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Abstract

Photodiodes are being used in numerous applications nowadays. Depending on their use, photodiodes
require various designs and optimization goals. In my work, | focus on photodiode developments for silicon
photonics, integrated quantum optics, and microwave photonics. My work includes design, fabrication, and
characterization of different structures based on these applications’ requirements.

Starting with silicon photonics, | have developed a new die bonding process based on a very thin
adhesive layer (SU-8). This technique enabled designs to achieve high-performance waveguide photodiodes
on a silicon photonics platform. Using this technique, | developed record-high responsivity PIN photodiodes
on silicon nitride waveguides. By further optimizing the epitaxial layer structure, the bonding, and the
fabrication process, | was able to demonstrate a waveguide photodiode with 20 GHz bandwidth and even
higher responsivity. Low dark current and a record-high quantum efficiency were achieved in single and
balanced photodiodes. These photodiodes are promising candidates for high-speed SisNs4 photonic
integrated circuit applications.

For integrated quantum optics, | developed a novel segmented waveguide photodetector based on a
directional coupler design. By matching the imaginary parts of the propagation constants of the even and odd
modes in the design, an integrated optical detector with near-unity quantum efficiency is achieved. This work
represents a new approach for integrated photon number resolving (PNR) detectors.

Finally, bias-free photodiodes are required to reduce the power consumption and electrical cross-talk in
data center applications. | demonstrated a bias-free photodiode with 40 GHz bandwidth and a record-high

output power.
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Chapter 1. Introduction

Photodiodes, being a ubiquitous technology, are being used in numerous applications such as
optical communication systems, data centers, microwave photonics, and sensing [1.1-1.8]. The
function of a semiconductor photodiode is to convert optical signals into electrical signals [1.9-
1.12]. In digital optical networks, a high-bandwidth and a high-sensitivity photodiode is desirable
[1.13]. In analog optical links, photodiodes that can handle high power are required [1.14]. A
potential future application is quantum computing, in which it is crucial to have a high-quantum
efficiency photodiode [1.15]. The power efficiency is needed to be further improved in data centers
[1.16]. In silicon photonics, high-performance photodiodes are generally desired to move this
promising technology forward [1.17]. Not any photodiode can meet all the requirements for all the
applications at the same time, and hence, optimized designs are necessary depending on the various
applications.

My research centers around high-performance heterogeneously integrated photodetectors. In
my work, | developed a mature SU-8 wafer bonding process for heterogeneously integrated 111-V
photodiodes on silicon and silicon nitride platforms. | successfully designed, fabricated, and
characterized photodiodes on silicon nitride with record-high efficiency which can be applied in a
chip-scale frequency synthesizer [1.18]. | also designed and fabricated a novel segmented
waveguide photodetector with high quantum efficiency. This device can potentially be used as in
a novel photon number resolving (PNR) system [1.15]. In my work, | also demonstrated a zero-
bias photodetector with over 40 GHz bandwidth.

In this thesis, chapter 2 includes the fundamentals of photodiodes and describes figure of merits,
various photodiode structures, measurement setups, and fabrication processes. Chapter 3

demonstrates first-generation heterogeneously integrated photodiodes by using SU-8 as a bonding
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layer. My work verifies the feasibility that SU-8 can be used as a bonding medium for integration.
In chapter 4, 1 discuss the optimization of the bonding process for photonic integration in order to
achieve stable and thin bonding layers. Using the optimized process, chapter 5 describes
photodiodes on silicon nitride waveguides with record-high responsivities and high bandwidth.
Chapter 6 reports on the results of a novel segmented waveguide photodetector. Its near-unity
guantum efficiency makes the device a promising candidate for integrated optical detectors that
require very high efficiency. This chapter also includes the design of a segmented waveguide
photodetector based on avalanche photodiodes that has potential applications in photon number
resolving systems. Chapter 7 presents a bias-free photodiode with 40 GHz bandwidth achieving
record-high output power for photodiodes working at zero bias in this frequency. The dissertation
summary and future work are presented in chapter 8.
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Chapter 2. Photodiode fundamentals

The photodiode is a semiconductor device that converts an optical signal into an electrical
current. Typically, photodiodes are PN or PIN structures. When a photon with sufficient energy is
absorbed in the diode, an electron-hole pair will be generated. With the help of diffusion and/or
drift, holes and electrons will be separated to the anode and cathode, and thus a photocurrent is
produced. In this chapter, I will introduce fundamentals of photodiodes including figure of merits,

structures, measurement setups, and basic fabrication processes.

2. 1 Photodiode figure of merits

Dark current

Dark current is the electric current that flows through a photodiode when no photons enter the
device. Physically, the dark current is due to the random generation of electrons and holes and can
be distinguished between bulk and surface dark currents [2.1]. The bulk dark current mainly comes
from tunneling, generation-recombination, and diffusion currents [2.2-2.4]. For the surface dark
current, the dark current sources can be surface trap-assisted-tunneling, surface diffusion, and
surface generation-recombination currents [2.5-2.6]. Among them, trap-assisted-tunneling is
related to defects in the material. Therefore, a low dark current indicates good material quality
with fewer defects and low surface leakage and is desirable for improving the signal to noise ratio
and making the device less susceptible to thermal failure.

Responsivity and guantum efficiency

Responsivity is defined as the ratio of photo-generated photocurrent to the incident optical
power [2.7]. It can be expressed as

1 1 -1
__ ‘photo __ ltotal—!dark
R = 2oz = Jota (2-1)




where P represents the optical power, I, IS the photocurrent which can be derived as the

difference between total current and dark current. If the P represents the input optical power, the
responsivity is defined as external responsivity. If the P represents the optical power illuminated
onto the photodiode, the responsivity is defined as internal responsivity. As the photon energy is
related to the optical frequency, another parameter to quantify the efficiency of converting optical
power to electrical current is the quantum efficiency. Quantum efficiency can be defined as either
external or internal to the device as well. The internal quantum efficiency (IQE) is defined as the
number of generated electron-hole pairs to the number of absorbed photons in the device. For
external quantum efficiency (EQE), the number of photons refers to the incident beam external to

the device. It follows the definition:

_ Ne Ip-hv
Nexternal = N_ -
p

(2-2)

P-q

where h is the plank constant, v is the optical frequency and q is the charge of an electron, N, and
N, are the number of generated electrons and incident photons. According the definition of

responsivity, the external quantum efficiency can be expressed as:

hv

Nexternal = R 7 (2'3)

100% quantum efficiency corresponds to a responsivity of 1.25 A/W and 0.86 A/W at 1550 nm
and 1064 nm, respectively.
Bandwidth

The bandwidth is a parameter quantifying how fast a photodetector response to an optical
intensity modulation. Typically, 3-dB bandwidth is defined as the frequency at which the RF
power drops by 3 dB below the power at DC. If the device is much shorter than the electrical signal

wavelength, the photodetector can be treated as a lumped circuit element. Therefore, the



resistance-capacitance (RC)-time constant and carrier transit time are the two primary bandwidth

limitations for a photodetector. The bandwidth can be represented by the following equation:

1
fzap ® | (2-4)

_+_
2 2
fre Tt

where fz¢ and f; are the RC-limited and carrier transit time limited bandwidths, respectively.

R

[p <> Cpn:: an R,

Figure.2-1 Equivalent circuit of a photodiode.

Figure. 2-1 shows the equivalent circuit of a photodiode, where Cy,, Ry, Rs, Ry, represent the

junction capacitance, shunt resistance, series resistance, and load resistance. Then, the RC-limited

bandwidth can be expressed as:

1
ZﬂRtOthn

fre = (2-5)

As the shunt resistance is the photodiode junction resistance, it is typically very large (around
10 MQ for an InGaAs photodiode) and can be neglected. Here R;,; Stands for the resistance seen
by the junction capacitance which is equal to R; + R,. C,, is the junction capacitance of the
photodiode. For a photodiode with good ohmic contact, R typically is several Ohms. The external

load resistance R; normally is 50 Q which is much larger than R,. It can be seen that optimizing
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R;,: to achieve high bandwidth is difficult. In order to improve the RC-limited bandwidth,

reducing C,,, is more effective.

In eq. (2-4), f; can be derived as the following equation:

357
2tdgps

fo~ (2-6)

where ¥ and dg;, are the average carrier drift velocity and thickness of the i-layer for a PIN

structure. v can be calculated as:

_ 1 1
U= 4/2(E+E)_1 (2-7)

where v, and v, are the electron and hole velocities [2.8]. As C,,, < 1/dgps, a thick absorption
layer not only provides large responsivity and small junction capacitance but also reduces the
carrier transit time limited bandwidth. Consequently, there is a trade-off between these two
parameters here. In sum, designing a PIN photodiode with both high bandwidth and high
responsivity is challenging in a device where light absorption path and direction of carrier drift are
collinear.
RF Power

The RF output power refers to the AC power the photodiode delivers to the load. The
photocurrent of a photodiode can be divided into two parts:

Iph = IDC + IAC = Iavg(l + a - cos (27Tft)) (2'8)

where I, is the average DC photocurrent, a is the AC modulation depth on the optical signal

and f is the RF signal modulation frequency. By using a bias tee, the AC component can be
separated from the DC photocurrent and measured directly by a RF power meter. As shown in Fig.
2-2, the output RF power increases quadratically with increasing optical input power at low input

optical power as the dashed line shows in the figure. Since the vertical axial unit is dBm, the
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quadratic relation appears as a linear curve in the figure. The output RF power will start to deviate
from the quadratic trend when the input optical power increases to some level. The output power
at which it drops by 1 dB below the ideal power is called 1 dB saturation power. Many factors
contribute to this photodiode saturation behavior [2.9-2.10]. Among them, the space charge effect
is most important. In order to mitigate the space charge effect, different photodiode structures will

be introduced in next section.

Saturation point .

Output RF power (dBm)

Input optical power (mW)

Figure.2-2 Power transfer plot of a typical photodiode showing power compression.

Non-Linearity

The linearity describes the extent to which the output of a system follows linearly with its input
without distortion. Linearity performance of a photodiode is crucial to some applications such as
analog links, photonic analog-to digital conversion (ADC), and optoelectronic oscillators. Three
main physical mechanisms contribute to the linearity performance of a photodiode such as carrier
velocity modulation, nonlinear capacitance, and nonlinear responsivity [2.11-2.12].

Figure 2-3 (a) shows the fundamental, second, third, and fourth harmonic signals with a

single-tone input to the system. It can be seen that higher order harmonic signals are far away from



the fundamental signal, which can be easily filtered out and may not degrade the system
performance significantly. Figure 2-3 (b) shows the power spectrum when signals with two close
frequencies f1 and f2 are fed into the system. In the figure 2-3(b), the third-order intermodulation
(IMD3) signal lies close to the fundamental signal, which is hard to be filtered by follow-up circuit
and seriously degrade the system performance. Therefore, IMD3 power is a crucial parameter
when evaluating the device linearity performance. The output third order intercept point (OIP3) is
used as a figure of merit to quantify the photodiode linearity performance. The OIP3 is defined as
an extrapolation point where the output RF power of the fundamental tone meets the IMD3 power

as shown in figure 2-4.

Power (arb)

v

foo2f  3f

Frequency (Linear)

(a)
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Power (arb)

Frequency (Linear)

(b)

Figure.2-3 Plots of (a) power spectrum of fundamental, second, third and fourth harmonics signals in a single tone
system; (b) power spectrum of fundamental, second and third order intermodulation distortion signals in a two-tone

system.
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Figure.2-4 OIP3 definition.
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2. 2 Photodiode structures

Various photodiode structures have been developed to improve the responsivity, bandwidth,
and saturation power of photodiodes. The designs include the PIN structure, uni-traveling carrier
(UTC) photodiode, and the modified uni-traveling photodiode (MUTC).

The PIN structure is the simplest design of a photodiode with an intrinsic layer as the absorber
as shown in figure 2-5. The photo-generated holes and electrons move to anode and cathode with
the help of an electrical field in the intrinsic layer. Both electrons and holes travels inside the device
and hole mobility is usually low which leads to lower hole drift velocities. Table 2-1 summarizes
carrier mobilities of several materials used in this dissertation. The carrier transit time is mainly
limited by hole velocity. According to eq. (2-6) and eq. (2-7), the transit time-limited bandwidth
is dominated by the hole velocity for a given thickness of the depletion region. Moreover, there is
a trade-off between high responsivity and low bandwidth due to longer carrier transit times in thick
absorbers as discussed before.

In terms of the power handling capabilities of photodiodes, the saturation power of PIN
photodiodes tends to be low. Figure 2-6 shows the carrier distributions and electrical field profiles
in the depletion region both in dark and under light illumination. The orange lines in the plots
correspond to the electrical field profile under dark condition. For a PIN structure, an imbalanced
carrier distribution in the intrinsic region is caused by different carrier velocities of electrons and
holes. As electrons move faster than holes, the field collapses near the N-side. When the field drops
to the point that carriers cannot maintain their saturation velocity, the bandwidth decreases and the
output power becomes saturated. Therefore, the space charge effect originating from the slow holes

limits the PIN structure’s bandwidth and saturation power.
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P-InP b nGaAs

P-InP PP pinGaAs .
| " absorber v absorber
n-!nP ' n*—}InP n-InP
InGaAs
absorber
4 # /
7 / /
P-InGaAs P-InGaAs  InGaAs
P-InGaAs intrinsic
PIN uTC MUTC
Figure.2-5 InP/InGaAs photodiodes with PIN, UTC, and MUTC structures.
Material Electron mobility (m?/V-s) Hole mobility (m?/V-s)
Si 0.14 0.05
InP 0.46 0.015
InGaAs 1 0.3

Table. 2-1 Electron and hole mobilities.

By limiting the optical absorption to P-type doped layers, the UTC structure has achieved

higher bandwidths than the PIN structure. Here, the holes generated in the P-type absorber are

collected very quickly within the dielectric relaxation time as they are the majority carriers. The

electrons generated in the absorber will diffuse into the depletion region. The fast electrons are the

only carrier traveling through the depletion region. For an InP/InGaAs-based photodiode, a typical

UTC structure is shown in figure 2-5. The depletion region is chosen to be InP instead of InGaAs

because InP is transparent in the telecommunication wavelength range and the electron saturation

velocity in InP is higher than it is in InGaAs [2.13-2.14]. Moreover, the large-bandgap material

InP also helps reducing the dark current. A UTC photodiode with 220 GHz has been demonstrated

in ref [2.15]. One remaining issue for the UTC PD is the trade-off between high responsivity and
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high bandwidth. A high responsivity requires a thick absorber which in turn, significantly reduces
the bandwidth due to the slow diffusion of electrons.

In order to further improve the responsivity, a depleted absorber is added to the UTC to form
a MUTC as shown in figure 2-5. In the MUTC PD, the space charge effect in the intrinsic InGaAs
layer is not significant as long as this layer is thin. This additional depleted absorber is also
beneficial to increasing the RC-limited bandwidth since it reduces the junction capacitance. Hence,
this design has the potential to simultaneously increase responsivity and bandwidth while
preserving high output RF power if all layers are designed carefully. Since the MUTC has more
design parameters than PIN and UTC, and the depleted absorber and drift layer can be adjusted

separately, it can be better optimized towards specific application requirements.

I |
| |

X

p
| o
— ‘

|
= 57 I me

Fig. 2-6 Carrier distributions and electrical fields in depleted regions of PIN, UTC, and MUTC PDs.

2. 3 Photodetector characterization techniques

Current-voltage (I-V) and Capacitance-Voltage (C-V) measurements

In this work I used the HP4145B semiconductor parameter analyzer and on-wafer probe station

to measure the photodiode’s current-voltage (I-V) characteristics. The analyzer measures the
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current while scanning the bias. Typically, dark currents were in the range of 10 nA to 1 wA under
5V reverse bias for InP/InGaAs-based photodiodes. Moreover, a low series resistance is indicated
if the current under forward bias is large. Typically, a photodiode with low resistance can achieve
around 1 mA under 0.5 V forward bias. However, this measurement can only reflect whether the
resistance is low or not but cannot quantify how much it is. This is because the photodiode is
working under reverse bias, which is different from the measurement under forward bias.

| used a HP4275A LCR meter with the same probe station for capacitance-voltage (C-V)
measurements by sweeping the bias and measuring the capacitance of the device.

RF response measurement

RF response measurements are carried out using several experimental setups that are described
in the following section. This measurement records the output RF power of a photodiode for a
modulated input optical signal at different RF frequencies. Therefore, one crucial part is to generate
a calibrated modulated optical signal. In my work, the RF-modulated optical signal is generated
either by a heterodyne setup with two lasers, or an optical modulator.

Optical heterodyning is a powerful method due to its wide modulation range. The setup is
shown in figure 2-7. It includes two lasers with slightly different wavelength outputs that are
superimposed to generate a beat signal. By adjusting one of the laser’s wavelength, the modulation
frequency can be tuned over a wide range. The optical signal is split into two branches. One branch
is used for monitoring the beat frequency. For beat frequencies less than 50 GHz, | used a
commercial photodetector followed by an electrical spectrum analyzer (ESA). For beat frequencies
higher than 50 GHz (wavelength difference is larger than 0.4 nm), the beat frequency can be
calculated by the wavelength difference measured by a wavelength meter. The other branch of the

optical signal is amplified by an erbium-doped fiber amplifier (EDFA) and the output power is
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adjusted by an optical digital attenuator before reaching the device under test (DUT). With the
help of a bias tee, the RF power is read out through an RF power meter. One advantage of the
heterodyne setup is that it can reach 100% modulation depth by adjusting the powers and
polarizations of lasers | and Il. Optical signals with 100% modulation depth are also helpful for

measuring the saturation performance of photodiode as it offers large-signal input optical power.

Commercial PD

3 dB coupler ‘

LaserI

Polarization controller

il 3 dB coupler L
Laser II EDFA Attenuator

Probe

Bias tee
RF Power meter :

Current meter

Fig. 2-7 Heterodyne setup for characterizing photodiode bandwidth.

Photodetector bandwidth can also be measured by using an optical modulator as shown in
figure 2-8. The CW optical signal coming from the laser is modulated by a commercial optical
intensity modulator driven by a signal generator. This method is somewhat simpler compared to
the heterodyne setup but the modulator frequency response needs to be calibrated in order to de-

embed its influence on the measured bandwidth. This setup has a clean electrical signal spectrum
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on the ESA, which makes it, together with the low noise floor of the ESA, an ideal measurement

for small-signal response.

Laser Optical modulator

ESA

Current meter

Fig. 2-8 Setup for characterizing photodiode bandwidth with an optical modulator.

Non-linearity measurement

In order to characterize the OIP3, it is necessary to measure the fundamental signal and IMD3.
Figure 2-9 shows the setup for a three-tone OIP3 measurement setup. Three lasers are intensity-
modulated by three Mach-Zehnder modulators (MZM) with close modulation frequencies f;, f>
and f5. These three signals are combined by optical couplers and amplified by an EDFA before
being detected by the photodiode. During the measurement, the signals at f;, f, and f5 should be
kept at the same power level. The OIP3 is read for the tones at frequency f,+ fo —fz. fi— fo +
fz and —f; + f, + f3. Therefore, the fundamental frequencies should be chosen carefully to avoid

the situation that any IMD frequencies coincide with fundamental frequency and other IMD
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frequencies. The OIP3 can be calculated by measuring the IMD3 power at different power levels

of the fundamental frequency. The intercept point can be calculated by linear extrapolation as

shown in figure 2-4.

Laser I Polarization
i controller  Optical modulator I
(LX) ——
M —
II
f[j;;jy ® Signal generator I
ST Polarization
controller

Polarization
Laser II Cm)

controller Optical modulator II

Signal generator II} Signal generator

Bt

3 dB coupler

Polarization
controller  Optical modulator IIT

Current meter

Fig. 2-9 A three-tone setup for characterizing photodiode nonlinearity.

2. 3 Photodiode fabrication process

Metal deposition

Metal deposition is a crucial process as it helps achieving good ohmic contact resulting in low
series resistance. An electron beam (E-beam) evaporator is used for this process. Metal patterns

are defined by photolithography and a lift-off process. In my process, Ti/Pt/Au are deposited on
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heavily P-type doped InP to achieve good ohmic contacts. Their thicknesses are 20 nm, 30 nm,

and 50 nm. For the N-contact, typically AuGe/Ni/Au are chosen with 30 nm, 20 nm and 80 nm.
Mesa etching
During the fabrication process, most of the I11-V material needs to be etched away to form the

device mesa. Both wet and dry etch can be used. Both of them are widely used and have their own

pros and cons. This will be addressed in chapter 4.

InP InGaAs InAlGaAs InGaAsP Si0, Si:N,

HCLH,0 Etch Stop Selectively etch Selectively etch Stop Stop
HCIL:H,PO, Etch Stop Selectively etch Selectively etch Stop Stop
H,S0,:H,0,:H,0 Stop Etch Selectively etch Selectively etch Stop Stop
H;PO,:H,0,:H,0 Stop Etch Selectively etch Selectively etch Stop Stop
HF:H,0 Stop Stop Stop Stop Etch Etch

Table. 2-2 Wet chemical etchants used in this dissertation.

For wet etch, different etchants work for different materials. The selectivity of the etchants
used in this dissertation are summarized in table 2-2. From the table, it can be seen that some of
the wet etchants have etching selectivity. This property can be used to control mesa etching
precisely when etch stop layers are used. In addition, wet etch also produces smoother sidewalls
and lower leakage current. However, due to its isotropic nature, wet etch may cause lateral
undercuts during the process. This can be a problem for small-sized devices with diameters < 10
pm.

Another etching method with improved pattern transfer is dry etching which is carried out by
an Oxford RIE-ICP system. The recipe | used is Clz: N at around 50 °C under 4 mTorr pressure.
The etch rates of this recipe are 90 nm/min for InP, 130 nm/min for InGaAs and 25 nm/min for
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SiO». The difference in etching rates makes it possible to use silica as a hard mask to protect the
regions that are not desired to be etched. Dry etching provides a more accurate pattern transfer
from the mask into the material. However, it tends to lead to a higher surface leakage current due
to surface damage. In practice, a combination of dry and wet etching can be used to mitigate each
of its shortcomings.

SiO2 deposition

As mentioned before, silica can be used as a hard mask. In our lab, SiO> can be deposited by
two methods. One is plasma enhanced chemical vapor deposition (PECVD) with SiH4 (400 sccm)
and N2O (105 sccm) gas mixture at 280 °C. The deposition rate is around 12 nm/min. This hard
mask can be etched away by buffered oxide etchant (BOE) or in the Oxford dry etching machine
with Oz (60 sccm):CF4 (2 sccm) gas mixture at room temperature. Moreover, the SiO deposited
by PECVD also can be used for sidewall passivation to reduce surface leakage current. Another
method is turbo sputtering. However, this deposited silica cannot be used for sidewall passivation
due to violent ion bombardment during the process. However, sputtering is a low-temperature
process and it is suitable for devices that cannot survive high temperatures. These two kinds of

deposited SiO2 have similar etch rates in when using the Oxford dry etching recipe.

Gold plating

Electro-plating is used to build air-bridges and contact pads in the process. Five steps are
involved in the process. First, the pad area and top contact part in the mesa are defined by
photolithography. Secondly, a seed layer (Ti/Au) is deposited on the devices. Then another round
of photolithography is needed to define the air-bridge and contact pads. Afterwards, plating the
sample in plating solution until the gold thickness reaches around 2 um. Finally, remove the top

layer of photoresist by O2 plasma and etch away Au seed layer by Au etchant. Then soak the
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sample in acetone and lift-off the metal not in the areas of the pads, air-bridges and contacts in

ultra-sonic bath.

2.4 Summary

This chapter introduces the figure of merits of photodiodes and describes different photodiode

structures. The experimental setups for characterizing the performance of photodiodes in this

dissertation are discussed. Finally, critical steps of the photodiode fabrication process are also

introduced. These fabrication methods will be modified and adjusted accordingly depending on

the different photodiode structures in this dissertation and will be described in the following

chapters.
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Chapter 3. High-performance 111-V photodiodes on
silicon

3.1. Introduction

Silicon photonics is a promising platform to integrate low-cost and high-performance passive
photonic components for data centers and many other applications. However, since silicon is an
indirect bandgap material and transparent at telecom wavelengths, active optical silicon
components are not available. In order to achieve high-performance active optical components in
silicon photonics, heterogeneous integration is a promising technology. For the integration of group
I11-V photodiodes on silicon, various integration approaches have been reported, including adhesive
wafer bonding [3.1], direct molecular wafer bonding [3.2], and direct 111-V material growth on Si
[3.3]. Among the bonding techniques, SU-8 bonding is attractive since it requires a low-temperature
process and can tolerate a considerable amount of surface roughness. SU-8 is a high contrast, epoxy-
based common photoresist, which is transparent from 400 nm up to 1600 nm. In my work, | use
SU-8 as the adhesive layer between the 111-V die and the silicon substrate.

Previously, Ye Wang, in collaboration with Linli Xie and Souheil Nadri from Prof. Weikle’s
group successfully proved the feasibility of bonding an I11-V PD die on silicon with a 1.4 um-thick
layer of SU-8. They successfully fabricated a single mesa PD with reasonable dark current. This
result indicated that high material quality can be maintained during the heterogeneous integration
by SU-8. However, whether such bonding mechanism can yield high-performance PDs using an
established fabrication process for a double-mesa photodiode with coplanar waveguide was still
questionable at the time. Moreover, the thickness of the SU-8 was 1.4 um in the previous process.

This large thickness of the SU-8 poses an issue for evanescently-coupled waveguide PDs suitable
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for photonic integration as optical coupling from a waveguide into the active region of a PD through

the 1.4 um-thick low-index SU-8 layer is very inefficient. As will be discussed in chapter 4, a thin

SU-8 bonding layer is desired for waveguide photodiodes.

In this chapter, I demonstrate back-illuminated high-power modified uni-traveling carrier

photodiodes on silicon by using SU-8 as a bonding layer for the first time. In my work, SU-8 6000.5

was adopted to reduce the SU-8 thickness to 250 nm. The developed fabrication process is similar

to the one for PDs on native substrate which demonstrates that such integration is feasible for PDs

for high power applications on Si.

3.2 PDs on silicon

InGaAs, n+, Si, 1x10%,20nm
InP, n+, Si, 1x10'°,900nm
InP, n+, Si, 1x10'%,100nm

InP, Si, 1x10%6,950nm
InP, Si, 1.4x10'7,50nm
InGaAsP,Q1.1, Zn, 2x10'8,15nm
InGaAsP,Q1.4, Zn, 1.5x10'%,15nm
InGaAs, Si, 1x10'¢,150nm
InGaAs, p+, Zn, 5x10Y7,250nm
InGaAs, p+, Zn, 8x10Y7,200nm
InGaAs, p+, Zn, 1.2x10'¢,150nm
InGaAs, p+, Zn, 2x10%%,100nm
InGaAsP,Q1.1, Zn, 2x10'%,15nm
InGaAsP,Q1.4, Zn, 1.5x10%8,15nm

Silicon Substrate

(a)

» P contact layer
sus

Silicon substrate

(c) (d)

Fig. 3-1 (a) Epitaxy layer structure; (b) schematic view of back-illuminated PD with ground-signal-ground (GSG) microwave pad; (c)

SEM cross-sectional image; (d) top-view of fabricated PD.
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For my work | adopted the MUTC-4 epitaxial layer structure, which previously has been shown
to have high-power performance [3.4]. Figure 3-1 (a) shows the layer structure of the modified uni-
traveling carrier photodiode bonded onto silicon after substrate removal. The I1I-V epitaxial
structure was grown on InP by metal organic chemical vapor deposition (MOCVD) and consists of
a 700 nm graded doped P-type InGaAs absorber, a 150 nm depleted InGaAs absorber and a 950 nm
InP drift layer. The quaternary InGaAsP layers were designed to reduce the bandgap discontinuity
at the heterojunction interface between the InP and InGaAs layers [3.4]. The die bonding process
is based on the process in [3.6] and is summarized in appendix I. It includes SU-8 spin coating, soft
bake at 110°C, UV exposure followed by a 40-minute outgas, and curing at 130°C under 10 Psi for
30 min in the bonding machine shown in Fig. 3-2. The final adhesive layer of SU-8 was
approximately 250 nm thick (figure. 3-1c). After using hydrochloric acid to selectively etch the InP
substrate, | fabricated double-mesa photodiodes using conventional wet and dry etching techniques.
Microwave probe pads were deposited on SU-8 and connected to the PD n-contacts through air-
bridges (figure. 3-1(b) and (d)). The fabrication process is similar to the fabrication process of
MUTC PDs on native substrate. The only difference is that the SiO> hard mask was deposited using
RF sputtering instead of using PECVD. This is because the PECVD process requires a temperature

of 285 °C, which is higher than the degradation temperature (200 °C) of SU-8.
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Photocurrent (A)

Fig. 3-2 UVA wafer bonder. Left: bonding chamber, right: control panel).
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Fig. 3-3 Measured dark currents for different diameter PDs.
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Fig. 3-4 Measured responsivity (red line), quantum efficiency (blue line) and simulated quantum efficiency

versus different wavelength.

As shown in Fig. 3-3, around 5 pA dark current was achieved for different-sized photodiodes.
Using a fiber collimator for back-illumination through the silicon substrate | measured a
responsivity of 0.49 A/W at 1550 nm wavelength with sputtering SiO> as anti-reflection (AR)
coating. A responsivity of 0.7 A/W can be achieved at 1550 nm for the same epitaxial layer structure
on native substrate with AR coating. One of the possible reasons for the lower responsivity is that
the 50 nm-thick InGaAs P-contact layer at the bottom absorbs around 5% of the input light but will
not fully contribute to the photocurrent because of the band discontinuity and carrier recombination
due to the high doping level between InP and InGaAs. Another reason is that the responsivity is
wavelength dependent. During the responsivity measurement, | found that there is wavelength
dependence on responsivity for this bonded device. This dependence has not been seen in

photodiodes with identical layer stack on native substrate. In the measurement, 0.8 A/W
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responsivity at 1620 nm was achieved. The quantum efficiency is 61%, which is larger than the 56
% quantum efficiency measured from photodiodes grown on native substrate. As the absorption
coefficient in InGaAs is even smaller at longer wavelength, it can be concluded that there is a
responsivity enhancement effect in this heterogeneously integrated photodiode.

By using a general transform-matrix for optical multilayer system [3.5], it can be calculated that
this responsivity dependence on wavelength is caused by the resonant cavity formed by the silicon
(n = 3.48), SU-8 (n = 1.57) and the 111-V layers (InP: n = 3.16; InGaAs: n = 3.56) which promotes
the generation of a standing wave. As a result, this resonant cavity enhances the responsivity at
some definite wavelengths and reduces it at others. To show this, | tuned the input laser wavelength
and measured the responsivity that is shown in the Fig. 3-4. The quantum efficiency is also
calculated and is shown in the plot as blue dotted curve. The dashed line shows the simulated
quantum efficiency by transfer-matrix method. It can be seen that the measured result agrees well
with the simulation. The wavelength shift is caused by SU-8 thickness variations and some
uncertainty in the photodiode layer thicknesses. By adjusting the layer thicknesses and the SU-8
thickness, the resonance can be tuned to shorter wavelength and will further improve the
responsivity at 1550 nm.

The PDs’ frequency responses are shown in fig. 3-5 (a) and were obtained under large-signal
modulation using an optical heterodyne setup at 1550 nm wavelength. At 8 V reverse bias and
10 mA, | measured bandwidths of 18 GHz and 11 GHz for a 10 um and 20 um diameter PD,
respectively. The frequency responses of the 20 pum diameter PD under different average
photocurrents are shown figure. 3-5 (b). | observed a bandwidth enhancement effect from 5 GHz to
11 GHz when the photocurrent increases from 1 mA to 20 mA which can be attributed to the self-

induced field in the un-depleted absorber [3.7].
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RF output power and compression were measured at a fixed beat frequency and different reverse
voltages (figure. 3-6). For the 20-um and 10-um diameter PDs, we recorded RF output power levels
at the 3 dB cut-off frequencies as high as 5.8 dBm and 3.9 dBm, respectively. For the 10 um PD,
the saturation currents at 1 dB compression were 12 mA, 10 mAand 7.5 mAat8V,6 Vand 4V,
respectively. The saturation current reached 20 mA at 8 V for the 20 um diameter PD. It should be
mentioned that no thermal device failure was observed during these measurements.

To characterize photodiode linearity, | used an optical three-tone setup with each laser modulated
by a Mach-Zehnder modulator as discussed in chapter 2. | determined the equivalent two-tone
output third order intercept point (OIP3) from the measured intermodulation distortions (IMD3) as
mentioned in chapter 2 [3.8]. At 15 mA, the OIP3 reached 28.5 dBm and 22.5 dBm at 1 GHz and
9 GHz, respectively (figure. 3-7 (a)). The OIP3 versus photocurrent for a 20-um diameter PD is
summarized in figure. 3-7 (b). Consistent with previous measurements from uni-traveling carrier

type PDs we found that the OIP3 increases with higher photocurrents [3.9].
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3.3 Summary

InP-based modified uni-traveling carrier photodiodes heterogeneously integrated on silicon
substrate using a low-temperature SU-8 bonding process are demonstrated in this chapter. The
photodiodes reach bandwidths up to 18 GHz, large saturation currents up to 20 mA, and an OIP3
as high as 28.5 dBm at 1 GHz. The measured RF output power levels of 5.8 dBm at 9 GHz and 4
dBm at 18 GHz compare favorably to published results from top-illuminated uni-traveling carrier
type germanium PDs on Si (3.7 dBm at 3 GHz, [3.10]) and I11-V PDs that were directly grown on
Si (-3.4 dBm at 8 GHz, [3.3]). An RCE effect was also noticed with 0.8 A/W at 1620 nm. This
responsivity enhancement can be further used to improve photodiode’s responsivity.

In my work, the thickness of the SU-8 bonding layer has been successfully thinned from 1.4 um
to 250 nm, which represents an important step towards heterogenous waveguide photodiode that

are described in chapter 4.
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Chapter 4. Development of wafer bonding technique

4.1 Introduction

In chapter 3, the feasibility of integrating I11-V epi on silicon by SU-8 has been verified. As
mentioned in chapter 3, the SU-8 thickness is crucial for optical coupling in waveguide
photodiodes. However, at the time, the thinnest SU-8 thickness produced so far in our group was
around 250 nm. Thus, the bonding process still needs to be optimized for high efficiency photonic
integration applications. It should be mentioned that another research group at Ghent University
previously demonstrated a bonding layer of benzocyclobutene (BCB) with 45 nm thickness [4.1].
In this chapter, the process development of SU-8 bonding layers with thickness below 100 nm will

be discussed.

4.2 Why thin SU-8

Fig. 4-1 PIN photodiode cross section (left) and side view (right) used in optical simulations on silicon nitride

platform for SU-8 thickness investigation.

In heterogeneously integrated waveguide photodiodes, the SU-8 bonding layer is located
between the waveguide and the active photodiode layers as shown in Fig.4-1. In the following

chapters | will discuss photodiodes on the silicon nitride platform. To this end, | simulated
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photodiodes on silicon nitride waveguides to evaluate what maximum thickness of SU-8 layer can
be tolerated. Silicon nitride waveguides have been demonstrated with low loss and the possibility
for integration with a photodiode [4.2-4.3]. Starting with a simple structure (a PIN photodiode) on
silicon nitride as shown in figure 4-1, the quantum efficiency for this structure is simulated in Fig.
4-2 by scanning different SU-8 thickness in Rsoft. The photodiode’s dimensions are 10 um wide
and 20 um long. In Fig. 4-2, it can be seen that once the thickness of SU-8 is larger than 200 nm,
the quantum efficiency will be below 60%. Therefore, it is crucial to make the thickness of SU-8

layer below 150 nm in order to achieve a high QE photodiode.
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Fig. 4-2 Simulated quantum efficiency vs. SU-8 thickness for a 10 x 30 um?2 PD.
4.3 SU-8 thickness

In the bonding process, SU-8 is spin coated on the sample. The thickness of the SU-8 is
dependent on many factors, which can be derived as : [4.4]

h=(1-24). (3'"_"”)1/3 (4-1)

Pao 2:p 0 w?

37


https://www.sciencedirect.com/science/book/9780128158845

where h is the thickness, p, is the density of volatile liquid, p,, is the density of volatile liquid at
the beginning, n is viscosity of solution, m is rate of evaporation and w is angular speed. From this
equation, it can be seen that a higher spin speed and a lower viscosity of the solution lead to a
thinner layer of SU-8 during spin coating.

Figure 4-3 shows a spin curve for an example of SU-8 6000.5 solution. It predicts how spin
speed changes spin coating thickness. However, the spin speed already reached 9000 rpm in our
previous recipe as described in appendix I. This is close to the maximum spin speed for our spin
coating machine (10000 rpm). Therefore, reducing SU-8 viscosity is an option to further reduce

SU-8 thickness.
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Fig. 4-3 Spin curve for an example solution of SU-8 6000.5.
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Fig. 4-4 SU-8 molecule.

SU-8 as shown in Fig. 4-4 is a widely used epoxy-based negative photoresist and commonly
diluted by gamma-butyrolactone or cyclopentanone. In order to reduce viscosity of SU-8, diluting
SU-8 by cyclopentanone is tried here. Table 4-1 summarizes known SU-8 thicknesses with
different concentrations of SU-8 by cyclopentanone diluting. It can be seen that diluting SU-8

makes thinner spin coatings possible.

SU-8 type 2010 2005 2002 2000.5
SU-8 concentration 58% 45% 29% 14.3%
SU-8 thickness (3000 rpm) 7 um 5um 2 um 500 nm

Table 4-1 SU-8 thicknesses with different SU-8 2000 concentrations.

However, it has not been reported yet that chemically and physically stable SU-8 with
thicknesses below 100 nm for wafer bonding has been achieved. | further diluted SU-8 with
cyclopentanone with ratios: 1:1, 1:2 and 1:3 to investigate spin coating thickness of the diluted
SU-8. I spin coated SU-8 with various dilution ratios on silicon for test and then deposited metal
on the top by E-beam. The cleaning and bake processes are identical to the ones described in
appendix Il. The samples were then put into SEM to verify the thickness variation. Depositing
metal on the top of SU-8 is helpful to obtain high contrast images in the SEM. The sample’s cross-

section can be seen in figure 4-4. SEM pictures for these three samples are all shown in figure 4-5.
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Au

Figure 4-4 Samples’ structure for SU-8 thickness investigation.

EHT = 3.00 kV Signal A = InLens Date :1 Mar 2018
WD = 52mm Photo No. = 8347 Time :13:43:48

WD = 49 mm Photo No. = 8350 Time :14:05:31

20 nm EHT = 3.00kV Signal A = InLens Date :1 Mar 2018 ﬁ
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20 nm EHT = 3.00kV Signal A = InLens Date :1 Mar 2018
H WD = 3.9mm Photo No. = 8352 Time :14:21:29

Figure 4-5 SEM pictures of the three samples shown in Table 4-2.

SU-8: cyclopentanone 1:1(SU-8 1) 1:2 (SU-8_2) 1:3 (SU-8_3)

SU-8 thickness (nm) 65 56 26

Table 4-2 SU-8 thicknesses for different diluted SU-8 samples.

From the SEM results, it can be concluded that diluting SU-8 by cyclopentanone is able to
provide SU-8 layers below 30 nm. It should be mentioned that the process that was used for the
test sample is different from the real bonding process. In the bonding process, the 111-V die should
be bonded on silicon after UV exposure. In the test process, however, the samples were put into
the E-beam chamber for air-evacuation overnight after UV exposure. Therefore, these test sample
have a much longer outgassing time than the real bonded samples. While a change in SU-8
thickness can be expected due to extended outgassing time, the results are still valid to prove
whether further diluted SU-8 can lead to a relatively thinner SU-8.

Following the bonding recipe in Appendix Il, I first bonded a I11-V epi on silicon with SU-8 1
(Table 4-2) at 9000 rpm as shown in Fig. 4-6. It can be seen that the SU-8 1 thickness is around
100 nm which is 35-nm thicker than the previous test sample with metal deposited on the top. This

can be explained by the fact that the solvent is not totally evaporated in the bonding process. This
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also suggests that increasing outgassing time in the bonding process may lead to a more solid SU-

8.

SU-8

silicon die

III-V die

EHT = 3.00 kV Signal A = SE2 Date :5 Mar 2018
WD = 6.5mm Photo No. = 8368 Time :16:20:15

Figure 4-6 Image of SU-8_1 bonding sample (top) and its SEM pictures (bottom).

In order to further verify the thickness of the SU-8, an energy dispersive X-ray (EDX)
spectroscopy was used in the SEM. SEM-EDX is an analytical technique used for elemental
analysis of a sample. It relies on an interaction of X-ray excitation and asample. Its

characterization capabilities are due in large part to the fundamental principle that each element
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has a unique atomic structure allowing a unique set of peaks on its electromagnetic emission
spectrum. The EDX result is shown in figure 4-7. Silicon atoms (red dots) and carbon atoms (green
dots) were scanned in the SEM. In Fig. 4-7, the bottom figure is the identical SEM image as the
top one but showing the mapping of silicon and carbon atoms. As carbon should only exist in SU-
8 for this sample and silicon should be all in the carrier, the SU-8 thickness is verified to be around

88 nm This will be sufficient for high efficiency waveguide PDs.

det | m;)";e HV spot WD HFW V mag X +—— 500 nm
ETD SE 10.00kv | 4.0 | 9.8 mm | 1.59 pm | 80 000 x University of Virginia
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Figure 4-7 SEM-EDX picture of SU-8 1 bonding result at 9000 rpm. The top figure indicates the thickness

while the bottom figure includes carbon and silicon atoms mapping.
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Figure 4-8 Image and SEM of SU-8_3 bonding result for 9000 rpm.

By using a similar bonding process as described in Appendix 11, SU-8_3 was also spin coated

on a silicon sample and bonded with I11-V. The SU-8 thickness was 23 nm as shown in Fig. 4-8.

4.4 Summary

In this chapter, | developed a new bonding process based on very thin SU-8. Optimization of
the bonding process includes bake time, bake temperature, UV exposure time, and outgassing time.
Details can be found in appendices Il and I11. I successfully demonstrated thin bonding layers by
using cyclopentanone for dilution. Two recipes have been verified to achieve 88 nm and 23 nm

SU-8. These techniques will be used in the next chapter for heterogenous waveguide photodiodes.
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Chapter 5. Heterogeneously integrated waveguide

photodiodes on silicon nitride platform

5. 1 Introduction

Photonic integration has been proven to enable an increasing number of applications in
telecommunications [5.1], bio sensing [5.2], quantum information science [5.3], and microwave
photonics [5.4]. As a complementary platform to silicon-on-insulator and InP-based photonic
integrated circuits, the silicon nitride (SizN4) photonic platform has attracted wide attentions in
recent years due to its unique optical properties that are difficult to achieve in other material
systems [5.5]. First, SisN4 strip waveguides have demonstrated high power handling properties
and a propagation loss below 0.1 dB/cm [5.5-5.6], even with very small bend radius [5.7]. Two
photon absorption in the telecommunication band is virtually zero because of the large bandgap of
SiaN4 (5.3 eV). Second, using SisNs waveguides, there have been numerous demonstrations of
frequency comb generation [5.8-5.9], supercontinuum generation [5.10-5.11], and wavelength
conversion [5.12]. Moreover, the fact that the transparency window of the SizN4 platform ranges
from visible to mid-infrared wavelengths makes it possible to generate an octave-spanning

frequency comb, which is a crucial component in a chip-scale optical synthesizer [5.13].

To date, devices for efficient on-chip light generation, amplification, and detection continue to
be dominated by group I11-V semiconductors. While the SizN4 platform lacks monolithic active
devices, heterogeneously integrated I11-V components have the potential to complement the
platform and enhance functionality. For optical detectors, only few heterogeneous photodetectors

on Si3sN4 waveguides have been published to date, and are summarized in Table 5-1.
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Detector structure Measured external Bandwidth Dark Ref.
responsivity (A/W) (GHz) Current

h-BN/MoS2/graphene 0.24 28 <10nAatl0V 5.14

InGaAsP/InP MUTC 0.15 35 lpAatlVv 5.15

InGaAs/InP PIN 0.36 30 650 pAat 2 V 5.6

InGaAs/InP PIN (0.68*) 25 2nAat4Vv 5.16

Table 5-1 Optical detectors on SisN4 waveguide at 1550 nm wavelength reported in the literature. (*): Estimated

internal responsivity.

In this chapter, I will first introduce a heterogeneously integrated InGaAs/InP PIN photodiode
on silicon nitride waveguide. The photodiodes are designed for a chip-scale optical synthesizer as
shown in figure 5-1 [5.13]. In the system, photodiodes on silicon nitride waveguide with high
responsivity and 15 GHz bandwidth are required to detect weak signals from an optical comb and
second harmonic generator (SHG). Based on these PIN photodiode results, | optimized the bonding
process and the photodiode structure and finally achieved higher responsivity and higher

bandwidth with MUTC photodiodes.
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Fig. 5-1 Frequency synthesizer system design.
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5. 2 PIN photodiode design

The Si3N4 strip waveguides were deposited by our collaborator Ligentec using low pressure
chemical vapor deposition (LPCVD) with a thickness of 400 nm and widths of 1, 2 and 4 um. The
thicknesses of the top and lower SiO; claddings were 3 um and 4 um, respectively. The 3 pm top
cladding is too thick to achieve efficient coupling. For bonding the InGaAs/InP photodiode
material, the top SiO- cladding was selectively reduced to around 80 nm in an area of 6.5 x 5.5 mm?
which defined the bonding window. Schematic cross sections and an illustration of the chip are
shown in Figs. 5-2 and Fig. 5-3. The PD structure was grown on a 2" InP wafer and included a 200
nm-thick P-doped InP contact layer, a 1250 nm-thick InGaAs absorption layer, and a 600 nm-thick
N-doped InP contact layer as shown in figure 5-4. Low-temperature adhesive bonding described
in last chapter was used to attach the 5 x 4 mm? die with the epitaxial photodiode layer stack in the
bonding window (Fig. 5-5(a) and (b)). The thickness of the SU-8 (refractive index: 1.57 at 1550 nm)
bonding layer was expected around 100 nm resulting in 180 nm distance between SizN4 waveguide
and photodiode layers. After InP substrate removal by hydrochloric acid, | used conventional wet
etching techniques to fabricate double mesa single and balanced photodiodes. Microwave probe
pads were deposited on SiO2 and connected to the PD contact metals through air-bridges. An image

of the fabricated chip is shown in Fig. 5-5 (c).
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80 nm upper cladding

N-metal _,
SuU-8

Fig. 5-2 Schematics of (a) SisN4 waveguide, (b) SisN4 waveguide with reduced top cladding, and (c) integrated

photodiode.

Balanced PDs

Single PDs 1 .
Bonding window

CPW pads
Si;N, WG
SiO, Cladding

Fig. 5-3 Schematic overview of the chip.

50



P (Zn: 2x10'%); InP 200 nm
U.LD. : InGaAsP 15 nm

U.LLD: InGaAs 1250 nm

: InGaAsP 15 nm

Fig. 5-4 Epitaxial layer structure of PIN photodiode on silicon nitride with doping concentrations in cm3.

Bonding window Bonded die

Fig. 5-5 (a) chip with patterned waveguides, and (b) after InGaAs/InP die bonding; (c) finished chip with

heterogeneous photodiodes.
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(width x length). (a) Laser wavelength 1550 nm, (b) Laser wavelength 1064 nm.
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The responsivities at 1550 nm and 1064 nm were both measured with single mode tapered
fibers with a spot size of 2.5 um. The fiber-coupled responsivities for a 25 um long PD were 0.68
A/W and 0.24 A/W at 1550 nm and 1064 nm, respectively. From Fig. 5-6 (a), it can be found that
the responsivity at 1550 nm did not have a strong dependence on the PD length implying that even
shorter PDs with similar responsivity should be possible. At 1064 nm, the optical mode in the
SisN4 waveguide is more confined which makes the coupling into the absorption layer less efficient
than at 1550 nm. This explains why photocurrent scales with photodiode length for a given optical
input power in Fig. 5-6 (b). A maximum responsivity of 0.26 A/W was measured for a 10 x 70
um? PD. | found no significant difference between PDs on 1 um and 2 pm-wide SisNswaveguides
in this measurement. The fiber-chip coupling loss was determined from simulations and was 0.7
dB at 1550 nm and 4 dB at 1064 nm. This large difference is due to a stronger mode confinement
at shorter wavelengths, which results in smaller mode size and thus larger mismatch with the 2.5
um input spot. Once | took the coupling loss into account, the internal responsivities were 0.8 A/W
and 0.6 A/W, corresponding to 64% and 69% internal quantum efficiency at 1550 nm and 1064
nm, respectively. The polarization dependent loss was 0.45 dB at 1550 nm and only 0.08 dB at
1064 nm for PDs on 2 um wide SizsN4 waveguides.

In my design, I also included some balanced photodiodes. Balanced photodiodes are two PDs
configured in an anti-parallel way with the result that common mode input signals are suppressed
while differential mode input signals are added up. Hence, a balanced PD has the potential to
cancel common mode relative intensity noise (RIN) and amplified spontaneous emission (ASE)
noise. As shown in Fig. 5-7 (a), the dark currents of both photodiodes (PD1 and PD2) in a balanced
photodetector were 10 nA at 4 V reverse bias. A relatively large series resistance around 1.25 kQ

can be derived from the curves in forward bias, which is due to a relatively low doping level (1 x
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108/cm?) in the P-doped contact layer. Nevertheless, and as shown in Fig. 5-7 (b), a bandwidth of
7 GHz was achieved for both 20 x 10 um? PDs under large-signal modulation using an optical
heterodyne setup at 1550 nm wavelength. A higher bandwidth can be expected once the series

resistance is reduced by using a higher doping in the contact layer.
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Fig. 5-7. (a) Dark I-V curves of PD1 and PD2 in the balanced photodetector; the inset shows a balanced PD pair;

(b) Measured frequency responses of both PDs with an active area of 20 x 10 um?at 0.1 mA and -4V.
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In order to characterize the common mode rejection ratio (CMRR) at 1550 nm, light was
modulated by an optical modulator and split by a fiber-based 3 dB coupler into two branches before
being launched into the waveguides of PD1 and PD2 through a fiber array. We used variable
optical delay lines in both branches to adjust the RF phase of the modulated optical signal to be
either in phase (common mode) or out of phase (differential mode). The CMRR was then
calculated by subtracting the measured power in common mode from the power in differential
mode. Figure 5-8 (a) shows the RF powers in common and differential modes at 8 GHz as
measured with an electrical spectrum analyzer indicating a CMRR of 42.5 dB. As shown in Fig. 5-
8 (b), the CMRR of the balanced photodetector was characterized from 2 GHz to 15 GHz with 0.1
mA photocurrent and 4 V reverse bias. The differential mode bandwidth agreed well with our
bandwidth measurements that were obtained from individual measurements of PD1 and PD2. The
CMRR was 50 dB within the 3-dB bandwidth and over 40 dB up to 15 GHz indicating an excellent

symmetry of both PDs.
5. 3 Optimization of the bonding process

In the previous section, a photodiode on SisNs4 with record-high responsivity has been
demonstrated. However, there are still some issues regarding the bonding stability that will be
addressed in the following sections.

Bonding process

One issue is the SU-8 thickness. The SEM image of the photodiode’s cross-section is shown in
figure 5-9. The SU-8 thickness is verified to be 120 nm, which is thicker than what | expected. A
second issue were bubbles, caused by outgassing, which appeared after the post-baking process
during photolithography as shown in figure 5-10. These phenomena indicated that the SU-8 has

not been cured well enough in the bonding process. During the photodiode fabrication process, it
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is necessary to etch away most of 111-V in order to isolate every photodiode from others. After this
process the SU-8 layer can be seen under the microscope as shown in figure 5-11. It can be seen
from the interference pattern that the SU-8 thickness may not be uniform after the bonding process
which further verifies the assumption that the SU-8 was not well cured.

In order to optimize the bonding process, the SU-8 exposure time, the post bake time, and
outgassing and bonding times have been extended moderately to ensure that the SU-8 is
completely cured during the bonding process. By using the optimized process described in
Appendix I11, the SU-8 bonding layer is more uniform and smoother as shown in figure 5-12. It is
worth mentioning that surface treatment is very crucial to the bonding process since SU-8 is hardly
spread evenly on a hydrophobic surface. Oz plasma activation can help making the silicon nitride
chip and the 111-V die to be hydrophobic, which in turn makes the SU-8 smoothly coated on the

sample.

P-contact layer
N-contact layer Upper cladding - 160 nm v

SizN;-400nm SU-8-120 nm

% det mode dwe HV HFW

3 TLD SE 5.00 us 2.00 kV 5.08 ym 4.0 mm 25 000 x

mag

Fig. 5-9 SEM image of photodiode cross-section.
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Fig. 5-10 Bubbles appeared after post-bake during the photolithography process.

Fig. 5-11 SU-8 bonding layer after etching away the I11-V die. The process is described in Appendix II.
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Fig. 5-12 SU-8 bonding layer after etching away the 111-V die with the process shown in Appendix I1I.

Etching process

For the silicon nitride chip, a SiO2 hard mask cannot be used due to the fact that SiO- is also
used as the waveguide cladding. Hence, it is difficult to control precisely the dry etching process
without harming the cladding of the silicon nitride waveguide. To address this, | adopted a wet
etching process for the PIN photodiodes. However, InP cannot be etched isotropically in any acid.
The PIN photodiode after wet etching is shown in figure 5-13. From the figure, it can be seen that
the mesa width shrank from 10 pm to 7 pum. This under-cut makes it very difficult to fabricate
small sized photodiodes. In order to overcome the issue, | developed a method using palladium
(Pd) as the hard mask. The etching rate of Pd is below 5 nm/min when using the mesa etching
recipe (see Chapter 2) in 200 W ICP. In the following run, 80 nm Pd was added during the N-metal
deposition to be used as the hard mask. The total metal stack is AuGe/Ni/Au/Pd with thicknesses

of 30 nm, 20 nm, 80nm and 80 nm, respectively.
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Fig. 5-13 SEM image of photodiode mesa after wet etching.

Responsivity and bandwidth

The bandwidth of the previously described PIN photodiode was only 7 GHz which is below the
expected 20 GHz. This is caused by the 200 nm P contact InP layer, which causes high contact
resistance and sheet resistance. | proposed several ways to further improve the bandwidth
performance. For instance, it can be improved by using a MUTC structure instead of the PIN
structure, which allows for having a thicker P-contact layer for better sheet resistance and changing
the P-contact layer to be InGaAs. Due to concerns of loss in responsivity by changing the P-contact
layer to be InGaAs, | decided to design a MUTC structure with thick P-contact layer.

The MUTC epitaxial structure with 400 nm P-contact layer bonded on the silicon nitride
waveguide is shown in figure 5-14. The SU-8 thickness and SiO. cladding layer are set to be
120 nm and 160 nm, respectively, which are consistent with the previous SEM results in Fig. 5-9.
In the design process, the thicknesses of the absorber and the drift layer were the variables

determining photodiode responsivity.
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Figure 5-15 shows the simulated quantum efficiency of a 10 x 50 pm? photodiode using the
layer structure in Fig. 5-14. The color bar on the right indicates the residual optical power at the
end of the photodiode. That means, the lower the residual power, the higher the quantum efficiency
assuming that all lost photons are converted to electron hole-pairs. From the figure, it can be seen
that the purple regions define the parameter space for achieving high quantum efficiency
photodiodes. At the same time, the RC limited bandwidth and the transit time limited bandwidth
also need to be taken into consideration. The drift layer can neither be too thin in order to achieve
high RC limited bandwidth nor too thick for high transit-time limited bandwidth. Once taking this
trade-off into account, | chose the final design to be a photodiode with 450 nm thick absorber
(Thick_I) and 820 nm drift layer (Thick_N). The simulated transit time limited bandwidth of this

structure is 40 GHz.

Au~ 1pm

30 nm Smooth layer

30 nm Smooth layer

Fig. 5-14 New MUTC structure with variable thicknesses of absorber (Thick I) and drift (Thick_N) layers.
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Fig. 5-15 Simulated residual power as function of various thicknesses of absorber and drift layer in MUTC PD.

The red dashed lines point out the final design.

Once setting down the thicknesses of the absorber and the drift layer, | also investigate the
thickness of SU-8 bonding layer and top cladding layer for optical coupling. In Fig. 5-16 and
Fig. 5-17, the simulated structure and a result with various thicknesses of SU-8 and silica top
cladding are shown. From the figures, it can be concluded that both, a thinner SU-8 bonding layer
and a thinner silica top cladding layer are always desirable to achieve high QE. Specifically, a high
quantum efficiency photodiode up to 70% can be achieved once the total thickness of SU-8 and

top cladding layer is below 250 nm for a 10 x 50 um? photodiode.
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Fig. 5-16. MUTC epitaxial structure with various thicknesses of SU-8 (Thick_SU8) and SiO; top cladding

(Thick_cladding) layers.
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Fig. 5-17 MUTC simulated residual power as function of SU-8 bonding layer thickness and SiO; top cladding
layer thickness.
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5.4 MUTC photodiode on silicon nitride waveguide

InP, substrate,

InP, Si, 2x10*(as high as possible), 150 nm

InP, Si, 1x10'%, 70 nm

InP, Si, n-,1x10' 550nm

InP, Si,n-,1x10%7,50nm
InGaAs/InP smooth layer ,UID, 30 nm
InGaAs, UID, 110 nm
InGaAs, p+, Be, 5x101/, 115 nm
InGaAs, p+, Be, 1.1x108, 115 nm

InGaAs, p+, Be, 2x103, 110 nm
InGaAs/InP smooth layer ,p+, Be,4x10'%, 30 nm

InP, p++, Be,6x108,400 nm

Fig. 5-18 epitaxial structure of PD with doping concentrations in cm,

The designed MUTC PD’s epitaxial structure is shown in Fig. 5-18. The layers were grown on
semi-insulating InP substrate and consist of a 150 nm-thick N-type doped InP contact layer, a
400 nm P-type doped InP contact layer, a depleted InP electron drift layer, and a 450 nm-thick
InGaAs depleted and un-depleted absorption layer. According to my simulation, the carrier transit-
time limited bandwidth for this MUTC PD is 40 GHz. As described in Appendix 111, an optimized
adhesive bonding technique including SU-8 spin coating (SU-8 thickness 70 nm), soft bake at
110 °C for 40s, 16 seconds UV exposure followed by a 40-minutes outgas, and curing at 130 °C

under 10 psi for 60 min was adopted to integrate an InGaAsP/InP die onto the bonding window.
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Then, a mixture of hydrochloric acid and DI water was used to remove the InP substrate. MUTC
PDs were fabricated as double mesa structures by conventional dry and wet etching techniques.
Ground-signal-ground (GSG) microwave probe pads were deposited and connected to the PD
N-contact through an Au electro-plated air-bridge. Figure 5-19 shows the finished MUTC PDs
with single (Fig. 5-19(a)) and balanced (Fig. 5-19 (b)) PDs fabricated on the same chip. A scanning
electron microscope (SEM) picture of the PD’s cross-section with a 4 um-wide waveguide and

69 nm-thick SU-8 layer is shown in Fig. 5-19 (c).

(c)

Fig. 5-19 Microscope pictures of (a) single PD and (b) balanced PDs with circuit representation; (c) SEM

picture of the PD’s cross-section.
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5. 5 MUTC results and discussion

Typical dark currents were around 20 nA at 8 V reverse voltage. Figure 5-20 shows the current-
voltage characteristics for a pair of balanced PDs. It should be mentioned that the dark currents of
our heterogeneous PDs are at the same level or below as similar devices on native substrate [5.17].
One of the benefits of the SisN4 platform is its wide transparency window. To this end we
characterized the responsivities of the PDs at wavelengths of 1550 nm and 1064 nm. The
waveguides were input-coupled by single mode tapered fibers with a spot size of 2.5 um optimized
for 1550 nm and 1064 nm, respectively. The SisN4 waveguides have inverse tapers at the chip
facets to aid with the input coupling. According to our simulation, the fiber-chip coupling loss due

to mode mismatch is 0.7 dB at 1550 nm and 4 dB at 1064 nm, respectively. Based on these values,
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Fig. 5-20 Dark current measurements of a pair of balanced PDs.

the blue solid lines in Figs. 5-21 and 5-22 illustrate the PD’s external (fiber-coupled) responsivities
corresponding to 100 % internal quantum efficiency. The red symbols in Figs. 5-21 and 5-22 show
the measured data of different PDs. For a 30 um-long PD, the measured external responsivities are

66



0.8 A/W and 0.33 A/W at 1550 nm and 1064 nm, respectively. Once we take the fiber input

coupling loss into account, the internal responsivity is as high as 0.94 A/W and 0.83 A/W

corresponding to 75 % and 96 % internal quantum efficiencies at 1550 nm and 1060 nm,

respectively. The polarization dependence loss was measured to be only 0.67 dB and 0.26 dB at

1550 nm and 1064 nm, respectively. It should be mentioned that the responsivity has only a weak

dependence on PD length between 20 um and 60 pm. For a 10 um-long PD, the external

responsivity can be as high as 0.68 A/W at 1550 nm which indicates that most of the light is

absorbed in the first 10 um. Moreover, we found that the PD responsivity did not show any

significant dependence on waveguide widths between 1 and 4 um.
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Fig. 5-21 Measured and simulated external responsivity for PDs of various lengths at 1550 nm at 8 V reverse bias.
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Fig. 5-22 Measured and simulated external responsivity for PDs of various lengths at 1064 nm at 8 V reverse bias.

In order to further study device characteristics, | used a commercial software and estimated the
responsivity based on the total optical loss in the photodiode. In the simulation | used 7000 cm™
(9000 cm™) and 870890 cm™ (841632 cm™?) as the absorption coefficients for InGaAs and gold at
1550 nm (1060 nm), respectively, and assumed all other layers to be transparent. By further
assuming that all absorbed photons are converted into photocurrent, the black solid lines in
Figs.5-21 and 5-22 illustrate the responsivity after considering the fiber-chip coupling loss. While
the simulated curve matches well the measured data at 1064 nm (Fig. 5-22), we found that the
simulation overestimates the responsivity by 20 % at 1550 nm and PD lengths larger than 40 pum.
We believe that this discrepancy can be explained by the difference in optical mode intensity
distributions in the PD. In Fig. 5-23, the mode intensity distributions in the PD at 1550 nm and

1064 nm are shown. As the index contrast between SisNs and silica is similar at these two
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wavelengths, the mode distributions in the PD region are strongly dependent on the wavelength.
For our 400 nm thick SisN4 waveguide, the mode at 1550 nm is less confined in the waveguide
and extends significantly towards the top gold contact. The proximity with the metal creates

additional optical loss, which, however, does not contribute to the photocurrent.

1550 nm Air 1064 nm

Silica
Fig. 5-23 Simulated mode intensity distributions in the PD at 1550 nm (left panel) and 1064 nm (right panel).

Using an optical heterodyne setup with modulation depth close to 100 %, the frequency
responses of the PDs were measured (Fig. 5-24). For a 10 x 30 pum? PD, the bandwidth can reach
20 GHz at 8 V reverse bias with 2 mA photocurrent. For larger sized PDs, the bandwidth decreases

due to the resistance-capacitance (RC) limit.

We also measured the non-return-zero eye diagram by using a 40 Gbit/s pseudo random binary
sequence generator and a 40 GHz Mach-Zehnder (MZ) modulator as the signal source. The pattern
length was 23-1. The output of our photodiode was connected to a high-speed sampling
oscilloscope through a bias-T and a short RF cable. Figure 5-25 shows the detected eye diagrams
using a PD with 10 x 30 pm? active area. We recorded a clearly opened eye pattern which

demonstrates the PD’s high-speed capability for 40 Gbit/s systems.
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Fig. 5-24 Measured frequency responses of various sized PDs at 1550 nm with 8 V reverse bias and 2 mA

photocurrent.
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Fig. 5-26 Measured frequency responses of balanced PDs at 1550 hm and 1064 nm with 8 V reverse bias and 2 mA

photocurrent.

It is well known that balanced photodiodes can suppress common mode noise and therefore can
help to increase the signal to noise ratio. To measure the balanced photodetector performance, the
optical heterodyne signal was split into two branches before being launched into the waveguides
of both PDs, PD1 and PD2, through a fiber array. We used variable optical delay lines in both
branches to adjust the radio frequency (RF) phase of the modulated optical signal to be either in-
phase (common mode) or out-of-phase (differential mode). Figure 5-26 shows the frequency
responses in differential mode for a 10 x 30 um? balanced PD pair at 8 V reverse bias and 2 mA
photocurrent. The bandwidth is 10 GHz, half of the bandwidth of a single PD, which is expected
due to the doubled capacitance of the PD pair. A similar measurement at 1064 nm showed no

significant difference in bandwidth (Fig. 5-26).
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To measure CMRR we replaced the optical heterodyne source by a Mach-Zehnder modulator.
CMRR was calculated by subtracting the measured RF power in common mode from the RF power
in differential mode. Figure 5-27 shows the RF powers in common and differential modes at
10 GHz as measured with an electrical spectrum analyzer indicating a CMRR of more than 40 dB
at 1550 nm. As shown in Fig. 10, the CMRR for this balanced PD pair was larger than 30 dB from

DC to 10 GHz which indicates excellent symmetry between PD1 and PD2.

-40
—— Common mode
-60 | —— Differential mode
€ -80
[a4]
&
» =100
)
= .
<) \
m -120 |
T8
o

-140

9.99996 10.00000 10.00004
Frequency (GHz)

Fig. 5-27 Common and differential mode powers of balanced PDs at 10 GHz at 8 V reverse bias and 2 mA

photocurrent for each PD at 1550 nm.
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5.6 Summary

Detector structure Measured external Bandwidth Dark
responsivity (A/W) (GH2) Current
h-BN/MoS2/graphene 0.24 28 <10nAatl0V
InGaAsP/InP MUTC 0.15 3.5 lpAatlVv
InGaAs/InP PIN 0.36 30 650 pA at 2 V
InGaAs/InP PIN (0.68%) 25 2nAat4Vv
InGaAs/InP PIN 0.68 7 10nAat4Vv
InGaAsP/InP MUTC 0.8 20 20nAat8V

Table 5-2 Optical detectors on SizN4 waveguide at 1550 nm wavelength reported in the literature. (*): Estimated

internal responsivity. Results of my work in bold.

In this chapter, record-high responsivity PIN photodiodes on silicon nitride were fabricated
and characterized. By further optimizing the epi-structure, the bonding and fabrication process, an
even higher responsivity photodiode with 20 GHz bandwidth has been demonstrated. Table 5-2
shows the results of my work compared to the state-of-the-art reported in the literature. Low dark
current, a record-high responsivity and a bandwidth of 20 GHz have been achieved. Based on their
excellent performance, our heterogenous MUTC photodiodes are promising candidates for high-

speed SizN4 photonic integrated circuit applications.
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Chapter 6. High-quantum efficiency waveguide

segmented photodetector

6. 1 Introduction

High speed and high quantum efficiency photodiodes are key devices in optical communications,
sensing, and microwave photonics. To overcome the well-known bandwidth-efficiency trade-off in
normal incidence PDs, side-illuminated or waveguide-photodiodes have been developed [6.1-6.2].
Waveguide PDs provide high responsivity and short carrier transit time since electrical and optical
transports are not collinear. As most waveguide PDs are butt- or evanescently coupled, their
responsivity primarily scales with the length of the absorption layer which can negatively impact
the bandwidth and dark current in high-responsivity PDs.

In this chapter, | first describe a novel monolithically integrated InP-based PIN segmented
waveguide photodetector consisting of 6 PDs that are coupled to one waveguide. Optical coupling
from the waveguide into the PD absorber and back into the waveguide was accomplished by using
a vertical directional coupler design. Light that is not absorbed by the first PD couples back into the
waveguide and is absorbed in one of the following PDs. | show that the segmented photodetector
can achieve near-unity quantum efficiency by using an array of 32 um long photodiodes with an
absorber thickness as small as 30 nm. This type of photodetector has applications in velocity-
matched travelling wave PDs [6.3] and low dark-count photon-number resolving (PNR) detectors
[6.4] which require minimized absorber volumes and high quantum efficiency.

After a proof-of-concept of this design, | propose a new avalanche photodiode (APD) design

with AlInAsSb for over 50 PDs in series for a novel photon-number resolving system.
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6. 2 Device design
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Fig. 6-1 (a) Proposed PNR system, (b) Cross-section of waveguide photodiode (left) and light propagating in the

segmented waveguide photodetector (right).

In collaboration with Professor Olivier Pfister’s group in physics, our group has proposed a novel
PNR detector which is based on segmented waveguide PDs sharing same the waveguide while
achieving high quantum efficiency in total as shown in Fig 6-1 (a). In such design, light should be
absorbed in these segmented PDs with low radiation loss. Fig. 6-1 (b) shows the proposed PNR
system and the designed photodiode cross-section. The passive waveguide (WG1) is embedded
between two lower index cladding layers and serves as the input waveguide of the photodetector.
The upper cladding layer is used to separate WG1 from the second waveguide, the absorption
waveguide (WG2). Adding these extra layers does not sacrifice bandwidth performance because
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they serve as electron drift region similar to the collection layer in dual-depletion region [6.5] and
uni-traveling carrier PDs [6.6]. The light coupling process in and out of the PD can be recognized
as a co-directional coupler problem as illustrated in the figure. To ensure complete coupling, the
goal is to achieve phase match, i.e. matching the propagations constants of the modes in WG1 and

WG2.

Fig. 6-2 Intensity distributions of the symmetric (even) and anti-symmetric (odd) supermodes in the cross-section.

Figure. 6-2 shows the intensity distribution of the symmetric (even) and anti-symmetric (odd)
supermodes in the cross-section. Based on the theory of mode coupling [6.7-6.8], the field
distribution @, (2) in WG1 and @,(z) in WG2 can be represented by adding the even mode field

@, and the odd mode field ¢, [6.9]:

?1(z) = a;9, exp(—if.z) + a9, exp(—if,z)
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02(2) = azpe exp(—ifez) + asp, exp(—if,2) (6-1)
where Be and Po stand for the corresponding propagation constants of these two modes and
a, a,,as and a, are the coupling coefficients. When light is launched into WG1 at z=0, it follows:

02(0) = azp. + asp, =0 (6-2)
In order to ensure low radiation loss, light has to completely couple back from WG2 into WG1 at
the rear facet of the PD, hence it is necessary to make (Dz(lpd) = 0. Combining with the initial
conditions (eq. 6-2), the propagation constant of the odd and even modes should follow:
exp[—i(Aﬁ)lpd] =1 (6-3)
Here A is the difference between the even and odd mode propagation constants defined as: AR =
Be — Bo- Defining AB,- and AB; to be the real and imaginary parts of AB, eq. (6-3) becomes:
exp(ABilpa) - exp(—iAB,Lyy) = 1 (6-4)
In order to satisfy above equation, it is imperative to make AB; = 0. This means, that the
propagation constants of the odd and even modes have the same imaginary part. Or, in other words,
only when even and odd modes attenuate at the same rate, a complete transfer of optical power
between WG1 and WG2 is possible. Moreover, the PD length 1, is concluded to be multiples of
the beat length L, defined as:
L=2 1/AB, (6-5)

6.3 Simulation

To calculate the field distributions and propagation constants, | used the commercial software
Fimmwave. In the design process | started from the simplified structure as shown in Fig. 6-1. Since
changing the thickness of the cladding layer between WG1 and WG2 will change S, and g,
simultaneously, | kept this parameter to be 220 nm to ensure sufficient field overlap between WG1

and WG2. At the same time the thickness of WGL1 should be thick enough to ensure minimal field
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overlap with the highly doped n-contact layer and to prevent free-carrier absorption. However, a

thick WGL1 layer decreases the coupling efficiency from WG1 to WG2 owing to a better mode
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Fig. 6-3 (a) Real part of propagation constant and mode beat length vs. WG2 thickness. (b) Imaginary part of
propagation constants vs. WG2 thickness.
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confinement. In the design, | chose a 500 nm thick WGL1 that can provide both, a low free-carrier
absorption and a strong coupling. For moderate absorption in the first PD, the thickness of InGaAs
in WG2 cannot be too thick. Sandwiching an only 30-nm thin InGaAs layer between the two
InGaAsP layers results in a similar propagation constant of WG1 and WG2 with a low effective
absorption coefficient in WG2.

After adopting two InGaAsP layers sandwiching a 30 nm InGaAs layer as WG2, the
relationships between real part of the propagation constants (f,-) and thickness of WG2 are shown
in Fig. 8 (a). Here, the WG2 thickness is the total thickness of the InGaAs absorption layer and the
InGaAsP layers. The B, of the odd and even mode are both linear with the thickness of WG2. Using
eq. (5), the beat length determined by the difference of the even and odd modes’ propagation
constants is also shown in Fig. 6-3 (a). The beat lengths range from 23 um to 33 um when the
thickness of WG2 changes from 0.3 um to 0.55 um. In order to ensure that light couples back from
WG2 to WG1, the PD length can only be an integral multiple length of the beat length. For the 30
nm thick InGaAs layer being sandwiched by two 220 nm thick InGaAsP layers, each segmented
PD element should be around 30 um. Fig. 6-3 (b) shows the simulated imaginary part of propagation
constant (53;) of the odd and even modes. We found that §5; of the even mode increases with WG2
thickness while the odd mode behaves vice versa. When the thickness of WG2 is 470 nm, both
modes exhibit the same ;, i.e eq. (6-4) is satisfied. According to Fig. 6-3 (a), the beat length is 32

um in this situation.
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Fig. 6-4 Epitaxial layer structure for segmented waveguide photodetector.

Figure 6-4 shows the complete epitaxial layer structure of the segmented waveguide
photodetector that was grown on InP substrate by metal organic chemical vapor deposition. The
300 nm thick Si-doped InP layer serves as the n-type contact layer followed by an intrinsic 300 nm
thick InP layer as the lower cladding. | used a 500 nm thick intrinsic InGaAsP layer as WG1 and a
220 nm thick intrinsic InP cladding layer to separate WG1 and WG2. Two InGaAsP layers
sandwich the 30 nm thick InGaAs absorption layer to form WG2. The p-type contact layer is
composed of a 500 nm thick highly doped InP and a 50 nm thick top InGaAs layer. Layers of
InGaAsP Q1.1 were used to reduce the band-discontinuities at the heterojunction interfaces between

the InP and InGaAsP Q1.4 layers [6.10].
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Fig. 6-5 Simulation of the total power in the segmented waveguide photodetector with 3 PDs.

Figure. 6-5 shows the simulated total power in the segmented photodetector with 3 elements. It
can be seen that in each PD, the light power decays exponentially. Assuming a lossless WG1, the
power remains constant in the regions between PD segments. The simulation also predicts that, the

light couples completely back into WG1 at each PD’s rear end.

6.4 Fabrication and characterization

A double mesa process was used to fabricate the PDs. To address the tight alignment tolerance
between feeding waveguide and photodiode mesa, | developed a process that defines both features
in one step. The fabrication flow is summarized in figure. 6-6. Dry etch was used here to precisely
control the etching depth. After blanket deposition of the p-metal, we patterned a SiO. hard mask
and formed a ridge structure. The first mesa etching stopped at the InP n-contact layer to define

WGL1. Then, the n-metal was deposited. Next, a second hard mask was used to form WG2 and the
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n-mesa. By this way, we achieved that WG1 and WG2 have a uniform width. AuGe/Ni/Au and
Ti/Pt/Au were used for n-metal and p-metal contacts as described in chapter 2. Photodiodes were
connected to gold-plated pads through air-bridges, as shown in figure 6-7. | also fabricated single
PDs with coplanar waveguide RF pads to characterize the bandwidth. Finally, I cleaved the

waveguide facet for input light coupling.

P-layer Photoresist
WG2
cladding
WG1 \ /
Cladding / SiO, hard mask
n-layer
substrate

N-metal

Fig. 6-6 Fabrication process to achieve uniform width for WG1 and WG2.

To account for uncertainties of the material refractive indices in the simulations arrays with
photodiode’s lengths ranging from 20 pum to 40 um were fabricated. All PDs in an array were probed
individually. I measured uniform I-V characteristics with dark currents of 1 pA at 3 V reverse
voltage as shown in figure 6-8. | expect that the dark current can be further reduced with an
appropriate side wall passivation.
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Fig. 6-7 (a) Microscope picture of fabricated segmented waveguide photodetector, (b) SEM pictures of a PD and a

Current (A)

waveguide.
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Fig. 6-8 Dark current of various sized PDs.
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The frequency responses of single PDs are shown in figure. 6-9. The data was obtained under
large-signal modulation by using an optical heterodyne setup at 1550 nm. It can be seen that a
smaller PD area leads to higher bandwidth owing to the reduced capacitance. A photodiode with an

active area of 15 x 20 pm? reached a bandwidth of 20 GHz.

-3V bias Voltage & 1 mA photocurrent

©

-16 r
i

220
22
24 |

-26 |

RF output power (dBm)

—=— 300 pm®
28 | —e—600pum’
—A— 1200 pm°
MR |

L M |
1 10

-30

RF frequency (GHz)
Fig. 6-9 Bandwidth measurements of single photodiodes with different areas from the same wafer.

Using a lensed fiber with 2.5 um spot size diameter, the quantum efficiency was measured as a
function of PD length in single waveguide photodiodes. At first, we measured several 300 um long
single PDs to characterize the coupling loss from the fiber to the waveguide. According to our
simulation, a 300 pm long PD should have an internal QE of 99%. Based on the measured external
QE of (35+2) %, the coupling loss from the fiber into the waveguide was calculated to be 4.5 dB.

In the analysis, 1.5 dB loss are attributed to reflection at the facet since no anti-reflection coating
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was used. The remaining loss of 3 dB agrees with the simulated coupling loss due to mode mismatch
from the fiber mode to the waveguide mode.

Using 4.5 dB as the coupling loss, figure. 6-10 shows the internal QE of single PDs of different
length. The data shows that the QE only depends weakly on PD width. For a fixed width, longer
PDs consistently show higher QE owing to the longer absorption length. As expected and due to
mode beating phenomena, the QE scales in a non-linear fashion with PD length. This explains the
flat region around the calculated beat length of 30 um in figure. 6-10, which indicates that in this

region the QE does not increase as light couples back into WG1.
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Fig. 6-10 Simulated and measured internal QE of single PDs with different widths vs. PD length.
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Fig. 6-11 Total internal QE of the segmented waveguide photodetector. The error bars come from the uncertainty

in determining the input coupling loss.

The total QE of a 6 elements segmented waveguide photodetector is shown in figure. 6-11. To
determine the IQE, | added the photocurrent of the first 4 PDs in the array that were measured
simultaneously, and corrected for the 4.5 dB input coupling loss. As expected from simulation, the
contributions from the 5th and the 6th PDs in the array were negligible. The results show that the
total internal QE increases for PD lengths larger than are 20 um. At 32 um PD length, the QE
reaches its peak value around 90% corresponding to 1.13 A/W. For longer PDs, the radiation loss
prevails leading to a decrease in total QE. The black line in figure. 6-11 shows the total QE by
simulation. It can be seen that the measurement agrees well with the simulation within the error
bars. The fact that the measurement exhibits excess loss can be explained by the following reasons.
First, the refractive indices that we used in the simulation may not be accurate. Together with small

variations in the epitaxial layer thicknesses this may lead to a mismatch of the propagation constants
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of WG1 and WG2. Moreover, | did not include any waveguide loss between PD segments in the

simulations.

6.5 Waveguide segmented photodetector with 50 PDs for PNR
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Fig.6-12 Loss analysis for one PD in the segmented detector: (a) optical intensity simulation, (b) simulated optical

power during propagation

In figure 6-12, the loss analysis for one PD segment is shown. This simulated PD segment has
an identical epitaxial layer stack structure as shown in the Fig. 6-4 except for changing the InGaAs
layer to be InGaAsP (Q1.4). This is because a large number of photodiode elements are needed for
a PNR system and therefore it is necessary to make each element only absorb small portion of the

incident optical signal. When simulating the PD without absorption in the absorber, the radiation
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loss from the front surface (0.02%) and the end surface (0.12%) of a PD can be determined. The
total loss is only 0.14% for each PD which suggests that segmented detectors with large PD count
are possible. It should be mentioned that waveguide loss and metal absorption loss has not been

considered in this simulation.
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Fig.6-13 Schematic of 50 PDs with various length and simulated QE for 50 PDs.

The validity of the segmented waveguide PD was shown in the previous section for a relatively
small count of discrete PDs. However, the proposed PNR system does not only need high quantum
efficiency for the whole system but also much larger PD count and uniform absorption across all
its elements in order to achieve high Postitive-Operator-Valued Measures (POVM) element

purity [6.11]. Moreover, a small active volume is beneficial since it helps reducing the dark current,
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jitter, and increases the PD’s count rate. In our previous design, low loss can be achieved during
propagation in this segmented photodetector once the PD length is an integral multiple length of
the mode beat length L. Here, 50 segmented PDs are proposed aiming for achieving high photon
number resolution. There are twenty PDs with length L, fifteen 2L length PDs, six 4L length PDs,
three 6L length PDs and six 10L length PDs as shown in Fig. 6-13. Different lengths of PDs are
designed for achieving similar photocurrents for every PD. This is the because the optical power
will decay during propagation. The lateral element needs to be longer to maintain a similar
photocurrent as the previous one. | estimated the total radiation losses by simulating the
photodetector without including the imaginary part in the absorber layer. From figure 6-13, 50 PDs
have 7% loss in total. Here | further optimized the structure by leaving the cladding layer between
WG1 and WG2 onto WG for less radiation loss. From figure 6-13, it also can be seen that once
making device with length l,q owing to 2.5% QE, light absorption will be uniform across all 50
PDs. This simulation result indicates that it is feasible to make a segmented photodetector with
large number of elements and keep radiation loss low. Such a device has the potential to be used in

the PNR system in ref. [6.11] to achieve high POVM element purity.

6.6 AliInAsSb APD wafer design for PNR waveguide segmented

detector

A single photon avalanche photodiode is an avalanche photodiode working in the Geiger mode
region as shown in Fig.6-14. In Geiger mode, the output electrical signal no longer varies with the
light intensity in a linear fashion. Instead, even a single photon-generated carrier will generate
considerable photocurrent by avalanche effect, which can be used for single photon
detection [6.12-6.13]. In the photon number resolution system, the photodetector is required to

detect photon level signals. Therefore, single-photon avalanche diodes (SPAD) are needed here.
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Here | start by replacing the PIN photodiodes in the segmented waveguide photodetector with
APDs and verifying whether the optical coupling mechanism still works. For the APD, the digital
alloy system AlInAsSh has been proven to be a low noise material and thus provides great potential
for such a system [6.14]. Figure 6-15 shows the epitaxial layer design for a separate absorption,
charge and multiplication (SACM) APD. The design will be analyzed in two parts: optical and

electrical.

|
Unit gain Linear
= Region Mode
= (PIN, (APD) )
© UTC,
MUTC) / Geiger
1 k- Mode
(SPAD)
Reverse Voltage (V)

Fig.6-14 Gain versus reverse voltage curve for PDs.

In the optical design, | first reduced absorption in each element. To this end, the absorption WG
consists of 6 nm Alg.4sInAsSb sandwiched by two 191 nm Alo7InAsSb layers. The absorption layer
is @ 6 nm-thick layer of Alo4sInAsSb which makes each PD element only contributing a small
fraction (2.5 %) of the overall total photocurrent. The passive WG is a 750 nm-thick Alg7InAsSb
layer. These two waveguides are separated by a 120 nm-thick AlAsSb layer, which can be used to

control the beat length L. In order to smooth the band discontinuity between Alo4sInAsSb and
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AlozInAsSb, AlInAsSb with different Al concentrations (50% and 60%) are also added in the
design. The simulated loss per element is 0.3%.

In the electrical part, the 120 nm-thick AIAsSb layer that separates the two waveguides also
serves as the charge layer. The charge layer is used to control the electrical field distribution in
absorption region and multiplication region. The goal is to have an avalanche effect only in the
multiplication layer and not in the absorption layer. In figure 6-17, the band diagrams are shown
under 0 V and 40 V. The multiplication layer is chosen to be Alo7InAsSb as it has been proven to

provide a low k value (k= 0.01) [6.12].

P+ 1E19 /cm?, GaSb Cap 10 nm

P+ 1E19 /cm3, AlAsSb 250 nm

Absorption layer
Absorption WG
P: 1.25E17 /em?3; AlAsSb 120 nm Charge
Passive WG
Multiplication
UID: AlAsSb 250 nm
Z n+ 1E19 AlAsSb 1200 nm
Prevent free GaSb Buffer (UID) 200 nm
absorption

Fig.6-15 Epitaxial layer design for segmented waveguide AllnAsSh APD.
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Fig.6-16 Even and odd modes in the AllnAsSh APD design and optical simulation of single element.
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Fig.6-16 Band diagrams for the epitaxial design in figure 6-3 under 0 V and 40 V reverse voltages.
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6.7 Summary

A novel segmented waveguide photodetector based on a directional coupler design has been

demonstrated. By matching the imaginary parts of the propagation constants of the even and odd

modes in the design, a 6-element photodiode array achieves an internal responsivity as high as

1.13 A/W in agreement with simulations. This design finds applications in traveling wave PDs and

in recently proposed photon number resolving detectors that benefit from near-unity quantum

efficiency and minimized active volumes. The design was optimized for a 50-element array and a

waveguide SACM APD is also designed to enable single photon detection in photon number

resolving systems.
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Chapter 7. Zero-bias surface normal 40 GHz PD

7.1. Introduction

In this chapter, I will introduce a type-1l MUTC PD structure for zero-bias application. In order
to achieve large bandwidth and high RF output power, conventional PDs usually necessitate a bias
circuitry and are driven under a high external reverse voltage. Together with large photocurrents,
this can lead to device heating and eventually thermal failure. To reduce thermal stress on the PD
and to minimize system complexity and power consumption, zero-bias operation of the PD is
desired. Having no bias circuit also helps to reduce the electrical cross-talk [7.1]. Previously,
Umezawa et al. have reported a bias free InGaAs/InP uni-traveling carrier PD (UTC-PD) with an
output power of -7 dBm at 100 GHz [7.1]. Jin-Wei Shi et al. have reported a GaAsSh/InP UTC-PD
with - 13.9 dBm at 160 GHz in ref. [7.2]. In this chapter, a zero-bias GaAsSb/InP PD with 40 GHz

bandwidth and high saturation power -2.8 dBm is presented.

7.2 Device design

To achieve high output power and large bandwidth at zero bias Ze Wang, a previous PHD
student in our group, designed the epitaxial layer structure shown in Fig. 7-1. The design is done
by choosing the type-II heterojunction material and optimizing the doping concentration to achieve
high electrical fields in the device under zero bias while maintaining a small capacitance. The wafer
was purchased from Intelliepi. In contrast to the high-power InGaAs/InP MUTC PD in ref. [7.2],
here we used GaAsSb instead of InGaAs as the absorber material. This eliminates the discontinuity
in the conduction band between the absorber and the InP drift layer which is known to impede
electron transport across the interface at high photocurrent levels [7.3]. The epitaxial structure was

grown on InP and consists of a 300 nm-thick lightly graded doped InP drift layer for space-charge
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compensation and a 250 nm-thick graded doped GaAsSb absorber. The simulated band diagrams
at different photocurrents are shown in Fig. 7-2. In order to provide high bandwidth and high
saturation power under zero-bias, the doping concentrations were carefully designed to achieve
electron velocity over-shoot in the drift layer. The PDs were fabricated as double-mesa photodiodes
by using conventional dry etching techniques. The PDs were connected to gold-plated coplanar

waveguide (CPW) RF pads through an air-bridge.

Contact layer GaAsSh, p+, Be, 1x10*%, 50nm

Un-depleted Absorber, GaAsSh, p+, Be, 5x10'2, 30nm

Un-depleted Absorber, GaAsSh, p+, Be, 3x108, 30nm

Un-depleted Absorber, GaAsSh, p+, Be, 1x10%, 35nm

Un-depleted Absorber, GaAsSb, p, Be, 8x10Y7, 35nm

Un-depleted Absorber, GaAsSb, p, Be, 7x10%7, 35nm

Un-depleted Absorber, GaAsSb, p, Be, 6x10Y, 35nm

Depleted Absorber, GaAsSh, p, Be, 1x10'%, 50nm

InP, n+, 1x10%%, Si, 75nm

Contact layer InP, n+, 1x10'%, Si, 700nm

Semi-insulating InP Substrate

Fig. 7-1. Epitaxial structure of the PD. All layers are lattice-matched to InP.
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Fig. 7-2. Simulated band diagram at 0 V at different photocurrents.

7.3 Device fabrication

The PD fabrication process flow is shown in Fig. 7-3. The fabrication starts with the P-contact
metal deposition with a metal stack layer of Ti/Pt/Au/Ti on the heavily-doped GaAsShb top layer by
electron-beam evaporation. Then, a SiO> layer was deposited by (PECVD) which is used as a hard
mask. With photolithography techniques, the P-mesa was formed by dry etching by ICP etch. In a
similar way, the N-mesa was formed by SiO- deposition, photolithography and ICP etching. After
the double mesas were fabricated, an air-bridge was used to connect the PD mesa to the coplanar

waveguide (CPW) as shown in Fig. 7-4.
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Fig. 7-4. Microscope pictures of 10 um and 20 pum diameter PDs.

7.4 Device Characterization

The dark currents of fabricated PDs with different diameters are shown in Fig. 7-5. The dark

current of a 10 um diameter device is 20 nA at -3 V. It can be found from Fig. 7-5 that the dark
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current is scale with photodiode mesa. In order to study the dominant source for the dark current,

the dark current versus PD diameter at -3 V is shown in Fig. 7-6.
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Fig. 7-5. Measured dark current versus voltage for PDs with different diameters.
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Fig. 7-6. Measured dark current versus voltage for PDs with different diameters at -3V.
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Fig. 7-7. Measured PD capacitance versus different diameters at 0 V.

Various diameter PDs’ capacitance at 0 V were also characterized as shown in Fig. 7-7. Since
the PD’s capacitance mainly comes from the PD junction, it can be seen that the capacitance has a
quadratic relationship with the PD’s diameter. A capacitance of 72 fF was measured from a 10 um
diameter PD, which is much larger than expected 32 fF. This may can be explained by the doping
concentration variance in real wafer as shown in Appendix IV.

The responsivity was measured to be 0.2 A/W at 1550 nm wavelength at 0 V. It can be expected
that a responsivity of 0.27 A/W can be achieved once a single-layer anti-reflection coating is

applied.
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10 um diameter

'
w
|

", : . : :
- o o et .t

Mg gma g " = |
: L

* 2mA-1V| ¢ : ;
A SmA V| -
L 1 L 1 L 1 ! 1 L

0 10 20 30 40 50

Frequency (GHz)

7-9. Measured frequency responses of 10 um diameter PD at -1 V bias voltage.
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Fig. 7-10. Measured frequency responses of 10 um diameter PD at 0.2 V bias voltage.

Figures 7-8, 7-9 and 7-10 show the measured frequency responses for different photocurrents at

0V, -1V and 0.2 V bias, respectively. At 0V bias, the bandwidth is 40 GHz up to 2 mA, and

35 GHz at 5 mA. The decrease of bandwidth with higher photocurrent can be explained by the

space charge effect. At -1 V bias, the bandwidth remains over 50 GHz for all measured

photocurrents. The capacitance of a 10 um diameter PD measured at 0 and -1 V bias is 72 fF and

55 fF, respectively, corresponding to an RC-limited bandwidth of 44 GHz and 57 GHz assuming a

50 Q load. The fact that the bandwidth is limited by RC implies that a higher bandwidth can be

expected by reducing the PD area. At 0.2 V forward bias, the bandwidth decreased to 25 GHz, 20

GHz, 15 GHz with 1 mA, 2 mA and 5 mA photocurrents. This can be explained by the space charge

effect and the capacitance variance based on different photocurrent. | also characterized photodiode

performance with 0.2 V forward bias here as shown in Fig. 7-10.

106



RF Power (dBm)

Saturation Current (mA)

10

15 F —
. | Bias Voltage
10F |—®—0V
—o—-1V
SP|—a—-2v
0 [ | v -3V
| <402V
-2
-4
| L L L PR S R i |
1 10
Photocurrent (mA)
40
|
|
|
35 - 410
|
30 -
45
25 -
20 40
15 - -
4-5
10
I |
5L m  Sat Current 1-10
®  Sat RF Power =
0r = 15
1 " 1 " 1 " 1
-3 2 -1 0

Bias Voltage (V)

Fig. 7-11. RF output power and RF compression at different bias voltages.

Compression (dB)

Saturation Power (dBm)

107



Figure7-11 shows the saturation characteristics of a 10 um diameter PD measured at 40 GHz at

different voltages. | measured an RF output power of -2.8 dBm, 9.3 dBm, 12.5 dBm and 13.2 dBm

at0V, -1V, -2 V and -3V, respectively. At a forward bias of 0.2 V, | obtained -14.1 dBm at

40 GHz. The saturation current of the PD is 7.5 mA under zero bias. The results indicate that the

output power is mainly limited by the space charge effect in the depletion region.

7.5 Summary

By optimizing the doping concentration in a GaAsSb/InP modified uni-traveling carrier PD we

demonstrated a 10 um diameter PD with 40 GHz bandwidth, 7.5 mA saturation current

and -2.8 dBm RF output power at zero-bias. The performance at other bias voltages is summarized

in Table 7-1. These are the highest saturation powers that have been reported in this frequency

range.
ov AV 0.2V

Bandwidth (GHz) 40 >50 25
Saturation Power (dBm) -2.8 9.3 -14.1

Table 7-1. Summary of bandwidth and saturation power at0 V, -1 V and 0.2 V
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Chapter 8. Summary and future work

8.1 Summary

Photodetectors have applications in many fields. Depending on their applications,
photodetectors are designed to meet different performance requirements. This dissertation focuses
on photodiodes designed for three kinds of photonic platforms: photonic integrated circuits based
on silicon nitride, high QE and PNR detectors, and microwave photonics. To this end I developed
heterogeneously integrated photodiodes on silicon nitride waveguides, segmented waveguide
photodetectors, and bias-free modified uni-traveling carrier photodiodes.

For heterogeneous integration, my work mainly focuses on the development of a wafer
bonding process and the demonstration of high-efficiency photodiodes on silicon nitride
waveguides. Due to the lack of active optical components on silicon nitride, heterogeneous
integration is the preferred choice to transfer high-performance 111-V photodiodes onto silicon
nitride. Among the challenges of this approach is the thick top waveguide cladding layer which
can prevent efficient optical coupling into the PD. This issue was addressed by introducing a
bonding window. In order to accomplish high-performance photodiodes on silicon nitride, the first
step is to verify the feasibility of the bonding and fabrication processes using SU-8 wafer bonding.
| demonstrated a MUTC photodiode bonded on silicon to verify the technique in chapter 3. Then,
| investigated the requirements regarding the SU-8 thickness to enable high-efficiency
heterogenous waveguide PDs based on simulations. After several trials, a stable SU-8 bonding
process was developed yielding SU-8 thicknesses below 100 nm, which is sufficient for
high-efficiency optical coupling as shown in chapter 4. Finally, | adopted the process to MUTC

PDs and demonstrated record-high responsivity and high bandwidth photodiodes integrated on
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silicon nitride chips in chapter 5. These devices represent as key components in silicon nitride
integrated photonics and it is planned to use them in a chip-scale frequency synthesizer
demonstrator in collaboration with UCSB.

To achieve optical detection with photon-number resolution, | proposed a novel segmented
waveguide photodetector. A proof-of-concept is presented in this dissertation, and the work shows
the effectiveness of the new segmented photodetector design. The design utilizes an optical
directional coupler mechanism and six photodiodes sharing the same waveguide were
demonstrated to achieve 92% internal quantum efficiency. Based on these results | developed a
design for a segmented waveguide photodetector based on avalanche photodiodes, which paves
the way towards integrated optical detectors with PNR capability.

For microwave photonics applications | developed a bias-free GaAsSb/InP type Il photodiode.
This type of PD achieved high RF output power and large bandwidth and can benefit several

applications that require minimized power consumption and reduced circuit complexity.

8.2 High speed photodiodes on silicon nitride

As shown in chapter 5, the bandwidth of heterogeneously integrated photodiodes on silicon
nitride reached 20 GHz and was mainly limited by series resistance. A bandwidth of 28 GHz was
expected from simulation. Most likely, this is caused by high contact resistance in the P-doped InP
contact. In order to achieve higher bandwidth, an InGaAs P-doped contact layer can be added to
the epitaxial layer structure. This is because higher doping levels can be achieved in P-doped
InGaAs, which enables lower contact resistance. In addition, the structure can be reversed where
the N-contact layer becomes the bottom layer as shown in Fig. 8-1. This structure has a reversed

epitaxial layer stack of the design shown Fig. 5-16.
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Fig. 8-1 Reversed epitaxial layer stack of Fig. 5-16 with P contact on the top after bonding.
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Fig. 8-2 Optical simulation of structures in Fig.5-16 and Fig.8-1.

In Fig. 8-2, I simulated the optical power change along the direction of propagation at 1550 nm.
The photodiode starts at z=50 um. The blue line indicates the total optical power in the simulation
region. The decrease of total power is due to absorption in the photodiode. From the plots shown

in Fig. 8-2, it can be seen that there is no significant difference by changing the structure upside
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down. Both devices exhibit strong absorption over 50 um length which suggests that high
responsivity can be achieved in short PDs. However, since higher doping levels can be achieved

in both the N-type InP and the P-type InGaAs layers, the contact resistance issue can be mitigated.

8.3 SU-8 planarization on SOI waveguides.

In my work, the bonding process was performed on a flat surface which greatly facilitates SU-8
planarization during spin coating. However, silicon-on-insulator (SOI), the most popular silicon
photonic platform, typically is not flat due to the silicon wire waveguides. In order to expand our
bonding technique to SOI, this issue can be addressed in two ways. First, use SiO> to fill the
trenches followed by chemical mechanical polishing (CMP) to achieve a flat surface before

bonding. The process is shown in Fig. 8-3.

4um  2pm

SOI slab waveguide

Si0, fill the trench

Fig. 8-3 CMP planarization process on SOI.
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Another option is to use SU-8 to fill the trench and then do the planarization during the bonding
process. In order to have SU-8 evenly filling the waveguide trenches, | have modified the process
and added 10 seconds extra spin during time at 500 rpm at the beginning of the SU-8 spin coating
process. | also changed the bonding time from 30 min to 70 min in order to make the SU-8 fully
filling in the trench. The result is shown in Fig. 8-4, which shows the bonded chip with its cross-
section after cleaving. From the SEM image it can be seen that the SU-8 evenly fills the trenches.
No bubbles appeared during the bake process after photolithography in over 80% percent of the
bonding region. These initial results indicate that our SU-8 bonding can also be applied to SOI
slab waveguides that are defined by deep trenches. However, there remains a part of the wafer that
is not flat (with bubbles) as shown in Fig. 8-5, which means the bonding process still needs to be
optimized including the duration time of spin coating, UV exposure, post-baking and wafer

bonding. Future work includes optimization of the bonding process to enable high-performance

photodiodes on SOI platform.

Bonded III-V die

SOI

200 nm EHT = 3.00kv Signal A = SE2 Date :19 Mar 2018

ZEISS
WD = 6§3mm Photo No. = 8466 Time :15:45:40

Fig. 8-4 111-V die bonded on Si slab waveguide after cleaving (left), and the SEM image of the cleaving

interface (right).
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Fig. 8-5 Bubbles appear in some part of wafer.

8.4 Second harmonic generator co-integrated with high responsivity

photodiode

Fig. 8-6 Schematic image of interposer.
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As mentioned in chapter 5, high responsivity photodiodes were designed to be integrated with
a second harmonic generator (SHG) on a SiN interposer chip, which is shown in Fig. 8-6. There
are two bonding windows on the interposer. One is for photodiodes, the other one is for the
GaAs-based SHG. There are also some passive optical components on the interposer for filtering
and guiding the light. There are three pairs of balanced photodiodes on the chip in order to detect
signals from SHG and two other frequency combs.

Our collaborator UCSB first bonded and fabricated their SHG in the SHG bonding window on
the chip. Afterwards, | bonded my I11-V die in the PDs’ bonding window and then fabricated three
pairs of high-responsivity balanced photodiodes as shown in Fig. 8-7. Preliminary measurements
have been done for the photodiodes on the chip, and indicated a similar performance as described

in chapter 5. More measurements of PDs and SHG will be completed in the near future.

.
e
ey D

Fig. 8-7 Picture of fabricated interposer with bonded SHG and PDs.
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Appendix | (250 nm SU-8)

1. SOl die cleaning:
a. Spin cleaning by TCE, reagent alcohol and methanone.
b. Toothpick cleaning of particles.
c. Spin clean by AZ 400K and methanone.
d. Check the die under microscope with 20x magnification for any particles in the
bonding region.
2. 111-V die cleaning:
a. Spin cleaning by TCE, reagent alcohol and methanone.
b. Toothpick cleaning of particles.
c. Spin clean by AZ 400K and methanone.
d. Check the die under microscope with 20x magnification for any particles on
whole die.
3. Surface activation: Put SOI and I11-V dies into O plasma chamber for 5 min at 200 W.
4. Spin coating: Spin coat SU-8 6000.5 on SOI die sample at 9000 rpm for 50s.
5. Edge bead removal: Using AZ-EBR to remove edge bead and backside of SOI die.
6. Pre-bake: Bake the SOI die at 110 °C for 50s. The die should be attached on a copper
carrier by LOR.
7. Cool down: Let SOI die on the copper carrier cool down for 5 min.
8. Exposure: UV-curing of SOI die by MJB-3 for 40s (CH2, 350 nm, 7 mW/cm?).
9. Out-gassing: Put the I11-V die and SOI die side-by-side into bonding machine. Pump
down chamber for 30 min out-gassing.

10. Bonding: Attach dies and bond them at 130°C for 40 min.

117



11. Cooling down: Set the temperature back to room temperature and take the bonded device
out.
12. Cleaning LOR: TCE, reagent alcohol and methanone to remove the LOR.

13. Substrate removal: Use acid HCI: H20 (3:1) to remove InP substrate.
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Appendix Il (120 nm SU-8)

1. Silicon nitride die cleaning:
a. Q-tip swab clean with TCE, reagent alcohol and methanone only one time.
b. Q-tip swab clean with ethylene glycol and methanone.
c. Toothpick cleaning of particles.
d. Check the die under microscope (20x) for any particles in the bonding region.
e. Repeat steps b-c until no particles can be seen under microscope at 10x.
2. 111-V die cleaning:
a. Q-tip swab clean with TCE, reagent alcohol and methanone only one time.
b. Q-tip swab clean with ethylene glycol and methanone.
c. Toothpick cleaning of particles.
d. Check the die under microscope 20x for any particles in the bonding region.
e. Repeat steps b-c until no particles can be seen under microscope 10x.
3. Surface activation:
a. Put silicon nitride die into PECVD for 1min SiO> deposition.
b. Put Ill-V die into Oz plasma chamber for 5 min at 200 W.
4. Spin coating: Spin coat SU-8-1 on SOI die sample at 9000 rpm for 40s.
5. Edge bead removal: Using AZ-EBR to remove edge bead and backside of SOI die.
6. Pre-bake: Bake the SOI die at 110 °C for 30 s. The die should be put on hot plates
directly. (Cool down is not necessary here)
7. Exposure: UVcuring of silicon nitride die by MJB-3 for 9 s (CH2, 350 nm, 7 mW/cm?).
8. Out-gassing: Put the I11-V die and silicon nitride die side by side into bonding machine.

Separate them and pump down chamber for 30 min out-gassing.
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9. Bonding: Attach two dies and bond them at 130°C for 40 min.

10. Cooling down: Set the temperature back to room temperature and take the bonded
device out.

11. Cleaning LOR: Use TCE, reagent alcohol and methanone to remove the LOR by Q-tip
swab.

12. Substrate removal: Use acid HCI: H20 (3:1) at 60 °C to remove InP substrate without

any ramps left.
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Appendix Il (70 nm SU-8)

1. Silicon nitride die cleaning:
a. Q-tip swab cleaning with TCE, reagent alcohol and methanone only one time.
b. Q-tip swab clean with ethylene glycol and methanone.
c. Toothpick cleaning of particles.
d. Check the die under microscope 20x for any particles in the bonding region.
e. Repeat steps b-c until no particles can be seen under microscope 10x.

2. 111-V die cleaning:
a. Q-tip swab cleaning with TCE, reagent alcohol and methanone only one time.
b. Q-tip swab clean with ethylene glycol and methanone.
c. Toothpick cleaning of particles.
d. Check the die under microscope 20x for any particles in the bonding region.
e. Repeat steps b-c until no particles can be seen under microscope 10x.

3. Surface activation:
a. Putsilicon nitride die into Oz plasma chamber for 4 hours at 200W.
b. Put Ill-V die into Oz plasma chamber for 5 min at 200W.

4. Spin coating: Spin coat SU-8-1 on silicon nitride die at 9000 rpm for 40s.

5. Edge bead removal: Using AZ-EBR to remove edge bead and backside of SOI die.

6. Pre-bake: Bake the silicon nitride die at 110 °C for 40s. The die should be put on hot

plate directly. (Cool down is not necessary here)
7. Exposure: UV curing of SU-8 on silicon nitride die by MJB-3 for 16 s (CH2, 350 nm, 7

mW/cm?).
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10.

11.

12.

Out-gassing: Put the 111-V die and silicon nitride die side by side into bonding machine.
Separate them and pump down chamber for 35-40 min out-gassing.

Bonding: Attach two dies and bond them at 130°C for 60-90 min.

Cooling down: Set the temperature back to room temperature and take the bonded
device out.

Cleaning LOR: Use TCE, reagent alcohol and methanone to remove the LOR by Q-tip
swab.

Substrate removal: Use acid HCI: H20 (3:1) at 40-45 °C to remove InP substrate without

any ramp left.
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Appendix IV SIMS result of zero-bias wafer

Epi Design

Contact layer GafAsSh, p+, Be, 1x10'%, 50nm

Un-depleted Abiarber, Gatash, pe, Be, 5210, 30nm

Un-depleted Absorber, GadsSh, p+, Be, 3x10', 30nm

Un-depleted Absorber, GassSh, p+, Be, 1x10%, 35nm

Un-depleted Absorber, Galssh, p, Be, 81107, 35nm

Un-depleted Absorber, GadsSh, p, Be, Tuld”, 58nm

Un-depleted Absorber, GadsSh, p, Be, 6107, 35nm

Depleted Absorber, GadsSh, p, Be, 1x10', Snm

1P, ¥, 1x10*, Si, 75nm

Contact layer InF, ne, 1a100%, 5i, T00nm

Semi-insulating InP Substrate

UVa: Sample submitted Aug 2nd 2018
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