
Achieving higher photoabsorption than group
III-V semiconductors in ultrafast thin silicon
photodetectors with integrated photon-trapping
surface structures
Wayesh Qarony,a,† Ahmed S. Mayet,a,† Ekaterina Ponizovskaya Devine,b Soroush Ghandiparsi,a

Cesar Bartolo-Perez,a Ahasan Ahamed ,a Amita Rawat ,a Hasina H. Mamtaz,a Toshishige Yamada,b,c

Shih-Yuan Wang,b and M. Saif Islama,*
aUniversity of California, Davis, Department of Electrical and Computer Engineering, Davis, California, United States
bW&WSens Devices, Inc., Los Altos, California, United States
cUniversity of California, Baskin School of Engineering, Department of Electrical and Computer Engineering, Santa Cruz, California, United States

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-μm-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,1–4 internet of things (IoT) integrated
communication networks,5,6 lidar-assisted applications, such

as autonomous vehicles,7 security, surveillance, artificial intel-
ligence,8,9 and low-light-enabled imaging applications in life
sciences10–12 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.13,14 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 μm thick
Si layer is required.15 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 15× and 40× higher absorption,
respectively, at a wavelength of 850 nm.13 GaAs shows ∼90%
absorption of 850 nm incident wavelength in merely a 2.5 μm
thick layer. Attributing to its higher absorption coefficient and
exceptionally high carrier mobilities,16 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 infrastructure17,18 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.15,19–23

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.24–30

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,31,32

metallic nanoparticles,33 plasmonic surfaces,34,35 and grating,36

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.26,37,38 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.39–44 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.45 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.46–49 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

the arduous device fabrication processes, researchers measured
the quantum efficiencies using 1 − T − R, where T and R are
transmission and reflection of the illuminated light.20,21,24

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.21,50

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 μm 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.51

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.52,53

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

A thin Si slab with a thickness of 1 μm 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 μm 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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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

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.47

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

Using the Bouguer–Beer–Lambert law and considering surface
reflection losses,54,55 an effective absorption coefficient (αeff ),

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 μm 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]).
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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,

αeffðλÞ ¼ − 1

tSi

�
ln

�
1 − QEmeasðλÞ
1 − RmeasðλÞ

��
; (1)

where tSi is the thickness of the Si active layer of the photo-
detector, and QEmeas and Rmeas 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 (αeff ) 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
αeff of the Si photon-trapping photodetectors is estimated as a
function of incident wavelengths. The estimated αeff 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,56 InGaAs,56 and GaAs,57

as shown in Fig. 2(a). The enhancement factor of the 1 μm 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 (αeff) of the Si
photon-trapping photodetectors and the intrinsic absorption coefficients of Si (bulk),57 GaAs,57

Ge,56 and In0.52Ga0.48As.
56 The absorption coefficient of engineered photodetectors (PD) shows

an increase of 20× 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. (c) 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, αeff is determined to be ∼27,467, 31,797, 39,713,
and 14,938 cm−1. The αeff determined at 850 nm is more than
70× and about 4× higher than the intrinsic absorption coeffi-
cient of Si (535 cm−1) and GaAs (10,035 cm−1),57 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 μm 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 ¼ 1300 nm, d ¼ 1000 nm, and depth ¼ 600 nm. The dis-
crepancy could occur due to the limitations of the fabrication
technologies.51 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

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 μm 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 μm
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.51 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 αeff for 100 and 30 nm Si layers are 23,572 and
27,794 cm−1, 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 4n2

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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light-trapping geometrical limit of 4n2,15,19 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 4n2∕ðsin θÞ2, where θ is the angle between
the light source and a plane perpendicular to the surface.27 We
further noticed that the absorption enhancement of our devices
could reach a maximum up to 70n2 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

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 ¼ 100 nm, p ¼ 1000 nm, and thickness,
tSi ¼ 1000 nm) and large holes (d ¼ 700 nm, p ¼ 1000 nm,
and thickness, tSi ¼ 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
ðr; tÞ space into ðk;ωÞ space by solving the number of wave
vectors k ¼ mp, wherem 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

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 μm thickness. In contrast, the black curve
shows extremely low-absorption efficiency in planar Si without such surface structures. Calculated
Poynting vectors in holey 1 μm 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.
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of p∕λ, where p∕λ 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 ΓX and ΓM directions, whereas
the dots represent the areas between those directions, which
are also provided in Fig. S14 in the Supplementary Material.

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

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 ¼ 100 nm, p ¼ 1000 nm, and thickness, tSi ¼ 1000 nm) and (b) large holes
(d ¼ 700 nm, p ¼ 1000 nm, and thickness, tSi ¼ 1000 nm). Red curves represent TE modes
and blue curves represent TM modes. Slanted dashed lines are solutions for kc 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 ¼ 0 (vertical dashed line), whereas
large hole structures essentially have both solutions k ¼ kc and k ¼ 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 ¼ 100 nm, p ¼ 1000 nm,
and thickness, tSi ¼ 1000 nm) compared with the absorption of the large hole (d ¼ 700 nm,
p ¼ 1000 nm, and thickness ¼ 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]).
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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 k0 ¼ 2π∕λ,
q21 ¼ k20 − β2, and q22 ¼ εk20 − β2, where k0 is the wave vector
for a given frequency in the vacuum, ε is the dielectric constant
of Si, and β is the propagation constant. When the solution to the
Bessel function q2 is kc, the lateral wave vectors are coupled
with eigenmodes. The cross of the solution k ¼ kc or k ¼ 0with
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 ¼ 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 atanðnÞ 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 ug ¼
dω∕dk under TE polarization modes, as presented in Fig. 4(f).
The group velocity in bulk Si was calculated as c∕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

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.58,59 Herein, the DOS was also calculated
as an integral over the wave vector for a given frequency,
ρðωÞ ¼ Rf ddk

ð2πÞdgδ½E − EðkÞ�, in which d and E are differential
dimension and energy, respectively. For the 2D photonic crys-
tals, DOS could be approximated as ρ2DðωÞ ¼ 4ϵω

πc2 .
27 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∕λ 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∕λ. 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-μm 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 20× 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 μm 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
photodetectors’ capacitance compared to their planar counter-
part, enabling faster response. The fabrication process is
CMOS-compatible and can contribute to integrated photode-
tectors with ultrafast responses for quantum computing, data
communication systems, emerging biomedical imaging appli-
cations, biosensing, and autonomous vehicles.

Acknowledgments

We would like to thank Eli Yablonovitch for valuable discus-
sions and H. Cansizoglu and Y. Gao for their help with the de-
vice fabrication. This work was supported in part by the US
Army’s Night Vision and Electronic Sensors Directorate (Grant
No. W909MY-12-D-0008), NSF ECCS (Grant No. 1428392),
and the S. P. Wang and S. Y. Wang Partnership, Los Altos,
California (CA). Cesar Bartolo-Perez would like to acknowl-
edge the National Council of Science and Technology and
UC-MEXUS for the doctoral fellowship. Part of this study
was carried out at the UC Davis Center for Nano and Micro
Manufacturing.

References

1. T. Mueller, F. Xia, and P. Avouris, “Graphene photodetectors for
high-speed optical communications,” Nat. Photonics 4, 297–301
(2010).

2. R. H. Hadfield, “Single-photon detectors for optical quantum in-
formation applications,” Nat. Photonics 3, 696–705 (2009).

3. H. Wang et al., “Optical interconnection networks for high-perfor-
mance computing systems,” Rep. Prog. Phys. 75, 046402 (2012).

4. J. I. J. Wang et al., “Hexagonal boron nitride as a low-loss dielec-
tric for superconducting quantum circuits and qubits,” Nat. Mater.
21, 398–403 (2022).

5. R. M. C. Andrade et al., “What changes from ubiquitous comput-
ing to internet of things in interaction evaluation?” Lect. Notes
Comput. Sci. 10291, 3–21 (2017).

6. B. Xu et al., “Ubiquitous data accessing method in IoT-based in-
formation system for emergency medical services,” IEEE Trans.
Ind. Inf. 10, 1578–1586 (2014).

7. A. Kirmani et al., “First-photon imaging,” Science. 343, 58–61
(2014).

8. G. Allen and T. Chan, Artificial Intelligence and National
Security, Harvard Kennedy School (2017).

9. G. A. Kaissis et al., “Secure, privacy-preserving and federated ma-
chine learning in medical imaging,” Nat. Mach. Intell. 2, 305–311
(2020).

10. X. Michalet et al., “Development of new photon-counting detec-
tors for single-molecule fluorescence microscopy,” Philos. Trans.
R. Soc. B Biol. Sci. 368, 20120035 (2013).

11. J. Unger et al., “Real-time diagnosis and visualization of tumor
margins in excised breast specimens using fluorescence lifetime
imaging and machine learning,” Biomed. Opt. Express 11,
1216–1230 (2020).

12. Y. Sun et al., “Intraoperative visualization of the tumor micro-
environment and quantification of extracellular vesicles by label-
free nonlinear imaging,” Sci. Adv. 4, eaau5603 (2018).

13. A. Dargys and J. Kundrotas, Handbook on Physical Properties of
Ge, Si, GaAs and InP, Science and Encyclopedia Publishers (1994).

14. C. Schinke et al., “Uncertainty analysis for the coefficient of band-
to-band absorption of crystalline silicon,” AIP Adv. 5, 067168
(2015).

15. T. Tiedje et al., “Limiting efficiency of silicon solar cells,” IEEE
Trans. Electron Devices 31, 711–716 (1984).

16. P. Y. Yu and M. Cardona, Fundamentals of Semiconductors,
Springer (1999).

17. Z. Zhou, B. Yin, and J. Michel, “On-chip light sources for silicon
photonics,” Light Sci. Appl. 4, e358 (2015).

18. M. Veldhorst et al., “Silicon CMOS architecture for a spin-based
quantum computer,” Nat. Commun. 8, 1–8 (2017).

19. E. Yablonovitch and G. D. Cody, “Intensity enhancement in tex-
tured optical sheets for solar cells,” IEEE Trans. Electron Devices
29, 300–305 (1982).

20. E. Garnett and P. Yang, “Light trapping in silicon nanowire solar
cells,” Nano Lett. 10, 1082–1087 (2010).

21. A. Ingenito, O. Isabella, and M. Zeman, “Experimental demon-
stration of 4n2 classical absorption limit in nanotextured ultrathin
solar cells with dielectric omnidirectional back reflector,” ACS
Photonics 1, 270–278 (2014).

22. I. Schnitzer et al., “30% external quantum efficiency from surface
textured, thin‐film light‐emitting diodes,” Appl. Phys. Lett. 63,
2174 (1998).

23. T. Tiedje et al., “Photoconductivity enhancement by light trapping
in rough amorphous silicon,” Appl. Phys. Lett. 42, 712 (1998).

24. S. Manzoor et al., “Visualizing light trapping within textured
silicon solar cells,” J. Appl. Phys. 127, 063104 (2020).

25. S. B. Mallick, M. Agrawal, and P. Peumans, “Optimal light trap-
ping in ultra-thin photonic crystal crystalline silicon solar cells,”
Opt. Express 18, 5691–5706 (2010).

26. N. Afifah Yahaya et al., “Characterization of light absorption in
thin-film silicon with periodic nanohole arrays,” Opt. Express
21, 5924–5930 (2013).

27. K. X. Wang et al., “Light trapping in photonic crystals,” Energy
Environ. Sci. 7, 2725–2738 (2014).

28. Z. Yu, A. Raman, and S. Fan, “Fundamental limit of nanophotonic
light trapping in solar cells,” Proc. Natl. Acad. Sci. U. S. A. 107,
17491–17496 (2010).

29. J. M. Gee, “Optically enhanced absorption in thin silicon layers
using photonic crystals,” in Conf. Rec. IEEE Photovolt. Spec.
Conf., pp. 150–153 (2002).

30. A. A. Asatryan et al., “Mode-based analysis of silicon nanohole
arrays for photovoltaic applications,” Opt. Express, 22, A1343–
A1354 (2014).

31. P. Bermel et al., “Improving thin-film crystalline silicon solar cell
efficiencies with photonic crystals,” Opt. Express 15, 16986–
17000 (2007).

32. D. Zhou and R. Biswas, “Photonic crystal enhanced light-trapping
in thin film solar cells,” J. Appl. Phys. 103, 093102 (2008).

33. D. Pacifici et al., “How much can guided modes enhance absorp-
tion in thin solar cells?” Opt. Express 17, 20975–20990 (2009).

34. S. Pillai et al., “Surface plasmon enhanced silicon solar cells,”
J. Appl. Phys. 101, 093105 (2007).

35. T. Ishi et al., “Si nano-photodiode with a surface plasmon
antenna,” Jpn. J. Appl. Phys. 44, L364 (2005).

36. D. Madzharov, R. Dewan, and D. Knipp, “Influence of front and
back grating on light trapping in microcrystalline thin-film silicon
solar cells,” Opt. Express 19, A95 (2011).

37. R. Bergmann et al., “Optimal light trapping in ultra-thin photonic
crystal crystalline silicon solar cells,” Opt. Express 18, 5691–5706
(2010).

38. S. Bhattacharya and S. John, “Beyond 30% conversion efficiency
in silicon solar cells: a numerical demonstration,” Sci. Rep. 9, 1–15
(2019).

39. K. Yoshikawa et al., “Exceeding conversion efficiency of 26% by
heterojunction interdigitated back contact solar cell with thin film
Si technology,” Sol. Energy Mater. Sol. Cells 173, 37–42 (2017).

40. J. Dréon et al., “23.5%-efficient silicon heterojunction silicon solar
cell using molybdenum oxide as hole-selective contact,” Nano
Energy 70, 104495 (2020).

41. A. K. Katiyar et al., “Breaking the absorption limit of Si toward
SWIR wavelength range via strain engineering,” Sci. Adv. 6, 576–
605 (2020).

Qarony et al.: Achieving higher photoabsorption than group III-V semiconductors in ultrafast thin silicon…

Advanced Photonics Nexus 056001-9 Sep∕Oct 2023 • Vol. 2(5)

https://doi.org/10.1038/nphoton.2010.40
https://doi.org/10.1038/nphoton.2009.230
https://doi.org/10.1088/0034-4885/75/4/046402
https://doi.org/10.1038/s41563-021-01187-w
https://doi.org/10.1007/978-3-319-58697-7_1
https://doi.org/10.1007/978-3-319-58697-7_1
https://doi.org/10.1109/TII.2014.2306382
https://doi.org/10.1109/TII.2014.2306382
https://doi.org/10.1126/science.1246775
https://doi.org/10.1038/s42256-020-0186-1
https://doi.org/10.1098/rstb.2012.0035
https://doi.org/10.1098/rstb.2012.0035
https://doi.org/10.1364/BOE.381358
https://doi.org/10.1126/sciadv.aau5603
https://doi.org/10.1063/1.4923379
https://doi.org/10.1109/T-ED.1984.21594
https://doi.org/10.1109/T-ED.1984.21594
https://doi.org/10.1038/lsa.2015.131
https://doi.org/10.1038/s41467-017-01905-6
https://doi.org/10.1109/T-ED.1982.20700
https://doi.org/10.1021/nl100161z
https://doi.org/10.1021/ph4001586
https://doi.org/10.1021/ph4001586
https://doi.org/10.1063/1.110575
https://doi.org/10.1063/1.94035
https://doi.org/10.1063/1.5131173
https://doi.org/10.1364/OE.18.005691
https://doi.org/10.1364/OE.21.005924
https://doi.org/10.1039/C4EE00839A
https://doi.org/10.1039/C4EE00839A
https://doi.org/10.1073/pnas.1008296107
https://doi.org/10.1109/PVSC.2002.1190478
https://doi.org/10.1109/PVSC.2002.1190478
https://doi.org/10.1364/OE.22.0A1343
https://doi.org/10.1364/OE.15.016986
https://doi.org/10.1063/1.2908212
https://doi.org/10.1364/OE.17.020975
https://doi.org/10.1063/1.2734885
https://doi.org/10.1143/JJAP.44.L364
https://doi.org/10.1364/OE.19.000A95
https://doi.org/10.1364/OE.18.005691
https://doi.org/10.1038/s41598-019-48981-w
https://doi.org/10.1016/j.solmat.2017.06.024
https://doi.org/10.1016/j.nanoen.2020.104495
https://doi.org/10.1016/j.nanoen.2020.104495
https://doi.org/10.1126/sciadv.abb0576


42. G. Konstantatos and E. H. Sargent, “Nanostructured materials for
photon detection,” Nat. Nanotechnol. 5, 391–400 (2010).

43. E. Özbay et al., “Fabrication of high-speed resonant cavity
enhanced Schottky photodiodes,” IEEE Photonics Technol. Lett.
9, 672–674 (1997).

44. W. K. Huang, Y. C. Liu, and Y. M. Hsin, “A high-speed and high-
responsivity photodiode in standard CMOS technology,” IEEE
Photonics Technol. Lett. 19, 197–199 (2007).

45. Y. Gao et al., “Photon-trapping microstructures enable high-speed
high-efficiency silicon photodiodes,” Nat. Photonics 11, 301–308
(2017).

46. H. Cansizoglu et al., “A new paradigm in high-speed and high-
efficiency silicon photodiodes for communication. — Part I.
Enhancing photon-material interactions via low-dimensional
structures,” IEEE Trans. Electron Devices 65(2), 372–381
(2018).

47. H. Cansizoglu et al., “Dramatically enhanced efficiency in ultra-
fast silicon MSM photodiodes via light trapping structures,” IEEE
Photonics Technol. Lett. 31, 1619–1622 (2019).

48. K. Zang et al., “Silicon single-photon avalanche diodes with nano-
structured light trapping,” Nat. Commun. 8, 1–6 (2017).

49. D. Chen et al., “Photon-trapping-enhanced avalanche photodiodes
for mid-infrared applications,” Nat. Photonics 17, 594–600
(2023).

50. M. L. Hsieh et al., “Experimental demonstration of broadband so-
lar absorption beyond the Lambertian limit in certain thin silicon
photonic crystals,” Sci. Rep. 10, 11857 (2020).

51. C. Bartolo-Perez et al., “Maximizing absorption in photon‐
trapping ultrafast silicon photodetectors,” Adv. Photonics Res.
2, 2000190 (2021).

52. S. Salahuddin, K. Ni, and S. Datta, “The era of hyper-scaling in
electronics,” Nat. Electron. 1, 442–450 (2018).

53. R. Maurand et al., “A CMOS silicon spin qubit,” Nat. Commun.
7, 1–6 (2016).

54. T. G. Mayerhöfer, S. Pahlow, and J. Popp, “The Bouguer–Beer–
Lambert law: shining light on the obscure,” ChemPhysChem
21, 2029–2046 (2020).

55. A. Beer, Grundriss des photometrischen Calcüles, Bayerische
Staatsbibliothek, München (1854).

56. S. Adachi, “Optical dispersion relations for GaP, GaAs, GaSb, InP,
InAs, InSb, AlxGa1−xAs, and In1−xGaxAsyP1−y,” J. Appl. Phys.
66, 6030 (1998).

57. E. D. Palik, Handbook of Optical Constants of Solids, Vol. 1,
pp. xvii–xviii, Elsevier (1985).

58. S. Mokkapati and K. R. Catchpole, “Nanophotonic light trapping
in solar cells,” J. Appl. Phys. 112, 101101 (2012).

59. D. M. Callahan, J. N. Munday, and H. A. Atwater, “Solar cell light
trapping beyond the ray optic limit,” Nano Lett. 12, 214–218
(2012).

60. S. Radovanović, A. J. Annema, and B. Nauta, “A 3-Gb/s optical
detector in standard CMOS for 850-nm optical communication,”
IEEE J. Solid-State Circuits 40, 1706–1717 (2005).

61. M. K. Emsley, O. Dosunmu, and M. S. Ünlü, “High-speed
resonant-cavity-enhanced silicon photodetectors on reflecting
silicon-on-insulator substrates,” IEEE Photonics Technol. Lett. 14,
519–521 (2002).

62. M. S. Ünlü et al., “High-speed Si resonant cavity enhanced photo-
detectors and arrays,” J. Vac. Sci. Technol. A 22, 781 (2004).

63. R. T. Chen et al., “Fully embedded board-level guided-wave opto-
electronic interconnects,” Proc. IEEE 88, 780–793 (2000).

64. H. Shigeta et al., “Enhancement of photocurrent in ultrathin
active-layer photodetecting devices with photonic crystals,” Appl.
Phys. Lett. 101, 161103 (2012).

65. B. Yang et al., “10-Gb/s all-silicon optical receiver,” IEEE
Photonics Technol. Lett. 15, 745–747 (2003).

66. R. Swoboda and H. Zimmermann, “11 Gb/s monolithically inte-
grated silicon optical receiver for 850nm wavelength,” in Dig.
Tech. Pap. - IEEE Int. Solid-State Circuits Conf. (2006).

67. S. Radovanovic et al., “An integrated 12.5-Gb/s optoelectronic
receiver with a silicon avalanche photodetector in standard
SiGe BiCMOS technology,” Opt. Express 20, 28153–28162
(2012).

68. S. M. Csutak et al., “Integrated silicon optical receiver with
avalanche photodiode,” IEE Proc. Optoelectron. 150, 235–237
(2003).

69. M. Atef, A. Polzer, and H. Zimmermann, “Avalanche double pho-
todiode in 40-nm standard CMOS technology,” IEEE J. Quantum
Electron. 49, 350–356 (2013).

70. M.-J. Lee et al., “A fully-integrated 12.5-Gb/s 850-nm CMOS
optical receiver based on a spatially-modulated avalanche photo-
detector,” Opt. Express 22, 2511–2518 (2014).

71. J. S. Youn et al., “10-Gb/s 850-nm CMOS OEIC receiver with
a silicon avalanche photodetector,” IEEE J. Quantum Electron.
48, 229–236 (2012).

72. M.-J. Lee et al., “A silicon avalanche photodetector fabricated with
standard CMOS technology with over 1 THz gain-bandwidth
product,” Opt. Express 18, 24189–24194 (2010).

73. A. C. Ulku et al., “A 512 × 512 SPAD image sensor with inte-
grated gating for widefield FLIM,” IEEE J. Sel. Top. Quantum
Electron. 25, 6801212 (2019).

74. D. Stoppa et al., “Single-photon avalanche diode CMOS sensor
for time-resolved fluorescence measurements,” IEEE Sens. J.
9, 1084–1090 (2009).

75. C. Li et al., “Grating-enabled high-speed high-efficiency surface-
illuminated silicon photodiodes,” Opt. Express 29, 3458–3464
(2021).

76. B. Wang et al., “A low-voltage Si-Ge avalanche photodiode
for high-speed and energy efficient silicon photonic links,”
J. Light. Technol. 38, 3156–3163 (2020).

77. T. Li et al., “Spatially controlled electrostatic doping in graphene
p-i-n junction for hybrid silicon photodiode,” NPJ 2D Mater.
Appl. 2, 1–8 (2018).

Wayesh Qarony, a postdoctoral scholar at the University of California
Berkeley in the EECS Department, works jointly with the LBNL. He fo-
cuses on nanophotonic design, fabrication, and characterization of opto-
electronic, photonics, and quantum semiconductor devices. He received
his PhD in applied physics and MSc in electrical engineering from Hong
Kong Polytechnic University and Jacobs University Bremen, Germany,
respectively. Before joining UC Berkeley & LBNL, he was a postdoctoral
scholar at ECE UC Davis.

Ahmed S. Mayet received his MS in electrical and computer engineering
from the University of California, Davis, in 2017 and PhD in electrical and
computer engineering with emphasis in biophotonics and bioimaging from
the University of California, Davis, in 2023. His research focused on de-
veloping ultra-fast and efficient optoelectronic devices for ultra-fast optical
communication, biomedical imaging, and NIR imaging and sensing. He
joined Taibah University, Saudi Arabia, in 2023, where he is currently
an assistant professor.

Ekaterina Ponizovskaya Devine received the MS and PhD degrees
from the Moscow Institute of Physics and Technology (State University),
Moscow, Russia, in 1999. She was with the Ames Center, NASA,
Mountain View, CA, United States, where she was involved in the opti-
mization and physics-based models for prognostics and automation. She
is currently with W&WSens Device, Inc., Los Altos, CA, United States,
where she is focusing on photonics and photodetectors.

Soroush Ghandiparsi received the BSc degree in electrical engineering
and the MSc degree in nanophotonic engineering from the School of
Engineering Emerging Technology, Sharif University of Technology,
Tehran, Iran, in 2009 and 2012, respectively. He received PhD in elec-
trical engineering with emphasis in biophotonics and bioimaging from the
University of California, Davis. Currently, his research is focused on de-
veloping a novel high-speed and efficient Silicon-based photodetector

Qarony et al.: Achieving higher photoabsorption than group III-V semiconductors in ultrafast thin silicon…

Advanced Photonics Nexus 056001-10 Sep∕Oct 2023 • Vol. 2(5)

https://doi.org/10.1038/nnano.2010.78
https://doi.org/10.1109/68.588199
https://doi.org/10.1109/LPT.2006.890055
https://doi.org/10.1109/LPT.2006.890055
https://doi.org/10.1038/nphoton.2017.37
https://doi.org/10.1109/TED.2017.2779145
https://doi.org/10.1109/LPT.2019.2939541
https://doi.org/10.1109/LPT.2019.2939541
https://doi.org/10.1038/s41467-017-00733-y
https://doi.org/10.1038/s41566-023-01208-x
https://doi.org/10.1038/s41598-020-68704-w
https://doi.org/10.1002/adpr.202000190
https://doi.org/10.1038/s41928-018-0117-x
https://doi.org/10.1038/ncomms13575
https://doi.org/10.1002/cphc.202000464
https://doi.org/10.1063/1.343580
https://doi.org/10.1063/1.4747795
https://doi.org/10.1021/nl203351k
https://doi.org/10.1109/JSSC.2005.852030
https://doi.org/10.1109/68.992597
https://doi.org/10.1116/1.1647591
https://doi.org/10.1109/5.867692
https://doi.org/10.1063/1.4759149
https://doi.org/10.1063/1.4759149
https://doi.org/10.1109/LPT.2003.810261
https://doi.org/10.1109/LPT.2003.810261
https://doi.org/10.1109/ISSCC.2006.1696131
https://doi.org/10.1109/ISSCC.2006.1696131
https://doi.org/10.1364/OE.20.028153
https://doi.org/10.1049/ip-opt:20030391
https://doi.org/10.1109/JQE.2013.2246546
https://doi.org/10.1109/JQE.2013.2246546
https://doi.org/10.1364/OE.22.002511
https://doi.org/10.1109/JQE.2011.2170405
https://doi.org/10.1364/OE.18.024189
https://doi.org/10.1109/JSTQE.2018.2867439
https://doi.org/10.1109/JSTQE.2018.2867439
https://doi.org/10.1109/JSEN.2009.2025581
https://doi.org/10.1364/OE.412412
https://doi.org/10.1109/JLT.2019.2963292
https://doi.org/10.1038/s41699-018-0080-4
https://doi.org/10.1038/s41699-018-0080-4


integrated with transimpedance amplifier (TIA)/equalizer analog circuits in
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