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Summary

Demand for Near- (NIR) and Mid-infrared (MIR) range detection has
increased drastically for practical applications in optical sensing, imaging, and
communications. Silicon (Si)-based photonic integrated circuits (PICs) have
drawn attraction for such applications with cost-effectiveness, low power
consumption, ultra-compact device footprint, and complementary metal-
oxide-semiconductor (COMS) compatibility. However, Si is an indirect
bandgap material with a bandgap of 1.12 eV, which makes it challenging to
cover the wavelength beyond 1,100 nm. Although numerous efforts have
been put into extending its cut-off wavelength, the large Si bandgap even

restricts the whole NIR range photodetection.

Germanium (Ge), a Group IV element, is CMOS compatible with an
indirect bandgap of 0.66 eV. Since the direct conduction band of Ge bulk is
located only 140 meV higher than the indirect band, a Ge photodetector is
able to do NIR photodetection. Germanium-tin (GeSn) photodetectors have
been introduced for MIR range photodetection, taking advantage of its
bandgap tunability and excellent optical and electrical properties. An increase
in Sn content shrinks GeSn bandgap and improves carrier mobility. In
addition, GeSn lasers have been reported with direct bandgap properties,
accelerating the development of the monolithic integration of Group 1V-based
optoelectronic integrated citcuits in the MIR range. As such, Ge and GeSn
optical components are primarily attractive to NIR and MIR range

applications, respectively.
Xl



Nevertheless, [lI-V compound semiconductor photodetectors, e.g.,
indium gallium arsenide (InGaAs) photodetectors, dominate the industry
despite their CMOS incompatibility, high complexity, and high cost. In order
to utilize Ge/GeSn material systems for low-cost and CMOS compatible
photodetectors, a low dark current and a high photon collection efficiency are
required. During the epitaxial Ge/GeSn growth on a Si substrate, high density
defects/dislocations are generated due to the large differences in the thermal
expansion coefficient and lattice constants. The dislocations/defects act as
trap states that degrade optical and electrical properties in Ge/GeSn material
systems. Therefore, mitigation of defects in Ge/GeSn material systems
should be implemented to improve optical performances. Direct wafer
bonding (DWB) and layer transfer techniques enable a transfer of Ge/GeSn
epitaxial layers directly on insulator platforms. The insulator platform
improves not only optical confinement but also provides electrical isolation. In
addition, defective Si/Ge/GeSn interfaces can be readily eliminated with the
techniques, leading to enhanced photodetection in terms of dark currents and

optical responsivities.

This thesis explores high-performance Ge/GeSn photodetectors, which
are fabricated on insulator platforms. In addition, furnace annealing in oxygen
(O2) ambient and germanium-oxide (GeOx) formation via ozone (O3) oxidation
are conducted to achieve a sub-mA/cm? dark current for a Ge photodetector.
Also, optical responsivity for the Ge photodetector is improved by gourd-
shaped hole array structures. With these advanced techniques, improved

detectivity is obtained, comparable to commercial Ge bulk and extended llI-
XIV



V photodiodes. GeSn alloys are investigated for MIR range photodetection. It
is revealed that trap states near a Ge/GeSn interface degrade electrical and
optical properties in GeSn material systems. In order to mitigate the trap-
related carrier dynamics, waveguide GeSn photodetectors are demonstrated
on an insulator platform. DWB and layer techniques enable the realization of
a GeSn-on-insulator (GeSnOl) platform without the GeSn/Ge interface layer.
A demonstrated GeSn photodetector on the GeSnOlI platform provides the
photodetection beyond 2,000 nm. The proposed Ge/GeSn photodetectors
would be widely applicable to Si-based PICs for high-efficiency NIR and MIR

range photodetection.
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Chapter 1. Introduction

1.1 Background: Si Photonics

Electro-optical effects in silicon (Si) were first reported in 1987 [1].
Since then, Si photonics has been investigated in many universities, research
institutes, and foundries. The capability of complementary metal-oxide-
semiconductor (CMOS)-compatible process, which is provided by current Si
markets, accelerates its development despite the early commercial stage.
Advanced Si photonics is employed in data communications and
telecommunications to replace conventional metal-based communication. In
addition, Si photonics has been introduced in the fields of quantum computing

as well as artificial intelligence.

Si photonics companies and start-ups are able to launch their products
with the help of various Si photonic foundries. Such an ecosystem enables
massive investments so that diverse Si photonics products become available.
Figure 1 displays available foundries that support customers to achieve their
goals in Si photonics. The services include prototype lines, CMOS pilot lines,
fabrications, and packaging. Brokers provide customers with the information

of appropriate processes and companies to get their own values.
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Figure 1. Si photonics foundries that provide open access fabrication services [2].

Multi-project wafer (MPW) service, volume production, and
customized service are provided by most foundries. The MPW process allows
customers to design products based on provided modules. This process is a
mature process in foundries to share their design to conduct multiple projects
per wafer [3]. The photograph of a demonstrated MPW is illustrated in Figure

2(a). Inset in Figure 2(a) shows the single cell of a fabricated chip.

The mainstream of Si photonics is developed on insulator substrates.
Thanks to high refractive index contrast and high CMOS compatibility, silicon-
on-insulator (SOI) wafers have been utilized to demonstrate active and
passive optical devices, e.g., waveguides, modulators, receivers, gratings,
etc. [2]. The cross-sectional schematic view of Si photonics components is

illustrated in Figure 2(b).
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Figure 2. (a) The photograph of a demonstrated MPW in wafer-scale. Inset in Figure 2(a)
displays the top view of a fabricated single-chip [3]. (b) The cross-sectional schematic view
of Si photonics components [2].

Si waveguides are typically on a few um of silica cladding layers with
220 nm silicon core layers in a 200 mm wafer-scale. Such structures allow
low propagation loss and low bending radius. A thin Si core layer is required
for optical single-mode conditions. The Si waveguide displayed the
propagation losses of ~0.59 and ~2.4 dB/cm for transverse-electric (TE) and
transverse-magnetic (TM) modes at 1,550 nm, respectively [4]. Waveguides
can be directly connected with optical fibers so that the light signal travels

through them without a grating.

A grating consists of the different materials or structures. Among them,

SOl platforms enhance diffraction effects, leading to high coupling efficiency.



The peak coupling efficiency for a grating was achieved to be -1.3 dB at 1,550

nm experimentally [5].

An optical modulator is a device that manipulates the phase, amplitude,
or polarization of light. Heating up or applying an electric field alters n and k
indices, changing its optical properties. Recent modulators achieved a high
data rate of 20 Gbit/s at 2,000 nm [6]. Typically, the modulator is linked with

waveguides so that light is modulated in traveling waveguides.

A photoreceiver is a device that converts light signals into electrical
ones. Diverse photoreceivers are present, such as a photodiode, a
phototransistor, a superconducting nanowire photodetector, etc. A
photodiode typically contains an absorption region. The photoexcited carriers
are generated by transiting light energy into electrical energy. By sweeping
out the carriers, photocurrent increases. Si photodetectors have been
investigated for visible or short-wave infrared range photodetection. Recent
discoveries develop cut-off wavelength extension beyond Si bandgap,

suitable for diverse applications [7].

1.2 Applications for Si Photonics

Si photonics has diverse applications operating in the NIR (near-
infrared, wavelengths from 0.7 to 2.0 um) and MIR (mid-infrared, wavelengths
from 2.0 to 20.0 um) ranges. In this section, various applications for Si
photonics are discussed. In Chapter 1.2.1, fiber-optics communications will
be described. Chapter 1.2.2 addresses Light Detection and Ranging (LiDAR)

for three-dimensional (3D) imaging. A gas sensor will be elucidated in



Chapter 1.2.3. This section aims to propose the promising applications, which

Si photonics have seeped into for the past years.

1.2.1 Communication: Optical Fiber Communication

Optical fiber communications have led to technological advances for
high bandwidth infrastructure due to increased demand for numerous data
transfer and processing. Particularly, digital optical network, network domain
between optical-electronic-optical signals is minimized via Si-based photonic-
integrated circuits (PICs), can be achieved with low-cost, high compact, and
high sustainability [8]. Figure 3 displays the schematic image of Si photonic
transceivers with a fiber optics cable. Electrical signals are converted into
optical signals in the light source. The generated lights pass through
waveguides, modulators, fiber optical cables. The optical signals arrive at the
opposite transceiver so that the photoreceivers can read the optical
information. For efficient signal transmission, spectral windows should be

properly defined for efficient data communication.
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Figure 3. The schematic image of Si photonic transceiver. Rainbow lines represent optical
paths. Mux and DeMux mean a multiplexer and a demultiplexer, respectively.



Low attenuation coefficient range near 0.8 (15t window), 1.3 (2"
window), and 1.55 um (3" window) are defined as “transmission windows” for
standard optical fiber communications (single-mode and multi-mode fibers).
Rayleigh scattering and the OH- absorption in the optical fibers contribute to
the 1st, 2nd, 31 spectral windows. The absorption loss caused by the Rayleigh
scattering can be described by the equation of ar=A/1* where ar, A, and 4
are the intrinsic loss coefficient of the optical fiber, the constant (0.7-0.9
dB-km'-um), and the wavelength, respectively. The loss for the optical fiber
caused by the Rayleigh scattering decreases with the wavelength. In addition,
the OH- absorption is predominant at 1,000, 1,400, and 1,600 nm. Since the
desirable length of fibers can be more than 50 or even 100 km, low
attenuation becomes the key factor in determining the optical fiber's feasibility
[9]. Figure 4 shows fiber attenuation spectra as a function of wavelength. All
the transmission windows offer a loss of <10 dB/Km. The lowest attenuation
of <1 dB/km is observed near 1,550 nm, an attractive wavelength for diverse

applications.

Recently, a hollow-core fiber was proposed for low loss and
nonlinearity. A hollow-core fiber consists of distributed micro-structures or
patterns within a core layer. This configuration determines specific
propagation modes, which can travel through cladding or air holes.
Suppressed Rayleigh scattering in hollow-core fibers draws attention to ultra-
low attenuation losses. Two key factors, i) surface scattering at glass/air
interface and ii) infrared absorption in glass matrix defines the lowest

attenuation spectral window. Figure 4(b) shows the cross-sectional scanning



electron microscope (SEM) images of hollow-core fibers. The loss for the
fabricated fibers and for the expected loss for the ideal fibers are displayed in
Figure 4(c). The estimated spectral window shifts from 1,550 to 1,900-2,100
nm. The lowest attenuation was obtained to be < 0.1 dB/km. It should be
noted that wavelength spectral windows near 1,550 and 2,000 nm are high-

demand spectral windows for optical fiber communications.
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Figure 4. (a) Total fiber attenuation as a function wavelength [10]. (b) SEM images of photonic
bandgap fibers with varying core sizes and corresponding fundamental mode images [11].
(c) The fundamental mode loss as a function of wavelength for the varying core sizes [11].

1.2.2 Remote and Imaging Sensing: LiDAR

Remote sensing is the acquisition of information about an object by
detecting signals that reflect from an object. Remote sensing has been widely
applied in archaeology, agriculture, cartography, and geographic information
because a remote sensor provides a wide range of depth and imaging
information. Thus, the demand for a remote sensor has increased for

technological advances.

LiDAR technique is one of the remote sensing methods that has been
recently emerged along with its brothers, e. g., radio detection and ranging,
camera vision remote sensing, and ultrasonic sensing techniques. LiDAR has
been for a rich history of over 60 years, starting its development in the early
1960s once a laser was invented [12]. By receiving the pulsed photon, the
particle of light LIDAR measures the distance between a sensor and a target
object based on how long it takes for the photon to return back to the sensor,
named the Time of Flight (ToF) technique. By repeating this process, a 3D

image can be reconstructed, as shown in Figure 5.

Processed image (3D point cloud)




Figure 5. The schematic image of LIiDAR for scanning and 3D depth recognition [13].

Conventionally, a direct ToF technique has been adopted as the most
common ranging system. The ToF technique measures round-trip time delay
(At), how long an emitted photon takes until it returns back after bouncing off
an object. By doing so, the distance (d) can be obtained by d = cAt/2, where

c is the speed of light.

LiDAR performance is determined by some parameters. Pulse width
mainly determines spatial depth resolution. With the assumption that pulse
period is consistent, narrow pulse width provides high resolution. The pulse
period is the main contributor to determine a detection range. A single pulse
signal must not be mixed up with the next signal to avoid mixing data.
Scattering rate during the range sensing is one of the crucial factors to
determine the remote sensing performance. LiDAR scattering form equation

is expressed by the following equation [13],

Nipipar = Nigser X [,3 X % X T¢(R) X T, (R) X TILiDAR] + Ny (1)
where nLipar is LIDAR efficiency and Tr and Tb represent the transmission of
incidence photon and scattered photon, respectively, and Nb is background
noise, and B is the interaction efficiency with the object. Extra physical
processes should be considered additionally, such as Doppler shift, resonant
scattering, and so on. The overall working sequence of LiDAR is shown in

Figure 6.



Forward signal
propagation (T;(F)

Distance

Transmitter
module (Nye) | |
‘ Pulse width H N
LiDAR i e Object —

Pulse
s

Velocity

System control and
acquisition/time
measurement
module

"

-

Interaction
radiation/object ()

J

Backward signal
propagation (T,(A))

Receiver T
module (A/R°)

Detector

Reconstructed
3D image

Image processing
and rendering

Figure 6. Schematic description for direct ToF measurement method [13].

Focal plane array (FPA) has been widely adopted for a LiDAR receiver
part. The main concept is to use a lens to collect a scattered light into a

receiver array. A proper lens can be changed to tune the field of view (FoV).

The schematic views of FPA and a single-pixel receiver on SOl
platforms are shown in Figure 7 and inset in Figure 7, respectively. Local
oscillator (LO) light travels in waveguides heading to each pixel. Scattered
light bounced off an object also reaches a grating coupler in each pixel. The
received signals are electrically amplified by a transimpedance amoplifier.
Then a row amplifier transmits the electrical signals to a signal processor,

reconstructing a 3D image with distance and velocity information.
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Figure 7. The schematic image of a receiver array. Inset represents each receiver pixel. RF
is a radio frequency [14].

Figure 8(a) displays the reconstructed 3D image with the depth and
the velocity information of a basketball at 17 m distance rotating its vertical
axis at 1 rpm, and Figure 8(b) shows the photograph of a rotating basketball
setup. Figure 8(c) represents measured velocity information using LIiDAR.
Each FPA pixel can collect the depth and velocity information at a single point
and assemble all the information collected via pixels so that the high-
resolution 3D image along with the velocity of the object can be obtained. It
should be noted that the velocity information is extracted via the Doppler

effect.
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Figure 8. (a) The point cloud of depth- and velocity-information of a basketball at 17 m depth
rotating by 1rpm. (b) The photograph of a rotating basketball setup. (c) Measured velocity
variation as a function of the x-axis position [14].

1.2.3 Molecular Sensing: A Gas Sensor

On-chip gas sensing is required for a multitude of applications, e.g.,
climate sensing, agricultural industry, chemical industry, and medical
industry. Sensitivity is the key factor to determine the performance of low
concentration detection. Thus, diverse methods have been proposed to
obtain high-efficiency molecular sensing. Among them, PICs have attracted

attention due to their low-cost and footprint [15].

NIR and MIR ranges have been selected as spectral windows for
molecular sensing, widely utilized in optical communications and 3D imaging
fields. Detectable molecules in the wavelength ranges are nitrous oxide
(N20), methane (CHa4), carbon dioxide (COz2), ammonia (NHs3), etc. Figure 9(a)
displays the 3D schematic image of an on-chip molecular sensor for CH4

sensing. SOl wafers are selected for the demonstration of a molecular sensor.
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Figure 9(b) and (c) represent a cross-sectional view and electric field
distribution in a waveguide. The Si waveguide can confine the light due to its
high index contrast with insulators, and an evanescent field in waveguides
reacts with molecules on waveguides. Lights traveling waveguides are
modulated due to the absorption properties of each molecule, as shown in
Figure 9(d). Although Si-based or InP-based PICs for gas sensing still have
not approached the sensitivity of bulk optics, Si-based PICs are promising in

terms of manufacturing price, sustainability, and footprint.
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Figure 9. (a) The 3D schematic image of a waveguide on-chip for molecular detection via
evanescent sensing. (b) The cross-sectional view of a Si waveguide. (c) Electric-field
distribution for a waveguide. (d) Absorption spectra for various CHa4 constituents. (e) The 3D
schematic image of an on-chip gas sensor [15].

1.3 Background of Photodetectors

Diverse Si photonic applications, in general, involve light-emitting and
light-receiving processes. The light-emitting process is to convert an electrical

signal into an optical signal. On the contrary, the light-receiving process is to
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convert an optical signal into an electrical signal. This thesis focuses on the
light-receiving part mainly. In the light-receiving process, the incident light
excites the carriers in an absorption region, which satisfies Eq. 2.
Subsequently, photo-excited carriers are swept to the electrodes. The
extraction of the excited carriers can be read out as photocurrent in the
external circuit. Photodetectors are the key building blocks to enable this light-
receiving process. They are of many types but they can be divided into two
main schemes: i) thermal detectors detecting the optical signal to rise
temperature when the light is absorbed, and ii) photon detectors to generate
electron-hole pairs (EHPs) when the incident radiation is absorbed. Typically,
the excited carrier concentration is proportional to the intensity of the incident
radiation. In this thesis, photon-based detectors will be mainly investigated.
In order to detect a photon, the active region in photodetectors should be

satisfied with the following equation,

_ne
A—AE (2)

where 4, h, ¢, and AE are the wavelength of the photon, Planck constant (6.62
x 10%* m2kg/s), the speed of the light (3 x 108 m/s), and the relevant energy
for transition, i. e., interband absorption, interband impurity absorption, and

barrier height absorption.

1.3.1 Photoconductors

Photoconductors are photodetectors that exhibit a reduction in
electrical resistance caused by incoming light. Typically, they consist of a slab

of a semiconductor with electrodes at either end, which forms an ohmic
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contact with the semiconductor, as shown in Figure 10. Once the light is
absorbed in a semiconductor, excess EHPs are generated and collected by

the electrodes under applied voltage, which produce the photocurrent.

‘/ Signal =/

R,

Incident radiation

Ohmic contact

Figure 10. The schematic structure of the photoconductor.

The conductivity (odark) for photoconductors without illumination can be

expressed by,
Oaark = q(Mite + plp) (3)

where q is the electronic charge (1.6 x 107'° C). we, and up are the electron
and hole mobilities, respectively. n and p are the free carrier concentration of

electrons and holes (cm3). The dark current (ld¢ark) can be expressed by,

lgark = OgarkExA = q(nue + p.uh)ExA (4)

where A is the cross-sectional area (A=tw) and Ey is the electric field.
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Under illumination, the conductivity (ophoto) for photoconductors can be

changed as follows,
Ophoto = Oaark + Ad = q(npe + pup) + q(Anp, + Appy) (5)

where Ao is the change in the conductivity under illumination. 4n and Ap are
the excess electron and hole carrier concentrations under illumination,
respectively, which can be described by An=Gom and 4p=Gon, where Go, m,
and 7 are the net optical generation rate and electron and hole lifetimes,
respectively. The photocurrent (/photo) can be expressed by the following

expression,
Iphoto = Iqark + Al = Igark + qGO(ﬂe + Hp)ExA (6)

or
1 1
Iphoto = Idark + qGOTeff(; + ;)EA (7)

where Al, teff, te, and th are the change in current after illuminatioin, the carrier

effective lifetime, the transit times for electrons and holes, respectively.

The net optical generation rate can be expressed by the following

expression,

Pinc/hv
wt

Go =1 (8)

where 7, Pinc, and v are the quantum efficiency, the optical power, and the
frequency of the photon, respectively. Then, the responsivity (R) can be

expressed by,
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The gain for photoconductors can be obtained by the following

equation,

Gain = Teff(i+é). (10)

1.3.2 Photodiodes

Photodiodes consist of a simple pn or p-i-n junction. Once the light is
absorbed in the junction, the photo-excited carriers are generated. By
sweeping to electrodes, photocurrent is created. The operation types of
photodiodes can be classified into i) Schottky photodiode, ii) pn photodiode,

iii) p-i-n photodiode, and iv) Avalanche photodiode.

The Schottky diode is a semiconductor diode that is formed by the
junction of a semiconductor with a metal. It has been widely utilized in both
academic and industrial areas due to its easy fabrication. In addition, the
diode operates at low forward/reverse bias voltage, allowing high switching
action. The pn photodiode has taken attention from the current industrial
markets for a few decades, although it is not the advanced type comparing
with others. The depletion region between p- and n-type regions, known as
the deletion region, acts as the absorption region. However, the deletion
region is shallow so that the light signal is not effectively absorbed. Thus, the
intrinsic layer is inserted between n- and p-type regions of the pn photodiode,
becoming a p-i-n structure. Since the depletion region increases owing to the

intrinsic layer, the light can be effectively collected in the absorption layer.
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However, at weak light power, the p-i-n photodiode would not be sufficient to
collect the light signal. In this case, avalanche photodiodes have been
introduced. The avalanche photodiode is a highly sensitive photodiode
invented by Japanese engineer Jun-inch Nishizawa in 1952. The avalanche
photodiode contains the absorption and multiplication layers separately or
together. Once the light generates photo-excited carriers in the absorption
layer, the carriers start to be accumulated in the multiplication layer, leading
to the gain of >1. However, the noise level is high, resulting from the

accumulated carriers in the multiplication layer.
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Figure 11. (a) Geometry and bias of a pn junction. (b) The band diagram of a pn junction.

The geometry and the band diagram of a pn junction are shown in
Figure 12 (a) and (b), respectively. As mentioned above, the pn photodiode
consists of n- and p-type regions along with the depletion region at the center.

The depletion width (W4) can be defined as follow,

Wa = [P0 (N, -+ Np) NN (11)
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where e, e, Vbi, Na, and Np are the dielectric constant in free space and a
semiconductor, the built-in voltage, the donor and acceptor doping
concentrations, respectively. The dark current can be obtained by the

following expression,

Jaare = (222 + 2228 (e — 1) = Jo (ef7 — 1) (12)

Ln Ny Ly Np

where Dn, ni, Ln, Dp, Lp, k, T, and Jo are the minor carrier diffusion constant
for electrons, the intrinsic concentration, the diffusion length in the n-type
region, the minor carrier diffusion constant for holes, the diffusion length in
the p-type region, Boltzmann constant, temperature, and saturation dark
current density, respectively. Under illumination, the photon current density

can be expressed by the following equation,

14 |4 .
Jonoto =Jo (€4 = 1) + q(W + Ly + L,)Go = Jo (ei7 — 1) + g2, (13)

“hv
The responsivity can be obtained by the following equation,

R = Iphoto—ldark R (14)
Pinc nhvl

1.3.3Phototransistors

The working principle of phototransistors is almost similar to the one
for photodiodes but includes an amplifying transistor. The incident photon
generated the photo-excited carriers on the base of a phototransistor. Then
the carriers are amplified electrically like the normal transistor acts by an
electrical signal. Thus, the phototransistor can produce a high responsive

gain compared to a photodiode. However, the major constraint is low
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response time. Since the electrical bandwidth restricts the amplification, low
bandwidth mainly constrains the frame rate for a remote sensor. Second, the
high leakage current multiplied by the DC current gain of the transistor is not
suitable to detect the weak light power signal. Third, the temperature variation
modulates the performance unexpectedly, implying that the cooling system
might be additionally required to make the output data of phototransistors
consistent. The overall features for a photodiode and a phototransistor are

compared in Table 1.

Parameters Photodiode Phototransistor
Spectra Coverage Broad Short

Gain Low High

Linearity High Low

Dark Current Low High

Response speed High Low

Table 1. The summarized performance comparison between a photodiode and a
phototransistor.

1.4 Motivation and Objectives of the Thesis

The selection of appropriate spectral windows is essential to decide
the feasibility of applications. For example, optical fiber communication
requires broadband operations, including the NIR and MIR ranges, e.g., 800,
1,300, 1,550, and 2,000 nm, due to the attenuation characteristics of fibers.
The wavelengths of 905, 940, and 1,550nm are chosen for LIDAR operation
to avoid damage to human eyes. Also, a gas sensor prefers to make use of

NIR or MIR ranges for molecular detection. This thesis mainly focuses on the
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wavelength range of 1,550 to 2,000 nm (or beyond) in which the diverse

applications are interested.

Si is an abundant element on Earth, which is required for diverse
applications. Up to date, Si is the primary material element to compose
memory chips, computer processors, transistors, and all other electronic
devices in current industries. Si photonics is also a trending topic because Si
has already been studied and investigated in decades. Present technology
allows providing high crystalline Si on a large scale. However, Si is an indirect
material with a bandgap of 1.1 eV, corresponding to 1,100 nm of wavelength.
Although Si can provide a transparent wavelength window beyond 1,100 nm,
it is difficult to support photoemission and photodetection in wavelength
beyond 1,200 nm. To extend operation wavelength, IlI-V compound
semiconductors are essential. llI-V semiconductor systems benefit from their
fast carrier dynamic, high absorption coefficient, and direct bandgap
characteristics. Ill-V compound semiconductors dominate the current industry
for PICs. However, manufacturing IlI-V semiconductor for PICs is expensive
and CMOS-incompatible. Also, the complexity of fabrication is high, and IlI-V
material systems constraint the efficient integration of electronic and photonic

devices on one chip.

Germanium (Ge) is one of the Group IV elements, benefiting from
CMOS compatibility and cost-effectiveness. Ge has a direct bandgap (I
valley) of 0.8 eV along with an indirect bandgap (L valley) of 0.66 eV. The
narrow Ge bandgap enables photodetection beyond 1,100 nm. The cut-off

wavelength of bulk Ge photodetectors is 1,550 nm, suitable for NIR
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photodetection. Therefore, Ge is an alternative to replace IlI-V materials.
Figure 12 represents the absorption coefficient for diverse materials as a
function of wavelength and energy. Si absorption coefficient remains up to
~1,100 nm while the Ge absorption coefficient sustains beyond 1,100 nm
wavelength. In addition, the Ge coefficient values are comparable with those
of InGaAs semiconductor systems.
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Figure 12. The absorption coefficient for mainstream materials of integrated photonics, e.g.,
Si, Ge, InGaAs, etc., with respect to wavelength and converted energy [16].

To extend the operation wavelength into the MIR range, germanium-
tin (GeSn) alloys composed of Group IV elements have been proposed. The
introduction of tin (Sn) into Ge shrinks the bandgap so that the bandgap is
tunable depending on the Sn contents in Ge. Moreover, a transition from

indirect to direct bandgap is introduced with Sn contents of >8%, opening up
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the opportunity for a Group-IV monolithic light source, which has lacked for
Group IV monolithic electro-photonic integration. Figure 13 displays the
absorption coefficients for GeSn alloys along with the Ge reference. The
absorption coefficient for Ge decreases at 1,550 nm drastically. As the Sn
content increases in GeSn alloys, the absorption coefficient is extended
accordingly. A GeSn alloy with the Sn content of 1% shows the bandgap at
1,600 nm and extends beyond 2,000 nm when the Sn content is higher than

8%.
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Figure 13. Extracted absorption coefficient (a) for Ge and GeSn alloys with varying Sn
contents from 1 to 10% (B to K) [17].

As such, Ge and GeSn material systems are strong candidates for NIR
and MIR range photodetection. In addition, Group IV monolithic PICs are low-
cost in manufacturing. Therefore, tremendous research on Ge/GeSn-based
optical devices has been explored recently. However, the performance of
GeSn/Ge photodetectors is away from commercial bulk Ge and IlI-V
semiconductor photodetectors. In general, they suffer from high dark leakage
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current densities of >10 mA/cm? and low responsivities of <0.5 A/W for
normal-incidence photodetectors with i-Ge/GeSn thicknesses of <500 nm.
Thus, lowering dark current densities and enhancing optical responsivities

are desirable for high-performance GeSn/Ge photodetectors.

In this thesis, high-performance Ge/GeSn photodetectors will be
studied to improve their responsivity, dark current, and frequency response.
Ge/GeSn photodetectors will be demonstrated with on-insulator platforms,
i.e., Ge-on-insulator (GOI) and GeSn-on-insulator (GeSnOl) platforms. For
NIR range photodetection, a Ge photodetector will be introduced. In order to
reduce dark current density, the mitigation of dislocations/surface defects and
their dependence on photodetector performances will be described in
Chapter 3. Furthermore, hole array structures will be addressed to improve
optical responsivity for Ge photodetectors in Chapter 4. With the advanced
techniques, specific detectivity for proposed Ge photodetectors is
comparable to commercial bulk Ge and extended-InGaAs photodetectors.
For MIR range photodetection, GeSn alloys with varying Sn contents will be
addressed. It is found that GeSn with ~7% of Sn contents allows
photodetection beyond 2,000 nm. Also, the mitigation of a GeSn/Ge interface
is conducted. First, GeSn layer thickness increases to mitigate trap-related
carrier dynamics, leading to improved EQE in Chapter 5. Second, GeSnOl
platforms will be introduced to eliminate the GeSn/Ge interface in Chapter 6.
The proposed GeSn/Ge photodetectors in this thesis are potentially promising

for CMOS compatible and low-cost photodetection for Si-based PICs.
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1.5 Major Contributions

The major contributions of this thesis are listed as follows:

Demonstrated vertical p-i-n Ge photodetectors with a dark current
density of sub-mA/cm? on an annealed GOI platform.

Reduced bulk leakage current by 300x for vertical p-i-n Ge-on-
insulator photodetectors by alleviating threading dislocation density
(TDD).

Suppressed surface leakage current from 5.7 to 0.5 pA/cm, which is
reduced by 12x for vertical p-i-n photodetectors via ozone (O3)
oxidation. 3dB bandwidth was improved from 0.88 to 1.72 GHz, which
is enhanced by 2x.

Improved optical responsivity up to 0.74 A/W with gourd-shaped hole
array structures. The gourd-shaped hole array provided high optical
absorption compared to cylinder-shaped hole array structures. The
estimated specific detectivity was superior to that of commercial Ge
bulk and extended-indium galilium arsenide (InGaAs) photodetectors.
Adopt GeSn alloys to extend cut-off wavelength into the MIR range. It
was revealed that GeSn alloys with 7.1% of the Sn content enable
photodetection beyond 2,000 nm.

Revealed that trap states near GeSn/Ge interface contributed to the
degradation of EQE and leakage current. The impact of interface

defects could be mitigated by increasing GeSn thickness.
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e Proposed GeSnOl platforms to improve the optical and electrical
performances. The demonstrated photodetectors with 9% Sn content

provide the responsivity of 0.06 A/W at the wavelength of 2,003 nm.

1.6 Organization of the Thesis

Chapter 2 describes GOI/GeSnOl platforms and the state-of-the-art
GeSn/Ge photodetectors. GeSn/Ge growth will be addressed, and advanced
Ge/GeSn layer transfer techniques will be introduced. The advantages of on-
insulator platforms will be emphasized, and GeSn/Ge photodetectors will be

reviewed in chronological sequence.

Chapter 3 gives a dark current study on the varying TDDs and surface
quality in Ge photodetectors. Also, the sub-mA/cm? dark current density is
realized for Ge photodetection with low TDD GOI and germanium-oxide

(GeOx) surface passivation.

Chapter 4 focuses on improved responsivity and specific detectivity for
Ge photodetectors with hole array structures. It reveals that gourd-shaped
hole array structures display high optical absorption in comparison with
cylinder-shaped ones. A hole array structure is optimized based on various

parameters via simulation and photodetectors are demonstrated accordingly.

Chapter 5 lays the introduction of GeSn photoconductors for MIR
range photodetection. It is observed that trap-states near GeSn/Ge interface
dominate optical/electrical carrier dynamics. GeSn thickness will vary to

mitigate trap-related carrier dynamics. The increases in thickness can
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enhance EQE by 10x comparing with a think one. A systematic study on

defect management is conducted.

Chapter 6 elaborates on metal-semiconductor-metal photodetectors
on a GeSnOl platform. The photodetectors enable photodetection beyond

2,000 nm.

Chapter 7 summarizes the results in this thesis and proposes future

directions.
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Chapter 2. On-insulator Platforms for
Ge/GeSn Material Systems and their State-

of-the-art Photodetectors

In Chapter 2, GOl and GeSnOl platforms are proposed, taking
advantage of improved optical and electrical confinements, and the state-of-
the-art Ge/GeSn photodetectors are reviewed. Chapter 2.1 will address the
Ge/GeSn growth, and the demonstration of on-insulator platforms will be
introduced along with benefits of insulators in Chapter 2.2. GeSn/Ge
photodetectors will be reviewed in Chapter 2.3. Chapter 2.4 summarizes the

contents in Chapter 2.

2.1 Epitaxial Growth of Ge and GeSn Alloys on
Si Substrates

This section begins with Ge/GeSn growth methods. Chapter 2.1.1
discusses the Ge growth. GeSn growth methods are addressed in Chapter

2.1.2.

2.1.1 Ge Growth on Si Substrates

Ge growth on a Si substrate was developed with a SiGe graded buffer
layer in the 1980s [18]. The graded buffer layer was to minimize damage to a
top layer, originated from the large lattice mismatch of 4.2% between Si and
Ge. Optimized SiGe buffer layers reduced threading dislocations (TDs) in a
Ge film [18]. However, additional chemical mechanical polishing (CMP)

process was necessary to smoothen due to a rough surface of Ge films. After
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that, Ge was grown directly on Si substrate using a two-step deposition
technique via a chemical vapor deposition (CVD) process [21]. The two-step
growth method requires a low-temperature process to grow a thin Ge seed
layer, followed by high-temperature growth to improve crystallinity. Low
temperature ranges between ~320-450°C to accumulate misfit defects at
seed layers. High-temperature growth requires a temperature ranging from
~600 to 850°C. Extra-step, known as a three-step growth technique, can
further reduce TDs by thermal cyclic annealing in hydrogen (Hz2) at high-
temperature [24]. The three-step growth method can reduce TDD to the order

of 107 cm™.

Recently, an arsenic (As)-doped Ge seed layer has been introduced
to reduce TDD down to < 5 x 10 cm [26]. As-doped Ge films enhance the
velocity of dislocations so that many dislocations move away to the edge or
the surface of a wafer. Other methods for high-quality epitaxial Ge growth
have been introduced, such as low-energy plasma-enhanced CVD or
selective epitaxial growth, and so on [27]. The proposed Ge growth methods

are capable of being used in optoelectronics foundries on a wafer scale.

2.1.2 GeSn Alloy Growth
Alloying Sn with Ge suffers from low solubility of Sn into Ge (~1%).

Therefore, low-temperature growth methods have been developed to
increase GeSn stability in high Sn contents. In addition, an epi-Ge layer
serves as a strain-relaxed buffer (SRB) layer to mitigate the lattice mismatch
between GeSn and Si. Menendez and Kouvetak proposed a GeSn film

growth via CVD in the early 2000’s [30]. Two types of Sn gas sources,
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(Ph)SnDs (Ph-CeHs; phenyl, and D-deuterium) and tin deuteride (SnDa4) via
ultra-high vacuum chemical vapor deposition (UHV-CVD), were used to
increase epi-GeSn stability. After that, an Hz-diluted SnD4 source was utilized
to induce even higher epi-GeSn stability. In 2011, high-quality GeSn alloys
with the Sn content as high as 8 % were grown using tin chloride (SnCls) and
digermane (GezHs) gas precursors in a CVD reactor [33]. Since then, the
SnCls and Gez2Hs precursors have been widely adopted for GeSn alloy growth

with low-cost and wafer-scale growth.

Molecular beam epitaxy (MBE) was used to deposit GeSn alloy films
with the Sn content between 0 and 12.5% directly on Si (001) substrates at
160 °C in 2011 [35]. After that, the SRB layer was inserted between GeSn/Si
before GeSn alloy growth to minimize dislocation generation. Sputtering
epitaxy is one of the promising wafer-scale growth methods for GeSn alloys.
This method provides a solid phase epitaxy state for the growth, offering great
potential for cost-effective GeSn mass production. Pérez Ladrén de Guevara
et al. reported that GeSn films were achieved on Ge substrate via sputtering
[37]. After that, a GeSn film was grown directly on Si substrates as well [38].
However, the quality of GeSn film via sputtering is still far away from the ones
via MBE and CVD. Diverse novel GeSn growth techniques have been

developed as well in parallel efforts [39].

2.2 On-insulator Platforms for Ge/GeSn
Material Systems

This section aims to review practical values and potential techniques

to realize single-crystalline Ge/GeSn on insulator platforms. Chapter 2.2.1
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describes the advantages of insulator substrates. Subsequently, various
methods for the demonstration of Ge/GeSn-on-insulator platforms will be

addressed in Chapter 2.2.2.

2.2.1 Advantages of On-insulator Platforms for
Integrated Photonics

Several GeSn/Ge growth methods were discussed in the previous
section. The next question becomes what efficient substrates are to utilize
high-quality GeSn/Ge materials. Among diverse approaches, on-insulator
substrates are largely investigated in this section. Insulators under GeSn/Ge
produce the isolation of electrical carrier dynamics and improved optical

confinement due to their large bandgap and low refractive index.

The improved optical confinement for on-insulator platforms has been
reported in integrated photonics fields [41]. Vertical-cavity resonance modes
in on-insulator platforms enhance photodetection and photoemission.
Soumava Ghosh et al. observed vertical-cavity effects on a photodetector
[41]. Figure 14(a) and (b) display simulated reflectivity and responsivity for
GOI and Ge-on-Si (GOS) photodetectors. Electric field distribution in GOS
and GOl platforms is illustrated in Figure 14(c) and (d), respectively. Highly-
confined electric field distribution in GOI platforms is observed in Figure 14(c),

resulting from vertical resonance modes.
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Figure 14. (a) Simulated reflectivity and (b) responsivity spectra for GOl and GOS
photodetectors via finite-difference time-domain (FDTD) simulation. Inset in Figure 14(b)
displays the responsivity improvement for the GOI photodetector. Simulated electric field
distribution in (c) GOS and (d) GOI platforms [41].

Vertical resonance modes in on-insulator platforms can improve the
performance of light-emitting devices. Bo-Jun Huang et al. reported the
vertical GeSn light-emitter diode (LED) on the insulator platform [43]. Figure
15(a) and (b) display electroluminescence (EL) spectra along with the
reflectivity spectra of the GeSn on SOl and the GeSn-on-Si platforms,
respectively. The EL study revealed that EL peak intensity was improved by
~6.31x, signifying that vertical-cavity effects improved optical confinement,

leading to enhanced radiative recombination rate.
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Figure 15. EL and reflectivity spectra for GeSn (a) on-insulator platform and (b) on-Si
platforms [43].

On-insulator platforms are good candidates for waveguide
construction due to the large refractive index gap between a semiconductor
and an insulator. Waveguide propagation loss is partially determined by core-
index contrast [44]. Figure 16(a) displays propagation losses for GOS and
Ge-on-silicon nitride (GON) waveguides. The estimated losses for the GON
and the GOS waveguides were 7.86 and 7.28 dB/cm, respectively, despite a
high evanescent field fraction. Insets in Figure 16(a) display optical density
distribution in waveguides. The GOS waveguide provides a low core-clad
index contrast. In contrast, GON platforms provide high core-clad index
contrast, promising for a low loss waveguide. Figure 16(b) represents the

cross-sectional SEM view for GON waveguides.
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Figure 16. (a) The transmission loss for Ge waveguides on Si and SiN platforms. The insets
display the electric field distribution in the cross-sectional dimension of waveguides. (b) The
cross-sectional SEM image of the GON waveguides [45].

Electrically pumped GeSn/Ge light sources are the missing parts to
realize the Si-based Group-IV monolithic integration. Electrically pumped Ge
laser was first demonstrated on Si substrate by R. E. Camacho-Aguilera et
al. in 2012 [46]. The key concept was to fill up electrons in L valley through
heavily n-type doping, resulting in enhanced radiative recombination in I
valley. Since then, electrically pumped GeSn lasers were first demonstrated
on Si substrate by Yiyin Zhou et al. in 2020 [47]. GeSn with direct bandgap
serves as a gain medium, and the edge of the gain medium severs as mirrors
to support stimulated emission modes. Ge/GeSn lasers suffered from a high
threshold current for lasing (~300 kA/cm? for Ge, 598 A/cm? for GeSn).
Therefore, numerous efforts have been put to obtain ultra-low or IlI-V laser
comparable threshold current. One of the most representative cases for low
threshold current GeSn lasers was demonstrated on suspended and
insulator-surrounding structures, as shown in Figure 17(a) [48]. An indirect
bandgap GeSn medium is transited to a direct bandgap by employing strain

engineering using a SiN stressor in Figure 17(c). As a result, the PL peak
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shifted and the intensity of the PL peak was significantly enhanced in Figure
17(b). It should be noted that the removal of a defective region near a

GeSn/Ge interface contributed to the ultra-low threshold current for lasing.
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Figure 17. (a) Top: schematic images of as-grown GeSn, GeSn on insulator, and complete
GeSn disk laser. Bottom: transmission electron microscopy (TEM) image for as-grown GeSn
and SEM images for under-etched GeSn and the final laser structure with SiNx all around.
(b) PL (photoluminescence) spectra at 20 K for as-grown, bonded layer and the final GeSn
micro-disk laser with the all-around stressor at 80K. (c) Top: band structure for as-grown
GeSn. Bottom: bandgap structure for strained GeSn layer with all-around stressor [48].
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Shuyu Bao et al. claimed that GOI benefited from the isolation of
electrical dynamics [49]. Figure 18 represents the current density-voltage (J-
V) curve for metal-oxide-semiconductor (MOS) structures on GOI in

comparison with GOS platforms. Leakage currents are reduced for the GOI
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platform. Al203 layers have a bandgap of 6.36 eV, meaning that the insulator

acts as a barrier layer to avoid carrier diffusion from Si to Ge.
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Figure 18. The J-V curve characteristic for MOS structures demonstrated on GOI comparing
with the one on a Si substrate [49].

2.2.2 Demonstration of On-insulator Platforms for
Ge/GeSn Material Systems

Since numerous optical devices demonstrated on insulator platforms
improve their optical and electrical properties, it is essential to focus on
methods for the demonstration of on-insulator platforms with high-quality
Ge/GeSn. Up to date, epitaxial Ge/GeSn layers have been grown directly on
Si-on-insulator platforms [42]. This method takes advantage of easy growth
and its compatibility with front-end-of-line (FEOL) integration. Because
GeSn/Ge growth directly on Si substrate had been investigated for more than
decades, the same growth on an SOI platform is straightforward to achieve.
However, recently trap states near GeSn/Ge/Si interfaces have been
observed to degrade the performance of optical devices [48]. Therefore, epi-
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GeSn/Ge on insulator platforms with the removal of interface defects is
required. Ge condensation, rapid melting growth, lateral over-growth,
bonding, and layer transfer have been introduced to demonstrate GOI
platforms [39]. Most methods require a high-temperature process except for
bonding and layer transfer techniques, and the smart cut methods, which are
conducted in the temperature range from 300 to 600°C. Although the methods
are widely investigated for the GOI platforms, it challenges to directly employ
the GeSnOl platform due to the low thermal budgets of GeSn. The thermal
stability of GeSn alloys is determined by various parameters, e.g., Sn content,
crystal quality, and stain. Therefore, the low temperature process should be
conducted to avoid Sn segregation/ precipitation. It should be noted that
GeSn alloy with the Sn content of 7.82% was degraded after the thermal

annealing at > 400°C [50].

A transfer-printing technique is favorable in terms of excellent
mechanical flexibility and material quality. Figure 19 displays the overall
transfer-printing technique process for GeSn nanomembrane (NB) formation.
The transfer technique requires a buried oxide (BOX) layer as a sacrificing
layer for an undercutting process. In addition, a hole pattern in GeSn is
required for wet etching of a BOX layer. This method can be conducted at
room temperature fabrication steps to achieve strain-free GeSn. Furthermore,
a transferred GeSn layer is implemented by an additional process such as
CMP or RIE processes to remove a defective region between GeSn/Ge.

However, the transfer-printing technique for the GeSn film transfer has been
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mainly conducted on a chip scale. There is still room for further research on

transfer-printing technique in wafer-scale for GeSn films.

(a-i) (a-il) (a-ii) (a-iv)

(b-iii) (b-iv)
120 nm Ge
2.5 um Si i
— d
Si substrate Si substrate GeSn ~ 200nm GeSn
SUS/PET SUSB/PET

Figure 19. (a) The schematic images for fabrication flows of GeSn NMs; (a-i) Growth of GeSn,
(a-ii) Patterning NMs with a hole array for undercut process., (a-iii) Flip-transferring of 3 x 3
mm? sized GeSn NMs on SU-9 2002 coated PET substrates, (a-iv) Preparation of GeSn NMs
by etching down all the wat to the GeSn layer. (b) Corresponding cross-sectional view for
each fabrication steps [51].

DWB and layer transfer techniques are promising for realizing a
GeSnOl platform on a wafer scale [52]. This method requires two Si wafers,
i.e., a handle wafer and a donor wafer. Ge/GeSn is grown on the donor wafer
and insulators are deposited on the wafer pair. Subsequently, they are
attached via a bonding process. After that, the sacrifier layer is removed
away. This method requires low temperature (~300 °C), meaning that Sn
segregation can be avoided. More importantly, a wafer-scale layer transfer is
available, which is favorable to optoelectronic foundries. For integration on a
chip, back-end-of-line (BEOL) integration is preferred. The detail in schematic
flows for the transfer process is shown in Figure 20. The proposed
photodetectors in this thesis were demonstrated by using the DWB and layer
transfer techniques, taking advantage of the wafer scale method and low

temperature process.
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Figure 20. Overall fabrication flows for the demonstration of GeSn-Ge-on-insulator platforms
via wafer bonding and layer transfer technique with 200 mm wafer-scale [53].

GeSn growth on gadolinium oxide (Gd203) insulator is also a promising
breakthrough for GeSnOl on a wafer scale [54]. A thin Gd203 layeron Si (111)
substrate is required for Volmer-Weber growth mode, which allows a top
GeSn layer to be formed via GeSn islands. As growth time increases, two-
dimensional (2D) growth allows increasing thickness. In the meantime, GeSn

growth continuously begins in the Volmer-Weber growth mode at the bottom.

2.3 Ge/GeSn Photodetectors
2.3.1 Ge Photodetectors

John N. Shive reported a Ge bulk phototransistor with a quantum yield
of 100 for the n-p-n structure in 1953 [55]. Subsequently, avalanche Ge bulk
photodiodes were demonstrated to extend detection wavelength in 1966 [56].
After that, Ge had not received much attention compared to IlI-V

photodetectors. In the 1980s, once Si photonics came into the lime light, Ge-
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based devices were back as a strong candidate for integrating with Si-based
components. Since then, many electrical and optical Ge components were

reported primarily with epitaxial phase Ge on Si substrate.

Epitaxial Ge photodetectors were demonstrated in 1984 [18]. Graded
GexSit1x layers on Si substrate with a highly doped layer on a top Ge layer
were proposed to mitigate dislocations generation. Although a quantum
efficiency for the photodetector was as high as 41% at 1,450 nm wavelength,
dark current density was high (~50 mA/cm?). In the late 1990s, Ge
photodetectors on optimized relaxed graded SiGe layers with low TDD were
reported [57]. By growing thick graded SiGe layers, dark current density was
reduced by ~250x. However, the photodetector suffered from low

responsivity.

In 2000, Ge photodetectors were demonstrated directly on Si substrate
without a graded SiGe layer [58]. A three-step growth technique was
introduced to reduce TDD. The responsivity was enhanced by ~20x at 1,300
nm as TDD was reduced from 7 x 108 to 3 x 10® cm™, meaning that
responsivity is related to TDD. The growth of a thick Ge layer was introduced
to improve responsivity furthermore [59]. A 3.8 pym thickness of an epitaxial
Ge layer provided the high responsivity of 0.75 A/W at 1,550 nm. However,
dark current density was still high (15 mA/cm? at -1 V) due to many
dislocations/defects formed in epi-Ge. Once optical bandwidth was attracted
for optical networks, many efforts had been put on optical bandwidth
improvement. One of the simplest ways to improve bandwidth is to reduce a

photodetector mesa. S. Klinger et al. reported that a Ge photodetector on a
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small scale displayed the 3dB bandwidth of 49 GHz at -2 V [60]. A small mesa
diameter (10 um) and an intrinsic thickness (330 nm) contributed to high 3dB
bandwidth for the photodetector. After that, no significant improvement for
photodetectors has been explored for a Ge photodetector on Si substrate.
Recently, a single-photon avalanche photodetector was reported on a GOS

platform for Geiger mode operation [61].

On-insulator platforms bring about improved optical absorption, as
described in Chapter 2.2.1. For instance, waveguide photodetectors are
mainly demonstrated on insulator platforms with high responsivity, fast
frequency response, and high sensitivity. A waveguide photodetector has
separated light and carrier paths, meaning that a trade-off between 3dB
bandwidth and responsivity can be vanished in designing a photodetector.
Normal incidence vertical p-i-n photodetectors also gain from insulator
platforms. An insulator shows a low refractive index, while Ge contains a high
refractive index of ~4. Thanks to the large refractive index gap between them,
a high optical field distribution can be confined in Ge, leading to enhanced

absorption.

Ge photodetectors on SOI platforms have been intensively introduced
[62]. Despite a thin intrinsic Ge layer, high responsivity was achieved.
Conventionally, vertical resonance modes with insulator platforms improve
optical absorption. Recently, micro- and nano-hole array has been patterned
into photodetectors. The hole array scatters light laterally, so that lateral
resonance modes also improves the absorption spectra. The micro-hole array

structured Ge photodetector displays the high responsivity of 0.91 A/W at
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1,550 nm wavelength [63]. Besides, the nano-hole array structure was also
suggested to prove that the vertical and lateral resonance modes improved
the responsivity for the photodetectors [64]. The dual-absorption Ge
photodetector was proposed for high-frequency response [65]. The various

types of Ge photodetectors are shown in Figure 21(a)-(d).
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Figure 21. 3D schematic images of Ge photodetectors (a) on Si substrate platform [60], (b)
on SOl platform [62], (c) on SOI platform with dual-absorption structure [65], and (d) on SOI
platform with photon-trapping hole structures [63].

The Ge photodetectors on the SOI platform suffer from high leakage
current due to many dislocations. It has been widely known that the SRH-
related tunneling/generation mechanisms govern the dark leakage current for
the photodetectors on the SOI platform. The defects formed in the intrinsic
layer act as trap states. Due to the thermal excitation or tunneling through the

trap states, the leakage current highly increased. This is because main
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defects are formed at the near Ge/Si interface. Ge photodetectors on GOI
platforms have been promising to manage the interface layer [66]. For the
GOl platform, the interface layer could be efficiently removed during the layer
transfer process. This potentially implies that the dark leakage current and

responsivity can be improved.

2.3.2 GeSn Photodetectors

Since MIR range photodetection is attractive to diverse applications,
cut-off wavelength extension for Ge photodetectors is desirable. Strain
engineering is one of the promising methods to shrink the Ge bandgap [67].
In addition, GeSn alloys are promising for the MIR range photodetection. It
should be noted that the GeSn alloy growth with the Sn content between 0
and 12.5 % was demonstrated by MBE, as mentioned in Chapter 2.1.2.
Theoretically, defect-free GeSn photodetectors were expected to be
comparable with commercial lll-V photodetectors in terms of responsivity and
detectivity, as shown in Figure 22(a) and (b). The increase in Sn content
extends the cut-off wavelength. However, appropriate Sn content should be

considered because dark current increases with Sn content.
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Figure 22. (a) Calculated responsivity and (b) detectivity spectra of GeSn photodetectors with
different Sn compositions with a total thickness of 3,600 nm (i-GeSn = 3,000 nm) at 300 K in
comparison with the commercial photodetectors [68].

In 2011, Shaojian Su et al. reported GeSn p-i-n photodetectors with
3% Sn content on Si substrate grown via MBE [69]. The cut-off wavelength
was extended to 1,800 nm. Since then, GeSn photodetectors have been
widely investigated. GeSn photodetectors with high Sn content increased the
cut-off wavelength experimentally [70]. The main interest of 2,000 nm
photodetection has been achieved with the Sn content of ~6% [71]. In
investigating GeSn photodetectors, critical obstacles for GeSn
photodetectors were raised up. One of them is the dark leakage current [72].
The higher the Sn content in GeSn, the higher defects. Many defects in GeSn
lead to a high dark current for GeSn photodetectors. It has been reported that
surface current was significantly high for GeSn photodetectors with small
device sizes. Various approaches have been proposed to suppress surface
current. First, Si surface passivation was introduced to reduce surface
leakage current [74]. Figure 23(a) represents the cross-sectional view of a
GeSn photodetector passivated by a Si passivation layer. The extracted
surface leakage current from Figure 23(b) was reduced by ~100x% in
comparison with the one without Si passivation. Second, dark current was
suppressed by adding an Al20s3 interlayer between metal and Ge for GeSn
metal-semiconductor-metal (MSM) photodetectors [75]. Third, low leakage
current was reported with GeSn/Ge multi-quantum well (MQW) structures

[76].
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Figure 23. (a) Cross-sectional schematic of a GeSn photodetector (b) dark current density
versus 1/diameter (D) characteristics of a GeSn p-i-n photodetector [74].

Weak optical responsivity for GeSn photodetectors has been improved
by employing on-insulator platforms, photon-trapping hole structures, etc.
GeSn photodetectors on insulator platforms, e.g., SOl or GOI platforms, were
reported [53]. A vertical resonance cavity induced by an insulator platform
enhances optical absorption. Figure 24(a) displays reflectivity and
responsivity spectra for a GeSn resonant cavity-enhanced photodetector
(RCEPD). It should be noted that responsivity was improved at ~1,700 nm,
signifying that an insulator platform is promising for long-wavelength
photodetection. Figure 24 (b) displays responsivity improvement for GeSn
photodetectors on insulator platforms. Compared with the photodetectors on
Si substrate, the responsivity was enhanced by 1.65x and 1.98x at 1,550 and

2,000 nm, respectively.
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Figure 24. (a) Reflectivity and (b) responsivity spectra of GeSn photodetector on SOI platform
and the reference GeSn photodetectors [77]. (c) Responsivity for GeSn/Ge MQW
photodetector on Si substrate and on GOI substrate at 1,550 and 2,000 nm wavelength [53].

A micro-photon trapping hole array was proposed to improve optical
absorption [78]. Figure 25(a) displays the 3D schematic image of a hole array
GeSn photodetector. As shown in Figure 25(b), photocurrent is improved by
~4x_. A hole array is adopted to scatter incidence light so that the optical field
is confined in vertical and lateral directions. It should be noted that the
improved responsivity window can be tunable by changing the hole diameter

and period.
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Figure 25. (a) 3D schematic of the hole array GeSn/Ge MQW photodetector on the GOI
platform. (b) |-V characteristics of the GeSn/Ge MQW photodetectors with and without
photon-trapping hole structure at 2,000 nm wavelength [78].

2.4 Summary

Epitaxial Ge growth has been promising since the early 1980s due to
its excellent optical and electrical properties. Ge crystallinity after growth is
mainly associated with TDD, which results from a 4.2% large lattice mismatch
and a difference in thermal expansion coefficient between Ge and Si. Up to
date, the three-step growth has been adopted for epi-Ge growth to mitigate
defects/dislocations. Epitaxial GeSn growth was developed in the early
2000s. The main obstacles for GeSn growth are i) low-temperature growth

conditions and ii) large lattice mismatch between GeSn/Si.

Diverse optical components in Ge/GeSn material systems on-insulator
platforms were investigated. Thanks to its high optical absorption and
electrical isolation, integrative devices on insulator platforms, e.g., a
waveguide, a modulator, a photodetector, a laser, and MOS, display excellent
performances. Many defects/dislocations are formed near GeSn/Si and Ge/Si

interfaces, degrading optical and electrical properties. Thus, trap-related
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carrier dynamics near interfaces should be mitigated by transferring GeSn
and Ge directly to an insulator. Among diverse approaches, DWB and layer
transfer techniques are promising to satisfy mass production and low-

temperature processes.

Photodetectors benefit from the insulator platforms. A thick active layer
was grown to increase an optical penetration path. However, such a thick
layer causes a trade-off between bandwidth and optical responsivity. On-
insulator platforms can vanish the trade-off. The insulator platform causes
vertical resonant cavity modes so that the optical field is confined in Ge/GeSn
active regions. Hence, despite a thin Ge/GeSn layer, responsivity is
considerable and 3dB bandwidth can be improved. Recently, lateral resonant
cavity modes were observed for photodetectors with micro- and nano-hole
array structures. The photon-trapping hole structures trap the light, leading to
improved optical absorption. Besides, dual-absorption structures and an

avalanche photodiode (APD) also improved the responsivity.

The following Chapters will describe high-performance Ge/GeSn
photodetectors. Significant dislocations in Ge are reduced to mitigate trap-
related carrier dynamics in Chapter 3. In addition, the optical responsivity for
a photodetector is improved with a gourd-shaped hole array structure in
Chapter 4. As a result, the specific detectivity for Ge photodetectors is
comparable to commercial bulk Ge and IlI-V photodetectors. GeSn
photoconductors will be addressed and investigated trap-related carrier
dynamics in Chapter 5. It will be revealed that a GeSn/Ge interface is the

main contributor to degrade photoexcited carrier dynamics. In Chapter 6,
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GeSnOl platforms will be introduced to remove a GeSn/Ge interface, which

potentially leads to low dark current and improved optical absorption.
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Chapter 3. Ge-on-insulator p-i-n
Photodetectors with Sub-mA/cm? Dark
Current Density

In Chapter 3, vertical p-i-n GOl photodiodes with ultra-low dark current
density will be addressed. Chapter 3.1 describes one of the main issues for
Ge photodetectors. The demonstration of the GOI platform and the fabrication
of Ge photodiodes are introduced in Chapter 3.2 and 3.3, respectively. The
characterization of the GOI photodiodes is performed in Chapter 3.4. Chapter

3.5 summarizes the results in Chapter 3.

3.1 A Drawback of Ge Photodetectors — High
Dark Current Density

Ge is an emerging Group IV element in Si-based electronic and
photonics, thanks to its excellent optical and electrical properties. Carrier
mobility in Ge is higher than the one in Si, which is desirable in optoelectronics
and spintronic devices. As described in Chapter 2, Ge optical properties are

attractive to NIR range photodetection.

Epi-Ge photodetectors have shown a huge dark leakage current. Ge
p-i-n photodiodes have been demonstrated to have dark current densities of
~10 mA/cm?. In contrast, the dark current density of 56 uA/cm? was reported
for bulk Ge photodiodes [79]. This drawback of epi-Ge photodetectors
degrades performances in terms of detectivity and noise equivalent power
(NEP). It has been reported that high dark current for Ge photodetectors

originates from plenty of defects, e.g., misfit dislocations and threading
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dislocations, generated during epitaxial Ge growth on a Si substrate [80].
Specifically, the high leakage currents for Ge photodetectors are attributed to
i) defects in Ge, ii) defects at a Ge/Si interface, and iii) surface defects.
Numerous defects serve as trap centers, named Shockley-Read-Hall (SRH)
centers, degrading optical and electrical properties. SRH leakage, where
minority carriers are generated through trap centers, was one of the primary
leakage current mechanisms for Ge photodetectors [81]. In addition, a trap-
assisted tunneling (TAT) leakage process, where the carriers tunneled

through the trap centers, enhances dark current [84].

The trap-related leakage processes, i.e., SRH and TAT leakage
processes, are associated with TDD in epi-Ge [81]. A reduction in TDD from
1.6 x 10'°to 4.2 x 108 cm resulted in ~10x dark current reduction for Ge p*n
junctions [80]. A decrease in TDD from 3 x 108 to 5 x 107 cm™ caused ~45x
dark current reduction for Ge p-i-n photodiodes [83]. A reduction in TDD from
~4 x 108 and ~2 x 10" to ~1-2 x 107 cm™ led to ~5x and ~25x dark current

reduction, respectively [86].

As threading and misfit dislocations are reduced, surface leakage
current becomes a dominant leakage current component. The contribution of
surface current to dark current is severe, especially where TDD reaches
below 108 cm2 [87]. Therefore, advanced surface passivation is required to
suppress dark current for Ge photodetectors with low TDD [92]. Among them,
the formation of a germanium-oxide (GeOx) layer is promising, benefiting from
a high-k dielectric property and low surface defect density. The high quality
of the GeOx surface layer has been demonstrated via thermal annealing, O2
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plasma, and Os oxidation. Among them, Os oxidation benefits from a low-

temperature process and excellent sidewall passivation.

Ge/Si or Ge/Si-on-insulator platforms have been introduced to
demonstrate Ge photodetectors [94]. However, plenty of defects near the
Ge/Si interface are generated during Ge growth. Thus, it is favorable to
remove interface layers. DWB and layer transfer techniques are treatments
that isolate an epi-Ge layer from Si substrate. The methods enable the
removal of Ge/Si interface layers, which potentially reduce dark current for
photodetectors. An annealing process in O2 ambient on the GOl platform has
recently been introduced to suppress TDD down to ~10% cm2. Thus, such a
GOl platform with low TDD is promising for the demonstration of high-

performance optical devices [96].

In Chapter 3, two approaches are introduced to reduce dark leakage
current for Ge photodiodes. First, a TDD reduction via Oz anneal is conducted
to mitigate bulk leakage current. Second, GeOx surface passivation via O3
oxidation is implemented to suppress surface leakage current. Two different
TDDs, i.e., the order of 106 cm (low TDD) and the order of 108 cm (high
TDD), are compared and analyzed to figure out their dependence on Ge
photodetectors. The GeOx surface passivation method is compared with the
SiO2 surface passivation to tell the benefits of GeOx passivation. Chapter 3
aims to investigate characterizations of Ge photodiodes with their

dependence on TDD and surface conditions.
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3.2 Demonstration of Ge-on-insulator

Platforms

The sequence of fabrication flows for the GOl platform will be
described. In this section, DWB and layer transfer techniques are addressed
to demonstrate the GOI platform. Chapter 3.2.1 contains the detail in epi-Ge
layer transfer to insulator platform. Subsequently, characterization of the

platform is conducted in Chapter 3.2.2.

3.2.1 Demonstration of Oz2-annealed Ge-on-insulator

An epitaxial Ge layer is grown on an 8-inch Si donor wafer via a three-step
Ge growth method. Each step consists of (i) low-temperature growth at ~400
°C; (ii) the increases in temperature from 673 to 873 K; (iii) high-temperature
growth at 873 K. A Si handle wafer was brought as the transfer wafer
separately. SiO2 and SisN4 layers are deposited via plasma-enhanced
chemical vapor deposition (PECVD) on both donor and handle wafers.
Subsequently, O2 plasma exposure is conducted to both wafers, and they are
rinsed with deionized (DI) water to make surfaces clean and to form a
hydroxyl (OH) group on surfaces for bonding [96]. After that, the donor wafer
is flipped over on the handle wafer, and the pair wafers are bonded at 300 °C
in an atmospheric N2 ambient. The tetramethyl-ammonium hydroxide (TMAH)
is implemented to remove the bulk Si donor layer on top after the bonding
process. During the TMAH solution etching process, a protection layer is
covered on the Si handle wafer to etch the Si donor layer selectively. The

protection layer can be removed in O2 plasma after confirming the Si donor
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layer is removed. It should be noted that the Ge/Si interface is removed away

after the DWB and layer transfer processes.

After that, O2 anneal at 650°C is conducted to reduce TDD. Si-Ge
intermixed layers are oxidized during the annealing process. HF solution (49
% HF:H20 = 1:20, by volume) is implemented to eliminate oxidized Si/Ge
layers [96]. After that, CMP is performed to flatten annealed GOI surface. The

schematic fabrication flow for GOI platforms is summarized in Figure 26(a)-

(d).

Layer Transfer

(a)

W

Dislocations

(c) (d)

O, Anneal

Figure 26. Fabrication flows of DWB and layer transfer techniques. (a) Preparation of donor
and handle wafers for layer transfer. (b) Bonded wafer pair in the DWB process, (c) Formation
of the GOl platform by etching the Si donor layer by TMAH solution. (d) Oz-annealed GOI
substrate. The black lines in epi-Ge layers represent misfit and threading dislocations.

3.2.2 Characterization of O2-annealed Ge-on-

insulator
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A photograph of annealed GOI wafer in an 8-inch scale is illustrated in
Figure 27(a), signifying a GOl wafer can be realized with a mirror-like surface.
AFM is performed to analyze surface characterization in Figure 27(b). Surface
scanning is conducted in the size of 5 um x 5 ym. The root mean square

(RMS) of surface roughness for GOI was obtained to be 0.2 nm, comparable

to RMS of the surface roughness for an epi-Ge before bonding.

Figure 27. (a) Photograph of the Oz annealed-GOI substrate in an 8-inch scale [99]. (b) AFM
surface scan image for Oz annealed-GOI substrate in the area of 5 ym x 5 ym.

High-resolution X-ray Diffractometry (HRXRD) characterization of a
2theta-omega (26-w) scan is performed in the (004) orientation for GOI with
and without O2 anneal in Figure 28. The scanning step was defined to be
0.01°. The HRXRD curve of Ge bulk is included as a reference. A bulk Ge
peak appears at 65.99°. GOls show two peaks corresponding to Ge and Si.
A peak for GOI with Oz anneal is close to the Ge bulk peak. In addition, a Ge
curve for GOI with Oz anneal is more symmetric than the one for GOl without
O2 anneal. This is because of strain relaxation during O2 anneal. The
estimated strain for GOIs with and without O2 anneal is 0.16 and 0.25%,

respectively.
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Figure 28. HRXRD curves of 26-w for GOls with and without Oz anneal and Ge bulk as
reference [99].

The cross-sectional views of TEM images of GOl structures before and
after O2 anneal are shown in Figure 29(a) and (b), respectively. Dislocations
along a Ge/Si interface become smoother after the annealing, resulting from
a dislocation reduction. According to TEM analysis, TDD for samples after
and before the O2 anneal is estimated to be 6.4 x 107 and 7.7 x 108 cm™,

respectively.

56



1047.5 nm

Figure 29. Cross-sectional images for GOls (a) before and (b) after Oz anneal via the TEM
analysis [96].

In order to verify TDD value precisely, low magnification analysis is
required. SEM analysis can be used to characterize TDs based on a top view
image. An lodine solution was used for 1s to make TDs visible. Since the
solution etches dislocations faster, etch pits become observable. For GOI
after Oz anneal, the etch pits are barely visible in Figure 30(a). In contrast,
many etch pits in Figure 30(b) are present across an entire sample. Etch pit
density (EPD) in epi-Ge before and after the annealing is estimated to be ~5.2

x 108 cm= and ~2.5 x 10% cm™’, respectively. It should be noted that EPD for

Oz annealed GOl is reduced by ~100x.

(a) GOI with O, annealing + CMP

(b) Control GOl w/o O, annealing
EPD ~ 12 x 109 em=

EPD ~ 5.8 x 108 cm2
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Figure 30. The planar views for GOI substrates (a) before and (b) after Oz anneal and CMP
processes via the SEM analysis [96].

3.3 Demonstration of Ge Photodiodes

The vertical p-i-n Ge photodiodes are fabricated using O2-annealed
GOl substrates. Chapter 3.1.1 shows the demonstration and characterization
of vertical p-i-n GOI structures. Then, vertical p-i-n GOl substrates are utilized
to demonstrate vertical p-i-n photodiodes on a GOI platform in Chapter 3.3.2.
Chapter 3.3.3 describes the formation of a GeOx layer for advanced surface

passivation.

3.3.1 Vertical p-i-n GOI Structure

Boron (B) is selected for p-type ion implantation on the epi-Ge on Si
donor wafer before the DWB process. A p-doped layer is formed near
insulator substrates after the bonding process. Then, n-type ion implantation
was performed with Arsenic (As) at a 7 x 10* cm dose and the 40 keV ion
beam energy. An n-doped layer is formed on a top GOl structure [100]. As a

result, a vertical p-i-n Ge structure can be formed.

Secondary ion mass spectroscopy (SIMS) analysis and sheet
resistance profile (SRP) analysis are conducted to characterize the doping
properties of vertical p-i-n GOI structures. Figure 31(a) shows the As and B
doping profiles via the SIMS analysis. p*- and n*-doped layers are observed
in shallow doping depth below a few tens of nm using both As and B dopants.
Heavily doped regions benefit from efficient ohmic contact and the
suppression in diffusion-related dark leakage current. Figure 31(b) represents

the electrically activated n- and p-type doping concentration via the SRP
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analysis. The doping concentrations for As and B are reduced in comparison
with the ones in Figure 31(a). SIMS analysis is the tool to count the total
number of dopants formed in either crystalline or point defect or etc. In
contrast, SRP analysis provides the doping concentration contributed to the

electrical properties.

Low TDD GOI p'-GeSio;

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Depth (nm)

n-Ge i-Ge p-Ge

i V 06 09 1.2
Depth (um)

Figure 31. (a) As and B doping profiles of the vertical p-i-n GOI structure via the SIMS
analysis. (b) n- and p-type doping profiles of the vertical p-i-n GOI structure via the SRP
analysis.

3.3.2 Fabrication of GOl Photodiodes
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The vertical p-i-n GOI structures are used to fabricate vertical p-i-n
photodiodes. The n-mesa region was covered by AZ 5214 photoresist via the
photolithography process. Chlorine (Cl2)-based reactive ion etching (RIE) was
implemented to expose p*-type Ge, remaining the diameters of 60, 80, 150,
250 um of n*-type Ge area. The 2"¥ RIE process was conducted to isolate the
p*-type regions between each photodiode. A buffered oxide etch (BOE)
process was then implemented for the removal of a native oxide on a Ge
surface. After that, a 200nm SiO2 was deposited by PECVD for the surface
passivation. Subsequently, the surface passivation was conducted. GeOx
surface passivation was performed before the SiO2 deposition. The detail in
the GeOx passivation process and the characterization can be found in
Chapter 3.3.3. Trifluoromethane (CHF3s)-based RIE process and BOE
process were carried out to expose ring-shaped tranches on the n and p-Ge
areas. Titanium (Ti)/titanium nitride (TiN)/aluminum (Al) stack metal
deposition was performed via the sputtering machine, followed by a lift-off
process [100]. Rapid thermal annealing was conducted at 400 °C to improve
the ohmic contacts [101]. The schematic 3D cross-sectional view is shown in
Figure 32(a), with the key fabrication steps in Figure 32(b). It should be noted

that the Al2O3/GeOx layers are formed between SiO2 and i-Ge.
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(b) Key Process Steps

TWN/A, n- & p-mesa lithography & patterning
Cly-based RIE

PECVD SiO, deposition

Contact trench lithography & opening
CF-based RIE & BOE wet etch

Metal (TUTIN/Al) lithography & sputtering
Metal lift-off

Ohmic contact formation
RTA @ 400° C, 1 min

Figure 32. (a) The 3D schematic image for the vertical p-i-n photodiode on the Oz-annealed
GOl structure. (b) Key fabrication steps for the demonstration of vertical p-i-n photodiodes.

The top view of microscopy images is shown in Figure 33(a)-(d) for the
completed GOI vertical p-i-n photodetectors with diameters of 60, 80, 150,
and 250 um, respectively. The numbers located on the right upper side
represent the diameter of the n*-type area, excluding the metal area. The plan
view of the SEM image for the GOI photodiode is shown in Figure 33(e). The
right and left electrodes are linked with the p-type region, while the central
electrode is connected with the n-type region. Focused ion beam (FIB) is

performed for the cross-sectional view for the photodiode in Figure 33(f).
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Si0,/SiN/ SiO,

Figure 33. Planar microscopy images of vertical p-i-n photodiodes with diameters of (a) 60,
(b) 80, (c) 150, and (d) 250 ym. The scale bar is 150 um. (e) The planar view of the SEM
image for the photodiode. (f) The cross-sectional view of the FIB image for the GOI
photodiode [100].

3.3.3 O3 Oxidation for GeOx Surface Passivation

The GeOx surface passivation process contains the Al2Os3 layer
deposition and O3z oxidation. Since the GeOx layer is readily soluble in air, an

additional protection layer, i.e., Al20s, is required. Once the BOE process
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removes the native oxide on the sidewall, the samples are subjected to the 1
nm Al203 deposition on entire samples via atomic layer deposition (ALD)
technique at 250°C. After that, O3 oxidation is conducted using a UVO cleaner
for 20 mins at 300 K. During the oxidation, Al203/GeOx is formed on the

surface/sidewall of the entire mesa area.

The influence of the GeOx surface passivation process was studied by
X-ray photoelectron spectroscopy (XPS). The Ge 3d and Al 2p XPS spectra
are present in Figure 34(a) for GOls with and without the O3 oxidation. The
binding energy of ~74 eV is related to Al20s thin layer, while the bonding
energy of ~30 and ~32 eV represents Ge and GeOx, respectively. The peak
at ~32 eV is observed after the O3 oxidation, meaning that Ge oxides are
formed. Binding energy of Ge'*, Ge?*, Ge®*, and Ge** increases by 0.80, 1.80,
2.75, and 3.40 eV from the Ge® binding energy, respectively [103]. Each Ge
oxidation state spectra are extracted by the Gaussian-Lorentzian fitting. The
extracted chemical components were indicated in Figure 34(b). The Ge3* core
level is significant in comparison with other Ge oxidation states. The GeOx
thickness is highly related to the areal intensity of Ge3* [104]. The estimated

GeOx thickness is obtained to be 1.1 nm.
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Figure 34. (a) The XPS spectra of Al203/GeOx layers before and after the Os oxidation. (b)
The XPS spectra of GeOx with the extracted Ge oxidation state spectra.

3.4 Characterizations of Ge Photodetectors

The demonstrated photodiodes are characterized in this section. “High
TDD” and “Low TDD” will represent the GOI platforms with and without the
O2 anneal process, respectively, to verify the TDD-dependent performance of
photodetectors. The GOI photodiodes with and without the GeOx passivation
process are characterized, representing “SiO2 passivation” and “GeOx
passivation” in the section, respectively. Chapter 3.4.1 to 3.4.3 describe the
dark leakage current characterization. Chapter 3.4.4 and 3.4.5 address the

photo-response characterization of the photodiodes.

3.4.1 Dark Current Density Analysis

Dark current density-voltage (Jdark-V) characteristics of Ge
photodetectors with high and low TDD are illustrated in Figure 35(a). Jdark for
the photodetectors with varying mesa diameters from 60 to 250 um is
indicated in Figure 35(a). Jdaark for high TDD photodetectors was ~59.5
mA/cm? at -1 V, which is consistent with varying mesa sizes. Jdark for low TDD
photodetectors was, in contrast, was measured to be 1.1 to 4.0 mA/cm? as
the diameters decrease from 250 to 60 pm. Jaark for Ge photodetectors is

suppressed by ~54x due to the TDD reduction from 5.2 x 108 to 3.2 x 108 cm

2

The dark current for a photodetector can be separated into two leakage
current components, i.e., a bulk current density (Jouk) and a surface current
density (Jsurf) [106]. Jsurf is the dark current density that flows on the Ge
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surface. The unstable bonds, e.g., dangling bonds, creates surface defect
states at the surface. The generation or tunneling of minority carriers through
the surface defect states leads to Jsurf. Jouik is the dark current density where
minority carriers are generated or tunneled through the depletion regions and
defect states [81]. Trap states in defects, e.g., misfit and threading
dislocations, are contributed to the generation or tunneling of minority carriers

through trap centers, resulting in significant Jouk [107].

Jaark can be divided into surface and bulk currents by the following

equation [76],

Jaark = Jowik + Jsurg X %- (15)
The linear fitting of Juark as a function of 1/D can extract Jsuf and Jouk, as
shown in Figure 35(b). estimated Jouk is 59.9 and 0.2 mA/cm? for high and
low TDD photodetectors, respectively. It should be noted that Jouk is
suppressed by ~300x%. The following two factors contribute to low Jouk, i) the
TDD reduction and ii) The reduced depletion width during the O2 anneal and
HF etching processes. Thin depletion width provides less channel to increase
the dark current via the trap states. Shallow Ge pn junctions provided lower

Jaark than p-i-n junctions due to the shallow depletion width [86].

The inset in Figure 35(b) shows a contribution of bulk current (/buk) and
surface current (/suf) for low TDD photodetectors as a function of mesa
diameters. The luk contribution was obtained to be 4% for the photodetector
with a 60 pm diameter while lsurt contribution is 96%. The Isurr contribution is

reduced to 85% for the photodetector with a 250 pym diameter. The
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contribution for photodetectors with TDD of ~108 cm is not shown here due
to the dominant lsark Oof ~100% in the mesa area from 60 to 250 um.
Previously, photodetectors with the TDD of ~107 cm2 were governed by /lsurf
[83]. As TDD is reduced down to the order of 10 cm=, lsuf becomes the
primary leakage component. The lsurf contribution is expected to increase
where the mesa diameter decreases further. This is because the bigger
device shows a smaller perimeter to area ratio than that of smaller ones.
Therefore, it is necessary to perform advanced surface passivation for low

TDD Ge photodetector, especially with a few tens of um mesa diameters.
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Figure 35. (a) Joark-V characteristics for low and high TDD Ge photodetectors (PDs) with
different mesa sizes. (b) Juark- /D characteristics for low and high TDD Ge PDs at -1 V. Inset
in Figure 35(b) shows the current contribution for low TDD Ge photodetectors.

The influence of the GeOx passivation is investigated to reduce Jsurf in

Figure 36. Figure 36(a) displays Jdark—V curves for the photodetectors with

GeOx and with SiO2 passivations. The photodetector with SiO2 passivation

displays Jaark of 4.0 mA/cm?, suffering from the considerable /fsurt [66]. Jdark for

the GeOx-passivated photodetector with the same mesa size is reduced by
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~4x%. Jaark for the GeOx-passivated photodetector with the 250 ym diameter
was 0.6 mA/cm?.

Extracted Jsurf for photodetectors with SiO2 passivation is 5.7 yA/cm in
Figure 35(b). Jouk and Jsur for GeOx-passivated photodetectors are extracted
to be 0.5 mA/cm? and 0.6 yA/cm, respectively, as shown in Figure 36(b). For
the Al203 passivation, Jsur for photodetectors was ~42.0 pA/cm [108]. Jsur for
photodetectors with SiO2 passivation was reduced by 8x compared to Al2O3-
passivated photodetectors. For the GeOx-passivated photodetectors, Jsur is
further reduced by 10x compared to SiO2-passivated photodetectors. The lgark
contribution for GeOx-passivated photodetectors is obtained in the inset in
Figure 36(b). The /lsurr contribution is 54% for the photodetector with a 60 pm
diameter. The Isurf contribution is reduced to 17% for the photodetector with a

250 uym diameter.
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Figure 36. (a) Juark-V characteristic of photodetectors with GeOx and with SiO2. The arrows
represent the increase in the mesa diameter from 60 to 250 ym. (b) The Jdak-1/D
characteristic at -1 V. The inset in Figure 36(b) displays the lsark contribution of lpux and lsurt.

3.4.2 Temperature-dependent Dark Current Study

The temperature-dependet dark current study is important to
investigate the dark leakage current mechanisms by extracting the activation
energy (Ea). The temperature-dependent lsark-V characteristics for the
photodetectors with high and low TDD photodetectors with SiO2 passivation
were performed in the temperature range from 293 to 353 K in Figure 37(a).
The temperature increases with the dark current for photodetectors. lgark for
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the low TDD photodetector is suppressed by ~100x in comparison with

photodetectors with high TDD in the measured temperature range.

Figure 37(b) shows ldark compared with /fsur for the low TDD
photodetector with SiO2 passivation. It should be noted that extracted /lsurf is
almost close to ldark, meaning that /surf is the primary leakage current process.
Ibuk can be obtained by subtracting ldark by Isurf. Isurf @and louik divided by the
mesa area give Jsurf and Jouk, respectively. Jaark increases from 4.0 at 293 K
to 47.0 mA/cm? at 353 K at -1 V. Jsurf increases from 5.7 at 293 K to 41.3
pA/cm at 353 K. Jbuk was 0.2 mA/cm? at 293 K and increased 3.6 mA/cm? at

353 K. The Jbuk variation is severe more than the Jsurf variation.
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Figure 37. (a) Temperature-dependent lsark-V characteristics for low and high TDD
photodetectors (b) Temperature-dependent lsark-V and extracted /lsur-V for the low TDD
photodetector with a 60 ym diameter. The arrow in Figure 37(a) and (b) represent the
temperature increasing from 293 to 353 K.

Since the current variation is different for Jsutr and Jbuk, an
interpretation of leakage current mechanisms was performed by the activation
energy (Ea) analysis. Ea can be estimated from the Arrhenius plot. Figure
38(a) shows the Arrhenius plot for high and low TDD photodetectors with
respect to 1/kT when temperature changes from 293 to 353 K, where k is the

Boltzmann constant. The line shapes of the low and high TDD photodetectors
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differ due to the different leakage current mechanisms. Ea can be expressed

by the following equation,

n (k) = - 22 4 n(B), (16)
where T and B are temperature and a constant. Figure 38(b) shows Ea for the
high TDD photodetector as a function of the reverse bias voltage. Ea is
estimated to be 0.39 eV at -0.1 V in the temperature range from 293 to 353
K. At-3V, Eais reduced to 0.21 and 0.29 eV at 298 and 353 K, respectively.
Dark leakage current mechanisms for a p-i-n photodetector for a
photodetector can be categorized into 4 processes as follow: (i) the diffusion
leakage process, (ii) the SRH leakage process, (iii) the TAT leakage process,
and (iv) band-to-band tunneling (BTBT) leakage process [109]. The diffusion
leakage current process provides Ea of 0.66 eV for a Ge photodetector. The
SRH leakage current process displays Ea of 0.33 eV for a Ge photodetector.
TAT and BTBT leakage processes display Ea of <0.33 eV for a Ge
photodetector. The BTBT mechanism can be negligible in this analysis
because the electric field is not sufficient to occur the BTBT leakage. The
detail will be addressed below. Ea of 0.39 eV in Figure 35(b) is attributed to
the dominant SRH leakage process. As voltage increases, Ea is reduced,
indicating that the TAT process is improved. Ea varies from 0.21 to 0.29 eV
from 293 to 353 K at -3 V, resulting from the temperature-dependent diffusion,
SRH leakage, and TAT leakage mechanisms. For the high TDD Ge

photodetector, the dark current is mainly contributed by the SRH and TAT

leakage processes.
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Figure 38(c) displays Ea for the low TDD Ge photodetector. The
change in Ea results from different leakage current mechanisms in the
different temperatures. Ea for the low TDD Ge photodetector differs at -0.1 V,
depending on the temperature. Ea of 0.55 eV at 353 K indicates that the
diffusion leakage current contributes mainly to /dark. Low Ea 0f 0.21 eV at 293
K results from the dominant SRH and TAT leakage mechanisms. At high
reverse bias voltage, Ea is reduced to 0.06 eV at 298 K. This is because the
enhanced TAT leakage process contributes to high lqark in @ high electric field.
Ea variation for the low TDD photodetector is more flexible than the high TDD
Ge photodetector. The reduction in TDD alleviates the trap-related leakage
processes, e.g., the SRH and TAT leakage processes. As a result, diffusion
leakage contribution increases, leading to high Ea of 0.59 eV at 0.1 V. At high
reverse bias voltage, the TAT leakage process is dominant. This leads to low

Eaof 0.06 at-3 V.

Based on the extracted /surf and louik in Figure 37(b), Ea of lsurf and louik
for the low TDD Ge photodetectors are obtained in Figure 38(d). Ea of /surf
varies between 0.2 to 0.26 eV in the low temperature range (293 to 323 K).
The reduction in Ea at high voltage results from enhanced SRH and TAT
leakage processes. Ea of lbuk is as high as 0.61 eV at -1 V in the high-
temperature range (323 to 353 K). This results from the dominant diffusion
leakage mechanism. The reduction in Ea at high voltage results from the

enhanced TAT leakage process [110].

The SRH current density (Jsrr) and TAT current density (JraT) can be

described by the following equations,
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(17)
(18)

Jsru t Jrar = Jsru(1 + Ienpan)

_qniWg _

niw
4hiTd (1 + renhan)
Teff T

where [enhan is @ TAT enhancement factor. r represents the SRH
carrier lifetime [82]. enhan Was suggested by Hurkx et al. to explain the TAT
leakage process [110]. ennan is determined by a few parameters, i.e., electric
field distribution, tunneling effective mass, and trap state energy. The low
temperature improves [enhan. AlsO, [enhan is enhanced by a strong electric
field. Thus, the low temperature and the high voltage improves the TAT

leakage process [85]. This results in low Ea of <0.33 eV.
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Figure 38. (a) The Arrhenius plot for the low and high TDD photodetectors at -3 V. Ea for (b)
the high TDD photodetector and (c) the low TDD Ge photodetector as a function of voltage
in the temperature range from 298 to 348 K. The arrows represent the temperature increasing
from 298 to 348 K. (d) Ea of lsurf and louik for the low TDD photodetector.

The BTBT leakage current is affected by the electric field in the

depletion region. According to the features of the proposed BTBT leakage
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current equation [109], the BTBT leakage appears at the electric field intensity
of >108 V/m. The electric field intensity for Ge photodetectors was calculated
via the Lumerical DEVICE simulation, as shown in Figure 39. The maximum
electric field increases from 3 x 10° to 6 x 10° VV/m as voltage changes from -
110 -3 V. The calculated electric field is insufficient to cause the BTBT leakage
process. Therefore, the BTBT leakage current contribution can be ignored in
studying the analysis of leakage current mechanisms for the low TDD

photodetector [84].
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Figure 39. Calculated electric field distribution for the low TDD photodetector as a function of
depth.

The temperature-dependent ldark-V characteristics for low TDD
photodetectors with GeOx and with SiO2 passivation were compared in the
temperature range from 293 to 353 K in Figure 40(a). The temperature

increases with the dark current for photodetectors. lsark for the photodetector
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with GeOx is suppressed by 5 times in comparison with the photodetector

with SiO2 passivation in the temperature range.

The extracted Jsurf for the photodetectors with GeOx and SiO:2 surface
passivation is shown in Figure 40(b). Jsur for the photodetector with GeOx
passivation is estimated to be 0.5 pA/cm at 293 K. In contrast, Jsur for the
photodetector with SiO2 passivation was obtained to be 5.9 pA/cm. It should
be noted that Jsur is reduced by 10x for the photodetector with the GeOx
passivation. The suppression of lsurf via the GeOx passivation is due to the
improvement of the interface quality between Ge/GeOx. lsurf for the
photodetectors with SiO2 passivation is attributed to the SRH and TAT
leakage current. With the GeOx passivation via the O3 oxidation, lower defect
states are present at the surface. As a result, the trap-related leakage
processes, i.e., SRH and TAT leakage processes, are suppressed, leading

to the reduction in Isur.
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Figure 40. (a) Temperature-dependent l4ark-V curves for low TDD photodetectors with GeOx
and with SiOz passivation in the temperature range from 293 to 353 K. (b) Extracted Jsur-V
curves for photodetectors with GeOx and with SiO2 passivation in the temperature range from
293 to 353 K. The arrows in Figure 40(a) and (b) represent the increase in temperature from
293 to 353 K.

Arrhenius plot for photodetectors with GeOx and with SiOz2 passivation
is illustrated in Figure 41(a). The In(lsan/T'-°) variation is large at low voltage,

while the variation is small at high voltage. Based on Eq. (3), Ea can be
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extracted from Figure 41(a). Figure 41(b) displays Ea for the photodetector
with GeOx passivation as a function of voltage. At 348 K, Ea at -0.1 V shows
0.55 eV, meaning that the diffusion leakage process is dominant. Ea is
obtained to be 0.2 eV at 293 K, meaning that the TAT leakage process is
dominant. Where voltage increases to -3 V, the Ea is reduced to 0.0 eV,
showing that the TAT leakage process is enhanced at the high reverse bias

voltage. The increase in Ea with temperature results from the enhanced

diffusion leakage contribution.
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Figure 41. (a) Arrhenius plot for the photodetector with GeOx passivation. The arrow
represents the voltage increase from -0.1 to -3.0 V. (b) Ea for the photodetector with GeOx
passivation in the temperature range from 298 to 348 K. The arrow represents the
temperature increase from 298 to 348 K.

3.4.3 Effective Lifetime Analysis

Defects/dislocations in epi-Ge contribute to the effective carrier
lifetime. Also, the defects/dislocations generate the trap states, increasing the
SRH and TAT leakage current. The effective carrier lifetime (zeff) study
provides the relationship with the leakage current for Ge photodetectors. zeft
related to the trap-related leakage processes can be expressed by the

following equation,

Algark _ aiff | dspatdlTar _ eny
awg awg awg Teff

(19)
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where lqiff is the diffusion current. Epi-Ge thickness for low and high TDD Ge
p-i-n structures differs. Therefore, the zerf analysis provides normalized impact
on zefi. Wy was estimated via the capacitance-voltage (C-V) experiment, as
shown in Figure 42(a). The junction and the parasitic capacitance are
estimated by linear-fitting of capacitances against the mesa areas [111]. The
estimated Wu for low TDD photodetectors is thin compared with high TDD

photodetectors, resulting from the Oz anneal and HF etching processes.

ni was referred from Ref. 106 to extract zef. Figure 42(b) shows the
extracted zeff for photodetectors. Extracted zff for high and low TDD
photodetectors was 2.9 x 10°and 5.7 x 107 s at 0.5 V, respectively. It should
be noted that zefr for the low TDD photodetector is reduced by ~100x% in
comparison with the high TDD photodetector. The reduction in zef is
corresponding to the reduction in TDD [112]. zeff is extracted to be 2.2 x 1010
and 4.8 x 108 s for high and low TDD photodetectors at -3.0 V, respectively

due to the enhanced TAT leakage process.

Figure 42(c) represents temperature-dependent zeff for lbuk at -1V. zeff
for low TDD Ge photodetector was extracted to be the order of 107 s at -1 V
in the temperature range, which is enhanced by <100x in comparison with
the high TDD photodetector. e for the high TDD photodetector increases as
the temperature increases. The diffusion leakage process increases in high
temperature, leading to improved zeft. Voltage-dependent zeff for the low TDD
photodetectors is shown in Figure 42(d). zeff decreases at 293 K as the voltage
increases. This results from the improved TAT leakage process. teff iS

reduced at 353 K as the voltage increases. The zeff variation in the voltage

77



change is suppressed at high temperature due to the suppressed TAT

leakage process [85].

~
oo
—

. b
'S 800 _ - - ( )@ 10° @ Low TDD PDs
g - o @ High TDD PDs
S 600f 7 g1
= L 107
— = 10
= =
g 400 210
- p— ~— -
= — =High TDD PDs g 107
£:200 Low TDD PDs = o0
a . . . . . . . . . .
00 05 10 15 20 25 30 05 L0 15 20 25 30
Reverse Bias (V) Reverse Bias (V)
(C)A s @ Low TDD PDs
é’«lo [ @ High TDD PDs (d)@ 10°} Q v
S0 Q@ < 0 -2V
;21077 Q Q999 (® ) glo_ﬁr 9 -3V
=10 = 1o Q99 0
Z 10° 2 o7
0y %10;000008
£ 107 Q9 S Q9
mlOrQQOOO EWSIOOQ
290 300 310 320 330 340 350 360 290 300 310 320 330 340 350 360
Temperature (K) Temperature (K)

Figure 42. (a) Extracted Wa for low and high TDD photodetectors. (b) zer for luk of the low
and high TDD photodetectors at 343 K. (c) zerr for luk of the low and high TDD Ge
photodetectors as a function of temperature. (d) ze for the low TDD photodetector as a
function of temperature.

Figure 43 displays the benchmarking of zeff for the Ge photodetectors
in comparison with the reported SRH lifetime (z) for pn Ge junctions. Modeling
7 is obtained from Ref. 112. TDD is reversely proportional to the SRH lifetime.
Reported 7 follows the trend of modeling z. Extracted zff for low and high TDD
photodetectors is in good agreement with the modeling z. zeff for low TDD is
enhanced by 185x compared with zeff for high TDD. It should be noted that

the improvement in zeff is attributed to the reduction in TDD [112].
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Figure 43. Benchmarking of et for the low and high TDD photodetectors with 7 for pn Ge
junctions [84].

3.4.4 Photocurrent Characteristic

The optical response is conducted with 2401 Keithley SourceMeter
and a tunable laser operating in the wavelength range from 1500 to 1630 nm.
Single-mode optical fiber is used for the incidence illumination on the devices.
The photoexcited carriers are collected by a probe station connecting to
electrodes of the fabricated photodetectors. The output optical power was
calibrated by using an optical power meter. Figure 44(a) shows photocurrent-
voltage (/photo-V) curves for high and low TDD photodetectors at 1,550 nm.
lohoto is generated when the light is on, meaning that EHPs are created, and
they are swept to the electrodes. The responsivity can be obtained by using
Eq. (14). Calculated responsivity for high and low TDD photodetectors was

0.41 and 0.24 A/W, respectively. Reduced responsivity for low TDD
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photodetector results from the decrease in the penetration depth due to thin
intrinsic-germanium (i-Ge). The responsivity is normalized by providing the
responsivity per the unit of the Ge thickness in Figure 44(b). The responsivity
per the thickness unit is reduced at high voltage. This is because of the Franz-
Keldysh effect [114]. The low TDD photodetector shows high responsivity per
the unit of thickness at low voltage, while the value is degraded at high
voltage. This is because a strong electric field distribution improves the Franz-

Keldysh effect.
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Figure 44. (a) lphoto-V characteristics for high and low TDD photodetectors. (b) The thickness-
normalized responsivity for high and low TDD photodetectors at 1,550 nm.

The photo-response for low TDD photodetectors with GeOx
passivation is investigated. ldsark and lphoto-V curves are obtained at 1,550 nm
Figure 45(a). The responsivity for the GeOx-passivated photodetector was
0.28 A/W. It should be noted that the optical responsivity can be improved
with thick epi-Ge or photon-trapping hole arrays. The responsivity varies from
0.27 and 0.29 A/W as voltage increases from 0 and -3 V. The increase in
responsivity results from the suppressed Franz-Keldysh effect [114]. This
means that the low power consumption is suitable for photodetectors to
operate at low voltage. The inset of Figure 45(a) represents photocurrent as

a function of output power with its linear fitting. The non-linear optical effect is
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observed in the output power range. Figure 45(b) shows the responsivity
spectra with respect to wavelength. The responsivity decreases from 0.42 to
0.05 A/W with increasing wavelength. Given the thickness of i-Ge (~350 nm),
the obtained responsivity values are considerable. The absorption coefficient
(a) for low TDD epi-Ge can be estimated by the following equation,
a:—ilnu—hvl’%) (20)
where fce, is the i-Ge thickness [115]. r is reflectivity. r can be calculated
based on Fresnel equations. The extracted a scanning is obtained in the inset
in Figure 45(b). a for low TDD epi-Ge is higher than bulk Ge [117]. This
improvement originates from two factors; i) the tensile strain in the Ge layer,

and ii) the improved optical confinement due to the insulator platform.
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Figure 45. (a) lpnoto for low TDD photodetector with GeOx passivation. The arrow represents

the incident power increases from 0.8 to 6.3 mW. Inset in Figure 45(a) displays photocurrent

for the photodetector as a function of the output optical power. (b) The responsivity spectrum

in the wavelength range from 1500 to 1630 nm. Inset in Figure 45(b) shows the extracted a
spectra as a function of wavelength. The a spectra for Ge bulk are referred to Ref. 117.

The responsivity for the low TDD photodetector with GeOx passivation
at 1,550nm is benchmarked with the reported normal incidence vertical Ge
photodetectors in Figure 46. The dark current densities were obtained at -1
V. The reported photodetectors on Ge/Si and Ge/SOI platforms show high
Jaark of > 1 mA/cm?, which degrades the performances of photodetectors in
terms of specific detectivity and NEP. In contrast, the low TDD GOI
photodetector with the GeOx passivation shows the ultra-low Jdark of <
1mA/cm?. It should be noted that the responsivity can be further enhanced i)
by employing the micro-hole array structures [63] and ii) by growing thick epi-

Ge.
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Figure 46. Benchmarking of responsivity for the reported epi-Ge vertical photodetectors at
1,550 nm. The epi-Ge/Si PDs represent the photodetectors with heterojunction of Ge/Si
structure. The i-Ge thicknesses are indicated below the Ref. 59,60,66,95,111,115,118-121.

3.4.5 Frequency Response

The frequency response for low TDD photodetectors was performed
using a lightwave component analyzer (Keysight N4373D), which can
measure 3dB bandwidth up to 15 GHz. The selected wavelength for 3dB
bandwidth was 1,550 nm. Figure 47(a) displays the normalized frequency
response for photodetectors with GeOx and with SiO2 passivation. The 3dB
cut-off frequency for photodetectors with the SiO2 and GeOx passivation was
obtained to be 0.88 and 1.72 GHz at -1 V, respectively. The 3 dB bandwidth
is improved by 2x for the photodetector with GeOx passivation. The 3dB
bandwidth for the GeOx-passivated photodetectors with different mesa sizes
is shown in Figure 47(b). The higher the 3dB bandwidth, the smaller the mesa

diameter, signifying that 3dB bandwidth is restricted mainly by the
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(resistance-capacitance) ReC-limited delay. Through C-V experiments, it is
found that the capacitance for the SiO2-passivated photodetector was
measured to be 1.6 pF while the capacitance for the GeOx-passivated
photodetector was obtained to be 1.1 pF. The capacitance is reduced by 0.5
pF. The capacitance of a photodetector consists of the bulk, sidewall, and
parasitic capacitances. The defect density determines the sidewall
capacitance on the sidewall. It has been reported that the interface defect
density contributes to the total capacitance in metal-oxide-semiconductor
(MOS) devices [122]. With the GeOx passivation, the interface quality is

improved, leading to the suppressed capacitance.
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Figure 47. (a) Frequency response for low TDD photodetectors with GeOx and with SiO2
passivation. (b) 3dB bandwidth for the photodetector with varying mesa sizes as a function
of voltage. The arrow indicates a decrease in the mesa diameter.

The 3dB bandwidth (fsas) for the GeOx-passivated photodetector can

be extracted theoretically using the following equations [66],

1
frap = /m (21)

1

fre = 27R,C’ (22)
fr =250, (23)

where frc and fr are the RC delay-limited bandwidth and carrier transit-limited

bandwidth, respectively. vsat represents the saturated Ge drift velocity. Re is
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composed of two resistances, i.e., the series resistance (Re,series = 19 Q at 2
V) and the load resistance (Re 0a0 = 50 Q). C can be separated into parasitic
capacitance (Cp) and junction capacitance (C;). C; increases with the mesa
area (A), while Cp is constant. The inset in Figure 48(a) displays C as a
function of the mesa area. Cp and C; are estimated by obtaining the intercept
and the slope from the linear fitting. Extracted C; and Cp, are 1.06 and 0.13
pF, respectively. vsat is 6 x 108 cm/s. d; can be estimated in Figure 48(a)
according to the equation of Wy = €A/C;, where ¢ is the Ge permittivity.
Estimated Wy is obtained to be 200 nm at 0 V. W4y increases to 700 nm at -5
V. fris restricted by W4 and vsar. Estimated fr varies from 130 to 39 GHz as di
increases from 200 to 700 nm. It should be noted that fr is further improved
to > 100 GHz at 0 V owing to a thin depletion width of 200 nm. fs4g for the
photodetectors with various diameters from 60 to 250 um is mainly attributed
to frc. Because the mesa size determines frc mainly, it can be expected that
fsas can be further enhanced by reducing the device diameter. By assuming
that C;is proportional to the mesa size, estimated faqas is obtained as a function
of mesa diameters along with the measured 3dB bandwidth in Figure 48(b)
at-1V. The impact of Cp is excluded for the calculation. The experimental fsqs
is in good agreement with the estimated fsqs. The measured 3dB bandwidth
is a bit underestimated, resulting from the existence of the parasitic
capacitance. It should be noted that fsas can be further enhanced up to ~70
GHz as the diameter is reduced to 5 ym, thanks to the large fr of 72 GHz at -

1V.
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Figure 48. (a) Extracted W4 as a function of reverse bias. Inset in Figure 48(a) represents

capacitance as a function of mesa area. (b) Measured fzqs with expected 3dB bandwidth.

3.5 Summary

A systematic study on the normal incidence vertical p-i-n GOI
photodetector with GeOx passivation was conducted in Chapter 3. Low TDD
Ge (~108 cm™) was achieved via O2 anneal and HF etching processes. This
is reduced by two orders of magnitudes in comparison with the GOI platform
without the O2 anneal (TDD of ~108 cm-2). Thanks to the alleviation of TDDs,
Jaark for low TDD Ge photodetectors was reduced by 53 times. Through Ea
study, it is revealed that the diffusion current governs lsark in the high-
temperature range. In contrast, the leakage current for the high TDD
photodetectors is governed by the SRH leakage process. Ilsuf for low TDD
photodetectors with SiO2 passivation is governed by the TAT and SRH
leakage mechanisms. The zff study was associated with the trap-related
leakage current, i.e., TAT and SRH leakage current, for photodetectors. e
for low TDD photodetectors was estimated to be 1.3 x 10% s at -0.5 V. This
is improved by two orders of magnitude compared with zesf for high TDD Ge

ones.
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As TDD decreases, ldark is determined by /sur. The lsurf contribution
reaches 96% of lsark for the low TDD Ge photodetector. Significant lsurf
requires advanced surface passivation to suppress ldak. The GeOx
passivation was proposed to improve the surface quality. Thanks to the GeOx
passivation, Jdark for the low TDD photodetector was measured to be 0.6
mA/cm? at -1 V. Estimated Jsuf and Jbuk were 0.6 yA/cm and 0.5 mA/cm?,
respectively. The optical responsivity for the low TDD photodetector with
GeOx passivation was obtained to be 0.28 A/W at 1,550 nm. The estimated
absorption coefficient for low TDD Ge on insulator is higher than the one for
Ge bulk, resulting from the residual tensile strain and improved optical
confinement. The 3dB bandwidth for the GeOx-passivated photodetector was
1.72 GHz at -1 V. The 3dB bandwidth is theoretically extracted with respect
to the mesa diameter, and the 3dB bandwidth of 70 GHz can be obtained with
a 5 ym mesa diameter. In Chapter 3, the normal incidence vertical p-i-n Ge
photodetectors with sub-mA/cm? of Juark are demonstrated for low-cost and

CMOS compatible Si-based PICs.
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Chapter 4. Hole Array GOI Photodetectors
for Improved Responsivity and Specific

Detectivity

In this chapter, gourd-shaped hole array normal-incidence p-i-n GOI
photodiodes will be investigated. In Chapter 4.1, the drawback of the Ge
photodetectors and the various approaches to improve the responsivity will
be introduced. Chapter 4.2 consists of the optimization of hole array
parameters and the demonstration of hole array photodiodes. In Chapter 4.3,
characteristics of the hole array GOI photodiodes are performed. Finally,
Chapter 4 is summarized in Chapter 4.4. Chapter 4 aims to obtain remarkable
performance of epi-Ge photodiodes, which is superior to commercial Ge bulk/

[1I-V photodiodes.

4.1 A Drawback of Ge Photodetectors — Low

External Quantum Efficiency

Conventionally, Ge photodetectors have been demonstrated on Si
substrate, suffering from low responsivity. Thus, incorporating with Sn or a
thick i-Ge layer has been introduced to improve the responsivity [59]. The
responsivity for the Ge photodetector with the i-Ge thickness of 1,000 nm
[115] is improved from 0.05 to 0.64 A/W in comparison with the Ge
photodetector with the i-Ge thickness of 330 nm [60]. An increase in i-Ge layer
depth provides long optical penetration depth so that most of the photons can
be absorbed in the active region. The responsivity for the GeSn
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photodetectors was enhanced from 0.10 to 0.22 A/W as the Sn content
increases from 0 to 4.2% [70]. The introduction of Sn into Ge provides high
absorption coefficient theoretically. However, both approaches result in huge
dark current densities due to enhanced SRH and TAT leakages mechanisms.
In addition, for the thick i-Ge, the 3dB bandwidth is restricted owing to the
long carrier transit time. The introduction of Sn requires low-temperature
growth to add Sn atoms into Ge, which causes the high defective

misfit/threading dislocations.

Alternatively, an insulator platform has been promising to improve
optical responsivity. For normal incidence photodiodes, the insulator
substrate causes vertical-cavity modes, enhancing optical confinement. The
insulator substrates have been demonstrated in either SOI or GOI. Ge
photodetectors on SOI show a high dark current density resulting from the
defective Ge/Si interface. Thus, the GOI platform is promising for low dark
leakage current density and improved optical responsivity [97]. In Chapter 3,
low TDD photodetectors with GeOx passivation showed the dark current

density of sub-mA/cm?2.

Recently, the tetraethy-lorthosilicat layer was inserted between Ge and
BOX layers to improve optical responsivity [123]. The responsivity can be
obtained to be as high as 0.5 A/W. The photon-trapping hole structures and
the dual-absorption structure were also introduced to improve optical
responsivity [63]. The hole-array Ge photodiodes on SOl displayed the
responsivity of 0.91 A/W, which is equivalent to EQE of 80%. Also, 3dB

bandwidth is enhanced because the photon-trapping hole array structure
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reduces the effective mesa area. Dual-absorption structure provides the
improved responsivity and high 3dB bandwidth due to the folded n*-i-p*-i-n*
structures [65]. Although the recently demonstrated Ge photodiodes provide
high responsivity of 0.91 A/W [63] and 3dB bandwidth of 49GHz [60], those
photodetectors showed the high dark current densities of >10 mA/cm?,

degrading specific detectivity (D*).

In Chapter 4, the gourd-shaped hole array vertical p-i-n GOI
photodetectors with GeOx passivation were introduced. The parameters for
the hole array design are optimized via simulation. The gourd-shaped hole
design shows enhanced optical absorption in comparison with the cylinder-
shaped hole design via the FDTD method. As a result, the responsivity for
gourd-shaped hole array photodetectors is improved by 2.5%. Importantly, D*
for the hole array photodetector is extracted, and it is compared with
commercial bulk Ge/extended-InGaAs photodetectors. The hole array vertical
p-i-n GOl photodetector with GeOx passivation paves the way toward high-

efficiency photodetection for Si-based PICs.

4.2 Demonstration of Hole Array GOI

Photodetectors

In this section, hole array structure is optimized using the FDTD
method in Chapter 4.2.1. After that, the hole array photodiodes are

demonstrated on the GOI platform in Chapter 4.2.2.

4.2.1 Design of Hole Array Structure
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The electric field distribution of the GOI platform is calculated to study
the influence of the insulator and the hole array structures using the FDTD
method, considering a periodic boundary condition. The polarization
dependence was not considered owing to the round shape of the holes. For
the simulation, the window size is determined to be 1.55 um x 1.55 ym x 9.00
um, and the time step is selected to be 0.028 fs. The mesh with a 1.30 ym x
1.30 um x 2.00 um size is defined in the hole structures. The structures for
the simulation consist of i) Ge on Si, ii) Ge on insulator, iii) Ge on insulator
with cylinder-shaped hole array, and iv) Ge on insulator with gourd-shaped
hole array. For the simulation, the Si substrate was inserted at the bottom and
the Ge layer with 1.1 um thickness was built on the Si substrate. SiO2 with
200 nm of thickness was placed on the top of the Ge layer. The GOl platform
contains the same structure with the GOS platform, but adds the insulating
layers of SiO2/SiN/SiO2 between the Ge layer and the Si substrate. The
cylinder-shaped hole array is designed on the GOI platform. The diameter of
the hole is 1.16 um with the height of 800 nm. The gourd-shaped hole array
consists of the same design that the cylinder-shaped hole array is built. The
round shape at the sidewall was made to be 1.24 um at the middle of the
round-shaped hole array. The unit cell in the size of 1.55 x 1.55 x 9.00 ym?
is applied to extract the reflectance and the transmittance. The polarization
dependence is not considered in the simulation due to the polarization-

independent round shape of the holes.

Figure 49(a) displays the calculated reflectance of each platform. The

reflectance is reduced for the insulator platform compared with the Ge on Si
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platform. Where the hole arrays are included in the simulation, the reflectance
dramatically drops, leading to enhanced optical absorption. Especially, the
gourd-shaped hole array provides lower reflectance compared to the cylinder-
shaped hole array. It has been reported that the hourglass-shaped vertical
nanowires benefit from low reflectance [125]. The reflectance of the gourd-
shaped hole array decreases by 2.6x in comparison with the cylinder-shaped

hole array due to the gradient changes in diameter in the vertical direction.

Figure 49(b) shows the calculated absorption spectra for each
platform. The absorption (Aabsor) is extracted by Aadsor=7-Rreflec-Ttrans Where
Rrefiec and Tians are reflectance and transmittance, respectively. The GOI
platform provides improved absorption compared with the Ge on Si platform.
With the hole array structures, the absorption spectra increase dramatically.
The absorption for the gourd-shaped hole array design is higher than the

cylinder-shaped hole array.
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Figure 49. (a) Calculated reflectance spectra for various platforms. (b) Calculated absorption
spectra for various platforms.
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Figure 50(a) and (d) illustrate the cross-sectional views of the electric
field distribution for Ge on Si and GOI platforms, respectively. It is observed
that the electric field confinement for the GOI platform is enhanced. The
cross-sectional views for various hole arrays on the GOI platform are
displayed in Figure 50(b) and (e). It is obvious that the high electric field is
confined in the active region. Because the hole array traps the photons, the

vertical resonance mode is additionally observed.

The planar views of electric field distribution at the middle depth of
each hole are simulated to distinguish the different hole shapes in Figure
50(e) and (f). The cylinder- and gourd-shaped hole arrays are adopted for the
simulation, as shown in Figure 50(c) and (f). The electric field intensity for the
gourd-shaped hole array is higher than the cylinder-shaped hole array. This

is due to the low reflectance of the gradient diameter in the vertical direction.
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Figure 50. Cross-sectional view of electric field distribution for (a) Ge on Si and (b) GOI. (c¢)
Cross-sectional and (e) top views of electric field distribution in GOI with the cylinder-shaped
hole array structure. (d) Cross-sectional and (f) top views of electric field distribution in GOI
with the gourd-shaped hole array structure. The simulated area is a unit cell. The wavelength
of 1,550 nm is selected for the simulation.

The hole array period and hole diameter should be properly selected
to optimize the optical absorption in the active region. The gourd shape is
adopted for the hole array optimization. The hole array period ranges from
1.35 to 1.75 ym with an interval of 0.2 ym. The hole diameter ranges from
1.00 to 1.32 with an interval of 0.16 um. Figure 51(a) represents the

absorption spectra for the gourd-shaped hole array with a consistent period
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of 1.55 uym. The absorption is enhanced as either the diameter increases or
decreases from 1.16 ym. Figure 51(b) represents the absorption spectra for
the gourd-shaped hole array where the hole array period is 1.16 ym. The high
absorption is 0.75 for the period of 1.55 ym at 1,550 nm. The absorption at
1,550 nm with different hole array periods and diameters is shown in Figure
51(c). The hole array diameter of 1.16 ym and period conditions of 1.55 ym

provide the highest absorption of 0.75.
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Figure 51. (a) The absorption spectra for the gourd-shaped hole design with a period of 1.55
pum. (b) The absorption spectra for the gourd-shaped hole design with a diameter of 1.16 um.
(c) Simulated absorption for various hole array parameters at 1,550 nm.
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4.2.2 Demonstration of Gourd-shaped Hole Array
GOl Photodetectors

The demonstration of the low TDD GOI platform follows the same
steps described in Chapter 3.3. Two fabrication steps are different from the
previous fabrication; i) a dopant for n-type formation, and ii) the formation of
the gourd-shaped hole array structures. The n-type ion implantation is
performed with Phosphorus (P). The dose for the P ion implantation is
selected to be 1 x 10" cm™ and the ion energy is 25 keV with 7° tilted angle.
The SIMS profiles of P and B doping concentrations for vertical p-i-n
structures are shown in Figure 52(a). The SRP analysis for vertical p-i-n GOI
structures is performed in Figure 52(b). The p*- and n*-regions are observed
in the bottom and top epi-Ge, respectively. The p*- and n*-type doping
concentrations are obtained to be 5 x 10" and 5 x 10'® cm™ in shallow
regions. The activated doping concentration of B is consistent with the
previous one in Chapter 3.2, while the n-type doping concentration differs
from the vertical GOI p-i-n structure. Low n-type concentration could cause

high dark current due to enhanced diffusion current.

One time of electron-beam lithography (EBL) was first implemented to
pattern hole array patterns on the low TDD GOI surface. The hole array
diameter and period are varied. The period ranges from 1.50 to 1.60 pm with
an interval of 0.05 ym, and the diameter ranges from 0.98 to 1.42 ym with the
interval of 0.04 ym during the fabrication. The voltage and dose should be
properly selected during the EBL process to get rid of damage on a sample

or either underexposure or overexposure. Sulphur hexafluoride (SFs)-based

96



inductively coupled plasma ion etching (ICP-RIE) is conducted for the gourd-
shaped hole array formation. After defining the p- and n-type mesa, the GeOx
oxidation process, i.e., the 1nm Al203 deposition and the Os oxidation, was

performed to cover the sidewall of hole array structures with GeOx/Al20s.
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Figure 52. (a) The SIMS profiles of B and P dopants for the vertical p-i-n structure. (c) The
SRP profiles of B and P dopants for the vertical p-i-n structure.
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The top SEM view for the hole array photodetector is shown in Figure
53(a). The hole array structure was designed at the mesa center. The zoom-

in SEM image of the hole array area in the red-squared area in Figure 53(a)
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is shown in the inset of Figure 53(a). The 3D schematic image of the hole

array photodetector is displayed in Figure 53(b).

Figure 53. (a) Top SEM view of the hole array photodetector with a 250 ym diameter. Inset
in Figure 53(a) shows the zoom-in SEM image of the hole array area. (b) The 3D schematic
image of the gourd-shaped hole array photodetector.

Figure 54(a) displays the cross-sectional TEM image of the hole array
structures. The hole array structures were patterned with the period and
diameter of 1.55 and 1.06 um, respectively, via the EBL process. The
isotropic etching process via ICP-RIE completes the gourd-shaped hole array
structures. The upper 600 nm of the epi-Ge layer is only etched away to form
the hole array structure to scatter the normal incidence lights. Figure 54(b)
displays the cross-sectional high-resolution transmission electron microscopy
(HRTEM) image of a hole array that is in the red-squared region in Figure

54(a). The Al203/GeOx layers are observed via the HRTEM image, indicating

that the O3 oxidation process provides the sidewall GeOx formation [91].
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Figure 54. (a) The cross-sectional view of the TEM image of the gourd-shaped hole array
structure. (b) The HRTEM image of GeOx/Al203 layers for the red-squared region in Figure
54(a).

4.3 Characterizations of Hole-array Ge

Photodetectors

The hole array Ge photodiodes are characterized in this section. The
dark current analysis will be first discussed in Chapter 4.3.1. Temperature-
dependent dark current characteristics are subsequently addressed in
Chapter 4.3.2. Next, the optical response and D* will be mentioned in

Chapter. 4.3.3. Last, the 3dB bandwidth will be studied in Chapter 4.3.4.

4.3.1 Dark Current Density Analysis

Mhe micro photon-trapping hole structures increase the dark current
for the photodetectors [63]. For the hole array photodetectors, the empty area
in the hole region decreases /luk due to the reduced mesa area. However,
Isurf increases with the empty area due to the enhanced surface area. The ldark
change for a hole array photodetector is associated with Fill factor (FF). FF
can be obtained by the equation of FF=hole area/mesa area [63]. The
demonstrated hole array photodetectors display the FF of 6 to 28% with the
diameter increasing from 60 to 250 um. Figure 55 shows the lqark-V curves for
the hole array photodetectors in comparison with the hole array-free
photodetectors. It should be noted that lsark increases for the hole array
photodetectors due to the surface area enhancement. lqark for the hole array

photodetectors with the FF of 6 to 28% increases by 16 to 61%.

99



10" with hole
with hole
—_ ; —— w/o hole
< 10 w/o hole
N’
N
=
s
= 10
250

6 “ms FF:ZS%

10”7

; 60pm, FF=6,
10'9- M 1 M 1 M 1 M 1 M 1 M
-1.5 -1.0 -05 00 0.5 1.0 1.5

Voltage (V)

Figure 55. la-V characteristics for photodetectors without and with the hole array structures.
FF of 6 and 28% corresponds to 60 and 250 um diameter photodetectors, respectively.

4.3.2 Temperature-dependent Dark Current Study

Temperature-dependent Jsark-V characteristics for the hole array and
hole array-free photodetectors are obtained in Figure 56(a). Jaark for the hole
array photodetector was measured to be 1.41 mA/cm? at 293 K. Jdark for the

photodetector with FF of 8% is enhanced by 20%.

The Arrhenius plot for the photodetector was obtained in Figure 56(b).
The slopes become flat at high voltage, meaning that lsark is barely affected
by the temperature variation. According to Eq. (3), Ea can be extracted. The
estimated Ea for the photodetector is displayed in Figure 56(c) along with Ea
without the hole array. The Ea variation is larger than the photodetector
without the hole array. Eais high at low voltage, meaning that the dark leakage
current is affected by the temperature variation. At high voltage, however, the

leakage current is barely changed by the temperature variation. At high
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voltage, the electric field distribution in epi-Ge is strong, enhancing the TAT
leakage process. This TAT process is further improved for the hole array

photodetectors at the high reverse voltage.
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Figure 56. (a) Temperature-dependent liark-V characteristics for photodetectors without and
with the hole array. (b) Arrhenius plot for the hole array photodetector as a function of 1/kT.
The arrow indicates the voltage increase from -0.1 to -5.0 V. (c) Ea for the hole and the hole-
free photodetectors as a function of voltage from -0.1 to -5.0 V.

4.3.3 Photocurrent & Specific Detectivity Analysis

The output optical power was calibrated to be 0.4 mW in the
wavelength range from 1,500 to 1,630 nm. Figure 57(a) displays /photo-V
characteristics for the photodetectors without and with the hole array
structures at 1,550 nm. lphoto increases for the hole array photodetector due

to the light trapping in hole array structures as simulated in Figure 50. The
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absorption efficiency for a photodetector can be determined by EQE. The

following equation can extract EQE,

EQE = %R. (24)
Figure 57(b) shows obtained EQE for the hole array photodetectors in
different hole diameters and periods at 1,550 nm. EQE for the hole array
photodetectors is improved than the photodetector without the hole array. The

hole array structure with a 1.55 ym period and a 1.08 pm diameter shows an

EQE of 70%, improved by 2.5x.
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Figure 57. (a) lnoto-V characteristics for photodetectors without and with the hole array. The

arrow represents the lhnoto generation under illumination. (b) EQE for hole array Ge
photodetectors at 1,550 nm as a function of hole periods and diameters.
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Figure 58(a) and (b) displays the responsivity spectra for the hole array
photodetector with various diameter and period conditions. Figure 58(a)
displays the responsivity spectra for hole array photodetectors with a
consistent period of 1.50 um im comparison with the hole-free photodetector.
The responsivity is improved for hole array photodetectors. Among the hole
array photodetectors, the cut-off wavelength is extended with the diameter
increasing from 1.00 to 1.08 um. Then, the cut-off wavelength decreases

when the diameter size increases from 1.08 to 1.16 um. Figure 58(b)
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illustrates the responsivity spectra for hole array photodetectors with a
consistent diameter of 1.16 um. The cut-off wavelength is extended with the
period decreasing from 1.60 to 1.55 ym. Where the diameter is 1.16 pm, the
measured responsivity was obtained to be 0.74 A/W at 1,550 nm. The cut-off
wavelength is reduced with the period decreasing from 1.55 to 1.50 ym. When
the period is 1.50 ym, the measured responsivity was obtained to be 0.74
A/W at 1,550 nm. The period variation gives a large variation in the

responsivity, meaning that the responsivity is mainly determined by the period

condition.
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Figure 58. The responsivity spectra for the hole array photodetectors with different (a)
diameters from 1.00 to 1.16 ym and (b) periods from 1.50 to 1.60 ym. The responsivity
spectra for the hole-free array photodetector are also included.

The reported responsivity for the gourd-shaped hole array
photodetector is benchmarked with the responsivities for the reported normal
incidence vertical p-i-n Ge photodetectors with respect to the dark current
density at -1 V in Figure 59. In Figure 59, diverse substrate platforms are
proposed for the Ge photodetectors, i.e., Si substrate, SOI, and GOl platforms
without and with the hole array. The responsivity for the Ge photodetectors
on the Si substrate is improved by increasing the thickness of epi-Ge.

However, the high dark current density is huge due to the enhanced SRH and
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TAT leakage mechanisms. Also, the thick i-Ge layer restricts the 3dB
bandwidth. For the photodetectors on SOI or GOI platforms, the responsivity
is improved, despite thin i-Ge. This is because the insulator substrate
provides high optical confinement. Recently, the photon-trapping hole array
designs were adopted in the nano-and micro-size hole scales [63]. Since the
hole array structure traps the normal incidence lights, the responsivity was
improved up to 0.91 A/W. However, the dark current density for such
photodetectors is > 20 mA/cm?. The huge dark current density degrades D*,
which is the key parameter to compare the photodetector performances made
by different materials. The demonstrated gourd-shaped hole array
photodetectors achieved the ultra-low Jga of ~1mA/cm? and improved
responsivity of 0.74 A/W [99]. It should be noted that a thin i-Ge layer for the

hole array photodetector is 288 nm at -1 V.
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Figure 59. Benchmarking of responsivities for normal incidence epi-Ge vertical
photodetectors with respect to dark current density. The photodetectors were demonstrated
on diverse platforms, i.e., Si substrate, SOl without and with hole array structures, and GOI
without and with hole array [58].

The low leakage current and high responsivity performances for the
photodetectors can be expressed by D*. D* can be estimated by the following

equation [52],

p+ = R4 (25)

Irms

where Af is the noise bandwidth, and /s is the root-mean-square noise
current. Iims can be obtained by shot noise (/snot) and thermal noise (/thermar).

Irms for a photodetector can be described by the following equations,

Irms = \/Itzhermal + Iszhot’ (26)
lthermal = \/4kTAf/Rshunt= (27)

Lshot = vV zelphotoAf’ (28)

where Rsnunt is shunt resistance. Af is selected to be 1 Hz. Rshunt is estimated

by extracting the first derivative of V to lsark near 0 V. Estimated Rshunt for the
photodetectors without and with the hole array is 1.9 and 1.7 MQ,
respectively. Estimated lmermar for photodetectors without and with the hole
array structures is 9.3 x 10"'* and 9.8 x 10-'* A/Hz"2, respectively. Isnot for
photodetectors without and with the hole array is extracted to be 1.38 and
1.39 x 10" A/HZz'?, respectively. The calculated D* for the hole array Ge
photodetector is 3.1 x 10'% cm-Hz"2W-! at 1,550 nm. This value is enhanced
by ~1.5% in comparison with the hole-free photodetector. The D* spectra for
photodetectors with and without the hole array are illustrated in comparison
with the commercial extended-InGaAs/Ge photodetectors in Figure 60 [73].

D* for the hole array photodetector displays the order of 10" cm-Hz'"2W-
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beyond the wavelength of 1,600 nm. Thanks to the cut-off wavelength
extension, it is worth noting that D* for the hole array photodetector is

improved by 10x at 1,600 nm.
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Figure 60. The specific detectivity D* spectrum of the gourd-shaped hole array vertical p-i-n
photodetector with respect to the wavelength from 1,500 to 1,630 nm in comparison with the
hole-free array Ge photodetector at a reverse bias of -1 V. D* for commercial Ge and
extended-InGaAs photodetectors also displays as references [53].

4.3.4 Frequency Response

The frequency response for the hole array photodetector was
implemented in Figure 61(a) at 1,550 nm. The 3dB bandwidth for the hole
array photodetector was 500 MHz at -5 V. This is enhanced by ~10% in
comparison with the hole-free photodetector [78]. The voltage-dependent
3dB bandwidth is shown in Figure 61(b) for the photodetectors with different
diameters of mesa sizes. A noticeable difference appears between them at

high voltage beyond -1 V. The 3 dB bandwidth is enhanced as the mesa
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diameter decreases, indicating that the RC-limited delay determines the 3dB

bandwidth mainly.
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Figure 61. (a) Frequency response for photodetectors without and with the hole array at 1,550
nm. (b) The 3dB bandwidth for photodetectors without and with the hole array as a function
of voltage from 0 to -5 V.

Figure 62(a) displays the C-V characteristics for photodetectors
without and with the hole arrays. There is no noticeable difference between
them where the voltage is low. Where the voltage is high, the capacitances
are distinguishable between photodetectors without and with the hole array.
The inset in Figure 62(b) displays capacitances with respect to the
photodetector mesa areas. Wau increases from 150 to 600 nm with the voltage
from 0 to -5 V. C;jcan be divided into hole-free area junction capacitance (C; no-
nole) @and hole area junction capacitance (C;nole) @as shown in the inset in Figure
62(a). Where the voltage is low, Cjno-nole doesn’t significantly contribute to C;.
However, Cjno-nole contributes to C; where the voltage is high. Therefore, the
total junction capacitance decreases, enhancing the 3dB bandwidth when the
reverse bias voltage is high. It is worth noting that the reduction in the mesa
sizes for the hole array photodetectors can theoretically enhance the 3dB

bandwidth due to the low RC-limited bandwidth, as expected in Chapter 3.
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Figure 62. (a) C-V characteristics for photodetectors without and with the hole array as a
function of voltage from 0 to -5 V. The inset in Figure 62(a) displays the cross-sectional
schematic image of the hole array structure and the corresponding capacitance components.
(b) Extracted Wq as a function of reverse bias. Inset displays the capacitance with varying
mesa areas at-1V.

4.4 Summary

The gourd-shaped hole array vertical p-i-n photodiodes on the low
TDD GOl platform with GeOx passivation were demonstrated in Chapter 4.
The optimized hole array structures were obtained through the FDTD
simulation study. It is simulated that the gourd-shaped hole array structures
provide improved absorption spectra in comparison with the cylinder-shaped
hole array structures. The responsivity for the hole array photodetector was
0.74 A/W at 1,550 nm. The two approaches improved the responsivity; i) the
low TDD GOl platform and ii) the groud-shaped hole array structures. D* for
the hole array photodetectors was estimated to be 3.1 x 10'0 cm-Hz"?W-" at
1,550 nm. This value is superior to the commercial Ge bulk photodiodes. The
frequency response experiment revealed that the hole array structures
improved the 3dB bandwidth by 10% due to low capacitance. The gourd-
shaped vertical p-i-n photodiodes on low TDD GOI with GeOx passivation are
promising for CMOS-compatible and low-cost photodetectors for Si-based

PICs, comparable with the commercial extended-InGaAs photodiodes.
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Chapter 5: Trap-related Photoexcited
Carrier Dynamics in GeSn Films toward
Efficient Mid-infrared Range

Photodetection

In this chapter, alloying Sn with Ge will be addressed for MIR range
photodetection. A systematic study on the cut-off wavelength extension and
carrier dynamics related to defects in GeSn will be conducted. In Chapter 5.1,
GeSn photodetectors and their dependence on defects will be introduced.
Chapter 5.2 describes the characterization of GeSn fiims and
photoconductors with varying Sn contents. Chapter 5 will be summarized in
Chapter 5.3. Chapter 5 aims to provide the ways toward high-efficiency MIR

range photodetection.

5.1 GeSn Photodetectors for MIR Range

Photodetection

A Ge photodetector has mainly been developed for NIR range
photodetection. Although strain engineering has been employed for the cut-
off wavelength extention [67], the MIR range photodetection beyond 2,000
nm is still challenging. Alternatively, alloying Sn with Ge fascinates for long
wavelength photodetection. GeSn bandgap shrinks as Sn content increases.
This leads to a tunable band structure in changing Sn content [61]. Therefore,

tremendous efforts have been made for photodetectors using GeSn alloys.
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The main interest of 2,000 nm photodetection was achieved for GeSn
photodetectors with the Sn content of 6% [71]. Moreover, since I valley in a
conduction band shrinks faster than L valley in a conduction band, strain-free
GeSn films with Sn content of above 8% were suggested for a monolithic light
source, which could open up the new scheme for Si-based PICs [127].

However, the plenty of defects in GeSn degrades its performance.

Epitaxial GeSn growth has been developed via CVD, MBE, magnetron
sputtering, laser annealing, etc., for high-quality GeSn films and high Sn
content. However, many dislocations/defects are generated in GeSn films
due to i) low solubility of Sn into Ge (~1%), ii) low-temperature growth, and iii)
the lattice mismatch between GeSn/Ge/Si. Numerous defects serve as trap
states in GeSn, limiting optical and electrical performances of GeSn-based
devices. For instance, poor-quality GeSn causes i) high dark leakage current

and ii) low optical responsivity for a GeSn photodetector.

5.1.1 Dark Current Generation Related to

Dislocations and Defects in GeSn

The dark current for defect-free GeSn photodetectors is governed by
a diffusion current mechanism. Guo-En Chang et al. reported that the
calculated dark current density for defect-free GeSn photodetectors with a Sn
content of < 10% is <1mA/cm? [68]. Since SRH centers do not exist at defect-
free GeSn, only BTBT and diffusion leakage current mechanisms are
considered as the primary leakage current mechanisms. At low reverse bias

voltage, the electric field intensity is not sufficient to cause band tunneling,
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meaning that only the diffusion leakage current mechanism plays a main role
for the dark current generation. Jdif consists of Jaitt in the direct (/')-conduction
band (Jdifr), Jair in the indirect (L)-conduction band (J\diff), and Jdirr in the
valence bands (Jdir). Joark for defect-free GeSn photodetectors can be
calculated by summing up the Jdif components and they are shown in Figure
63(a)-(d). Figure 63(a)-(c) represent Jaark for defect-free GeSn photodetectors
with different Sn contents of 2, 6, and 10%, respectively. It should be noted
that leakage current increases with Sn contents due to GeSn bandgap
narrowing. Figure 63(d) summarizes Jdark for photodetectors with respect to
Sn contents. Jqif increases faster than other components because of high

electron mobility and fast bandgap decrease with increasing Sn content.
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Figure 63. The calculated Jsark-V curves for defect-free p-i-n GeSn photodetectors with
different Sn contents of (a) 2%, (b) 6%, and (c) 10%. I and L-valleys in conduction bands
and valence bands are considered for the diffusion current calculation [68]. (d) Jaark for defect-
free GeSn photodetectors with respect to Sn content [68].

Experimentally, however, it has been reported that demonstrated
vertical p-i-n GeSn photodetectors displayed a huge dark current. In addition,
the dark current for GeSn photodetectors increases with Sn contents [128].
Figure 64(a) and (b) display the cross-sectional view of a GeSn photodetector
and Jaark-V curves with varying Sn contents, respectively. Jaark increases with

Sn contents. An increase in Jdark is attributed to a shrinkable of a GeSn
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bandgap and increased dislocations/defects in GeSn. A Ea study can tell
which process is dominant for the huge leakage current. Since a narrow GeSn
bandgap improves thermal-excited EHPs, this could enhance the Ea up to the
material bandgap. However, according to temperature-dependent [-V
characteristics in Figure 64(c) and (d), The Ea of GeSn photodetectors was
below the half of a material bandgap, signifying that the dark current for a
GeSn photodetector is governed by trap-related leakage current

mechanisms.
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Figure 64. (a) Cross-sectional schematic image of the GeSn photodetector [128]. (b) the I-V
characteristics for GeSn photodetectors with varying Sn contents [128]. (c) The Arrhenius
plots for the lateral GeSn p-i-n photodetectors as a function of 1/kT [129]. (d) Extracted Ea
from the linear fitting in Figure 64(c) [129].

113



Recent GeSn optical components, therefore, have been discovered by
mitigating defect-related carrier dynamics. Several methods have been
introduced to manage defects/dislocations, e.g., the removal of a defective
layer, step graded GeSn growth, and post-thermal annealing process [130].
Successful defect management represented a reduction in optical threshold
current by ~10x for lasing [133]. In addition, Si layer passivation was
introduced to improve surface quality, reducing dark current density by ~100x
[74]. Therefore, a systematic study on a dark current associated with
dislocations/defects should be implemented to achieve low leakage current

GeSn photodetectors.

5.1.2 Degradation on Optical Responsivity Related to

Defects in GeSn

The optical responsivity for defect-free GeSn photodetectors with an
intrinsic region thickness of 3,000 nm was estimated in Figure 65(a). The cut-
off wavelength is extended with increasing Sn contents due to a narrowing
GeSn bandgap. Also, responsivity increases with Sn content due to enhanced
GeSn absorption coefficient. In practical, The cut-off wavelength is extended
with increasing Sn contents. However, the responsivity for demonstrated
GeSn photodetectors is not improved with different Sn contents. Also, the
responsivity for GeSn photodetectors decreases with wavelength. Although
absorption coefficient extracted via Ellipsometry increases with Sn contents
[17], it does not directly improve responsivity. This could probably be due to
many dislocations/defects in GeSn or a GeSn/Ge/Si interface. An increase in

defect density results in a fast non-radiative recombination process via trap
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states so that photoexcited carriers are recombined before reaching

electrodes.
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Figure 65. (a) The calculated responsivities for GeSn p-i-n photodetectors as a function of
wavelength [68]. (b) the lpnoto-V characteristics for GeSn photodetectors with varying Sn
contents [134].

5.2 Carrier Dynamics Related to Defects in

GeSn Photoconductors

In this section, carrier dynamics in GeSn films will be investigated.
GeSn films are prepared with different Sn contents from 3.0 to 7.1% and
different thicknesses from 180 to 900 nm. GeSn films are then fabricated for
photoconductors with interdigitated electrodes. Dark current analysis is
performed in Chapter 5.2.2. Chapter 5.2.3 addresses a photocurrent transient
study for GeSn photoconductors. EQE spectra are extracted and are
compared with simulated absorption spectra via FDTD simulation in Chapter
5.2.4. Chapter 5.2.5 will introduce a comparison between PL and

photoconductivity (PC) spectra.

5.2.1 GeSn Growth and their Characterization
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A Ge strain-relaxation buffer layer was grown on a 6-inch Si wafer and
the thickness of a Ge buffer layer is 900 nm. Subsequently, epitaxial GeSn
films were grown on a Ge buffer layer using SnCls and GezHe in Hz carrier
gas via a reduced pressure chemical vapor deposition (RPCVD) reactor. In
order to grow GeSn with the Sn content of above Sn solubility, low-
temperature growth was adopted with temperature below 400°C. GeSn
wafers were grown with different Sn contents and different thicknesses,
named Sample A, B, C, and D. Sample A and B were grown using the same
recipe, but only increases growth time to obtain a thick GeSn film for Sample
B. Also, Sample C and D were grown by the same recipe, but only increases

growth time to obtain a thick GeSn film for Sample D.

Figure 66(a) shows the SIMS analysis of Sample A and B to verify Sn
content and the depth of as-grown GeSn films. GeSn thicknesses are
estimated to be 180 nm and 900 nm for Sample A and B, respectively. Thick
GeSn thickness is achieved by increasing growth time. And Sn content is the
same for Sample A and B. Figure 66(b) displays HRXRD curves in (004) 26-
w direction for Sample A-D. Peaks at around 66.1 and 69.0° represent a Ge
buffer layer and a Si substrate, respectively. As-grown GeSn peaks are
observed below 65.99°. GeSn curves for Sample A and B are symmetric.
Also, a GeSn peak position is consistent although the thickness is different.
In contrast, a GeSn curve for Sample D is asymmetric, and a GeSn peak
shifts in comparison with Sample B. This results from that a gradient GeSn
layer was grown in the bottom. Subsequently, a higher Sn content layer is

grown on top spontaneously. This originates from the fact that a bottom GeSn
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layer with a large lattice constant allows growing a top GeSn layer with high

Sn content on top.
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Figure 66. (a) SIMS profiles for Sn content of Sample A and B. (b) HRXRD curves in 26-w
orientation for Sample A to D.

RSM images in (224) direction for Sample A-D are shown in Figure
67(a)-(d), respectively. The (Qx, Q:) coordination can determine in-plane
lattice constant (a') and out-plane lattice constant (a-) by the following

equations,

Q. = 22 x 1000, (29)

Q, = = X 1000. (30)
Taking accout into the Vegard’s law to determine GeSn lattice constant
and tetragonal deformation of GeSn lattice, Sn content and its strain value

can be extracted by the following equations [130],

ageSn = xa.gn + (1 - x)age + x(l - x)bGeSn’ (31)
__1-vgesn _1 2Vgesn ||

AGesn = 1+VGesn Gesn 1+Vgesn GeSn’ (32)

Vgesn = XVsp + (1 — X)Vge, (33)

where a%esn, x, a%n, a%e, and bcesn are GeSn lattice constant, Sn content,

Sn lattice constant (a%sn = 0.6489 nm), Ge lattice constant (a’ce = 0.5648 nm),
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and a bow parameter (bcesn = 0.0041 nm), respectively. And vgesn, vee, and

vsn are the poison’s ratio of GeSn, Ge (vee = 0.271), and Sn (vsn = 0.360),

respectively. The estimated Sn content and strain values are shown in Table

2. GeSn layers for Sample A-D are under compressive strain while Ge buffer

layers are under tensile strain. The compressive strain in GeSn results from

the large lattice mismatch between GeSn/Ge.
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Figure 67. Reciprocal space map (224) images of (a) Sample A, (b) Sample B, (c) Sample

C, and (d) Sample D.

Sample Name

Sn Content (%)

Strain (%)

Sample Feature

Sample A 3.0 -0.21 Thin GeSn
Sample B 3.4 -0.09 Thick GeSn
Sample C 5.0 -0.32 Thin GeSn
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Sample D 7.1 -0.16 Thick GeSn

Table 2. Sn contents and strain information for Sample A, B, C, and D extracted from RSM
analysis.

A cross-sectional TEM image for Sample A is displayed in Figure
68(a). Dislocations are observed at a GeSn/Ge interface. Flat dislocations are
also observed in the HRTEM image in Figure 68(b) [127]. The zoom-in
HRTEM image in Figure 68(c) shows lattice fringes near the interface [137].
It is worth noting that many dislocations/defects are observed near a

GeSn/Ge interface.

Photoconductors were fabricated using Sample A-D. Interdigitated
electrodes of Ti 20nm/Al 400nm were deposited by sputtering, followed by
the lift-off process. The spacing between electrodes and the width of each
electrode are 16 and 8 um, respectively. The 3D schematic image for a GeSn
photoconductor is displayed in Figure 68(d). The top SEM view for a GeSn

photoconductor is displayed in Figure 68(e).

119



Figure 68. (a) Cross-sectional TEM image of Sample A with the GeSn/Ge interface (indicated
by the orange arrow). (b) High-resolution TEM image of Sample A with dislocation (indicated
by the orange arrow). (c) High-resolution TEM image of Sample A interface with the lattice
fringes (indicated by the red arrows). (d) The 3D schematic image of GeSn photoconductors.
(e) Top-view of the SEM image for the photoconductor.

5.2.2 Dark Current Analysis

laark-V curves for Sample A and B photoconductors are measured in
Figure 69(a). Equivalent both electrode conditions cause symmetric |-V
characteristics in positive and negative voltage ranges. lsark for Sample A and
B shows linear and non-linear shapes, respectively. It is worth noting that /dark
for Sample B is lower than the one for Sample A despite thick i-GeSn. Figure
69(b) represents lsark-V characteristics for Sample C and D photoconductors.
laark for Sample C and D shows linear and non-linear shapes of the /-V curves,
respectively. It is worth noting that lsark for the Sample D photoconductor is
close to the one for the Sample C photoconductor although Sn content is high
and the GeSn film is thick. Thin GeSn photoconductors (Sample A and C)
display linear lsark while thick GeSn photoconductors display non-linear /ldark.
When voltage is applied, the electric field is formed between electrodes, and

electric field intensity is decayed as depth deeper [138]. The low /4ark for thin
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GeSn photoconductors (Sample B and D) could probably result from electric

field distributed far away from a GeSn/Ge interface.
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Figure 69. Idark-V curves for (a) Sample A and B and (b) Sample C and D photoconductors.

Temperature-dependent lsark-V characteristics for Sample A and B
were obtained in Figure 70(a). ldark for the Sample A photoconductor is not
sensitive to temperature change. In contrast, lsak for the Sample B
photoconductor increases with temperature. Figure 70(b) displays
temperature-dependent lsark-V curves for Sample C and D photoconductors.
lsark for Sample C is almost constant in the measured temperature range,
while lsark for Sample D changes in temperature variation. A dark current is
mainly attributed to thermionic emission, the tunneling of minority carriers via
trap states. The generation of minority carriers via the thermionic emission
process causes dark current variation in different temperature [139]. In
contrast, tunneling or TAT leakage currents are insensitive to temperature
variation [140]. Thus, lark for thick GeSn photoconductors (Sample B and D)
is affected by a thermionic emission process while ldark for thin GeSn
photoconductors (Sample A and C) are not sensitive to temperature change

due to improved tunneling and TAT leakage processes.

121



(a) (b) |
- 1293 to 353K _
NI
- N’ 10 3 /
) —
= =
s o
o P’
e =
= 5 .3
= O 10
O 10 Sample A Sample C
Sample B Sample D
5 M M M i -4 i 1 M
s s 00 1.2 3 4 s
Voltage (V) Voltage (V)

Figure 70. Temperature-dependent Idark-V curves for (a) Sample A and B, and (b) Sample
C and D photoconductors. The arrows indicate a temperature increase from 293 to 353 K.

Figure 71(a) displays Arrhenius plots for Sample A and B photoconductors
as a function of 1/kT. The leakage current of a Schottky diode is mainly
attributed to the thermionic emission process over the Schottky Barrier Height

(SBH). SBH for GeSn/metal can be estimated by the following equations,

laark = Io exp (=2) 11— exp (— )1, (34)
Iy = CA*T? exp (qki;b), (35)

where o is saturation current, and nideal is the ideal factor. A* and ¢» are the
Richardson constant for GeSn, and SBH, respectively. The Sample B
photoconductor shows ¢v of 0.37 eV. In contrast, the Sample A
photoconductor displays ¢ of -0.04 eV. ¢» for the Sample B photoconductor
is higher than the Sample A photoconductor. Figure 71(b) shows Arrhenius
plots for Sample C and D photoconductors. The extracted ¢» for Sample D is
0.14 eV while ¢» for Sample C is -0.04 eV. High ¢» for Sample B and D could
result from the dominant thermionic emission process. Where ¢s is close to 0
eV, dark current generation is governed by trap-related leakage current
mechanisms, such as two-step TAT or variable-range-hopping (VRH)

conduction [141].
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The two-step TAT is a mechanism where electrons/holes in metal are
thermally excited to trap states and pass through a Schottky barrier to reach
valence/conduction bands. This mechanism is described by the equation of
exp(-E«/kT), where Ea is the energy difference between trap states and Fermi
level. The VRH process is a mechanism where electrons/holes in metal reach
defect states associated with a dislocation/defect, and they pass through
GeSn by hopping conduction. For thin GeSn photoconductors (Sample A and
C), the defective area near the GeSn/Ge interface improves two-step TAT
and VRH mechanisms, resulting in ¢p of -0.04 eV for the Sample A and C
photoconductors. When GeSn is thick (Sample B and D), ¢v is higher than -
0.04 eV originated from the improvement of thermionic emission. ¢» of 0.37
eV for Sample B is low comparing with ¢» of 0.14 eV for Sample D. This is
because that the number of many defects/dislocations in GeSn increases with

Sn content, reducing low ¢» [135].
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Figure 71. Arrhenius plots for (a) Sample A and B and (b) Sample C and D photoconductors
as a function of 1/kT.

5.2.3 Photocurrent Transient Study

Figure 72(a)-(d) displays photocurrent transients for Sample A-D

photoconductors. When the light is on, electron-hole pairs (EHPs) are
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generated in an absorbing layer and the generated EHPs are collected via
electrodes, generating lhoto. Figure 72(a) shows the photon transient
characteristic for the Sample A photoconductor. Under normal incidence
illumination, lhoto is generated, resulting in peak Iphoto. After that, Iphoto
decreases until lphoto reaches to steady-state lphoto. When the light is off, lgark

falls down to steady-state ldark and increases gradually to steady-state /qark.

The valley ldark and peak Iphoto, Named “overshot,” have been
addressed in photodiodes made by thin-film polymer solar cells and organic
semiconductors [142]. The peak lphoto is Observed due to typically many
dislocations/defects at surface/interface/spacing charge regions [145]. For
GeSn photoconductors, trap states near an interface are filled up with
photoexcited carriers, resulting in charging/recombination processes. Carrier
transit time is much shorter than the charging/recombination processes at
interface/surface areas. Thus, the overshot /Inoto is observed, and
subsequently, lbhoto decreases until reaching steady-state lphoto due to the
dominant charging/recombination processes [146]. When the light is off, lgark
falls down below the steady-state lsark, and the charged/recombined carriers
are discharged, increasing valley ldark to steady-state ldark. lphoto fOr Sample A
decreases down to 70% of the lphoto peak. In other words, photoexcited EHPs
are charged/recombined at trap states in the portion of 30%. In contrast, the
overshot /photo disappears for Sample B in Figure 72(b), showing the box
shape of photocurrent transient. This is because the increase in GeSn

thickness suppresses the overshot effect.
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Figure 72(c) displays the photocurrent transient for the Sample C
photoconductor. The overshot lphoto is barely observed. When the light is off
ldark gradually decreases, not causing the valley l¢ark. This means that the
charging/recombination processes are barely observed. Where Sn content is
high, numerous dislocations/defects are generated during GeSn growth.
Thus, the different types of trap states exist at various trap energy levels in
GeSn bulk so that the interface-related photoresponse is relatively
suppressed [147]. Second, radiative emission and absorption via a band-
edge are improved for GeSn with high Sn content since the I conduction band
decreases faster than the L conduction band. As a result, thin GeSn
photoconductors with high Sn content are not mainly affected by interface

defect-related photo-response.
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Figure 72. Photocurrent transients for (a) Sample A, (b) Sample B, (¢) Sample C, and (d)
Sample D photoconductors at 1V.

5.2.4 Optical Absorption and EQE Spectra

To study carrier collection efficiency, optical absorption spectra are
compared with EQE spectra. n and k indies were obtained via Ellipsometry.
The absorption spectra were calculated via FDTD simulation. The simulated
structure is GeSn/Ge (900nm)/Si Sub. The absorption spectra for Sample A
and B were shown in Figure 73(a). The absorption spectra for Sample B are

higher than Sample A because the optical penetration depth is deep.

The EQE spectra for Sample A and B photoconductors were compared
in Figure 73(b). The cut-off wavelength was measured to be 1,900 nm
wavelength. It is worth noting that EQE for Sample B is significantly improved
compared with Sample A. At 1,400 nm, EQE for Sample A is below 10%, but
EQE for Sample B is 80% at 1,400 nm. The EQE enhancement between
Sample A and B is larger than the estimated gap via the simulation in Figure
73(a). This is because photoexcited carriers are captured at trap states near
the GeSn/Ge interface, degrading EQE. By increasing GeSn thickness, the
overshot lhoto is effectively alleviated. As a result, EQE for Sample B is

improved by 10x at 1,400 nm.

Figure 73(c) displays the EQE spectra for Sample C and D. EQE
spectra is enhanced in comparison with the Sample A photoconductor. This
is because the charging/recombination processes are suppressed for the
Sample C photoconductor. For a thick GeSn photoconductor (Sample D),

EQE spectra are improved due to thick GeSn thickness. Sn content increase
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from bottom to top during the growth, which causes the cut-off wavelength

beyond 2,200 nm wavelength.
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Figure 73. (a) Extracted absorption spectra for Sample A and B. n and k values were
extracted from Ellipsometry. EQE spectra with respect to the wavelength of 1,400 to 2,200
nm for (b) Sample A and B and (c) Sample C and Sample D photoconductors.

5.2.5 Photoluminescence and Photoconductivity

A radiative recombination process in GeSn films was investigated via
PL measurement using a pump laser at 1,064 nm wavelength. A laser was
focused on samples with a spot size of ~10 ym at room temperature using a
reflective objective lens. The optical response was received by an extended
InGaAs detector. Figure 74(a) displays the PL spectra in comparison with PC
spectra for Sample A. The broad PL shape is obtained with a peak point at

0.57 eV. The PC spectra for Sample A displays the cut-off energy at 0.66 eV.
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PL spectra for Sample B are compared with PC spectra in Figure 74(b). Direct
and indirect bandgap emissions are clearly observed at 0.63 and 0.66 eV,
respectively [148]. The PL direct bandgap emission matches the cut-off
energy in the PC spectra. This indicates that the cut-off energy in the PC
spectra mainly originates from a GeSn direct bandgap. However, interestingly
the direct and indirect band emissions are not observed in the PL spectra for
Sample A. This PL peak point of 0.57 €V in Figure 74(a) is significantly related
to trap states near GeSn/Ge. Previously, deep defect states were observed
at 0.55 and 0.62 eV for Geo.968Sno.032 and Geo.96Sno.o4 at 83 K, respectively
[149]. Also, defect-related PL peaks were observed in thin GeSn films with
Sn contents from 1.2 to 5.0% [150]. Electrically driven carrier dynamics were
affected by trap states near the GeSn/Ge interface [151]. Because the non-
radiative recombination process is much faster than the interband
recombination process, photoexcited carriers are scattered into the L
conduction band, SRH centers, or trap states at the interface/surface [152].
Especially for thin GeSn, the non-recombination process is more severe,
leading to suppressed the interband emission. In contrast, trap-related
emission is clearly observed. By increasing GeSn thickness (Sample B),
however, the trap-related emission is suppressed and interband emission is
enhanced. Most dislocations/traps are present near the GeSn/Ge interface.
The high-quality GeSn layer with fewer dislocations is achieved on a top
region [138]. As a result, the generated EHPs in GeSn bulk are recombined
via the interband band before carriers are captured at the trap states near the

interface, leading to improved direct and indirect interband emissions.
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The PL and PC spectra for Sample C were shown in Figure 74(c). The
PL peak appears at 0.62 eV, which is consistent with the cut-off energy in the
PC spectra [148]. Although GeSn is thin for Sample C, the radiative
recombination via direct band-edges is dominant in contrast to Sample A in
Figure 74(a). GeSn for Sample A and B contains the misfit dislocations mostly
near the interface. As observed in Figure 74(b), GeSn curves for Sample A
and B are symmetric, indicating that the defective Sn gradient layer is not
grown for the strain relaxation in the top GeSn layer. For Sample C and D,
the strain relaxation is occurred by growing defective Sn gradient layer in
interior GeSn. Figure 74(c) displays the asymmetric GeSn curve for Sample
C, meaning that the bottom GeSn layer serves as the Sn gradient layer. Thus,
many dislocations/defects at the GeSn interface extended into GeSn. Various
trap levels in bulk GeSn are created by forming the 90° Lomer and 60° mixed

dislocations [147].
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Figure 74. PL spectra for (a) Sample A, (b) Sample B, and (c) Sample C in comparison with

the PC spectra at 300 K.

5.3 Summary

Alloying Sn with Ge is a promising material choice for the MIR range
photodetection in the new technological advances. The cut-off wavelength
can be tunable by adjusting the Sn contents. Although numerous efforts have
been made for high-performance GeSn photodetectors, high density of
dislocations/defects in GeSn films restrict photodetector performances in
terms of dark current and optical responsivity. Therefore, a systematic study
on trap-related carrier dynamics should be carefully investigated to further
provide future directions for high efficient photodetection in GeSn material

systems.

In order to investigate the carrier dynamics related to defects, GeSn
films with varying Sn contents and different thicknesses were grown and
studied electrically and optically in Chapter 5.3. Through the temperature-
dependent ldark-V study, ¢v for thick GeSn (Sample B and D) is improved in
comparison with ¢p for thin GeSn (Sample A and C). This is because the
thermionic emission process is dominant for thick GeSn, while two-step TAT

and VBH mechanisms affect the carrier dynamics, leading to ¢» of -0.04 eV.
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The photocurrent transient study for thin GeSn (Sample A) shows that the
trap states near the interface induce overshot Iphoto, resulting in low EQE. The
overshot lphoto effect is suppressed for Sample B, C, and D. For thick GeSn
(Sample B and D) the defective interface region is far from the electrodes so
that generated EPHs are collected efficiently via electrodes. As a result, EQE
for Sample B is improved by 10x. For Sample C, although GeSn is thin,
various types of defects are formed in GeSn, leading to the suppression of
trap-related carrier dynamics near the interface. The trap-related PL peak for
Sample A was observed at 0.57 eV. For thick GeSn (Sample B), the PL peak
of the direct band emission was observed while the interface-related peak is
suppressed. Taking account into the discovered carrier dynamics at room
temperature, lower Sn content and thick GeSn thickness would improve

photo-emission and detection performances in GeSn material systems.
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Chapter 6. Metal-semiconductor-metal
Waveguide Photodetectors on a GeSn-on-
insulator Platform for the 2 ym

photodetection

In this chapter, MSM waveguide photodetectors will be demonstrated
on a GeSnOl platform. Chapter 6.1 describes the reported GeSn
photodetectors the advantages of waveguide photodetectors. Chapter 6.2 will
introduce the demonstration of the GeSnOl platform and the photodetector
fabrication. Chapter 6.3 discusses the characterization of the GeSnOl
platform and of the waveguide photodetectors. Chapter 6.4 will summarize

the contents in Chapter 4.

6.1 GeSn Waveguide Photodetectors

Diverse GeSn photodetectors have been developed in the past
decades. The low responsivity for GeSn photodetectors was improved by
high optical confinement from SOl platforms. The enhanced optical
confinement led to the high responsivity of 0.376 A/W at 1820 nm despite a
thin i-GeSn of 440 nm [42]. Responsivity for GeSn photodetectors is further
enhanced with photon-trapping hole structures, improving responsivity by

1.5% at 1,630 nm [78].

Waveguide photodetectors are one of the promising devices for high

optical performances. A waveguide photodetector can vanish a trade-off
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between 3dB bandwidth and responsivity, which is typically observed for
normal incidence photodetectors, by separating optical and electrical paths.
As a result, the 3dB bandwidth of 10 GHz was achieved at -7 V for MQW
GeSn waveguide photodetectors, showing the responsivity of ~0.1 A/W at
2,000 nm [154]. In addition, other GeSn waveguide photodetectors have been
demonstrated on Ge buffer layers on Si substrate [155]. However, the main
interests of 2,000 nm for waveguide photodetectors have not been thoroughly
studied yet. Also, an insulator platform has not been realized for responsivity

improvement.

The theoretical expectation of a GeSn waveguide photodetector has
not been achieved experimentally [158]. As described in Chapter 5, the trap
states near the GeSn/Ge interface largely restrict the optical and electrical
properties. By growing thick GeSn, the trap-related carrier dynamics are
suppressed, resulting in low leakage current and improved EQE. In another
way, a GeSn layer on insulator platforms, isolated from Ge and Si layers,
could potentially provide low dark current and enhanced responsivity due to

the electrical isolation and high optical confinement of the insulator platforms.

Recently, a GeSnOl platform via DWB and layer transfer techniques
were introduced to remove a defective GeSn/Ge interface that can potentially
improve photodetector performances [133]. In Chapter 6, GeSn waveguide
photodetectors are demonstrated on the GeSnOl platform. The systematic
characteristics of a GeSnOl platform reveal that GeSn is isolated from the Ge
buffer and Si layers. Waveguide MSM photodetectors on the GeSnOl

platform are characterized. The dark current for the photodetector is 550 nA.
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The optical responsivity is revealed to be 0.24 and 0.06 A/W at 1,600 and

2,003 nm, respectively, under normal incidence illumination.

6.2 Demonstration of GeSnOIl Waveguide

Photodetectors

In this section, GeSnOl waveguide photodetectors will be
demonstrated. Chapter 6.2.1 will describe the demonstration of GeSnOl. The
demonstration of waveguide photodetectors will be addressed in Chapter
6.2.2. This section aims to demonstrate waveguide photodetectors on a

GeSn/Ge interface-free GeSnOl platform.

6.2.1 Demonstration and Characterization of GeSnOl

Platforms

GeSn and Ge buffer layers were grown on an 8-inch Si wafer via
RPCVD. Two insulator layers of SiN and SiO2 were deposited on handle and
donor Si wafers. CMP and Oz plasma exposure were conducted for
successful DWB. After that, DWB and transfer technologies were performed
using a pair of the Si wafers at 300°C in N2 ambient, preventing Sn
segregation/precipitation. After that, mechanical grinding and wet etching
were implemented to remove the Si donor layer. Figure 75(a)-(c) displays the
schematic images of fabrication flows for the GeSnOl platform. Figure 75(d)
represents the schematic image of completed waveguide photodetectors on

the GeSnOl wafer.
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Figure 75. The fabrication steps for waveguide photodetectors via DWB and layer transfer
techniques. (a) preparation of the wafer pair, (b) DWB process, (c) the removal of the Ge and
Si donor layer, and (d) the MSM waveguide photodetector on the GeSnOI wafer.

HRXRD in the 26-w direction and RSM (224) analysis for the
demonstrated GeSnOl platform were obtained in Figure 76(a) and (b),
respectively. In Figure 76(a), GeSn and Si curves are observed, indicating
the GeSn/Ge intermixed layer was removed. Figure 76(b) displays the RSM
image of GeSn and Si without Ge, indicating a GeSn/Ge interface-free
GeSnOlI platform is successfully demonstrated. The estimated Sn content

was ~9%. The GeSn layer is under compressive strain.
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Figure 76. (a) The HRXRD curve of GeSnOl in the 26-@ scan. (b) The RSM image in (224)
plane for GeSnOl.

A cross-sectional view of the TEM image of GeSnOl is shown in Figure
77(a). A GeSn thickness is ~133 nm. A thickness of SiN/SiO2 was ~500 nm.
A PL measurement was performed in temperature range from 5 to 300 K in
Figure 77(b). A sharp PL peak is observed at ~2,200 nm at 5 K. At 300 K, the
broad emission peak is obtained near 2,400 nm [159]. The PL peak at 5 K'is
attributed to direct bandgap emission. This indicates that the cut-off
wavelength of photodetectors could be beyond 2,200 nm at room
temperature. Figure 77(c) represents various element SIMS profiles. A
uniform Sn content of 8.9% was distributed, signifying that a wafer-scale
GeSnOl platform can be realized via the DWB and layer transfer techniques.
Figure 77(d) displays Raman spectroscopy for the GeSnOl platform. A GeSn
peak is observed at 294.4 cm-, which is lower than Ge bulk (300.6 cm™"). The
Raman peak shift can tell Sn content and strain by using the following
equation [162],

Aw = —88x + 521¢&g4rgins (36)
where Aw and &strain are Raman spectral shift and strain, respectively. Given
the Sn content of ~8.9%, strain was estimated to be -0.23%. This strain value
is relaxed in comparison with as-grown GeSn with a Sn content of 9% due to

strain-relaxation during the bonding processes.
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Figure 77. (a) The cross-view of the TEM image for the GeSnOl substrate. (b) SIMS content
profiles for GeSnOl substrate. (c) PL measurements as a function of wavelength in
temperature ranging from 5 to 300 K. (d) Raman spectroscopy for GeSnOl along with the
one for Ge bulk as reference.

6.2.2 Demonstration of Waveguide Photodetectors on
GeSnOl Platforms

MSM waveguide photodetectors were then demonstrated using the
GeSnOl platform. A Cl2-based RIE process was implemented to define
waveguides with 1 ym width and varying waveguide lengths of 12, 36, 72,
and 108 pm. A thin Al2Os3 layer with 1 nm thickness was deposited via ALD
for suppression on a Fermi pinning effect and for an etch stop layer [161].
After that, SiN was covered on the waveguides using PECVD. The SFe-based
RIE process was performed to open metal-contact holes. A metal deposition

of 20nm Ti/ 50nm TiN / 300nm Al was done via sputtering, followed by a lift-
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off process. The 3D schematic image of a demonstrated waveguide MSM
photodetector on a GeSnOl platform is shown in Figure 78(a). The planer

view of the SEM image of the photodetector is shown in Figure 78(b). The

zoom-in image of a GeSn waveguide is displayed in the inset of Figure 78(b).

Figure 78. (a) The 3D schematic image of the GeSnOl MSM photodetector. (b) The planar
view of the SEM image of GeSnOl MSM photodetector with a length of 72 um. The inset in
Figure 78(b) shows the zoom-in image of the GeSn waveguide.

6.3 Characterization of Waveguide
Photodetectors on the GeSnOlI Platform

The demonstrated waveguide photodetectors on the GeSnOl platform
will be characterized in Chapter 6.3. A dark current analysis will be addressed
in Chapter 6.3.1. Chapter 6.3.2 will describe temperature-dependent dark
current and leakage current mechanisms. In Chapter 6.3.3, optical response
for the photodetectors will be addressed. Frequency response for the

photodetectors will be described in Chapter 6.3.4.

6.3.1 Dark Current Analysis
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lsark-V characteristics of the waveguide photodetectors were shown in
Figure 79(a). Symmetric ldark curves in forward and reverse bias ranges are
attributed to equivalent electrode conditions. A non-linear shape of lsark was
observed, meaning that Schottky contact between metal and GeSn is formed.
lsark for the photodetectors was measured to be 550 nA with a waveguide
length of 12 ym. ldark increases to 6.5 pA with the length is 108 ym. Figure
79(b) displays lsark for the GeSn waveguide photodetectors at 1 V as a
function of the waveguide lengths. In order to further reduce the leakage
current, GeSn with low Sn content can potentially reduce ldark [128]. Also, the
strain engineering can achieve high performance GeSn photodetectors. To
reduce Jsurf, the advanced surface passivation technique is necessary. Jsurf
was suppressed by ~100x using the Si surface passivation layer [74].
Second, the GeSnOx surface passivation is potentially promising to alleviate

the surface defect density [162].
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Figure 79. (a) liark-V characteristics for GeSnOl MSM photodetectors with varying lengths of
waveguides. (b) liark for GeSnOl MSM photodetectors as a function of lengths at 1 V.

6.3.2 Temperature-dependent Dark Current Study
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Temperature-dependent lqsark-V characteristics were performed in
Figure 80(a). lsark-V curves were measured in the temperature range from 293
to 353 K. l4ark increases with the temperature. The Arrhenius plot for the
waveguide photodetector was extracted in Figure 80(b). The estimated ¢b is
obtained to be 70 meV. The C-V curve for the waveguide photodetector was
measured. And the 1/C2-V characteristic can be obtained by the following
equation,

1/C% = —2—(V,; =V — kT /e), (37)

qeNp

where Wi, €, and Nb are the built-in potential, the GeSn permittivity, and the
doping concentration, respectively [163]. The estimated W, for the
photodetector is 0.38 eV in Figure 80(c). The estimated ¢» for GeSn is lower
than Wi although no ex-situ or in-situ doping process was performed. Lower
¢o is attributed to the bandgap narrowing for GeSn. When the GeSn bandgap
becomes narrow by adding Sn content, SBH between GeSn/metal is
deformed. Second, the higher Sn contents, the higher defect density. Thus,
the unintended p-type doping concentration increases with GeSn with high
Sn contents, reducing SBH [164]. Last, many dislocations/defects in epi-
GeSn enhance two-step TAT and VRG conduction mechanisms. Two-step
TAT is described with the equation of exp(-Ea/kT). Figure 80(d) displays the
ldark-1/KT curve for the photodetector. The extracted Ea is 8 meV. The inset in
Fig 75(d) shows the schematic image of the band diagram for the two-step
TAT process. Based on the one-dimensional (1D)-VRH model, the

conductivity (o) can be described by the following equation [141],
o = apexp [—(T/T)'/?] (38)

140



where 0o is a fitting parameter of the conductance at temperature >> T1. T1 is
the characteristic temperature. Fig. 75(e) displays the o characteristic for the
waveguide photodetector as a function of 7/7"2. Comparing Figure 80(d) with
Figure 80(e), there is no noticeable difference, implying that it is difficult to

determine which mechanism the leakage current is governed by.

(a)107f (b) s
< ~ 9.6} 5
= —293K o >
= —303Kk | Tx-97} Qe L
= 10" —3K | G
= —323K = 98
o 333K =
343K -9.9F
-5 L L i 353K 10 0 L L i i L L M
100..6 0.5 1.0 1.5 2.0 "33 34 35 36 37 318 39 40
Voltage (V) 1/KT (eV")
120
(C) (d) E, Metal Aliol‘ GeSn
/-\9 i —_—~ N - L)
= <110
3 =
S 6 -
— =
o =
T = 100
=3l g
0 i I I 90 . . . . . .
04 02 00 02 04 32 33 34 35 36 37 38 39
Voltage (V) 1/KT (eV™)
(6)0.28 —
r Metal
7 0.26F L
=
A
>0.24F
bS]
2
S
S 0.2}
=
=
S o2k .
T 53 54 55]/2 561/2 57 58
1000/T™ (K™)

Figure 80. (a) Temperature-dependent lsark-V characteristic for the waveguide photodetector.
The arrow represents the temperature increasing from 293 to 353 K. (b) Arrhenius plot for
the photodetector as a function of 1/kT. (c) 1/C3-V characteristics for the photodetectors. (d)
lsark-1/kT characteristics. The inset in Figure 80(d) represents the band diagram for the two-
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step TAT process. (e) The conductivity of the photodetectors as a function of 7000/T"2. The
inset in Figure 80(e) represents the band diagram for the 1D-VRH process.

6.3.3 Photocurrent Analysis

The optical response was conducted under normal incidence
illumination. Figure 81(a) displays the ldark- and Ilphoto-V curves for
photodetectors. lpnhoto is higher than lsark, meaning that EHPs are generated
under illumination, and they are collected to electrodes. The responsivity can
be calculated by Eq. (7). An electrode shadowing effect was considered for
the Pin calculation. Different wavelengths, i.e., 1,600, 1,934, 2,003, and 2,033
nm, were selected for optical responsivity measurements. The responsivity
for the photodetector at each wavelength is shown in Figure 81(b). The
responsivity increases with voltage because carrier mobility is improved by
electric filed at high bias voltage. The responsivity was estimated to be 0.24
and 0.06 A/W at -2 V at 1,600 and 2,003 nm, respectively. The responsivity
decreases with the increase in wavelength. Optical responsivity can be
enhanced by using thick GeSn or by employing photon-trapping hole
structures. As shown in Figure 77(b), the demonstrated photodetector is
potentially acceptable to cover photodetection up to 2,200 nm. Ellipsometry
is an attractive tool to determine the optical properties of thin films. Figure
81(c) displays the absorption coefficient spectra for GeSn as a function of
wavelength in comparison with Ge bulk [117]. The GeSn absorption
coefficient is extended beyond 2,000 nm. Based on the extracted absorption
coefficient, the absorption spectra are calculated via the FDTD simulation
Figure 81(d). A simulated structure is referred to the TEM image in Figure

77(a). The responsivity points are added in another y-axis as a reference. It
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should be noted that the absorption spectra are consistent with the

responsivity.
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Figure 81. (a) lbnoto-V characteristic for photodetectors at 1,933 nm. (b) The responsivity for
photodetectors at different wavelengths. (c) Extracted a for GeSn and Ge bulk as a reference.
(d) The calculated absorption spectra (black line) for the photodetectors along with the
measured responsivity (blue dots).

Figure 82 displays benchmarked dark current densities for the
reported GeSn waveguide-shape photodetectors [154]. Reducing dark
current density is one of the important factors to improve the photodetector
performance. A GeSn/Ge heterostructure was first suggested for GeSn
waveguide photodetectors [157]. A GeSn waveguide photodetector partially
separated from a Ge buffer layer was demonstrated in Ref. 155. GeSn/Ge
MQW structures were introduced to suppress dark current density through

suppressed strain relaxation [154]. Although the reported photodetectors
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displayed good performance in terms of responsivity 3dB bandwidth, they
have suffered from high leakage current densities. In this Chapter, a GeSnOl
platform is proposed to reduce dark current density by isolating the active
region from the substrate. It should be noted that this platform takes

advantage of high optical confinement [42].
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Figure 82. Benchmarking of the dark leakage current densities for the reported waveguide-
shape GeSn photodetectors on the different platforms [154]. Dark current for each waveguide
photodetector is benchmarked with respect to Sn content. Photodetectors in Ref 154,156
contain the GeSn MQW on Ge on Si substrate, and the photodetectors in Ref 155,157 have
GeSn on Ge on Si substrate. The waveguide photodetectors were cleaved for the optical
measurement in Ref 155-157. The photodetectors in this work were demonstrated on the
GeSn/Ge interface-free GeSnOl platform.

6.3.4 Frequency Response

Experiments for frequency-response were conducted at 1,550 and
2,000 nm in Figure 83(a)-(b), respectively. faqs are 1.26 and 0.81 GHz at 1,550
and 2,000 nm at 0.5 V, respectively. fzds is determined by RC delay and
carrier transit time. Typically, the RC delay bandwidth is not critical in a
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waveguide photodetector, while fsss is mainly attributed to fr [155]. The
measured capacitance for the photodetector was obtained to be 0.5 pF,
meaning that fsas is limited by fr. Depletion width and carrier velocity
contribute to transit time. Where voltage is high, the strong electric field is
distributed in a GeSn layer, increasing depletion width. Inset in Figure 85(a)
displays 3dB bandwidth as a function of applied voltage. It should be noted
that the voltage increase reduces fiss, meaning that a waveguide

photodetector is restricted by fr.
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Figure 83. Frequency response for the photodetectors (a) at 1,550 nm and (b) at 2,000 nm
at 0.5V. The inset in Figure 83(a) displays the 3dB bandwidth for the photodetector as a
function of voltage.

6.4 Summary

MSM waveguide photodetectors were demonstrated on a GeSnOl
platform, and they were characterized. The measured lsark for photodetectors
is 550 nA at -1 V with a waveguide length of 12 um. Low /lqark results from the
electrical isolation of an insulator substrate. The obtained responsivity was
0.24 and 0.06 A/W at 1,600 and 2,003 nm, respectively. According to the PL
measurement and the extracted absorption coefficient, the demonstrated

waveguide photodetector can potentially enable photodetection beyond
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2,200 nm. 3dB bandwidth was obtained to be 1.26 GHz at 1,550 nm,
restricted by carrier transit time. The demonstrated GeSnOIl waveguide
photodetectors are suitable for CMOS-compatible and low-cost Si-based

PICs for the 2 ym applications.
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Chapter 7. Conclusion and Future Work

7.1 Conclusion

The demand for optical sensing, imaging, and interconnects in NIR and
MIR ranges has increased in past decades for the new technological
advances. Ge and GeSn alloys are promising as material choices to cover
the interesting wavelength ranges, thanks to their CMOS-compatible
processes and considerable electrical/optical properties. Ge is attractive for
NIR range photodetection. GeSn alloys are favorable for MIR range

photodetection.

Optical/electrical devices have been demonstrated with on-insulator
platforms, e.g., SOI, GOI, and GeSnOl, benefiting from electrical isolation and
improved optical confinement. Especially for a photodetector, on-insulator
platforms contribute to low dark current and improved responsivity. This
thesis emphasized the importance of Ge/GeSn
photodetectors/photoconductors on insulator platforms. GOl and GeSnOl
platforms were mainly demonstrated for device demonstration via DWB and

layer transfer techniques, facilitating advanced PICs.

Chapter 3 addressed vertical p-i-n photodetectors on a GOI platform
with their dependence on defects and surface passivation. Huge dark current
density, one of the key drawbacks of a Ge photodetector, was suppressed bu
mitigating trap-related carrier dynamics. The TDD reduction and GeOx
passivation contributed to achieving the dark current of sub-mA/cm? for Ge

photodetectors. The ~100x reduction in TDD was obtained via Oz anneal and
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HF etch processes, leading to the ~400x reduction in bulk leakage current.
As TDD is reduced, surface leakage current is dominant. GeOx surface
passivation was adopted to suppress the huge surface leakage current. As a
result, surface leakage current is reduced by ~10x due to the advanced

passivation technique via O3 oxidation.

Chapter 4 described hole-array vertical p-i-n photodetectors on a GOI
platform. The improved responsivity of 0.74 A/W was achieved with the
gourd-shaped hole array structures. The gourd-shaped hole array provided
enhanced optical absorption in comparison with the cylinder-shaped hole
array design. As a result, the estimated specific detectivity was 3.1 x 100
cm-Hz"2-W-" at 1,550 nm, which is comparable to those of commercial Ge

bulk and extended-InGaAs photodiodes.

Chapter 5 explored trap-related carrier dynamics in GeSn material
systems. A systematic study on GeSn photoconductors revealed that trap
states near a GeSn/Ge interface played the key role to degrade electrical and
optical properties. By increasing the thickness from 180 to 900 nm, the trap-
related characteristic was largely suppressed. The increases in thickness

resulted in EQE improvement by 10x.

In Chapter 6, waveguide-shape photodetectors were demonstrated on
a GeSnOl platform. A GeSn/Ge interface was successfully removed away via
DWB and layer transfer techniques. The demonstrated photodetectors
displayed the dark current of 550 nA. The responsivity of 0.24 and 0.06 A/W

was achieved at 1,550 and 2,003 nm, respectively. The photodetectors could
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potentially enabled photodetection beyond 2,200 nm based on PL and the

extracted n and k indies.

To summarize, Ge/GeSn photodetectors were demonstrated on
insulator platforms, i.e., GOl and GeSnOl. For NIR range photodetection,
vertical p-i-n Ge photodetectors were introduced with the excellent
responsivity of 0.74 A/W and the ultra-low dark current density of sub-
mA/cm?. The estimated specific detectivity for the Ge photodetector is
comparable to commercial Ge bulk/extended-InGaAs photodetectors. For
MIR range photodetection, GeSn alloys were introduced. Trap states near the
GeSn/Ge interface degraded the electrical and optical performances of
GeSn-based optical devices. To remove the defective GeSn/Ge interface, a
GeSnOl platform was introduced for the demonstration of photodetectors.
Demonstrated GeSn waveguide photodetectors allowed the 2,000 nm
photodetection, suitable for diverse applications. The proposed approaches
in this thesis provide low-cost and CMOS-compatible photodetectors enabled

for Si-based PICs in NIR and MIR ranges.

7.2 Future Directions

7.2.1 APD on GOI Platforms

To further enhance the optical responsivity for a Ge photodetector, the
demonstration of APD is one of the promising approaches. Especially
separated absorption and multiplication region avalanche photodiodes (SAM-
APDs) have taken much attention due to low noise and high gain-bandwidth

products. A proposed structure for SAM-APDs on a GOl platform is shown in
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Figure 84. central region and side-ring structures serve as the absorption and
multiplication regions, respectively. The light is shone on a central region.
Photoexcited holes are transferred to a multiplication region and they are
amplificated. The proposed APD structure on a GOI platform could benefit
from low dark current density and low dark current count for single-photon

avalanche photodiodes.

Absorption Region

Multiplication Region

Figure 84. The 3D schematic image of APD on the GOl platform.
7.2.2 Tensile strained GeSn Photodetectors on the
GeSnOIl Platform

Recently, it has been reported strain engineering enabled realizing
ultra-low optical threshold lasing. Similarly, employing strain engineering to
GeSn photodetectors would be attractive for high performance GeSn
photodetectors. Because GeSn photodetectors with high Sn contents suffer
from a huge dark current, tensile-strained GeSn is desirable. Two following

approaches below can achieve strained GeSn photodetectors.
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First, a low Sn content film grown on a high Sn content film is prepared.
A tensile-strained GeSn film is transferred on insulator platforms via DWB and
layer transfer techniques. By removing high Sn content layers, the tensile
strained GeSn on an insulator layer can be released on insulators. The
tensile-strained GeSn can be fabricated into a waveguide photodetector, as
shown in Figure 85(a). The tensile-strained GeSn photodetector is expected

to show the extended cut-off wavelength due to bandgap shrinkable.

Second, employing SiN stressor on a GeSn waveguide can extend the
cut-off wavelength. As-grown GeSn on a Ge SRB layer suffers from
compressive strain. Although a GeSnOl platform contributes to strain-
relaxation, GeSn is still under compressive strain. The SiN stressor deposition
with self-aligned dry etching could potentially transit GeSn from compressive
to tensile strain [67]. The schematic image of the stressed-GeSn waveguide

is shown in Figure 85(b).

(a)

Tensile-strained
GeSn

(b) GeSn

Insulator
Si Sub,

Insulator

Figure 85. (a) The 3D schematic images of the tensile-strained GeSn on insulator and its
waveguide-shape photodetector. (b) The 3D schematic image of the tensile-strained GeSn
waveguide-shape photodetector on an insulator platform employed by a SiN stressor.
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