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Abstract—Due to relatively low responsivity at near infrared
(NIR) wavelengths, surface-illuminated silicon (Si) photodiodes
(PDs) are not attractive for ultra-fast data communication appli-
cations despite their CMOS-compatibility. Metal-semiconductor-
metal (MSM) photodiodes are well-known for simplicity in
fabrication compared to pin and pn junctions-based counter-
parts, but they usually work with lower efficiencies due to thin
absorption layer that ensures high speed response. In this letter,
we demonstrate a high efficiency and high-speed Si MSM PD with
innovative photon-trapping surface structures. These wavelength-
scale structures decrease the surface reflection and introduce
laterally propagating waves parallel to the semiconductor surface.
The responsivity of Si MSM PDs with the photon-trapping holes
was measured to be ~0.59A/W, while the control devices without
holes show ~0.08A/W. Such PDs with 50um diameter and with
1 pm finger spacing provide a pulse response of 60ps and 38ps
full-width at half-maximum (FWHM) at 3V and 10V applied
bias, respectively. Surface-illuminated PDs with these dimensions
can offer easy optical coupling options for fiber optic links while
offering complete CMOS compatibility.

Index Terms—Si MSM photodiode, light trapping, broadband
absorption, micro-/nanostructures, high-speed, high-efficiency
photodetectors.

I. INTRODUCTION

ETAL-SEMICONDUCTOR-METAL (MSM) photodi-
odes (PDs) have long been of interest to the device
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engineers for their simple design and FET-compatible fabrica-
tion. A commonly adapted device structure has interdigitated
metal fingers deposited on a semiconductor to form back-to-
back Schottky contacts [1]. MSM PDs have superior speed
performance over typical pin or pn diodes by having relatively
low capacitance which eliminates RC time limit [2]. Ultra-fast
MSM photodiodes have been reported in the literature [3]-[5].
However, they usually suffer from low responsivity, especially
at longer wavelengths (>800 nm). This is mainly due to lack
of sufficient light penetration into semiconductor since the
metal fingers block part of the light. Another reason of low
responsivity is weak electric field that occurs deep inside the
semiconductor where the photons with longer wavelengths are
absorbed and generate photocarriers. However, such carriers
can recombine due to insufficient electric field causing lower
responsivity. Even if these carriers were collected by such a
weak field, they are slow and can degrade the PD performance.
Ho et al. proposed to solve this problem with a trench forma-
tion in silicon (Si) [6]. Metal contacts at the sidewall of the
trenches were formed to create a uniform strong electric field
deep underneath the surface. However, increasing the metal
contact area can dramatically increase the PD capacitance and
cause RC time-limited responses. For that reason, deploying a
thin isolated semiconductor layer would be an ideal solution
to ensure a uniform strong electric field in an MSM PD.
On the other hand, a thin layer of semiconductor would
degrade the absorption efficiency of the devices. Si already
suffers from low values of absorption coefficient at and just
above the indirect bandgap energy (1.12eV). Si absorption is
much weaker at a new short wavelength division multiplexing
(SWDM) band of 850-950 nm that is being proposed for data
center communication [7]. Earlier in the literature, a Si MSM
PD with a textured back surface was demonstrated to show
0.17 A/W responsivity at 830 nm while maintaining a —3dB
bandwidth of 3 GHz [8]. Several studies show enhancement of
light absorption in silicon with surface texturing or structuring
at micro/nano scales [9]-[11]

In this letter, we demonstrate a CMOS-compatible surface-
illuminated Si MSM PD with a temporal impulse response
(a deconvolved response) of 60ps (48ps) and 38ps (27ps)
full-width at half-maximum (FWHM) at 3V and 10V applied
bias, respectively. Both challenges of increasing the external
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(b)

Fig. 1. (a) Hlustration of Si MSM PD with holes. Metal fingers are placed
in between holes which make light propagate laterally in Si that sits on an
SOI substrate with 1 um BOX (SiO5) layer, (b) Scanning electron microscopy
(SEM) images of a fabricated PD photon-trapping holes. Aluminum (Al) metal
fingers are fabricated on Si surface by sputtering and lift-off. A mesa was
etched to isolate the devices on SOI substrate and finally a coplanar waveguide
(CPW) pattern was fabricated to collect electric signal. (¢c) A focused SEM
image of the PD’s active region with photon-trapping holes. Al fingers are
seen in between holes. Cylindrical holes have a false-look of elliptical shape
because SEM specimen is tilted during imaging.

quantum efficiency (EQE) while maintaining a high-speed
operation can be addressed by designing PDs with thin
absorption regions integrated with periodic arrays of photon-
trapping holes [12]-[16]. Such structures can redirect the
Poynting vector of a normal incident optical wave to a laterally
propagating light wave parallel to the PD surface. The quantum
efficiency of a Si MSM PD with lum thin Si layer on
SOI substrate is increased by more than 7x (at 3V) and
10x (at 10V) compared to a control PD on SOI substrate
without photon-trapping holes. This is the first demonstration
of a high-speed Si MSM PD integrated with photon-trapping
holes providing high quantum efficiency at wavelengths
of 800-900 nm.

II. DEVICE SIMULATION, DESIGN AND FABRICATION

Fig. 1(a) shows an illustration of our surface-illuminated
innovative Si MSM PD designed with holes, allowing verti-
cally illuminating light laterally propagate inside the Si device
layers. Fig. 1 (b) and (c) shows scanning electron microscopy
(SEM) images of fabricated devices with holes. CMOS IC
compatible processes were employed to facilitate very-large-
scale integration (VLSI) and leverage cost reduction.

Si MSM PD was fabricated on a silicon-on-insulator (SOI)
substrate that has 1 xm device layer (p-Si) with 14-22 ohm.cm
resistivity and 1 gm BOX layer. 300 nm wide and 100 nm
thick interdigitated aluminum (Al) fingers were fabricated
on Si by sputtering and lift-off to form symmetric Schottky
contacts. Si surface was cleaned with BOE (6:1) to remove
native oxide prior to the metal deposition, which is a key step
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Fig. 2. Absorption vs. wavelength calculated by FDTD method. Both control
sample without holes and PD with photon-trapping holes were simulated.
The results show distinct difference between optical absorption of the device
structure with holes and without holes. Broadband high efficiency with
~ 7-fold enhancement by photon-trapping holes is predicted by FDTD
simulations. On the other hand, light has a two-way path (reflection from
bottom Si-SiO2 interface enables the second path) to get absorbed in Si
without holes.

to achieve high speed responses. Afterwards, periodic holes
with 1 um diameter and 1.3 um period were patterned and
etched with a DRIE tool to form 0.6 xm deep cylindrical holes
in Si. Subsequently, devices were isolated from each other
with a mesa etch and 300 nm Al was deposited, and a lift-
off process was applied to create coplanar waveguides (CPW)
to transport the electrical pulse converted from a picosecond
(ps) light pulse by Si MSM PD. Finally, devices were dipped
in hydrofluoric acid (HF:H,O 1:100) for 3 seconds [17].
A control device without holes was also fabricated in the same
process as a comparison.

Fig. 2 shows the results of finite difference time domain
(FDTD) simulations calculated by averaging the absorption
of light illuminating at various angles (0° — 10°). Simulated
structure has 1 gm Si on 1 xm SiO; layer and 100 nm thick,
300 nm wide Al metal fingers with 1000 nm spacing. Hexag-
onally packed cylindrical holes with diameter/period (d/p)
700/1000 nm are placed in between fingers to increase the
light absorption in Si with enhanced lateral light propagation
in all directions. In a flat device, photons don’t experience
perpendicular bending and continue to propagate in the vertical
orientation and get reflected back on the bottom Si-SiO2
interface. This enables a flat PD to exhibit higher absorption
compared to flat PDs fabricated on a bulk Si wafer. FDTD
simulations predicted that Si MSM PDs with holes can absorb
light about ~ 7x more than PDs without holes for operating
wavelengths of 850-950nm. Reduced reflection at air-Si inter-
face and enhanced light penetration and bending in the parallel
direction to the surface combined with back reflection from
Si-SiO, interface result in high optical absorption in Si PDs
with integrated holes. Consequently, electron-hole pairs are
efficiently generated close to the surface and get drifted under
strong lateral electric field in MSM structures. As a result,
a high-speed photocurrent can be achieved by an MSM PD that
simultaneously exhibits high responsivity. FDTD simulations
suggest ~15% reflection loss (not shown here) due to metal
fingers in our Si PDs with integrated holes. In future devices,
a design with transparent/semi-transparent contacts [18] can
reduce the optical loss due to reflected ligth from metal fingers.
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Fig. 3. Measured external quantum efficiency (EQE) of Si MSM PDs with

holes and HF passivation (blue), with holes and no HF passivation (black),
and no holes with HF passivation (red) at different applied biases. Top-right
inset shows logarithmic scale dark current characteristics of Si MSM PDs
(with 50 um device diameter) with and without photon-trapping holes. Black
curve indicates PD without holes and blue curve shows dark current of PD
with holes.

III. EXPERIMENTAL RESULTS

Fig 3 shows electrical and optical characterization results
of Si MSM PDs. The photocurrent is measured with a lock-
in amplifier which is fed as a reference signal created by a
mechanical chopper at 1 kHz. The impinging light was divided
into two fiber patch cords with a splitter and one of them was
connected to a fiber probe that delivers the incident light to
the device under test while the other one was connected to
a power meter to monitor the optical power of incident light
in real time. A supercontinuum laser was used to tune the
wavelength of the incident light.

The devices with holes that allow lateral propagating waves,
experience enhanced photon-matter interactions and result
in measured maximum EQE of 86% and 60% at 850 nm
when biased with 10V and 3V, respectively (Fig. 3). This
proves the efficacy of the photon-trapping holes on enhanced
light interaction with the semiconductor. Another advantage
of the photon-trapping holes is a broadband high efficiency.
Si typically does not respond well to the wavelengths close
to the bandgap energy, however, our Si MSM PDs with
photon-trapping holes maintain a high efficiency even when
they are illuminated with wavelength such as 4/ = 900 nm
(EQE is measured to be above > 70% at 10V bias). Such
broadband high efficiency and high speed make Si MSM
PDs with photon-trapping holes favorable for many important
applications.

The inset shows and example of logarithmic IV curve
measured from a circular PDs in 50um device diameter, with
and without photon-trapping holes under dark. Although PDs
with holes tend to have higher dark current compared to
control sample at relatively low voltages (<3V), the dark
current still stays <100 nA. At elevated bias (>3V), dark
current increases in both devices, however, dark current in
PDs with holes are lower than dark current produced by
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Fig. 4. Measured high speed pulse response at 10V bias from PDs with
(blue spheres) and without (red circles) holes. Left and right insets show
normalized pulse responses at 10V and 3V applied bias, respectively. The
illumination wavelength of pulse light is 850 nm. The FWHM value of the
set-up limited temporal response of a PD with and without holes is 38ps
and 35ps at 10V applied bias, respectively. The deconvolved response of the
device was estimated to be 48ps (3V) and 27ps (10V) at 850 nm.

PDs without holes. An increase in photocurrent with an
elevated bias is observed in PDs with holes, indicating a
recombination mechanism due to surface states under weak
bias. The sidewalls of holes created by DRIE are subject to
ion-bombardment during etching process and can be left with
dangling bonds that cause surface states. For this reason, dark
current and EQE are expected to improve with a more effective
surface passivation.

A pulsed laser with ~15 ps pulse width and a repetition rate
of 70 MHz was used to conduct high-speed measurements on a
microwave probe station. A PD with a diameter of 50um was
tested with a microwave probe and the light beam was aligned
with a translational stage to maximize the photocurrent.
The electrical pulses were collected by a 20-GHz sampling
scope. The PD under test was DC biased using a 25-GHz
bias-T.

Fig. 4 shows measured high speed pulse responses of PDs
with (blue spheres) and without (red circles) photon-trapping
holes at 10V bias. Left and right insets show normalized
pulse responses at 10V and 3V applied bias, respectively.
The illumination wavelength of pulse light is 850 nm. The
FWHM value of the temporal response of a PD with holes
was measured as 60ps (at 3V) and 38ps (at 10V). On the other
hand, control PD without holes produced a pulse response with
41ps (at 3V) and 35ps (at 10V) FWHM. Si MSM PDs with
holes maintain their speed performance while dramatically
increasing EQE.

Considering the 22 ps FWHM response for the 20-GHz
sampling oscilloscope, and the optical laser pulse width of
~15 ps, the actual response of the device was estimated to
be 33ps (3V) and 28ps (10V) at 850 nm based on Tyeqs =

razctual + ‘[SZCOPE + rozptica
Topricalare the measured, actual, oscilloscope, and laser optical
pulse widths in time domain [19]. This is acceptable for
Gaussian pulses and is a valid approximation for our actual

measurements.

[Where Tmeass Tactual> Tscope and
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IV. CONCLUSION

Si-based MSM photodiodes with innovative photon-trapping
holes are designed and fabricated with more than 7-fold
(at 3V) and 10-fold (at 10V) higher EQE compared to a
control PD without holes for wavelengths, 4 >800nm. The
devices enable the development of efficient high-speed Si
PDs suitable for monolithic integration with CMOS elec-
tronics for short reach multimode optical data links used
in datacom and computer networks. It is anticipated that
such improvement in the performance of Si PDs can con-
tribute to cost saving in the transceiver design that are
expected to be widely used in the free-space and data
communication.
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