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Abstract— Photodetectors (PDs) used in communication
systems require ultrafast response, high efficiency, and
low noise. PDs with such characteristics are increasingly
in demand for data centers, metro data links, and long-
haul optical networks. In a surface-illuminated PD, high
speed and high efficiency are often a tradeoff, since a
high-speed device needs a thin absorption layer to reduce
the carrier transit time, whereas a high-efficiency device
needs a thick absorption layer to compensate for the low
absorption coefficient of some semiconductors such as Si
and Germanium (Ge) or SiGe alloys at wavelengths near the
bandgap. In this part of this review, we present the recent
efforts in enhancing the photon–material interactions by
using low-dimensional structures that can control light for
more interaction with the photoabsorbing materials, slow
down the propagation group velocity and reduce surface
reflection. We present recent demonstrations of high-speed
PDs based on nanostructures enabled by both synthetic
bottom-up or transformative top-down processingmethods.
In particular, we detail a CMOS-compatible ultrafast surface-
illuminated Si PD with 30-ps full-width at half-maximum, and
>50% efficiency at 850 nm. A complementary discussionon

device challenges and the integration of low-dimensional
structures will be presented in the part II of this review.
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I. INTRODUCTION

H IGH-SPEED photodetectors (PDs) for communication
convert optical signals (photons) into electrical sig-

nals (electrons and holes). There are two important factors
determining PDs’ performance: 1) how effectively electrons
and holes are generated and 2) how good the carrier (elec-
tron and hole) transport is. Once a particular semiconductor
material is chosen (for instance, silicon), the carrier transport
properties remain unchanged—mostly limited by the carrier
mobility of the semiconductor. One can only explore new
methods for improving the electron–hole (e–h) pair generation
and collection efficiency. Most common device structure in
high-speed PDs involves p-i-n diode (i.e., intrinsic layer, or i -
layer, sandwiched between highly doped p and n layers serving
as contacts). Photoconductive mode of p-i-n diodes, which
requires a reverse bias of moderate magnitude, is the common
configuration in high-speed PDs. The thickness of the i -layer
determines the transit time that is required for carriers to reach
the contacts. For ultrafast operations, the i -layer needs to be
thin enough to ensure sufficiently high bandwidth. However,
a thin i -layer cannot efficiently absorb the incoming photons.
This leads to a tradeoff between efficiency and speed in the
conventional p-i-n diodes.

There is a longstanding belief that most common materials
used in semiconductor manufacturing such as Si cannot be
employed in designing a surface-illuminated PD for ultrahigh-
speed communication networks due to their low absorption
coefficients at near-infrared wavelengths such as 850 nm—a
wavelength commonly used for short-reach optical communi-
cation. A number of absorption enhancement methods without
using a thick i -layer have been applied to surface-illuminated
Si PDs for high-speed operations.
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Fig. 1. (a) Resonant cavity-enhanced PD with high bandwidth and wavelength-dependent high quantum efficiency. (b) Waveguide PD that confines
light in a thin and long absorption region and the electrical signal is collected in a transmission line as light propagates forward. High-precision
alignment of fiber contributes to high packaging cost in such a device. (c) Holes integrated in a PD fabricated via CMOS compatible process for low
reflection, broadband absorption, high efficiency, and high bandwidth.

Fig. 2. (a) High reflection from planar surface requires additional ARCs
on photodetectors. (b) Gradual refractive index change with funnel-
shaped holes suppresses surface reflection and eliminates ARC.

Prior work in high-speed Si PDs mainly involved surface-
illuminated resonant cavity enhanced (RCE) PDs and edge-
illuminated waveguide PDs, as depicted in Fig. 1(a) and (b),
respectively. In the RCE PD, the optical path is prolonged due
to multiple passes of light supported by the cavity [1], [2].
This makes RCE PD to have high external quantum effi-
ciency (EQE); however, the useful optical bandwidth is narrow.
This limits the practicality of RCE PD since the optical source
wavelengths need to match the detector wavelength within
a few nanometers [1]. In addition, any thermal drift of the
laser wavelength can result in a decrease in sensitivity at the
optical receiver. On the other hand, optical links in data centers
are typically not temperature controlled and the temperature
can fluctuate by 40 °C or more. This also limits RCE PDs
from being practically used in optical receivers. Alternatively,
waveguide Si PDs [3]–[6] can have both high EQE and high
speed. Long absorption lengths along the waveguide enable
high EQE and thin intrinsic layer allows short e–h transit time
since the optical wave propagation direction is perpendicular
to the electric field. However, waveguide PDs require precision
packaging for efficient coupling of a single-mode optical
fiber to the optical waveguide, resulting in high packaging
costs [7], [8]. A technology that enables a surface-illuminated
PD with an ultrathin absorption layer to absorb majority of
the incident photons is highly desirable to address the tradeoff
between efficiency and bandwidth.

There has been a lack of practical high-speed Si PDs
until the recent demonstration of a CMOS-compatible, high-
efficiency, and high-speed Si PD [9] with integrated photon-
trapping micro-/nanoholes. In such a PD depicted in Fig. 1(c),
vertically oriented incoming photon beams with a direction
of propagation parallel to the axis of the holes interact with
the holes to generate both vertically and laterally propagating
modes and allow them to interact with Si for a prolonged
time until they are efficiently absorbed. This approach can
overcome the weak absorption coefficient of Si at the datacom
wavelengths between 800 and 950 nm.

The first part of this review will present an overview of
the applications of photon-trapping structures in PDs and the
recent device demonstrations with low-dimensional structures.
The aim of this review is to illustrate current stage of the
micro-/nanostructured PDs for high-speed communications
and offer readers a perspective on practical solutions for high-
efficiency and ultrafast PDs with photon-trapping structures.
The second part will discuss device design challenges and the
integration of photon-trapping structures.

A. Applications of Photon Manipulating Structures in PDs

Besides the weak absorption, the Si surface reflects around
30% of light. Antireflection coatings (ARCs) are usually used
to reduce the reflection at the air–Si interface. However,
ARCs fabricated with conventional methods are wavelength
dependent and thus do not suppress reflection of light with a
wide-spectral range and impinging with wide incident angles.
Even though the ARC is designed to reduce the reflection
at the air–Si interface, Si is still a less attractive material to
absorb light at longer wavelengths. On the other hand, light can
be manipulated by introducing the micro-/nanostructures in the
material. Broader discussion on nanostructures designed for
optoelectronic devices can be found in [10]. This part of this
review will focus on the applications of micro-/nanostructures
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in high-speed PDs regarding the optical properties of the active
PD materials.

1) Inhibiting Broadband Reflection: The nanostructures at
the surface of the material dramatically change the interaction
of light at the air–material interface. Due to porosity intro-
duced by the nanostructures, the effective refractive index of
the air–material matrix is lower than the refractive index of
the bulk material without nanostructures. Thus, the difference
of refractive indices of air and the material at the air–material
interface, where most of the reflection happens [Fig. 2(a)],
decreases, and results in reduced reflection. The structures
with hierarchical geometry such as tapered pillars/holes,
funnels, cones, needle-like wires, and pyramids cause even
lower reflection [Fig. 2(b)] by introducing graded refractive
index and thus providing a broadband antireflective coat-
ing [11]. Graded-refractive-index coatings include multilayer
structures with different refractive indexes or moth-eye like
structures, such as subwavelength arrays of nanoparticles. The
graded-index antireflection coating is designed to match the
impedance at the surface for broad range of wavelengths.
Tapered pillars/holes compose a layer of an effective refractive
index that gradually increases from the top to the bottom
of the structure, providing broadband impedance matching.
In addition, shapes such as funnel or inverse pyramid with
dimensions larger than the wavelength of incoming light
reduces the reflection due to the better coupling of the incident
light into the modes that are supported by the structure [9].

2) Broadband Absorption Enhancement by Photon Manip-
ulations and Slow Light: Many studies [12]–[18] that
have demonstrated the absorption enhancement in surface-
illuminated semiconductors with micro-/nanostructures mostly
focused on photovoltaics applications. Although the dimen-
sions of the structures are not optimized for datacom
wavelengths, high-efficiency solar cells with a broadband
absorption can benefit the development of surface-illuminated
high-speed and high-efficiency PDs. For high-speed opera-
tion (bandwidth >1 GHz), the intrinsic absorption layer must
be less than 10 μm. Table I shows the recent demonstrations
of enhanced absorption in Si with ≤10 μm thickness and with
integrated micro-/nanostructures in the case of incident light
parallel to the micro-/nanostructure axis. The data presented
in Table I are for the wavelength range of 800–900 nm.
Clearly, the textured surfaces exhibit high absorption with very
thin Si layer.

The well-known theory of light trapping establishes that
absorption enhancement in a medium cannot exceed the
factor of 4n2/ sin2 θ , where n is the refractive index of the
active layer, and this factor is known as the Lambertian
or Yablonovitch limit [19]. The limit can be exceeded [20]
using nanostructures, where the wavelength of the incident
light is comparable to the dimensions of these structures [21]
leading to new understanding of this phenomenon such as Mie
scattering, guided resonaces, statistical temporal coupled mode
theory, parallel interface refraction, and light manipulation in
high-contrast gratings [22].

Mie scattering considers nanostructures as particles that
redirect, absorb, and reradiate the incident light, where the
refractive index mismatch between particle and medium is as

TABLE I
COMPARISON OF ABSORPTION OF SI WITH SURFACE TEXTURING

important as the dimensions of the particle and the wavelength
of light in the medium [23]. However, light can scatter in a
wide angle and can cause loss in the PDs of interest, which
must confine light in the absorbing layer. Meanwhile, guided
resonances in a photonic crystal (PC) slab [24], [25] can
couple into the incident light and enhance the absorption for
certain frequencies. The statistical temporal coupled mode
theory [26] has been developed to describe the collection of
such modes for broadband absorption. The mode analysis of
the guided mode resonance was done in [27], which shows
an increase in absorption due to a resonance of the guided
mode in the periodic structures. With an optimized design,
one can confine light in the absorbing i -layer and maximize
the absorption. The leaky modes in the PC slab can be
useful too for the absorption of light if the length of the
propagation (1/Im(kc), where kc is the propagation constant)
inside the slab before it would leak out, is longer than 1/α
(where α is the absorption coefficient of the material).

The slow light effects have been examined in photonic
crystals (PC) and photonic crystal waveguides (PCWs) where
the group velocity (ug) can be significantly smaller than that
in the uniform material due to the photons scattering on
the periodic structure. Such effect was observed at the PC’s
band gap edges and in PCW with large first order dispersion
dk/dω, which is the inverse group velocity (1/ug = dk/dω),
where k is the wave vector and ω is the light frequency.
However, vertically illuminated light cannot excite these
modes and therefore they are not applicable for surface-
illuminated PDs.



CANSIZOGLU et al.: SILICON PHOTODIODES FOR COMMUNICATION PART I: ENHANCING PHOTON–MATERIAL INTERACTIONS 375

Fig. 3. (a) Schematic of the ultrafast photodiode with a thin absorbing region. Color-coded layers are blue: n-Si layer, red: i-Si layer, turquoise: p-Si
layer, transparent: insulating nitride/oxide layer, yellow: ohmic metal, brown: high-speed coplanar waveguide (CPW) contacts, and green: polyimide
planarization layer. (b) n-i-p PD structure on an SOI wafer showing the integrated tapered holes that span the n-, i-, and p-layers. (c) SEM micrograph
of the active region of a high-speed PD with 30-µm diameter. (d) Square and (e) hexagonal hole lattice integrated in the PDs. Cross section
of (f) cylindrical- and (g) funnel-shaped or tapered holes etched into the active photodiode regions (reproduced by permission of Nature Publishing
Group from [9]).

Sturmberg et al. [28] calculated low group velocities for the
longitudinal modes in Si nanowire arrays where the absorption
is increased due to the higher intensities in the slow light
regions. Sakoda [29] has also shown light amplification in a
PC with air holes due the longitudinal slow modes with small
group velocities [29]. However, such longitudinal slow modes
can be excited at a discrete set of frequencies and they are
subject to the layer thickness and the periodicity; therefore,
they may not be useful for broadband absorption enhancement
in surface-illuminated high-speed PDs. On the other hand,
lateral traveling modes with low group velocities have been
observed in surface-illuminated Si with the funnel shaped
holes [9]. This helps light dwell in the i -layer longer time and
get almost fully absorbed despite a very thin absorbing layer
that determines the speed of the PD. The longer the dwell time
for the lateral modes (near-parallel to the active layer), the bet-
ter is the absorption for a wide range of wavelengths. The 3-D
structures with 2-D periodicity that have inclined side walls
such as teepee-like structures [12], cones [30]–[32], or inverted
pyramids [15] embedded in dielectric material have already
been demonstrated to provide broadband absorption. In addi-
tion, elliptical holes [33] and aperiodic [34] or random holes
have been proposed to promote broadband absorption and
experimentally [35] shown for improved broadband absorption
for photovoltaics. These structures can be integrated to surface-
illuminated PDs for broadband high efficiency.

II. RECENT DEVICE DEMONSTRATIONS

A. Ultrafast and Highly Efficient Surface-Illuminated
Broadband Silicon Photodiodes With Photon-Trapping
Micro-/Nanostructures

Recently, a high-efficiency and high-speed silicon PD
with 52% EQE has been demonstrated for 20 Gb/s data
rate operation using photon-trapping micro-/nanostructures
on Si surface [9]. The schematic and scanning electron
microscopy images of the holes integrated Si PD are shown

in Fig. 3(a)ãnd (c), respectively. The micro-/nanoholes on
the silicon surface enable light trapping and enhance the
absorption of silicon by an order of magnitude (compared
to flat surface silicon PDs) with the generation of the lateral
modes at the wavelengths between 800 and 900 nm. On the
other hand, the ultrathin “intrinsic” silicon layer as indicated
in Fig. 3(b) can reduce the transit time of the e–h pairs
generated in that region and ensure an ultrafast response of
the PD device. In this review, the cylindrical [as shown in
Fig. 3(d) and (f)] and funneled holes [as shown in Fig. 3(e)
and (g)] were patterned by deep ultraviolet lithography, and
then etched by deep reactive ion etch (DRIE) and reactive ion
etch (RIE), respectively. In this process, DRIE uses alternating
cycles of etching based on sulfur hexafluoride (SF6) gas and
protective polymer deposition based on octafluorocyclobutane
(C4F8) gas to achieve vertical high aspect ratio etch. RIE is
based on chlorine (Cl2) and hydrogen bromide gasses, and the
thickness and profile of the photoresist was used to control
the sidewall angle of the etched holes. Next, DRIE was used
to form the PD mesa. Ohmic metal rings which consist of
100 nm of Al and 20 nm of Pt are deposited by sputtering.
These methods are CMOS compatible and do not require the
expensive integration of photonic and electronic devices as
GaAs, InGaAs/InP PDs normally do, and have great potential
to reduce the cost by 30% or more than the current technolo-
gies based on III–V materials offer. To suppress the leakage
current associated with the dry etch damages caused on the
silicon surface, hydrogen fluoride (HF) dip was applied after
the holes are created. HF provides hydrogen termination to the
dangling bonds of silicon surface induced by dry etch, and can
successfully reduce the dark current by more than an order of
magnitude [9], [36].

The lateral mode formation is shown in Fig. 4 (with
Poynting vector). The Poynting vector was simulated using
finite-difference time-domain method, and shows the energy
flow along the surface.



376 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 65, NO. 2, FEBRUARY 2018

Fig. 4. Cross-sectional views of Poynting vectors under vertical optical illumination. The Poynting vectors in the cross-sectional view of a hole
in time (from the left to the right as t = 3, 6, 12, and 24 fs). The Poynting vector is directed from the holes into silicon indicating that the energy
propagates outward from the holes and is trapped in silicon until it is mostly absorbed.

As shown in Fig. 5(a), the funnel shape holes offer advan-
tages over cylindrical holes in terms of the absorption. The
effective refractive index gradually changes from the surface
through the Si with funnel-shaped holes compared to the
cylindrical holes that have abrupt change of the refractive
index. Thus, the funnel-shaped holes create an effect like a
graded-refractive-index ARC.

Due to the photon-trapping mechanism enabled by the
micro-/nanoholes, the EQE of the all-silicon PD has been
greatly improved. The measured EQE of Si PD with micro-
/nanostructures was 52% at 850 nm, compared to 6% of a flat
device as shown in Fig. 5(a). On the other hand, the improve-
ment of the absorption can allow the PD to be made thinner
than 2 μm, which is less than 1/5 of the thickness of the
conventional silicon photodiodes for similar EQE. As shown in
Fig. 5(b), the full-width at half-maximum (FWHM) response
of the micro-/nanoholes-based PD is 30 ps, equivalent of
an ultrafast data transmission rate of >20 Gb/s. A residual
photocurrent tail observed in the pulse response in Fig. 5(b) is
believed to be caused by the slow diffusion of photogenerated
minority carriers in p- and n-layers where the doping profile
is soft and not abrupt with the i-layer. Growth of more abrupt
p-i and i-n interfaces must minimize the slow diffusion tail.

Recently, light-trapping inverted pyramids similarly enhance
the absorption in a Si single-photon avalanche photodi-
ode (SPAD) [37].

B. Photodetectors With Integrated Nanowires

Nanowire PDs have been studied extensively during the
evolution of nanofabrication techniques. The reader can find
broad [38]–[40] or focused reviews [41], [42] on nanos-
tructure integrated PDs. The discussion in this section is
limited to “ultrafast” PDs with integrated nanowires. How-
ever, recent demonstrations of high-speed nanowire PDs are
scarce. Table II presents nanowire/pillar integrated ultrafast
III–V PDs, and recent demonstrations of high-speed Si PD
with micro-/nanoholes and Si SPAD with inverted pyramids.
Logeeswaran et al. [43] demonstrated a 14-ps FWHM photo-
conductor with intersecting InP nanowires illuminated with a
pulse laser at 780 nm. As mentioned above, one of the great
challenges of nanowire devices is the ohmic contact forma-
tion due the characteristics of metal–nanowire interface. The
unique fabrication technique of bridged nanowires [44], [45]
utilized in this review enables self-welded and naturally ohmic
contacts and allows the nanowires fabrication implemented
in traditional contact processes. Gallo et al. [46] report
metal–semiconductor–metal PDs with Schottky-contacted
GaAs/AlGaAs core/shell nanowires with a 5-ps FWHM pulse

Fig. 5. (a) (Top lines) Absorption (1-R-T)calculated in a p-i-n stack that
includes p and n contact layers as well as the absorbing i-Si layer along
with holes etched in funnel shapes with angles of 75◦, 66◦, and cylindrical
shapes (90◦). Experimentally measured EQE versus wavelengths for
PDs with integrated holes that have a diameter of 700 nm and a period
of 1000 nm in funnel shapes with angles of 61◦, 68◦, and cylindrical
shapes (90◦). The measured EQEs were above 62% at 800 nm and
52% at 850 nm. The simulation results (black and blue lines at the top)
show that our PDs with holes have an absorbing i-Si layer thickness
between 1.1 and 1.3 µm, although the design thickness was 2 µm.
Such reduced thickness was also corroborated by capacitance–voltage
measurements. (Bottom lines) Absorption calculated absorbing i-Si
layer with 1.1-, 1.3-, and 2-µm thickness. (b) By illuminating a PD with
a subpicosecond pulse, a 30-ps FWHM response was observed by a
20-GHz oscilloscope, which is a measurement setup limited response.
When corrected for the oscilloscope bandwidth and laser pulse width,
the device temporal response is estimated to be 23 ps at 850 nm. Inset:
Optical micrograph of a device with a high-speed CPW transmission
line (reproduced by permission of Nature Publishing Group from [9]).

response, higher than the response that bare core nanowires
exhibit. However, the responsivity of this type PDs is quite low
due to the lack of efficient light coupling to extremely small



CANSIZOGLU et al.: SILICON PHOTODIODES FOR COMMUNICATION PART I: ENHANCING PHOTON–MATERIAL INTERACTIONS 377

TABLE II
HIGH-SPEED NANOWIRE PDS FOR TELECOM AND DATACOM

APPLICATIONS

active area. For this reason, arrays of nanowires can be more
practical for surface-illuminated PDs. For example, GaAs
nanowire-array PD with large active area demonstrated in [47]
has 0.65 A/W responsivity at 850 nm. In this review, indium tin
oxide was sputtered on 50-μm active area of GaAs nanowires
filled with hydrogen silsesquioxane. Large active area resulted
in higher responsivity due to efficient light coupling. In [48],
InGaAs nanopillar-based avalanche photodiodes (APDs) are
demonstrated. Such PDs exhibit 200-GHz gain-bandwidth
product while operated at 1060-nm wavelength of light.

C. Recent Advances in Plasmonics for Photodetectors

Recent studies have demonstrated that the utilization of
plasmonic nanostructures can be a promising alternative tech-
nology to achieve light trapping in thin-film PDs [50], [51].
Surface plasmons (SPs) are the oscillations of free electron gas
coupled to electromagnetic waves at the surface of conductors.
SP polaritons (SPPs) propagate on the interface of planar
metal and semiconductor, on the other hand, localized SP
resonances (LSPRs) are bounded to the surface of a nanopar-
ticle [52]. Plasmonic nanostructures enhance light trapping
in different mechanisms; metallic nanoparticles which act as
subwavelength scattering centers, can couple the incident light
by folding it into the semiconductor [Fig. 6(a)]. In addi-
tion, nanoparticles embedded in the film, acting like a sub-
wavelength nanoantenna, can cause coherent electromagnetic
energy transport along the absorbing material by means of

Fig. 6. (a) Light trapping by scattering from metal nanoparticles at the
surface. (b) Light trapping by exciting plasmon polaritons embedded at
the interface of semiconductors.

strong near-field coupling of plasmon oscillations between
nanoparticles [Fig. 6(b)] [53].

Excited SPPs due to photon absorption can decay
rapidly (few femtoseconds) [54] through a radiative or non-
radiative process. Radiation is followed by internal photoe-
mission while nonradiative mechanism leads to generation of
high-energy electrons, known as “hot electrons.” Transition
of electrons with sufficient energy across the Schottky barrier
leads to photocurrent generation [55], [56]. Narang et al. [57]
have illustrated that SPs can considerably improve the gener-
ation and extraction of efficient hot electrons and increase the
quantum efficiency of the device.

Conventional mid-wave infrared PDs have low efficiency
near room temperature. Ishi et al. [58] have fabricated a
silicon Schottky nanophotodiode with SP antenna to increase
photocurrent considerably. In addition, plasmonics have been
used to enhance light concentration into small-volume PDs
for various high-speed and high-sensitivity applications such
as chip scale optical communications [59]–[62].

Goykhman et al. [59] have demonstrated an on-chip inte-
grated metal graphene–silicon plasmonic Schottky PD with
85 mA/W responsivity at 1.55 μm and 7% internal quan-
tum efficiency. Such PD can operate in high-speed (tens
of gigahertz) regime. By inserting a graphene monolayer at
the metal–semiconductor interface, graphene-based plasmonic
PD has achieved high internal quantum efficiency [59]. The
new PD’s quantum efficiency is one order of magnitude
higher than previously reported metal–silicon Schottky PDs
operated at 1.55 μm [63]. Recently, a Si plasmonic waveguide
detector, which utilized internal photoemission mechanism,
has been demonstrated for 40 Gb/s data transmission rate
with 0.12 A/W responsivity at 1550-nm wavelength [49].
Such developments can lead very small-scale PDs that can
be integrated to Si photonics circuits.
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Fig. 7. Illustration of cost ($/Gb/s) and wavelength range of various applications that require high-speed transceivers with the current III–V
technologies packaged with TIA or clock and data recovery circuits and other necessary electronics and used in current ROSA (receiver optical
subassembly). CMOS integration of Si, SiGe, and Ge-on-Si PDs, and APDs with micro-/nanoholes can lower the transceiver cost to single digit
$/Gb/s by bypassing the cost of packaging with the electronics. ∗Short wavelength division multiplexing. ∗∗High-performance computing. ∗∗∗Fiber
to the home/passive optical network. Inset: Schematics of a p-i-n photodiode and an APD with photon-trapping holes in the active region.

III. CONCLUSION

Light Manipulation Could Bring About a Paradigm Shift in
the Design of High-Speed and High-Efficiency Photodetectors

The developments in the theoretical concept and the fab-
rication of photonic crystals in the last two decades were
not employed by the PD community. Research has mainly
focused on the bandgap of photonic crystals for applications
including waveguides, couplers, and modulators for photonic
integrated circuits [64]. In addition, innovations in photonic
crystals contributed to photonic crystal fibers [65] for near-
zero dispersion, where the intrinsic dispersion of the material
is compensated by the waveguide dispersion. Photon manipu-
lation by photonic crystals or surface textures to increase the
optical absorption has recently been studied mostly targeting
photovoltaics applications [12]–[15], [66]. Device fabrication,
passivation, and integration challenges that need to address
high dark current or persistent photocurrent of nanostructured
PDs prevented implementation of photonic crystals or surface
texturing into PDs until recently. In addition, the difficulty
to make electrical contacts to such devices further escalated
the problem. Structures with high surface to volume ratios
commonly suffer from high density of surface states caus-
ing carrier-trap centers, resulting in high leakage current,
persistent photocurrent, and long diffusion induced tail in
the PD electrical output. All these issues demand special
attention to the device fabrication and the surface passivation
schemes in the process lines. Several novel designs for light
trapping are developed to utilize the conventional processes
for the fabrication of electrical contacts [9], [37], [67]–[70].
For example, arrays of negative structures such as holes, cones,

and pyramids are more advantageous since they do not require
individual contacts [9], [37] as opposed to the arrays of posi-
tive structures such as pillars, wires, and rods [67]–[70]. The
drawbacks and device integration challenges of nanostructures
will be reviewed and discussed in detail in the part II of this
review.

New insights in the light-trapping mechanisms can now be
implemented in PDs to develop a new generation of ultrafast
Si PDs [9], [71]. Fig. 7 is intended to give a perspective
to the reader about potential applications that can be trans-
formed by Si-based PDs with integrated micro-/nanostructures.
One possible application is light detection and ranging sys-
tems (LIDAR) used in autonomous vehicles. The optical trans-
mitters in such systems use semiconductor laser diodes emit-
ting at 850 or 905 nm [72]. In addition, a single wavelength
operation at 850 nm commonly used for short-reach optical
data communication cannot meet the needs of a modern data
center due to increasing data rates of 10, 25, 50, 100 Gb/s and
beyond. Short wavelength division multiplexing, which allows
4–5 wavelength ranges piped into a multimode optical fiber,
can be a solution to this challenge [73], [74]. The wavelengths
can be chosen from 850 to 940 nm, e.g., 850, 880, 910, and
940 nm, as stated by multisource agreement for 100 Gb/s
Ethernet application [75]–[77]. In addition, 980 nm has been
proposed, thanks to the advancements of Er-doped fiber laser
technology [76]. High-efficiency and high-speed Si PDs with
photon-trapping structures can be a part of the solution to the
demand for high data transmission rate for the applications
mentioned above. CMOS-compatible processes will enable the
monolithic integration of PDs with ICs and can drastically
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lower the cost of the transceivers by eliminating the packaging
and additional processing cost. Furthermore, operating wave-
lengths for high-performance computing (HPC) [78], which
is another application area that requires high-speed and high-
efficiency PDs, cover 990, 1015, 1040, and 1065 nm [77]–[79].
For practical PDs for HPCs, alloys of SiGe can be chosen
as absorption layer with photon-trapping structures (Fig. 7).
Si, Si/Ge, and Ge-on-Si PDs integrated with micro-/nanoholes
have potential to replace costly InGaAs/InP-based PDs for
short- and long-reach communications at intra- and interdata
centers, fiber to the home, passive optical networks [80],
LIDAR [81], [82], and quantum communication systems [83].
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