DOS as compared to the periods which are comparable and/or
slightly longer than the wavelengths. For instance, the photonic DOS for a nanohole period of 450
nm and an incident wavelength of 850 nm (p/A ~ 0.53) is determined to be distinctly poor.
However, our designed and fabricated devices match more with the shaded area on the right part,
exhibiting high DOS for the frequency points higher than 1.0 (periods are comparable to and/or
slightly longer than the incident wavelengths). Nevertheless, the region with high values of p/i
needs more Fourier components, and the maximum peaks of the DOS are not as pronounced as

expected, while there is a constant increase of the optical mode density with p/A.
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Figure S14: Simulated band structure of photon-trapping silicon structures. (a) Band
structure for photon-trapping structure with a diameter (d) = 100 nm, periodicity (p) = 1000 nm,
Si thickness (#s;) = 1000 nm, TE polarization, (b) Band structure for photon-trapping structure with
diameter = 100 nm, periodicity = 1000 nm, thickness = 1000 nm, TM polarization, (¢) Band
structure for photon-trapping structure with diameter = 700 nm, periodicity = 1000 nm, thickness
= 1000 nm, TE polarization, (d) Band structure for photon-trapping structure with diameter = 700
nm, periodicity = 1000 nm, thickness = 1000 nm, TM polarization. Slanted dash lines are solutions
for k. that couple into the lateral propagation for a vertically illuminating light source. Small holey

structures exhibit solutions only for the finite number of the eigenmodes with k=0 (vertical dashed
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line), while large holey structures essentially have both solutions k=k. and k=0 (vertical and
slanted dash lines) with the eigenmodes, pronouncing enhanced coupling phenomena and laterally

propagated optical modes.

Figure S15: Simulated absorption plots of one-micrometer-thick photon-trapping silicon under
TM and TE polarizations. The diameter and periodicity of the microholes were chosen as 700 nm

and 1000 nm, respectively.

While the band diagram provides the eigenmodes in the lateral propagation, the coupling from the
vertical incidence into the lateral could be described in the model of coupling the light into one
hole. The holes have a size comparable with the incident wavelengths and the light forms the
modes inside each hole. The FDTD simulations show that the light couples into the hole and leaks
into Si, as shown in Fig. S11 (b). The field in each hole could be described as a propagation along

the hole with complex wave vector § and lateral wave vector ¢,° = (n:kg)*- p° inside the hole with
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n; = 1 for air and ko = 2p/l and g2° = (nzko)*- ° outside the hole where 7. is the complex refractive
index of Si.

The condition for the optical coupling into the eigenmodes of the array can be derived from the
conditions when the eigenmode of the hole array £ = g2>. When the diameter of the holes is small,
we will have one possibility of light coupling for the vertical incidence where k is very small or £
= (0, this happens when the incidence light is nearly vertical. As we can see in Figs. S10 (a-b),
there are not many eigenmodes for the coupling. However, if the hole size is comparable to the
incident wavelength, the light can couple into the holes and leak out through the sidewalls of the
holes, as we can see in Figs. S10 (c-d). In the case of the hole diameter being considerably smaller
than the incident wavelength, there is no light coupling into the holes.

The large diameter holes (hole diameter is comparable to the incident wavelength) result in the
light leaking laterally into the Si between the holes. From the boundary conditions, it will be
possible only if # inside the hole and outside the hole are equal. The conditions when the significant
lateral field component will be produced can be found in the cylindrical coordinates for a hole with
radius a, and ko is the wave vector for a given frequency in a vacuum, », and e are the refractive

index, and dielectric constant of the Si, respectively.

To find the solution for the single hole, we solve Maxwell’s equations for the field in the cylindrical
coordinates r, 8, and z along the hole axis in the form:

E = R(r)0(0)e #? (S1)
In this case, the wave equation is:

0%E, 10E, ., 1 0%E,

or2 r or r2 062

(82)

+ (k*n(r,0)?> — BHE, =0
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The intensity along the hole decays and it is described by the imaginary part of 5. The solution
inside and outside the hole is the Bessel function. The solution outside the hole is also described
by the Bessel functions of the first kind with complex g that takes into account the absorption in
Si. In the case when the absorption of the Si is small, only the real part of g2 can be considered.

As one can see from the FDTD simulations Fig. S11 it is not evanescent as it is for the field
approximation in an optical fiber. Matching the boundary conditions at the boundary of the hole,

we have the following dispersion equation:

( (@@ Jn(320) )(kéJ;L(qla) + sk(%m(qza)) _ (ﬁ_n)z (12 +12)2 (3)
q1Jn(q1a)  q1Jn(q20)/ \q1Jn(q1a) = q1Jn(q2a) a 1 a2
ko ==, qf = k§ — B2, q} = ek§ — (S4)

Where J is the first kind of Bessel function. The solution ¢> = k. of the equation provides us with
the lateral wave vectors in Si that are coupled with eigenmodes. The crossing points of the solution
k = ke or k = 0 with the eigenmodes give us the modes that propagate laterally and have been
absorbed in the Si. For the small diameter holes, we have the solutions only for the finite number
of the eigenmodes with k£ = (), which corresponds to the guided modes in photonic crystals. They
produce sharp spikes in absorption, as shown in Fig. (4d). In the case of the large-diameter holes,
there is a continuous solution for any wavelength in the range of interest between 0.8 and 1 um.
In addition to that, they have small group velocity ug that also increases the absorption with more

extended light-matter interaction.

20



Figure S16: Electromagnetic field distribution mapping in planar and holey photon-trapping
structure. FDTD optical simulation for light coupling in (a) Planar and (b) Photon-trapping Si
photodetector on SOL.

Table. S1: Performance comparison of high-speed silicon photodiodes for optical
communications. Photo sensitivities or quantum efficiencies and approximated bandwidth of the

fabricated photodetectors for a broadband spectrum in the near-infrared are also included as a

comparison.
Bandwidth CMOS
. Responsivity Wavelength (GHz) or compatibility
Rl Device type (A/W) or EQE (nm) data rate and other
(Gb/s) challenges
4 0.18 pm
Si[44] p -p-n 0.74 A/W (at 350 1.6 GHz, 3.5 CMOS
avalanche 823 nm) Gb/s
technology
3 Gb/s with 0.18 um
Si [60] p -n-p N.A. 850 an analog CMOS
equalizer technology
Resonant Complex
Si [61] esonan 40 % EQE 860 10 Gb/s cavity mirror
cavity pin ..
fabrication
Complex
Sife2] | Resomant |40 EQE 822 10 GHz, 1 ity mirror
cavity pin >10 Gb/s .
fabrication
Si [63] MSM NA. 850 2.5 GHz CMOS
compatible
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Si [64]

lateral pin

47% internal

840

NA.

CMOS

QE compatible
0.13 um
) . 0.32 A/W 10 Gb/s
Si[65] lateral pin (from 4 PDs) 850 with TIA CMOS
technology
Couldbe 11 | Modified 0.5
Si [66] vertical pin 0.26 A/W 850 Gb/s with um BiCMOS
equalizer technology
broadband
. . . 52% EQE at absorption CMOS
Si167] vertical pin 850 nm between 800- >10 GHz compatible
900 nm
. (g)I;ISZ;VIifHS 0.25 um Si/Ge
Si [68] APD 0.07 A/W 850 . BiCMOS
equalizer
. technology
circult
0.13 pm
Si [68] APD 10% EQE 850 8 Gb/s CMOS
technology
. APD 40 nm CMOS
Si[69] (double PD) 0.84 A/W 850 0.7 GHz technology
8 GHz, 12.5
Spatially- Gbﬁxlth 0.13 um
Si[70] modulated 0.18 A/W 850 equali;er CMOS
APD and limiting technology
amplifier
0.13 um
Si[71] APD 4.67 A/W 850 10 Gb/s CMOS
technology
Si[72] APD 2.94 A/W 850 32GHz | 8 nmCMOS
technology
Standard
0 -
Si[73] spap | PPP<l0%at 850 Sub-40ps CMOS
850 nm gate shifts
technology
0.35 um
. PDP <5% at 160 ps
Si[74] SPAD 250 nm 850 FWHM CMOS
technology
36.8%
Si[75] Lateral PIN (theoretical 850 11.3 GHz
77%)
Si-Ge[76] | PIN : 1550 60 GHy | 10nmCMOS
technology
Graphene- Graphene 35 mA/W 65 GHz (3- CMOS
Si [77] PIN (~70% visible) dB cutoff) compatible
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Nano-
structured SPAD 32% PDE* 850 (F%&sllfl)ls\/[) (r:nMOtiil
Si [48] compatible
. broadband >16 GHz CMOS
0
[Tsliis MSM 868/(; (])E Srﬁ at absorption Ultimate compatible
work] 1 i e ) between 800- | BW (50um ( Monolithic
H 940 nm device) Integration )
. broadband >16 GHz CMOS
0
[Tsliis MSM 729/(())?%? at absorption Ultimate compatible
work] 1 i e ) between 800- | BW (50um ( Monolithic
H 940 nm device) Integration )
. broadband >16 GHz CMOS
0
[Tsliis MSM 329/2(])5 Srﬁ at absorption Ultimate compatible
work] | i S between 800- | BW (50um (Monolithic
H 940 nm device) Integration)

Movie S1: Demonstration of bending normally incident beams of light by almost ninety degrees
and transformed into laterally propagating modes of light along the plane of the silicon film
integrated with engineered an array of periodic photon-trapping structures. Such surface structures
effectively increase the propagation length of light, contributing to more than an order of

magnitude improvement in light absorption efficiency in photodetectors.

Movie S2: Propagation of light in both silicon planar (left) and photon-trapping (right)
photodetectors for the incident wavelength of 850 nm. Most of the light incident on the planar
device either reflects from the surface or passes through it and cannot efficiently absorb in the
silicon, whereas light incident on the photon-trapping structures bends almost at a right angle into
laterally propagating modes of light along the plane of the Si absorber layer. The photon-trapping
surface structure reduces the surface reflection, enhances the confinement of light within the
silicon absorber layer, and increases the light-matter interaction. Such photon-trapping structure

in one-micron silicon facilitates very high photoabsorption as well as ultrafast time response.
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Movie S3: Optical propagation of light in 30 nm ultra-thin silicon with integrated photon-trapping
structure. Similar to the Si film with 1000 nm thickness, photon-trapping ultra-thin Si film exhibits
dramatically higher absorption efficiency than the planar Si film. More than 8% absorption
efficiency can be obtained, while it is less than 1% in such planar silicon. Such ultrathin Si-based
photo-trapping-equipped photodetectors are intriguingly encouraging for the fabrication of

ultrafast photodetectors in the existing CMOS foundry framework.
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