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Chapter 1

Introduction

This chapter briefly describes the reason of deploying a fiber-to-the-home (FTTH) network,
the evolution of the user access network, and the architecture of an optical access network.
A dynamically reconfigurable time and wavelength division passive optical network (TDM-
WDM-PON) developed in the Broadband Photonics Project (BBP) is introduced, and the mo-
tivation for developing a monolithic integrated reflective transceiver is explained and the goal
of the research is given. Next, the development history of the bi-directional transceiver is re-
viewed. The main components in the integrated bi-directional transceiver are discussed, and
considerations on the choices made for each component in the transceivers in this thesis are
given. Finally, the outline of the thesis is presented.

1.1 Introduction

Bandwidth demand from the user has driven the explosion of the communication traffic
volume [1]. The statistics show that the monthly internet traffic has reached more than
20 Gbytes per capita in some regions at the year-end of 2008, such as Hongkong and South
Korea. The average annual internet traffic in the backbone network is doubling every two
years [2,3].

With users’ increasing demand for always-on fast internet communication, video-based
multimedia, fast peer-to-peer file transfer, high definition TV, on-line gaming, remote med-
ical care and remote working besides conventional services, such as voice telephone, TV,
and radio, the last mile continues to be a major bottleneck in the internet [4]. Its low band-
width and low flexibility prevent the deployment of new services and the development of
new applications [5].

Since the beginning of 1990s, the technology used for the user access network has ex-
perienced a number of generations from the analog telephone line, integrated services dig-
ital network (ISDN), digital subscriber line (Asymmetric DSL (ADSL) and Very-high-bitrate
DSL (VDSL)), cable TV (CaTV) to fiber-to-the-home (FTTH). The bandwidth has been up-
graded from several Kbit/s over the telephone line to Gbit/s over passive optical networks
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Bandwidth! access distance bandwidth DVD movie 3
medium limited? limited download time
FTTH 1.25 Gbit/s fiber No No 30.4s
FTTH 622 Mbit/s fiber No No 1 min
FITH 155 Mbit/s fiber No No 4.04 min
VDSL 50 Mbit/s twisted pair 500 m Yes 12.53 min
CaTVv 40 Mbit/s coax 1000 m yes 15.67 min
ADSL 10 Mbit/s twisted pair 2500 m Yes 1.04 hour
ISDN 128 Kbit/s twisted pair 7km Yes 3.4days
Modem 56 Kbit/s twisted pair >7km Yes 7.8days

LCurrently, the maximum available bandwidth per user within the limited distance if applicable.
2The distance between the headend station to the user home.
3Based on 4.7 Gbytes

Table 1.1: Current maximum available bandwidth per user at user access network for
different access line technologies.

(PON) in some regions. The features of the popular existing access lines are compared in
table 1.1 in terms of the maximum available bandwidth per user, the distance limitation
and the bandwidth scalability. Although VDSL and CaTV have evolved into a higher speed,
they have reached their limit and are available only within a shorter reach due to radio fre-
quency (RF) attenuation over the twisted pair/coax [4]. It is generally agreed that FTTH will
be the ultimate solution to the demands on the bandwidth in the access network due to its
tremendous bandwidth as compared to the coax and the copper twisted pair [4-8].

Currently, the most widely available bitrate of FTTH has reached 100 Mbps per sub-
scriber in Asia, Europe and North America. In Japan, the DSL subscriber growth rate began
to fall in 2004 while the number of FTTH subscribers keeps steadily growing, Fig.1.1. The
reason was that the price of FTTH was adjusted and started to be comparable to that of DSL
and others. A lot of subscribers started to shift from DSL to FTTH for the larger bandwidth
and the number of subscribers for FTTH has surpassed DSL in Japan at the end of 2008.
Outside Japan, the number of subscribers for FTTH keeps increasing as well.

Besides the high bandwidth-price ratio, a study commissioned by the FTTH Council
Europe has suggested that fiber to the home is a green technology considering the environ-
mental costs associated with the use of non-renewable energy and emissions of greenhouse
gases [9].

However, the bandwidth demand at the user access network will keep increasing, and
it has been estimated that the required bandwidth will surpass 1 Gbit/s per home in the
future 10 years at the user access network [10]. Economical upgradability and scalability
of an access network have to be taken into account. To meet the challenges in the band-
width, economical scalability and cost-effectiveness, a dynamic reconfigurable network ar-
chitecture has been proposed and studied in the Broadband Photonics project (BBP), within
which the research presented in this thesis has been carried out to develop a cost-effective
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Figure 1.1: Current and predicted internet penetration (number of subscriptions) by
types of access line (estimated by Yano Research Institute Ltd.: As of March 15, 2005)
(source: Yano Research, Japan)

transceiver, the optical circuit of the optical network unit (ONU) which is a module installed
at each user’s home to process the downstream and the upstream data.

One of the main cost drivers in the user network is the cost of the equipment inside the
network, especially the ONU, since it has a direct impact on the cost per customer. In a
multi-wavelength network, one way to reduce the cost of the user access network is to use
a colorless transceiver, instead of a wavelength specific one. In this way the transceivers
at each home can be identical, suitable for mass production, therefore the cost can be re-
duced.

The work presented in this thesis focuses on developing a colorless transceiver for the
proposed dynamically reconfigurable access network in the BBP project. The goals of the
research on the transceiver are to:

* develop the concept of a high bandwidth and cost effective transceiver. The target
bandwidth is first at 1 Gbit/s, and then upgrade to 10 Gbit/s;

* optimize the performance of the components of the transceiver to meet the specifi-
cations for the network operation;

* investigate the possibility to realize a cost effective monolithically integrated
transceiver based on currently available material and technology in the COBRA re-
search institute.
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Headend
station

Headend

Headend
ation ion

Passive
node

(a) Point-to-point (P2P)

(b) Active optical network (AON) (c) Passive optical network (PON)

Figure 1.2: Three different fiber access network architectures: (a) Point-to-point (P2P),
(b) active optical network (AON), (c) passive optical network (PON).

1.2 Outline of this chapter

In section 1.3, a short introduction on the optical access network architectures will be given.
The advantages and disadvantages of each scheme will be briefly discussed.

In section 1.4, the agile TDM-WDM-PON proposed in the Broadband Photonics Project
is presented. Some features between the agile TDM-WDM-PON in the BBP project and the
other popular PONs are compared. The wavelength allocation scheme in the BBP project is
presented, and the target specifications of the first colorless transceiver are specified.

In section 1.5, several operation methods to realize a colorless transceiver are described.
The operation methods of the reflective transceiver in this thesis are specified and the rea-
sons are addressed.

In section 1.6, previous works on the transceivers are reviewed. The comparison be-
tween different transceivers is presented.

In section 1.7, the components of the transceiver are discussed, and the reasons for the
choices for each component are given.

In section 1.8, the outline of the thesis is given.

1.3 Optical access network

Different fiber access network architectures can be deployed in a FTTH network, such as
point-to-point (P2P), active optical network (AON), and PON [4], as shown in Fig. 1.2. In the
P2P architecture, each home is connected with the local exchange with its own optical fiber,
which requires high costs in the installed fiber plant and in the line terminating equipment.
In an AON, one single fiber carries all traffic to an active node which is connected with sev-
eral end users through branching fibers. Comparing with the P2P architecture, there are
much fewer optic fibers installed at the local exchange, and the wavelength resources in
the headend station can be shared by all the end users connected with the active node.
Consequently, it is more cost-effective than P2P. However, the active node needs constant
powering and maintenance. PON has the same architecture as the AON, except that the ac-
tive node is replaced by a passive node, such as a power splitter/combiner or a wavelength
demultiplexer. The detailed comparison between AON and PON can be referred to [11,12].



1.4 A dynamic reconfigurable user access network 5

&7

Figure 1.3: Dynamically routing wavelengths to access network cells for flexible service
provisioning.

Basically, PON is a better choice for network operators who would like to supply a very large
number of users with a modest cost in the network technology, while AON is beneficial for
high profit end customer segments, such as business customers, universities, local author-
ities, since in these cases flexibility, quality and security are demanded [12].

1.4 A dynamic reconfigurable user access network

Taking the future network scalability into account, a dynamic reconfigurable PON for the
user access has been proposed by combining the advantages of both wavelength division
multiplexing (WDM) technique and time division multiplexing (TDM) technique, and this
proposed architecture is referred to as agile TDM-WDM-PON. In the next sections, firstly
we explain the concept of the agile TDM-WDM-PON, and then compare the difference be-
tween the agile TDM-WDM-PON, WDM-PON and TDM-PON. In section 1.4.4, the wave-
length allocation schemes in the agile TDM-WDM-PON are introduced and discussed. The
target specifications of the transceiver in the agile TDM-WDM-PON is presented in sec-
tion1.4.5.

1.4.1 Introduction of agile TDM-WDM-PON

By assigning the wavelengths dynamically to the ONUs through wavelength routing, the
access network capabilities can be significantly enhanced [4, 13]. The idea of the dynamic
routing can be understood from Fig. 1.3 [4]. In the headend station, multiple wavelength
channels (shown in different colors) are fed to the access network through the optical fiber.
By wavelength-selective routing which is controlled by the operator, each wavelength chan-
nel can be assigned to one or more regional cells. Within the regional cell, each wavelength
channel can be either allocated for only one user or shared among several users through a
TDM access strategy by giving each user a time slot in this wavelength channel [4]. Thus a
very flexible TDM-WDM PON is obtained. In this way, the aggregate capacity available from
the headend station can be shared or partitioned flexibly among network areas in order to
meet the dynamic traffic demands at the user site.
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headend station
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Figure 1.4: Target access network architecture proposed in BBP: a reconfigurable TDM-
WDM-PON.

1.4.2 Target reconfigurable access network and its key components

The proposed architecture of the reconfigurable network in the BBP project is shown in
Fig.1.4. It is forseen first to deliver 1 GbE (so 1.25 Gbit/s) capacity per wavelength channel
to 64 homes in total connected with 4 different passive nodes. The headend station deliv-
ers two wavelength channels per home, one for the downstream and the other one for the
upstream. In total, eight pairs of wavelength channels are deployed in the headend station,
and a wavelength multiplexer is used to combine the downstream and continuous wave
(CW) source for the upstream channel.

The control unit in the headend station communicates with the A-routing nodes and
with the optical protection switch. The network operator thus can control the capacity al-
location among the homes, and can protect the network against a single fiber break. This
control channel is preferably implemented out-of band with respect to the data signal chan-
nels, in order not to interfere with or depend on these. The control channel may be realized
on a common wavelength channel in the 1.3 ym band, which is shared and easily accessi-
ble by each node deploying low-cost low bit rate electro-optical transceivers operating with
an Ethernet protocol. The 1.3 um control channel is separated from the data channels by
a coarse WDM (de-)multiplexer (CWDM) at each side of a node. At the headend station,
the control channel can be injected in both counter propagating ways, depending on fail-
ure conditions in the ring. For example, when there is no failure, the control channel may
be injected only clockwise. When there is a fiber break between node 2 and 3, it may be
injected both clockwise and counterclockwise, in order to reach every node.

In the wavelength routing node, as shown in Fig. 1.5, only the wavelengths which meet
the resonance condition of the ring are added or dropped. Therefore, one wavelength can
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Figure 1.5: Schematic view of a wavelength router composed of micro-ring resonators.
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Figure 1.6: The schematic view of an integrated ONU, which is composed of a
transceiver, an electrical driver, and an electrical receiver.

be dropped for one home or all homes by tuning the resonance conditions of the rings.
The micro-ring resonators in the BBP project are designed with a free spectral range (FSR)
corresponding to the channel spacing between the upstream and the downstream channel,
thus both the upstream and the downstream channel from the headend station are dropped
at the same micro-ring resonator, and the returned modulated upstream channel is added.
The wavelength router is controlled by the headend station to allocate capacity according
to actual demand. For detailed information about the design and the realization of the
wavelength ring router we refer to [14].

At each home, a reflective ONU is deployed to handle both the upstream and the down-
stream data, as shown in Fig. 1.6. It consists of three parts: an optical transceiver, an elec-
trical driver and an electrical receiver. The two incoming wavelengths from the headend
station are separated by a wavelength duplexer (WD), and then guided to a reflective mod-
ulator and a photodetector respectively. The downstream data is detected by the photode-
tector and amplified by the receiver of the ONU, and the CW light is modulated by the up-
stream data through the driver, reflected back through the router and received by the burst
mode (BM) receiver (Rx) at the headend station.

As introduced in section 1.4.1, the wavelength channel allocated to a cell is not fixed,
therefore the ONU installed at user’s home needs to be non-wavelength specific. The col-
orless reflective transceiver is the subject of this thesis, and it will be investigated based on
InP monolithic integration technology.
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OLT in OLT in
headend headend
station

Optical splitter/
combiner

Wavelength
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Figure 1.7: Time division multiplexing PON (TDM-PON) and wavelength division mul-
tiplexing PON (WDM-PON).

1.4.3 Comparison with TDM-PON and WDM-PON

Besides the proposed agile TDM-WDM-PON, other well known PON solutions are TDM-
PON and WDM-PON, as shown in Fig. 1.7. The following comparison between those solu-
tions is based on the assumption that the bandwidth per wavelength channel is 1.25 Gbit/s,
and the number of the users is 64 after the passive node in the TDM-PON and the WDM-
PON.

TDM-PON has received attention for its high-speed data rate at relatively low operating
cost and moderate complexity. It has been successfully deployed in Japan and in the USA for
broad bandwidth. In the TDM-PON (Fig. 1.7(a)), several users share the same wavelength(s)
by dividing the signal into different time slots. This method requires careful synchroniza-
tion of the packet transmission at the OLT and the ONUs, therefore the cost of the terminal
equipment is high. The disadvantage of this system is that the total bandwidth available per
user is limited by the total number of the users. The average data rate per home therefore is
1.25Gbit/s/64 = 19.5Mbit/s. The maximum number of users is limited by the power split-
ting ratio of the optical splitter. Since each home receives only a fraction of the transmitted
power after the optical power splitter, the link power budget available is limited.

In the WDM-PON (Fig. 1.7(b)), each home gets a dedicated wavelength channel which
is determined by the wavelength de/multiplexer, therefore each user gets full bandwidth,
and the data communication between the OLT and the ONU can happen at any time, and
there is no interaction or coupling between the subscribers on a WDM-PON. It is easy to up-
grade the system capacity by changing the transceiver in the headend station and the ONU
at user’'s home. Since there is no power splitting, when the insertion loss of wavelength
de/multiplexers is low, the link power budget is high, hence allows a long fiber feeder link.
However, since each user always gets full bandwidth, the efficiency of the capacity alloca-
tion is low. The cost of WDM-PON is high since each user requires a dedicated source. For
64 users, 64 transceivers are needed in the headend station. Accommodating more homes
in the network requires adding more transceivers at OLT and users’ home and replacing the
wavelength de/multiplexers at the passive node.
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agile TDM- TDM-PON Static
WDM-PON WDM-PON
Average data rate per home (Gbit/s) 0.155 0.0195 1.25
Peak data rate per home (Gbit/s) 1.25 1.25 1.25
Number of homes 64 64 64
Statistical multiplexing yes yes no
Maximum length of the subscriber (moderately) short long
access line long
Cost of the network technology (moderately) low high
high
Efficiency of the capacity allocation high (moderately) low
high
Cost in scaling to more homes low low high

Table 1.2: Comparison of some PON solutions based on a bandwidth of 1.25 Gbit/s per
wavelength channel and 64 users in the TDM-PON and the WDM-PON.

The agile TDM-WDM-PON, as shown in Fig. 1.4, combines the advantages of both the
TDM-PON and the WDM-PON. A wavelength channel can be fully devoted to a single user
or can be distributed to several users. When a user requires the full capacity, it can be
achieved by allocating a wavelength pair only for this user. The agile TDM-WDM-PON can
bring all eight wavelength pairs (Fig. 1.4) in the headend station into a common resource
pool, then the available bandwidth of the agile TDM-WDM-PON is 8 x 1.25Gbit/s, i.e. a
10 Gbit/s. The average available capacity per home is 10Gbit/s/64 = 155Mbit/s. By the
wavelength routing in the nodes, the signal power is efficiently distributed, which favors a
high link power budget. Upgrading of the network to higher capacity is relatively easy by
just adding a transceiver with a new wavelength pair in the headend station (provided that
the added pair is within the tuning range of the wavelength router). Adding a new group
of homes requires adding a new wavelength router. However, the maximum number of the
users per wavelength router is limited by the power tap ratio of the wavelength router when
the system is operating in the broadcasting mode.

Table 1.2 summarizes the main characteristics of the three PON alternatives. It high-
lights the strengths of the reconfigurable agile TDM-WDM-PON.

1.4.4 Wavelength allocation schemes in agile TDM-WDM-PON

Two different wavelength allocation schemes have been considered in the reconfigurable
access network. The first scheme uses 8 pairs of interspersed upstream and downstream
wavelengths with a 200 GHz channel spacing (interspersed duplexer), and the wavelength
ranges from 1530nm to 1560nm, as shown in Fig. 1.8. Another wavelength allocation
scheme, Fig. 1.9, divides the whole wavelength band into one guard band (150 GHz) and two
subbands. The guard band is located between two subbands which consist of the 8 down-
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Figure 1.8: Incoming wavelengths (narrow bands) from the local exchange with the pass-
bands of the wavelength duplexer whose channel spacing between upstream and down-
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bands of the wavelength duplexer whose channel spacing between the upstream and the
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Parameters value unit
Return loss >45 dB
wavelength range 1540~1550 nm
1530~1560
Polarization dependent loss 0.5 dB
Tuning delay <40 ms
RSOA
Fiber-fiber gain of the RSOA 0 dB
Bandwidth of the upstream 1.0 Gbit/s
Photoreceiver
Sensitivity of the photoreceiver -25 dBm
Bandwidth of the downstream 1 GHz
Tunable wavelength duplexer
Fiber-chip coupling loss <4 dB
Insertion loss of the wavelength duplexer <3 dB
Isolation level of the wavelength duplexer >15 dB
Tuning range of the wavelength duplexer 2n rad

Table 1.3: Target specifications on the transceiver in the agile TDM-WDM-PON.

stream channels and 8 upstream channels respectively. Within the subband, the channels
are spaced by 50 GHz, and the space between the upstream wavelength and downstream
wavelength is 500 GHz. The whole operation wavelength range is from 1540 nm to 1550 nm.

The reason for selecting the second wavelength allocation scheme (500 GHz channel
spacing) is to ease the requirements on the thermally tunable ring wavelength router. The
first scheme puts stricter requirements on the design of the ring wavelength router, it has
to be able to be tuned up to 30 nm from 1530 nm to 1560 nm to cover all the wavelength
pairs in the local exchange, which would cause a higher electrical power dissipation. In the
second allocation scheme it only needs to be tuned within a 10 nm range from 1540 nm to
1550 nm.

Another difference between these two schemes is the tuning of the duplexer. In princi-
ple, once the interspersed duplexer is tuned to maximize the transmission of a pair of wave-
lengths, it should be kept there for the other wavelength pairs, while the grouped duplexer
needs fine-tuning whenever the network is reconfigured. In Chapter 2, the wavelength du-
plexers will be discussed in detail.

1.4.5 Target specifications of the transceiver

At the start of the BBP project, we have set target specifications for the integrated transceiver
and they are listed in table 1.3.

* Return loss: every component in the network introduces reflections. If the reflec-
tion is too high, interference between the transmitted and reflected data degrades the



12

1. Introduction

signal quality. Combining the anti-reflection (AR) coating and angled facet, a facet
reflectivity as low as 1072 can be achieved [15]. Besides, low on-chip reflection is also
important to lower the crosstalk between the reflected upstream data and the down-
stream data inside the transceiver.

Wavelength range: this depends on the wavelength allocation scheme, see sec-
tion1.4.4.

Polarization dependent loss: In an installed network, there is no control over the po-
larization state of the incoming light. Therefore, all components have to be polariza-
tion independent. The polarization dependent loss has to be below 0.5 dB. Polariza-
tion independence is very hard to realize, especially for the SOA. In this work to prove
the concept, the polarization dependence of the SOA was not considered.

Tuning delay: the tuning time should stay below 40 ms which is the network reconfig-
uration time.

Fiber-fiber gain of the RSOA: the RSOA can lase due to the residual reflections when
integrated with other components, therefore the gain of the RSOA is limited. The
target fiber-fiber gain is 0 dB, which compensates for the fiber-chip coupling loss and
the insertion loss of the wavelength duplexer.

Bandwidth of the upstream: the first target upstream bandwidth is 1.0 Gbit/s by di-
rectly modulating the RSOA.

Sensitivity of the photodetector: the requirement on the photodetector sensitivity is
—25dBm at 1.0 Gbit/s.

Bandwidth of the downstream: 1 Gbit/s downstream data is delivered from the head-
end station, and the photodetector can easily achieve this bandwidth. The photode-
tector which had been developed within the COBRA research institute reached more
than 30 GHz [16]. The main target for the photodetector development will be investi-
gating the bandwidth limit when the photodetector is in an SOA layer stack.

Fiber-chip coupling loss: fiber-chip coupling loss is due to the mode mismatch be-
tween the waveguide mode and a tapered, lensed fiber, about 4 dB.

Insertion loss of the wavelength duplexer: the insertion loss specified here is an on-
chip loss, <3 dB.

Isolation level of the wavelength duplexer: the isolation level is the power difference
between the upstream and downstream channel at one of the output ports of the
duplexer. The target isolation level is higher than 15 dB within the wavelength range
to reduce the optical crosstalk between the upstream and the downstream data.

Tuning range of the wavelength duplexer: the required phase change in tuning should
be 27 to sufficiently cover all the wavelength pairs in the headend station.
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1.5 Operation methods to realize a colorless transceiver

Several schemes have been proposed to build a colorless transceiver at the user site, such
as spectrum-slicing [17, 18], injection-locking of the laser [19-21], laser light injected in a
reflective semiconductor optical amplifier (RSOA) [22] and RSOA re-modulation [23]. Spec-
trum slicing involves a broadband optical source with a narrow band periodic optical slic-
ing filter in the optical network splitting point. The filter separates the broadband spectrum
into several unique wavelengths for WDM channels. Since only a narrow part of spectrum
of the original source is used, the power of the filtered channel is low. In [17], a spectral
slicing WDM-PON using a wavelength-seeded RSOA has achieved 1.25 Gbit/s upstream op-
eration over 25km. However, this method also has a limitation on the modulation speed
because of several sources of noise such as intensity noise and optical beat noise and chro-
matic dispersion which are inherent properties of multimode or broadband sources [24].
This operation scheme is not suitable for the agile TDM-WDM-PON proposed in the BBP
project because the agile TDM-WDM-PON routes any wavelength pair in the headend sta-
tion to the transceiver, while the sliced wavelength in this operation scheme is fixed by the
narrow band optical filter.

The injection-locking method uses a multimode slave laser, such as a Fabry-Perot laser
(FP), which excites only one mode when a well-adjusted external optical signal is coming in.
The injected light can be from a filtered broadband source [19-21] or a coherent laser [25].
In [19,20], a low cost WDM-PON based on amplified spontaneous emission (ASE) injected
in a Fabry-Perot laser diode was demonstrated with 155 Mbit/s for both downstream and
upstream. This scheme has been commercialized in South Korea since 2005. The data rate
is limited by the high intensity noise due to the broadband source. In comparison, the
CW laser injection locking reduced the intensity noise and reached higher bit rates up to
10 Gbit/s [25] in the lab. However, this method generally requires careful control of the
modulation index, the laser bias current and the injection power and the frequency of the
external optical signal [26]. It is difficult to realize an injection locking transceiver in an
integrated circuit since it needs two on-chip reflectors to form the Fabry-Perot cavity.

In the remodulation WDM-PON scheme proposed in [23, 27], the downstream optical
signal is remodulated by the RSOA for upstream transmission. In this scheme, the trans-
mission performance of the upstream signal is degraded due to the remodulation of the
modulated downstream signal [22].

Different from the laser injection locking scheme in which the slave laser is pumped
above the threshold current, the laser light injected RSOA scheme employs a RSOA which
is pumped below the threshold current. A continuous wave (CW) laser light from a sin-
gle mode laser diode is injected into the RSOA and directly modulated with the upstream
data through the injection current which changes the gain of the RSOA, thus the amplitude
of the light. Since the injected light is single mode, the spontaneous-spontaneous beating
noise and chromatic dispersion can be avoided. Another advantage of this method is the
large operation optical bandwidth of the RSOA which can be easily maintained and all the
wavelengths in the local exchange can be shared by the RSOAs at the end users. In [22], it
has demonstrated that a WDM-PON can operate at 1.25 Gbit/s with a low optical injection
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power below —27 dBm. However, the performance of this scheme is influenced by the feed-
back of the optical signals into the RSOA and by the Rayleigh backscattering. Furthermore,
the spurious optical reflections in the fiber network caused by bad splices or connectors
need to be avoided.

Based on the network architecture (Fig.1.4) and the feasibility of monolithic integra-
tion with a photodetector and a wavelength duplexer, we will investigate two operation
schemes to achieve colorless ONU: laser injected RSOA modulator and employing a reflec-
tive Michelson phase modulator.

1.6 Previous works on the transceivers

A variety of optical transceivers for broadband optical access networks have been reported,
based on micro-optic integration, hybrid integration of laser and detector chips on a Planar-
Lightwave-Circuit (PLC) [28-30] or on a single Photonic Integrated Circuit (PIC) [31-40],
shown in Table 1.4.

Based on the micro-optic integration approach, the light which comes from the network
or the laser diode propagates in the free space inside the transceiver, and two wavelengths
for upstream and downstream data are separated by a thin film filter. A schematic view of
this type of transceiver is shown in Fig. 1.10(a). The downstream data (1) is reflected by the
thin film filter while the upstream data generated by the laser at A, passes through the fil-
ter to the network. This approach involves prepackaging of the discrete components, such
as the laser diode and the photodetector, and later assembling them together with lenses
and a thin film filter (TFF) in a common housing. This type of bi-directional transceiver
has been commercialized and demonstrated in [20] with 155 Mbit/s colorless operation for
both the downstream and the upstream data by slicing the spectrum of the superlumines-
cent diodes. However, this type of transceiver does not meet the specification issued in the
reconfigurable access network because a packaged laser is included.

Compared with the micro-optic approach, hybrid integration based on the PLC tech-
nology reduces the cost in the packaging because it doesn’t package each active component
separately. PLC technology offers an optical bench, on which optical parts such as the laser
diode, the photodetector and an optical fiber can be mounted by passive alignment tech-
nology. This passive alignment technology enables to apply an automated assembling ma-
chine, thus enabling cost reduction and mass production [45]. Besides the cost reduction
in the packaging, PLC technology can provide some or all passive optical functions as well,
such as waveguiding [29], duplexing/triplexing [43], and they can be optimized individually
for low optical transmission loss and low coupling loss with the optical fiber. In [30], a PLC-
module containing an integrated Spot-Size converter to lower the fiber-chip coupling loss
has been reported. However, in both the micro-optic approach and the PLC technology,
some components of the transceiver, such as the laser, the photodetector and the TFF (if
needed), still need to be fabricated and mounted separately, which later need to be aligned
and assembled with the passive components, such as lenses or a duplexer/triplexer. This
added complexity restricts the cost and volume scalability factors in the transceiver man-
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Integration WD Tx upstream | downstream year comm.
datarate datarate
Micro-optic TFF FP 155 Mbit/s 155 Mbit/s 2006 [20] yes
PLC TFF DFB -2 - 1996 yes
[28,41]
PLC TFF DFB 1.25Gbit/s 1.25Gbit/s 2002 [30] yes
PLC TFF DFB | 1.25Gbit/s 1.25 Gbit/s 2003 yes
[29,42]
PLC DC3 FP 1.25Gbit/s 1.25Gbit/s 2006 [43] no
PIC in-line DBR | 200Mbit/s 155 Mbit/s 1990 [32] no
PIC in-line DFB 54 Mbit/s 155 Mbit/s 1998 [36] no
PIC in-line DFB | 155Mbit/s 155 Mbit/s 2002 [40] no
PIC DC DFB 2GHz 500 MHz 1994 [33] no
PIC Mz1* DFB | 622Mbit/s 1.8 Gbit/s 1994/1995 no
[34,44]
PIC DC DFB - 230 MHz 1996 [35] no
PIC Y-junction | DFB | 500Mbit/s 7GHz 1996 [31] no
PIC Y-junction | DFB - - 1999 (39] no
PIC MZ1 SOA 1 Gbit/s 14 GHz this thesis no
PIC MZ1 PHM 10 Gbit/s 35GHz this thesis no
1 Commercialized

2

3Directional coupler

4Mach-Zehnder Interferometer

— means the data was not mentioned in the article.

Table 1.4: Overview of the bi-directional transceivers developed for the user access net-
work. WD in the second column is a wavelength de/multiplexer which separates two
wavelengths allocated for the upstream and the downstream respectively. The explana-
tions for the items in the second column can be referred to Section 1.7.1. Tx in the third
column is the transmitter modulated with the upstream data.

ufacturing. The bidirectional transceivers in both the micro-optic approach and PLC tech-
nology are commercially available.

A further cost reduction can be achieved by integrating all optical functions into a sin-
gle Photonic Integrated Circuit (PIC), since the effort for module aligning, mounting and
housing is strongly reduced as compared to hybrid integration [31, 34, 37, 46]. Several
transceiver PICs in InP have been published based on different architectures and compo-
nents [31, 34,37, 39,44, 46], as shown in Fig. 1.10. They have demonstrated the feasibility of
compact size and good performance. However, up to now, there is no PIC transceiver com-
mercialized due to some inherent technological challenges such as the suppression of the
electrical and optical crosstalk, and the difficulties to lower the development and fabrica-
tion costs [37].
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Figure 1.10: The schematic view of different types of developed bi-directional
transceivers on Micro-optic approach (a), hybrid PLC technology (b,d,e,f) and PIC (b—f).

Besides the differences in the components and the performance, the previous
transceivers are bi-directional, while the transceivers in this thesis are reflective. In bi-
directional transceivers, a laser is adopted as the upstream transmitter, while in the re-
flective transceiver the upstream transmitter is a reflective colorless modulator, such as a
reflective SOA or a reflective phase modulator.

In this thesis, the reflective transceivers will be investigated based on InP monolithic
integration technology to lower the cost. The schematic views of the designed reflective
transceivers in this thesis are shown in Fig. 1.11. In the first scheme, a RSOA functions as
a modulator to transmit the upstream data, while in the other schemes a Michelson phase
modulator is employed to be driven by the upstream data, which can achieve a higher mod-
ulation rate and better extinction ratio. The detailed design and measurement results are
described in Chapter 7. The electrical and optical crosstalk level of the realized devices will
be analyzed in Chapter 7 as well, and the fabrication technology which is used to fabricate
the devices in Fig. 1.11 is described in Chapter 6.
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Figure 1.11: The schematic views of the colorless reflective transceivers based on InP
technology described in this thesis. The un-named boxes are 1 x2 and 2 x 2 3-dB coupler.

1.7 Components in the transceiver

As shown in Fig. 1.10, 1.11 and table 1.4, the transceiver consists of three basic components:
awavelength de/multiplexer that separates/routes the upstream and the downstream data;
areceiver that detects the downstream data; and a modulator that carries the upstream data
to the network.

For monolithic integration with the active components, the material system of the re-
flective transceiver is based on InP/InGaAsP which is available in the COBRA research insti-
tute. In the following part, we will give a short overview of the performance of different types
of components and we will give our considerations for the final choice of the components
to be integrated into our reflective transceivers.

1.7.1 Wavelength de/multiplexer

In table 1.4, all transceivers, except for the transceiver developed in this thesis, are devel-
oped for the wavelength pair with large spacing, for example 1310 nm/1490 nm (1550 nm).
The thin film filter (TFF) in table 1.4 is a polyimide or dielectric based multilayer filter
which reflects one wavelength while transmitting the other wavelength [47]. This device is
not suitable for monolithic integration with active components.
AY-junction duplexer, as shown in Fig. 1.10(b), is based on the propagation constant dif-
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ference between the fundamental mode and the first order mode. This type of wavelength
de/multiplexer suffers from instabilities due to the large taper width which can support
higher order modes that degrade the wavelength selectivity. Moreover, it is difficult to fabri-
cate due to the stringent requirements on the lithographic resolution necessary to obtain a
sharp intersection angle. Additionally, this device is relatively long, up to centimeters, due
to the small effective index difference between the fundamental mode and the first order
mode. It becomes especially long when the channel spacing between two wavelengths is
small, which is the case in the Broadband Photonics project.

A directional coupler duplexer is based on power transfer from one waveguide to the
other waveguide at a certain coupling length. It has similar problems in coupling control
as the Y-junction filter. It has particular requirements on the fabrication and control of the
gap between two waveguides.

Another layout is an in-line transceiver. It takes advantage of a material which is trans-
parent for one wavelength while absorbing the other wavelength. This is not suitable for
our application which has a channel spacing of 1.6 nm (200 GHz channel spacing) and 4 nm
(500 GHz channel spacing) between the upstream and the downstream signals.

The array waveguide grating (AWG) is an attractive and common wavelength demulti-
plexer which is commercially used in the WDM telecom network, and integrated into a PIC
for multi-functionality [16,48-51]. Based on InP technology, AWGs have been realized with
compact dimensions [52], and polarization insensitive operation [53, 54].

A Mach-Zehnder interferometer (MZI) wavelength duplexer consists of two 3dB cou-
plers connected by waveguides with unequal lengths corresponding to the channel spacing.
Comparing with a Y-junction and a directional coupler, it doesn’'t have critical sharp inter-
sections, thus it is easier to fabricate. For separating only two channels, an MZI has smaller
dimension than an AWG, especially when the wavelength demultiplexer should have a tun-
ing option. Furthermore, the MZI wavelength duplexer is more tolerant to the lithography
during fabrication.

In this thesis, AWG and MZI duplexers will be investigated and compared. The focus will
be on realizing a tunable wavelength duplexer which is polarization insensitive in transmis-
sion. Its polarization insensitive tuning is achieved based on both electro-optical (EO) and
thermal effects, see Chapter 2.

1.7.2 Modulator

Several ways can be employed to modulate the light with the upstream data in the
transceiver, such as direct modulation of a laser [31, 34, 37, 46], direct modulation of an
SOA [18,23,55,56], electro-absorption (EA) modulator [57-62], or a phase modulator (PHM)
[63-66].

Direct modulation of the laser can reach a high bandwidth up to 20~30 GHz [67, 68],
which is much higher than what is needed in the access network now. Besides, the laser
can be monolithically integrated with other active and passive components. However, it is
challenging to produce a wavelength tunable laser at low cost.

An SOA can be modulated by changing the injection current, which changes the gain
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of the SOA. The advantage of directly modulating the SOA is that the SOA has a large op-
erational wavelength range and compensates for the transmission loss and the fiber-chip
coupling losses. It has been investigated in different operation schemes mentioned in sec-
tion 1.5. However, the modulation bandwidth of the SOA is limited to a few GHz due to the
carrier lifetime. The record for the small signal bandwidth is 3 GHz, by working in a highly
saturated region [69].

The advantages of EA modulators are their low modulation voltage, high switching
speed, small size and the possibility to integrate them with other devices like passive wave-
guide devices, lasers, amplifiers and detectors. However, EA modulators make use of the
bandgap shift of the material (usually quantum well material) under a reverse bias voltage,
thus they add an extra transmission loss, typically around 8~10dB [70, 71]. Furthermore,
it has a smaller operational wavelength range than an SOA. The SOA-EA combination has
been demonstrated in a PON to carry the upstream data with 5 Gbit/s over 80 km long reach
in [72].

The phase modulator (PHM) is based on the phase change which changes the power at
the output port due to interference. The size of a Michelson PHM in InP is half length of
the MZI modulator. It can be monolithically integrated with other components. In [73], a
40 Gbit/s InP-based MZI phase modulator has been reported.

With respect to monolithic integration, bandwidth requirement and colorless operation
in the access network, two types of modulator, a directly modulated RSOA and a reflective
Michelson modulator, will be investigated in this thesis in Chapter 4 and Chapter 7, respec-
tively.

1.7.3 Photodetector

High efficiency, broad bandwidth and low polarization dependent loss (PDL) are the key
requirements for the photodetector. The bandwidth of the photodetector is limited by the
carrier transit time and the RC time constant, and the efficiency is determined by the inter-
action length between the light and the absorption layer. In order to improve the sensitivity
of the integrated photodetector, a spot size converter [74] can be integrated to reduce the
fiber-chip coupling loss, or a SOA is integrated to amplify the incoming light before the pho-
todetector to improve the responsivity and the sensitivity [49,75,76]. In terms of monolithic
integration, a high performance waveguide photodetector (WGPD) based SOA layer stack
will be analyzed in detail in Chapter 5, and later integrated into the transceivers described
in Chapter 7.

1.8 Thesis outline

The thesis can be separated into three parts: the first part (Chapter 2—Chapter 5) focuses
on the performance of each component in the transceiver; the second part (Chapter 6) de-
scribes the fabrication technology for realizing the components and the monolithic inte-
grated reflective transceiver; the third part (Chapter 7) concentrates on the design, realiza-
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tion characterization and analysis of the reflective transceiver with monolithic integration
of all the individual components into one single chip.
The thesis is organized as follows:

Chapter 2 gives a short overview of the theory of electro-optical effects in bulk
InP/InGaAsP material. Based on this theory, simulations have been carried out to
investigate the influence of the doping and thickness of each layer on the switching
voltage and transmission loss for both TE and TM polarization. Experiments have
been carried out for the waveguide phase shifters in two different layer stacks for
high switching efficiency or for low transmission losses for both TE and TM polar-
ization. Based on the measurement results, we designed and fabricated a polariza-
tion insensitive tunable wavelength duplexer using either electro-optical or thermal
effects. Under reverse bias voltage using the electro-optical effects, this wavelength
duplexer showed fast switching time of 0.14 ns (rise time) and 0.2 ns (fall time).

Chapter 3 introduces two passive components, an MMI-loop mirror and an MMI-
reflector which can be monolithically integrated into a PIC to realize on-chip reflec-
tion. The novel MMI-reflector combines small dimensions with good reflectivity.
These two components greatly enhance the flexibility in the design of the photonic
integrated circuit.

Chapter 4 studies the theory of a reflective SOA based on rate equations. A series
of simulations have been done to find the limiting factors for the modulation band-
width. We also fabricated a novel reflective SOA integrated with an MMI-loop mirror
based on a semi-insulating substrate, which can operate error free at 1.25 Gbit/s with
—14dBm input optical power.

Chapter 5 presents a high performance waveguide photodetector based on a SOA
layer stack. A photoreceiver which hybridly integrated a high bandwidth InP pho-
todetector with an electrical amplifier circuit on SiGe has been used to test its opera-
tion in the BBP system.

Chapter 6 discusses the fabrication technology which was developed for realizing the
monolithic integrated circuits, and applied to fabricate all the devices described in
this thesis.

Chapter 7 presents the design and characterization results of the three generations of
monolithically integrated colorless transceiver. The one which integrates a reflective
phase modulator is promising for future 10 Gbit/s operation. The crosstalk between
the SOA and the photodetector is analyzed.

The research presented in this thesis has been funded by the Dutch Ministry of Eco-
nomic Affairs through the Freeband Project Broadband Photonics Access, the Smartmix
project Memphis and the NRC photonics grant.



Chapter 2

Phase shifter and wavelength
duplexer in InP

This chapter firstly reviews the electro-optic effects which can be applied for phase shifters
and phase shifter based components. Based on the theory, a series of simulations have been
carried out to see the influence of the thickness and the doping of the phase shifter layer stack
on the switching efficiency. According to the simulation results, two material layer stacks are
presented for a high switching efficiency-loss ratio. A wavelength duplexer was designed for
polarization insensitive operation, and the measurement results show that it has not only
polarization insensitive transmission, but also polarization insensitive tuning within a large
wavelength range. It can operate with both electro-optical and thermal effect. The switch-
ing time of this wavelength duplexer in electro-optic operation is about 0.14 ns rise time and
0.2 ns fall time. In the last part of this chapter, we compare the performance of an AWG and
an MZI-duplexer for our application.

2.1 Phase shifter

2.1.1 Introduction

The phase shifter (PHS) is one of the fundamental building blocks in photonic integrated
circuits (PICs) [77]. In the reflective transceiver, the PHS is required firstly to tune the wave-
length duplexer (Section 2.2) to match the incoming wavelength pairs, and later to realize
a phase modulator to carry the upstream data (Chapter 7). Among the different material
systems for the phase shifter, InP-InGaAsP material has been chosen in this thesis because
of its potential for monolithic integration with the SOA/laser and photodetector which are
needed in the reflective transceiver. Phase shifters in InP have been successfully applied in
different devices in the COBRA research institute, such as a phase modulator [78], an op-
tical space switch [79-81], a tunable add-drop de/multiplexers [82] and an electro-optical

21
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tunable laser [83].

The main requirements for the phase shifter are a high switching efficiency, fast switch-
ing, polarization independence and low optical transmission loss [84]. A PHS in InP can
work with thermal effect [85], forward carrier injection and reverse bias voltage. A PHS
based on thermal effect can be compact, low loss and polarization insensitive, however its
switching speed is very low, in the millisecond range due to slow heat transfer. Another dis-
advantage of thermal tuning is that the generated heat influences the performance of the
other components in a PIC if these components are located very closely.

The PHS based on forward carrier injection has been demonstrated with small dimen-
sion [86], low loss, and polarization insensitivity [87, 88]. However, it has a similar problem
in heat dissipation and switching speed which are limited by the carrier recombination time
to the nanosecond range.

The phase shifter under reverse bias voltage doesn’t generate heat during operation, and
has a very low current flow through the device, thus low power consumption. It can have a
fast switching time, from a tenth of a nanosecond [78] to picoseconds [89]. These properties
are important in our application to combine low power consumption, fast tuning and high
modulation speed.

In the next sections, we will first review the electro-optic effects in bulk InP/InGaAsP
material when applying a reverse bias voltage (Section 2.1.2). Based on an initial layer struc-
ture of the phase shifter given in (Section 2.1.3), we model the influence of the thickness and
the doping level of each layer on the switching efficiency and loss for both TE and TM po-
larization. In Section 2.1.4, two different layer stacks are proposed, in which the waveguide
phase shifters were fabricated and characterized to check the optical transmission loss, the
switching efficiency and the polarization dependence in switching voltage (PDV).

2.1.2 Theory of the electro-optical phase shifter

An example of a p-i-n junction is shown in Fig. 2.1. It consists of an intrinsic waveguide layer
of InGaAsP(Q1.25) between two InP layers with p and n-type doping, respectively. When in-
creasing the reverse bias voltage, both the width of the depletion region and the electric
fields at the depletion region increase. EOmax and E1nyx are the maximum electric field at
the interfaces. Due to the electric field and the variation in the free carrier concentration,
the refractive index of the material changes. An overview of the related electro-optical (EO)
effects in the bulk InP material will be given in the following sections, and detailed explana-
tions can be found in [81,90-95].

Field-induced effects

The Pockels effect occurs due to the deformation of the index ellipsoid caused by the elec-
tric field. It exists only in non-centrosymmetric materials, and InP/InGaAsP is one of the
materials which have a Pockels effect. The Pockels effect is linearly proportional to the elec-
tric field, and dependent on the orientation of the waveguide with respect to the crystal
direction. It is polarization dependent. It doesn't affect TM polarized light while giving TE
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Figure 2.1: A schematic view of a p-i-n junction under reverse bias voltage with depletion
region and electric field.

polarized light a positive refractive index change (An ) for the light propagating along the
[110] direction and a negative An for light propagating along the [110] direction. The in-
duced change in index is given by [90]:

1
Anpockels = i571(3)’7’41|E| 2.1)

where ny is the refractive index, r4; is the linear electro-optic coefficient that is depen-
dent on the material, and E is the applied electric field due to the reverse bias voltage. The
Pockels coefficients r4; of InP and Q1.25 have been measured to be about 1.4x10~2 m/V,
and 1.6 x107 12 m/V respectively. [93,96].

The Kerr effect occurs together with the Pockels effect, but has quadratic relation in re-
sponse to an electric field [90], and can be written as:

Arory = 2113 E? 2.2
kerr = 2”0312,11 (2.2)

where s and s;; are the quadratic coefficients for TE and TM polarization respectively.
They are primarily determined by the Franz-Keldysh effect which changes the bandgap
shape, and thus the optical absorption induced by an electric field [97, 98]. Here we use
the experimentally fitted model and data given in [81] for Q1.25, 51> = 11.9 x 10~2°m?/V? for
TE polarization and s1; = 21.5 x 1072°m?/V? for TM polarization at a wavelength of 1.55 um.
The Kerr effect is weak in InP, about one order smaller than in Q1.25.

Carrier induced effects

The Plasma effect is related to intra-band transitions during which some carriers transit to a
higher energy level in the same band. The carrier density change due to such an intra-band
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transition causes a refractive index change. The dependence of A7pjasma on the doping level
Ny is linear [91,92,94]:

_ _ Ndﬂ,zez
Anplasma = A(E)Ng = [ — (2.3)
InP: A(E)=3.65x10"%"m3 (2.4)
Q1.25: A(E)=5.7x10"%"m? (2.5)

where e is the electron charge, ¢, is the vacuum permittivity, c is the light speed in vac-
uum, 7 is the refractive index, and m is the effective mass for electrons or holes. The plasma
effect is isotropic, but wavelength dependent.

The Band-filling effect is related to free carriers filling the empty states in the bands
which causes a decrease in the absorption coefficient. When applying a reverse bias volt-
age, the free carrier concentration changes in the depletion region. As a consequence, the
refractive index changes. Since it is a result of free carriers, doping the structure has the
equivalent effect as forward injection, provided that the carriers are free. The Band-filling
effect is isotropic and it is much stronger in InGaAsP than in InP and proportional to the
carrier concentration. We use the proportionality constant for InP and InGaAsP from [91]:

Angg = Agp - Ng (2.6)
InP: Angp=5-10"2'Ny4 2.7
Q1.25: Angp=14-10"2' Ny (2.8)

where Ny is the carrier concentration in the material.
Thus the total refractive index change An can be written as:

An = Anpockels + ANkerr + Alplasma + ANBE (2.9)

in which Anpocrels = 0 for TM polarization.

In a p-i-n junction structure shown in Fig. 2.1, however, not the whole optical flux I(x)
will see the refractive index change, but only the refractive index change in the depletion
region which overlaps with the mode will contribute to the phase change. We take this into
account by defining an effective refractive index change A Nggf, resulting from averaging the
total refractive index change An over the depletion region change produced by the applied
voltage V:

[I2An-I(x)dx
S22 1xdx

Emax(V) =1 w @.11)
N

ANggg = (2.10)
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2e5(pi — V)

dep(V) = —sq ]Qd 2.12)
27

AG(V) = (7) -ANugL (2.13)

in which &g is the permittivity of the material, ¢; is the built-in potential, dgep is the width
of the depletion region at a voltage V, A¢ is the phase shift, A is the wavelength and L is the
length of the phase shifter.

From the field and carrier induced effects, the carrier induced effects are more efficient
as follows from equations (2.1),(2.2),(2.3),(2.6) and (2.11).

2.1.3 Modeling of the phase shifter

In the p-i-n junction shown in Fig. 2.1, the p-InP cladding is close to the film, and it overlaps
with a large portion of the light. Due to the high absorption coefficient of the p-dopant, this
type of p-i-n layer stack prevents the realization of a device with low optical loss. In order
to obtain a low loss phase shifter, a buffer cladding layer is inserted to isolate the waveguide
layer from the p-InP top cladding layer. Furthermore, in order to increase the switching
efficiency, the waveguide layer should be doped at a certain level to take advantage of the
carrier effects (band-filling and plasma) without sacrificing the low loss [91]. In the follow-
ing part, we will go through the influence of the thickness and the doping level of each layer
on the switching voltage and loss for both polarizations. We start with a layer stack which is
used in COBRA with the initial values for the thickness and doping level in Fig. 2.2, in which
n.i.d. means non-intentionally doped, typically measured around Ng = 1 ~ 5 x 10'/cm®
with n-type dopant. The simulation has been carried out for a 2mm long phase shifter.
While investigating the influence of one parameter, the other parameters are kept constant.

Waveguide layer

In order to understand the influence of dg,, the width of the depletion region dge, and the
distribution of the electrical field E were calculated for two different thicknesses, 500 nm
and 600 nm under the same reverse bias voltage, as shown in Fig. 2.3. From the figures, we
can see that more light is confined in the film and less in the pn-junction and other lay-
ers when the thickness of the waveguide layer increases. dqep and E are identical under
the same reverse bias voltage, which means the total Az are the same for both thicknesses.
However, there is a smaller fraction of the light in the depletion region when the waveguide
layer is thicker, therefore ff;o An-I(x)dx (numerator in equation (2.10)) is smaller. There-
fore, the switching voltage increases when the thickness of the waveguide layer increases,
shown in Fig. 2.4 (left). However, the optical transmission loss decreases with increasing
waveguide layer thickness.

If the n-doping level of the waveguide layer is very high, only the buffer cladding layer
is depleted and little depletion occurs in the waveguide layer, Fig. 2.5(a), thus only a small
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Figure 2.2: A waveguide phase shifter structure with the initial doping level and layer
thickness as used in the COBRA research institute for simulation. The waveguide layer
composition is Q1.25. dyop is the thickness of the top cladding layer, d is the thickness
of the buffer cladding layer and dg,, is the thickness of the waveguide layer.
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Figure 2.3: Calculated light intensity distribution, electric field and the width of the de-
pletion region under the same reverse bias voltage for 500 nm (left) and 600 nm (right)
thick film while the other parameters are kept constant.
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Figure 2.4: Simulated switching voltage (V) as a function of the waveguide layer thick-
ness (left) and the doping level in the waveguide layer (right) while the other parameters
are kept constant.

fraction of the light sees An in the depletion region, which results in a poor phase shifting
efficiency.

When the waveguide layer is doped at a low level, it is completely depleted even at a low
reverse bias voltage, see Fig.2.5(b). Due to the low carrier concentration in the waveguide
layer, both the field and the carrier induced effects are low, thus small An in the depletion
region. After the film layer is depleted, the refractive index change in the waveguide layer
results mostly from the field induced effects which are not efficient. Although most of the
light sees the refractive index change, it still needs a high reverse bias voltage to reach =
phase shift. The simulated switching voltage as a function of the doping level in the wave-
guide layer is given in Fig. 2.4 (right). An optimum value for = 7 phase shift is obtained for
3x10'%/cm?® -5 x 10'%/cm® doping level where the carrier induced refractive index change
is high and most of the light sees the refractive index change, Fig. 2.5(c) and (d).

From Fig. 2.4(right), we can see that the PDV is bigger (~2'V, instead of ~0.7 V at optimum
doping level) when the doping level of the waveguide layer is very low (< 3 x 10'6/cm3). Tt
is because the effective index change results mostly from the electric field induced effects,
which is polarization dependent, after the waveguide layer is completely depleted. When
the waveguide layer is very highly doped (> 3x 107 /cm?), PDV increases as well. The reason
is that the depletion occurs mostly in the buffer cladding layer (Fig. 2.5(a)), and the field in-
duced effective index change in the depleted buffer cladding layer has a larger contribution
factor to the total effective index change when compared to the waveguide layer with an
optimum doping level. The field induced effective index change in the depleted InP buffer
cladding layer is polarization dependent.
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Figure 2.5: Calculated electric field and the width of the depletion region under the same
reverse bias voltage for the doping level of (a) Ng = 5x 1017 /cm3, (b) 1 x101%/cm3 (c) 4 x
10'6/cm3 and (d) Ng = 6 x 10'%/cm3 in the waveguide layer while the other parameters
are kept constant.
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Figure 2.6: Simulated transmission loss due to free carrier absorption as a function of the
thickness of the buffer cladding layer by means of waveguide scattering matrix formalism
(WASMF) [99]. The waveguide layer stack is shown in Fig. 2.2 with the given doping level
and the thickness for the other layers.

Buffer cladding layer

Now, we simulate the influence of the thickness and the doping level of the buffer cladding
layer on the loss, switching voltage and PDV. The buffer cladding layer isolates the p-
dopant with high absorption coefficient from the waveguide layer, and it is normally non-
intentionally doped or n-doped. The optical transmission loss caused by the free carrier
absorption decreases dramatically from 9dB/cm (11 dB/cm) to 2.1 dB/cm (2.5dB/cm) for
TE (TM) polarization when d increases from 0 nm to 300 nm, Fig. 2.6.

The width of the depletion region and the distribution of E are calculated for two differ-
ent thickness, 200nm and 100 nm, see Fig.2.7. When d,; is small, the p-n junction will be
located closer to the waveguide layer which results in a wider depletion region in the wave-
guide layer and a higher electric field at the same reverse bias voltage, and therefore a higher
An. Furthermore, due to larger depletion region in the film, ffoo.f’ An- I(x)dx is high, which
means better switching efficiency. The simulated switching voltage as a function of d,; is
shown in Fig. 2.8 (left) which describes a clear trend in the relation between the switching
voltage and the thickness of the buffer cladding.

The PDV reduces when d decreases, as shown in Fig. 2.8(left). The reason is that An
mainly comes from the depletion of the carriers in the film, and the carrier induced effects
are polarization independent.

The doping level in the buffer cladding layer is important because it determines the
strength of the electric field, the width of the depletion region and the location of the de-
pletion region (p-side or n-side). If the doping level of the buffer cladding layer is low, the
depletion occurs at the n-side, the buffer cladding layer will be completely depleted and
the waveguide layer starts to be depleted even at a small V};5. Due to the carrier depletion
in the film where the light is mostly confined, ff;o An- I(x)dx is high, thus the switching
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Figure 2.7: Calculated electric field and the width of the depletion region under the
same reverse bias voltage for a buffer cladding layer thickness of 200 nm(/eft) and 100 nm
(right) while the other parameters are kept constant.
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voltage is small.

When the doping level of the buffer-cladding layer increases, dgep becomes smaller in
the waveguide layer under the same V55 although An in the buffer cladding layer increases
due to a higher electrical field and a higher change in the carrier concentration level. The
increase of Nefr in the buffer cladding layer can’'t compensate for the loss of Negr in the wave-
guide layer because the light is mostly confined in the waveguide layer. Therefore the total
phase shifting efficiency becomes lower when the doping level of the buffer cladding layer
increases.

However, when the doping level exceeds a certain level (5 x 10'¢/cm®in this case), the
electric field is so strong under the same V},5 that the waveguide layer is depleted strongly
once the buffer cladding layer is completely depleted, see Fig.2.9(c). The strong electric
field and the larger depletion cause a large change in the refractive index, especially in the
waveguide layer. Thus the switching voltage decreases again. This result applies only when
the buffer cladding layer can be depleted at relatively low voltage. If the doping level is
too high, the depletion occurs at the p-InP side and only part of the buffer cladding layer
depletes, far from the waveguide layer, thus f_JrOO: An- I(x)dx is very low. The electric field
and the depletion region have been calculated for a doping level of 3 x 10'7/cm3, as shown
in Fig. 2.9(d). The buffer cladding layer is not completely depleted even under V}j,s = —12V.

The simulated switching voltage as a function of the doping level up to 1 x 10!"/cm3 is
shown in Fig. 2.8 (right). From the figure, we can see that the switching voltages are the same
for TE and TM polarizations for two certain doping levels, but the contributions from the
different EO effects are different. To illustrate this, we calculate the phase shift from each
effect for doping levels of 9.3 x 10'®/cm?® (left) and 3 x 10'%/cm? (right) shown in Fig. 2.10.
In the left figure, we can see that the field induced EO effect contributes more to the phase
change than in the right figure due to the strong electric field caused by the high doping
level.

Top cladding layer

The doping level of the p-type top cladding layer is important to determine the location of
the depletion region. If the doping level of the p-type top cladding layer is lower than the
n-doping level of the adjacent layer, the depletion will occur mainly at the p-side, where
the light intensity is low, consequently the switching voltage is high. If the doping level
of the p-type top cladding layer is much higher than the doping level of the n-type buffer
cladding and the waveguide layer, the depletion under reverse bias occurs mainly in the
n-type region, and the overlap between the optical field and the refractive index change is
high, thus the switching voltage decreases, Fig.2.11.

When the doping level of p-type top cladding layer is high, the depletion under re-
verse bias occurs mainly in the n-type doped region, consequently, the thickness of the top
cladding layer which is normally much thicker than the depletion region in p-InP will not
influence the switching voltage. On the other hand, high p-doped top cladding layer will
cause higher optical transmission loss.
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Figure 2.9: Calculated electric field and the width of the depletion region under the
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Waveguide width

The effective index of a waveguide phase shifter changes with the width Wpys, thus the
optical mode confinement in the transverse (y) direction changes as well. The calculated
effective index for deeply etched waveguides from 1 um to 3 um is given in Fig. 2.12(left), and
the corresponding simulated switching voltage is shown in Fig. 2.12(right). The switching
voltage is almost not influenced by Wprs when Wpys =1.8 um. When Wpys is below 1.5 um,
the switching voltage increases, which happens more obviously for TE polarization than
for TM polarization because the effective index of TE polarization (Negrg) changes more
than Negry in the same range from 1pm to 3 pm. In addition, PDV decreases when Wpys <
1.5 um where Neggrry begins to be bigger than Negrrg.

2.1.4 Waveguide phase shifter
First test for waveguide phase shifter (WGPHS)

Based on the above simulation results for the loss and the switching voltage, a wafer (num-
ber MO516) with the following layer stack specification of Fig. 2.13 was grown, . The highly
doped p-InGaAs top layer serves as a contact layer, and the top cladding layer is gradu-
ally doped from 1 x 10'®/cm?® to 5 x 10'7/cm3. The top cladding layer is 1.3 um thick in
total so that the optical field is sufficiently far from the highly p-doped InGaAs contact layer
and metal pads to prevent excessive loss. The buffer cladding layer is 200 nm thick, non-
intentionally doped based on the consideration on the loss and switching efficiency (see
Fig.2.8). The waveguide layer is 500 nm thick to ensure single mode behavior in the trans-
verse direction, doped with 6 x 10'6/cm3 (see Fig. 2.4). The simulated switching voltages are
Vz =4.75V for TE polarization and V; = 5.25V for TM polarization.
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Figure 2.13: Layer stack of the waveguide phase shifter and the distribution of the mode
intensity in the transverse direction (y-direction). The unit of the doping level is /cm3.

Measurement results on WGPHS

A group of 3 um wide straight shallowly etched (100 nm etched into the waveguide layer)
waveguide phase shifters were fabricated in this wafer, and cleaved with a length of 2 mm.
The measured propagation losses of a 3 um wide shallowly etched waveguide are 4 dB/cm
and 5 dB/cm for TE and TM polarization respectively. To measure the switching voltage, an
erbium doped fiber amplifier (EDFA) was used as a broadband light source. The light was
coupled into the waveguide via a microscope objective, and due to reflectivities at the two
cleaved facets, Fabry-Perot fringes will be observed in the transmission spectrum. When
a reverse bias voltage was applied over the electrode on the waveguides, due to the phase
change the transmission spectrum shifts. The switching voltage (V;;) was measured to be
2.6 Vfor TE and 3.2V for TM, which are much lower than the simulated values given above.
The corresponding switching efficiencies are 34.6°/(V-mm) and 28°/(V-mm) for TE and
TM polarization respectively.

Such a high efficiency results from two aspects which were not taken into account in
the former simulations. First, the actual waveguide layer thickness of this wafer was 460 nm
measured by selective wet chemical etching, 40 nm thinner than the specification. Accord-
ing to Fig. 2.4(left), the switching voltage decreases. Secondly, zinc (Zn), which is used as
the p-dopant, diffuses into the buffer cladding layer during growth and relocates the pn
junction down toward the waveguide layer [100-102]. The pn junction is made visible with
a secondary electron image (SEI), Fig.2.14 (right), about 100 nm above the film. According
to Fig.2.8(left), the switching voltage decreases when the thickness of the buffer cladding
layer is reduced.
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Figure 2.14: Actual layer stack thickness of MO516 for the phase shifters(left) and sec-

ondary electron imaging (SEI) at low voltage (right). The bright-dark transition indicates
the pn-junction.
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Figure 2.15: Measured switching voltage (big dots) and simulated phase-voltage rela-
tionship for both TE and TM polarization (dashed lines) for the first layer stack.

Based on the actual waveguide layer thickness (460 nm) and the actual location of the
pn-junction (100 nm), we carried out the simulation again, and the simulated total phase
shift as a function of the voltage is given in Fig. 2.15. The simulated V is about 2.5V for TE
and 2.9V for TM which is quite closed to the measured value.
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Figure 2.16: (Left) The measured layer thickness for the second grown wafer (MO758)
and (right) the Zn diffusion profiles determined by secondary electron imaging (SEI) at
low voltage.

Second test for WG PHS

In the first test results, the waveguide loss is about 4~5 dB/cm, which was partly caused by
the Zn-diffusion into the buffer cladding layer. In order to further reduce the transmission
loss while keeping the switching efficiency high, the second layer stack (MO758) was grown
with the measured layer thickness shown in Fig. 2.16(left).

The difference between the two different layer stacks exists in the InP buffer cladding
layer above the film, which is now n-doped with 6 x 10'8/cm3, instead of n.i.d in the first
layer stack. The reason for this change is that the diffusion depth of p-dopant (Zn) is de-
pendent on the n-doping level of the buffer cladding layer [103-105]. By increasing the
doping level of the n-InP buffer cladding, the Zn diffuses less deep, and the pn-junction will
be located further from the waveguide layer. Consequently, the free carrier absorption loss
will be reduced. However, this will increase the switching voltage (V) because the deple-
tion occurs less in the waveguide layer, and the refractive index change overlaps with small
fraction of the light in the buffer cladding layer, see Fig.2.9. Comparing the SEI images in
Fig.2.14 and Fig. 2.16, we can see that the pn-junction in Fig. 2.16 is further from the film
layer (about 155 nm) than that in Fig. 2.14 (about 100 nm), which corresponds to 1 dB lower
loss due to the free-carrier absorption (see Fig. 2.6).

In order to compare the loss and the switching efficiency with the first layer stack, a
group of waveguide phase shifters have been designed, ranging in width from 1 um to
3.2 um. Five identical waveguide phase shifters for each width have been placed next to
each other. The measured transmission loss of a 3 um wide shallowly etched phase shifter
is below 3 dB/cm for TE polarization, and 4 dB/cm for TM polarization, 1 dB lower than the
loss based on the first layer stack, which matches the simulation results in Fig. 2.6.

The recorded phase change for a 2 mm long, 2 um wide deeply etched (etched through
the film layer) phase shifter as a function of the switching voltage (V;) is shown in Fig. 2.17,
which shows that the switching efficiency is about 21°/(V-mm) for TE and 17°/(V - mm)
for TM, slightly lower than the efficiency of the first layer stack. The measured switching
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Figure 2.17: Measured (solid lines) and simulated (dash lines) phase shift as a func-
tion of the reverse bias voltage for a 2 um wide, 2 mm long deeply etched waveguide
phase shifter. The simulation shown is based on a layer stack with a 155nm thick buffer
cladding layer.

voltages (V) for the waveguides with different widths are given in Fig.2.18, and the mea-
surement has been done for all five waveguide phase shifters for each width. The switching
voltage will slightly increase for both TE and TM polarization when the waveguide width
decreases below 2 yum width, due to the reducing overlap of the optical field and the refrac-
tive index change. The PDV becomes smaller when the waveguide width is below 1.6 pm
which matches with the simulation results shown in Fig. 2.12.

2.1.5 Conclusion

We have simulated the influence of the thickness and the doping level of each layer on the
switching efficiency and the transmission loss for both TE and TM polarizations. Based
on the simulation and measurement results, an overview on the performance is given in
table. 2.1 which takes the integration with an SOA and a photodetector (PD) into consider-
ation. Changing the doping level and changing the thickness of the passive components
do not really influence the performance of the SOA/PD, since the waveguide layer and the
buffer cladding layer of the passive devices are grown in different steps from the active com-
ponents (see Chapter 6). From the table we can see that there exists a trade-off between the
switching efficiency and the transmission loss. To achieve low loss operation, for example,
we can increase the thickness of both the waveguide layer and the buffer cladding layer, but
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Figure 2.18: Average switching voltage of five identical 2 mm long deeply etched phase
shifters at different widths.

design parameter PHS SOA/PD
Vi | loss | PDV | Rs | f3dB
film layer thickness { 1 - |+ O O

film layer doping 1 ] 1=
buffer cladding thickness 1 | 1- | |+
buffer cladding doping | Tl -
top cladding thickness 1 O i +
top cladding doping 1 I+ | 1-
waveguide width { - | 1+

—-10]|0|0|—|=|0
O
O

O almost no influence

|1 there exists an optimum value between

1] there exists a worst value between

| decreases to certain value

Tincreases to certain value

+ better performance

— worse performance

Note: When one of the design parameters changes, the other parameters are
kept constant.

Table 2.1: Summary of the trade-offs in the phase shifter (PHS), SOAs and photodetector.
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the switching efficiency will be reduced. In order to achieve high efficiency, the most effi-
cient ways are to reduce the thickness of the buffer cladding layer and dope the waveguide
layer with optimum carrier concentration level, but the loss will increase. The PDV can be
reduced with thinner buffer cladding layer and waveguide width.

Comparing the two layer stacks tested, the first layer stack has a higher efficiency up to
34.6°/(V-mm) and less PDV, 0.6 V for a 3 um wide shallowly etched waveguide phase shifter,
but higher waveguide transmission loss. The second layer stack has slightly lower efficiency
up to 21°/(V-mm) for TE and 17°/(V-mm) for TM polarization, lower transmission loss, but
larger PDV, ~1V for a 3 um wide deeply etched WG PHS.

In the next section, we will investigate the performance of a tunable wavelength du-
plexer based on the phase shifter analyzed in this section.

2.2 Tunable wavelength duplexer

2.2.1 Introduction

In Chapter 1, we have described the building components of the reflective transceiver, a
wavelength duplexer, a reflective modulator and a photodetector. In this section, we will
present the design and characterization results of the tunable wavelength duplexer.

The wavelength duplexer separates two wavelengths carrying the downstream and the
upstream data and guides them to the photodetector and the reflective modulator respec-
tively. It should have low insertion loss and good isolation level, and the target loss and
isolation level given in table 1.3 are below 3 dB and better than 15 dB respectively within
the operation wavelength range, given in Chapter 1. Since the polarization state of the op-
tical signal in the optical fiber which accesses the reflective transceiver is not stable, the
wavelength duplexer has to be polarization insensitive (below 0.5 dB polarization depen-
dent loss). Furthermore, the transceiver has to function at all wavelength pairs in the head-
end station (Fig. 1.4), therefore the wavelength duplexer has to be tunable (at least 2r) to
match the incoming wavelength pair to maximize the transmission. In this section, we will
concentrate mostly on the tuning based on the electro-optic effects analyzed in the former
sections.

Placing the phase shifter at a special orientation with respect to [110] direction will yield
polarization independent operation under a reverse bias voltage [106-108]. However, this
method involves sacrificing the Pockels effect for TE polarization which is dependent on the
crystal orientation (Section 2.1.2), hence lowering the switching efficiency to about 9°/V -
mm.

Besides the bulk InP material we used and discussed in the first part, InP-InGaAsP
quantum well material has also been widely used to achieve polarization insensitive oper-
ation [109, 110]. The first polarization independent electro-optic switch based on strained
quantum wells is presented in [109] with a switching efficiency up to 60°/V-mm. However,
the measurement results showed that the switching voltage was dependent on the wave-
length, and optical transmission loss is up to 38dB/cm. In [110], the waveguide transmis-
sion loss was reduced to about 7 dB/cm, but the switching voltage-length product increased
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up to 8.6°/V-mm. Compared to the polarization insensitive phase shifters based on quan-
tum well material, the phase shifters in our layer stack show better switching efficiency-loss
ratio.

Based on the measurement results given in Section2.1.4, the layer stack which gives
high efficiency and less polarization dependence in switching voltage will be employed to
realize a fast tunable wavelength duplexer under reverse bias voltage.

As we introduced in Chapter 1, two different wavelength allocation schemes have been
considered in the Broadband Photonics project. In this section, both the interspersed wave-
length duplexer (200 GHz channel spacing) and grouped duplexer (500 GHz channel spac-
ing) were designed, fabricated and characterized. Two effects will be applied to tune the
WD, electro-optical effects and thermal effects, and they will be introduced in detail in the
next sections.

This part is arranged as follows: Section 2.2.2 will present the simulation and design of
the tunable wavelength duplexer. Section 2.2.3 gives the measurement results on the polar-
ization dependence, the switching efficiency, and the switching time of the tunable wave-
length duplexer based on both electro-optical and thermal effects.

2.2.2 Design and modeling of the wavelength duplexer

The wavelength duplexer has to be designed with the right channel spacing, free of polar-
ization dependence, with a good isolation level between the upstream and the downstream
data, and a low loss. In this section, we will present the modeling results of the wavelength
duplexer on the channel spacing and polarization dependence by means of circuit simula-
tion software [111].

Length difference versus channel spacing

The Mach-Zehnder Interferometric (MZI) wavelength duplexer consists of two 3 dB MMI
couplers connected by two waveguides (MZI-arms) with unequal length. When light with
two different wavelengths enters the first 3dB MMI, it is split into the two MZI-arms with
equal power, and the two unequal MZI-arms introduce a phase difference. In order to spa-
tially separate these two wavelengths in different output ports, the length difference AL
should meet the following requirement:

27'[Ng1 27'[Ng2

AL= 2.14
i 1, x b4 (2.14)

dNefri (4
Ngi(M=Neff,-(A)+A%”, i=1,2 (2.15)

in which Ny is the group index at A1, Ng is the group index at A, and AL is the MZI-arm
length difference in the waveguides between two MMIs. If the wavelength difference AL =
A2 — A1 < A; and Ng; = Ng», the above equation can be simplified as : AL = ZNf:ﬁ. In our
case, after substituting the central wavelength A = 1.55um, Ng = 3.67, A1 =4nm (1.6 nm),
we obtained that AL is 81.3 ym (204.4 um), for 500 GHz (200 GHz) channel spacing.
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Figure 2.19: (Left) Effective index of TE and TM polarized light at A = 1550 nm as a func-
tion of the width of a deeply etched waveguide width. (Right) Simulated transmission
spectrum of the wavelength duplexer when the MZI-arms are 1.5 um wide and deeply
etched, and the length difference is 81.3 um.

Polarization independence

The effective indices of the TE and TM modes are a function of the waveguide width. Based
on the layer stack shown in Fig.2.13, we calculated the effective index of deeply etched
waveguides with different widths for both TE and TM polarization, Fig.2.19 (left). We can
see that the effective indices of TE- and TM polarization are equal (7errg = Hefrrm = 3.23) for
a 1.5 ym wide deeply etch waveguide. The simulated transmission spectrum of the duplexer
based on 1.5 um wide MZI-arms is shown in Fig. 2.19 (right). It is polarization independent
and has 500 GHz channel spacing.

Tolerance analysis for the polarization independence

During the fabrication, the waveguide width deviates from the designed value. The width of
the MZI-arm is especially critical because it determines the polarization dispersion (wave-
length difference between TE and TM at peak or bottom transmission), which is a function
of the phase difference between TE and TM polarization, and written as

Adre—
AATE—TM = @ AL (2.16)
271
A¢TE-T™M = T (NettTE — Neftrm) - AL (2.17)

in which AAtg_Ty is the polarization dispersion, A¢te-TMm is the phase difference between
TE and TM due to birefringence, A is the channel spacing and AL is the length difference
between two MZI-arms.

The simulated phase difference between TE and TM polarization for a deeply etched
waveguide is shown in Fig. 2.20. The 15% of the channel spacing (AA) is indicated for about
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Figure 2.20: The phase difference between TE and TM polarization as a function of the
width of a deeply etched waveguide.

0.5 dB polarization independent loss. Two curves are corresponding to two wavelength al-
location schemes, AL = 204.4 um (200 GHz) and AL = 81.3 um (500 GHz). From the figure,
we can see that when the width of the 200 GHz duplexer decreases to 1.3 um, the phase
difference between TE and TM is 7, which means that TE and TM polarization exit at dif-
ferent output ports. Therefore, it is more critical to control the width of the MZI-arms for a
duplexer with longer arm length difference (smaller channel spacing).

Designed MZI-tunable wavelength duplexer

Based on the simulation results, the wavelength duplexers for both types of wavelength
allocation schemes were designed. Some MZI-duplexers are designed to be tunable with
metal electrodes for both electro-optical and thermal tuning. The total mask layout of the
designed MZI-tunable wavelength duplexer is shown in Fig.2.21. The access waveguides
of the device were designed 3 um wide and shallowly etched (100 nm into the film) to min-
imize the insertion loss. All MMIs were deeply etched through the waveguide layer to be
more tolerant to etch-depth variations during the fabrication. The MZI-arms were deeply
etched, 1.5 ym wide. The bending radius for the deeply and shallowly etched waveguides
are 350 um and 500 um respectively. For the tunable wavelength duplexer, each arm was
provided with two metal pads to apply the reverse bias voltage or the electrical current. Only
one of the two arms will be used at a time for characterization. In order to prevent electrical
connection between the two MZI-arms while we apply the reverse bias voltage, two 150 um
long isolation sections were inserted after the first 1 x 2 3-dB MMI and before the second
2 x 2 3-dB MMIL. The isolation was achieved by etching the material until the p-n junction.
The metal electrodes were 4 um wide and 300 nm thick. MZI-duplexers were designed with
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(below) channel spacing.
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Figure 2.22: Measurement setup used for the characterization of the wavelength du-
plexer.

different widths with a step of 100 nm to investigate the influence of the width deviation on
the polarization dependence, crosstalk and excess loss. The upper part without metal pads
has the identical layout as the tunable wavelength duplexers below to test the influence of
the metal on the excess loss and crosstalk.

2.2.3 Characterization of the wavelength duplexer

The fabrication process of this chip is described in Chapter 6. The characterization started
with loss measurements on the straight waveguides without InGaAs contact layer and metal
contact. The measured waveguide transmission losses for a 3 um wide shallowly etched
waveguide and a 1.5 yum wide deeply etched waveguide was 8 dB/cm and 12 dB/cm respec-
tively. The high loss, especially for the shallowly etched waveguides, was induced by the
sidewall roughness which was caused by the polymer deposition during reactive ion etch-
ing (RIE). This polymer accumulated more when Titanium (Ti) was used as a hard mask to
protect the shallowly etched region because Ti was difficult to be removed completely, and
the residuals caused extra roughness.

The measurement setup used for all the characterization in this chapter is shown in
Fig.2.22, in which the source can be a broadband light source or a tunable laser, and the
source meter (current source or voltage source) was used only when characterizing the tun-
able wavelength duplexer.

When we measure the transmission spectrum, an Erbium Doped Fiber Amplifier (EDFA)
is employed as a broadband light source. The laser source was used to measure the switch-
ing curves. The polarizer selects only one polarization, TE or TM, to be coupled in the chip
through a microscope objective. At the output side, a lensed fiber is used to collect the light,
and guide it to an optical spectrum analyzer (OSA) to record the spectrum, or a power meter
(PD) to record the optical power.

Non-tunable MZI-wavelength duplexer

First we measured the non-tunable MZI-wavelength duplexers which have no InGaAs con-
tact layer and tuning electrodes.
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Figure 2.23: Transmission spectrum for both TE and TM polarizations for the 1x2
MZI-wavelength duplexer with different waveguide widths: design width +0 um (lef?),
—0.1 um (middle) and —0.2 um(right)

Width deviation

The transmission spectrum for the wavelength duplexers with different waveguide widths
are shown in Fig.2.23. The transmission spectrum of the optimized wavelength duplexer
gives more than 25dB isolation level between two different ports at the designed wave-
length (1550 nm), and it is polarization insensitive. When the width of all the waveguides
decrease 100 nm or 200 nm, the isolation level decreases, and it is not polarization insensi-
tive any more.

The isolation level is mainly dependent on the quality of the MMIs. When the MMI
width deviates from the optimum value, both the power split ratio and the phase difference
between two output ports deviated, and thus the isolation level of the wavelength duplexer
was reduced.

The polarization dependence depends on the width of the MZI-arms. When the width
of the MZI-arms changes, the effective indices of TE and TM polarization are different, thus
the wavelength duplexer becomes polarization dependent. Fig. 2.23(left) shows a good po-
larization insensitive duplexer, while the middle and the left figure show a polarization dis-
persion of 0.84 nm and 1.6 nm respectively, corresponding to 94° and 180° phase difference
between TE and TM polarization, which are in agreement with the simulation values shown
in Fig. 2.20. When the waveguide width decreases 200 nm, TE polarization exits from the
opposite port as TM polarization, as indicated in Fig. 2.23(left).

Polarization insensitivity

We measured two wavelength duplexers with the same waveguide width optimized for po-
larization independent operation. The location in the wafer and the channel spacing are
different, 200 GHz and 500 GHz respectively. The recorded spectra for both TE and TM po-
larizations are shown in Fig. 2.24. From the figures, we can see that the measured channel
spacing between up and downstream data is 202 GHz and 496 GHz, about +1% deviating
from the specification; the excess loss is less than 2 dB for both polarizations; the isolation
level is about 25 dB near the designed wavelength in the left figure, and 15dB in the right
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Figure 2.24: Measured transmission spectrum for both TE and TM polarization for
200 GHz interspersed (left) and 500 GHz grouped wavelength duplexer (right).

Figure 2.25: Photograph of a tunable wavelength duplexer which was measured with
both electro-optical and thermal effects

figure. Both the isolation level and the excess loss have met the target specifications given
in table 1.3. It is difficult to judge the polarization dependent loss (PDL) of the duplexer
because the measurement setup was not optimized for this PDL characterization.

Besides the polarization dependent loss, polarization dispersion is used as well in the
literature [53, 112] to evaluate the polarization dependence of the duplexer. In Fig.2.24,
the polarization dispersion is about 15% of the channel spacing, which is sufficient in our
application.

In Fig. 2.24, these two wavelength duplexers (200 GHz and 500 GHz) show different iso-
lation level, which may result from the non-uniform exposure during the waveguide lithog-
raphy and non-uniformity of the material, such as the thickness of the waveguide layer and
the doping level.

Tunable wavelength duplexer

In this section, the characterization results of the tunable wavelength duplexer will be pre-
sented. Photo of a fabricated tunable duplexer with metal electrodes on the MZI-arms is
shown in Fig.2.25. It has a 2.1 mm long straight phase shifter, and a 2.13 mm long phase
shifter at another arm with 400 ym long curved waveguides.
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Figure 2.26: The measured transmission spectrum of the tunable wavelength duplexer
at 0V for both TE and TM polarization.

Transmission spectrum of the tunable wavelength duplexer

The recorded transmission spectrum of this device at 0V reverse bias voltage is given in
Fig. 2.26, which shows polarization independence at a wavelength range from 1540 nm to
1560 nm. The isolation level is better than 10 dB within the same wavelength range, which is
worse than the non-tunable duplexer possibly due to non-uniform exposure during lithog-
raphy and the loss imbalance between two tunable MZI-arms. The excess loss is about
5dB for both TE and TM polarization, 3 dB more than the non-tunable duplexer due to the
overlap between the tail of the optical field and the contact layer. A uniform surface of the
wafer and uniform photoresist can minimize the possibility of non-uniform exposure dur-
ing lithography.

Phase voltage relation

To measure the switching voltage of the wavelength duplexer, a tunable laser was used as
a light source. TE or TM polarized light was selected respectively with the polarizer. If one
of the MZI-arms is reversely biased, the phase of the light changes, thus the output power
fluctuates with varying voltage. By recording the power fluctuation, the relation between
the phase and the voltage can be obtained. The measurement has been done both on the
straight and the curved phase shifters. Fig.2.27 shows that the switching voltage is inde-
pendent of the biased arm. The extinction ratios for both TE and TM are better than 14 dB
at 1546.45 nm.

In order to extract the phase-voltage relationship, the following equations were used to
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Figure 2.27: Switching curves for different wavelengths (left at A = 1546.45nm, and right
at A = 1550.35nm) for both TE and TM polarization when the reverse bias voltage was
applied on the straight phase shifter (straight) and the curved phase shifter (curve).
fit the measurement data for both TE and TM polarizations.
P=A+BV+Ce PV cos(¢) (2.18)
Gp=aV?+bV+c (2.19)
p(V=0)=c (2.20)

Where

A is the mean value of the output power.

B models the linear power fluctuation due to the applied voltage.

C is the modulation depth of the output power due to the varying phase shift in the

biased MZI-arm.

D is the attenuation of the light amplitude caused by band edge shift in the biased
MZI-arm.

¢ is the output phase of the phase shifter.

a is the phase change due to quadratic effects, such as the Kerr and Franz-Keldysh
effects.

b is the linear variation of the phase with the voltage applied due to Pockels and car-

rier induced effects.
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Figure 2.28: Switching curves for both TE and TM polarization at A = 1562.3nm (left)
and A = 1538.52nm (right) based on electro-optical effects under reverse bias voltage.
The dots and squares are the measured values, and the continuous curves are the fitting
results according to equation 2.18.

A TE TE ™ ™
(nm) a b Ve Vor a b Vi Vor
1538.52 | 0.030607 | 0.91698 | 3.11 | 5.75 | 0.021257 | 0.91682 | 3.19 | 6.00
1546.45 | 0.038796 | 0.77252 | 3.40 | 6.20 | 0.01505 | 0.99732 | 3.10 | 5.80
1554.45 0.03847 0.75158 | 3.53 | 6.25 | 0.023339 | 0.86831 | 3.34 | 6.20
1562.3 | 0.045173 | 0.6419 | 3.83 | 6.67 | 0.036643 | 0.68117 | 3.83 | 6.76
average 0.0383 0.7707 3.47 | 6.23 | 0.024072 0.8659 3.37 | 6.19

Table 2.2: The extracted a and b at different wavelengths for both TE and TM polariza-
tion according to the fitting results.

¢ is the initial phase, should be zero for the peak transmission wavelengths.

Two fitting results at different wavelengths are shown in Fig. 2.28, from which we can see
the fitting curves match the measurement data well. The same measurement and fitting
have been repeated for two other different wavelengths. From the fitting, the parameters in
the equations at different wavelengths are extracted, in which a and b describe the relation
between the phase and the bias voltage, given in table 2.2, and the corresponding V;; and V,,
at different wavelengths are presented as well for both polarizations. The relation between
Vi (Vor) and the wavelength for both TE and TM polarization is shown in Fig.2.29. From
the table, we can see that the difference in V;; and V,,; between TE and TM polarization is
less than 0.2V (PDV) for most fitting results. If we translate this PDV into the wavelength
mismatch Adpis between the incoming light from the local exchange and the Apeak of the
duplexer passband, it is equal to about AA s = 6% - AA in which AA is the channel spacing
between the downstream and the upstream data. The excess loss due to this mismatch is
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Figure 2.29: Tuning voltage for 7 and 2 phase shift as a function of the wavelength. The
solid and dash lines are the linear fitting for both TE and TM polarizations.

negligible.

However, the maximum voltage difference is 0.8V to obtain the same n and 27 phase
shift from 1535 nm to 1565 nm, corresponding to AAnyis = 25%-AA for both wavelength allo-
cation schemes. It means that the wavelength duplexer has to be tuned after each network
reconfiguration to optimize the transmission for both the interspersed wavelength duplexer
and the grouped wavelength duplexer due to the wavelength dependent tuning.

We also compared the extracted averaged parameters a and b from the measurement
with the simulation based on a 100 nm buffer cladding layer due to Zn diffusion, and the
simulation results and the measurement are in good agreement, as shown in Fig. 2.30.

Based on the simulation results in section 2.15 and the measurement results on the arm
independence, polarization independence and wavelength dependence, it is obvious that
carrier induced effects are much stronger than the field induced effects because the carrier
induced effects are polarization independent, but wavelength dependent, while the field
induced effects are polarization dependent, see section 2.1.2.

Switching time under reverse bias voltage

The requirement on the tuning delay is below 40 ms which is the network reconfiguration
time, and it can be easily obtained with an EO switch. The setup given in Fig. 2.31 has been
used to quantify the switching time of the tunable wavelength duplexer. We drive this device
with a pulse pattern generator (PPG) which has about 30 ps rise and fall time. The recorded
output optical bit sequence at —5.2V is shown in Fig.2.32, from which the rise time (fall
time) is estimated to be about 0.14 ns (0.2ns). This value is far smaller than the required
tuning delay, and it also indicates that this material is suitable for a fast optical switch and
high speed modulator which will be introduced in Chapter 7.
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Figure 2.30: The simulated (dash) and extracted (solid) phase-voltage relation for the
tunable wavelength duplexer. The darker line is for TE polarization, and the grey line is
for TM polarization. The simulation is based on the layer stack given in Fig.2.2 with a
100 nm thick buffer cladding layer.
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Figure 2.31: Setup for measuring the switching time of the tunable wavelength duplexer.
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Figure 2.32: The output optical bit sequence at 5 Gbit/s when the tunable wavelength
duplexer was biased at —5.2V.

Thermal tuning

Thermal tuning is based on the changes in the refractive index due to the temperature vari-
ation, and it is polarization and wavelength insensitive [93]. The refractive index change of
III-V material is proportional to the temperature change [93], and the temperature change
has a linear relation with the injected electrical power. Thus we can write

AI’ZT = LZT-P (2-21)

in which Anr is the refractive index change due to a temperature change, aris the linear
temperature coefficient, and P is the injected electrical power.

For the device shown in Fig. 2.26, instead of applying a reverse bias voltage, an electrical
current / was injected through the electrode above the waveguides. Due to the electrical re-
sistance of the metal electrode, heat will be generated which will change the refractive index
of the material, and therefore the phase. Due to the phase change in one of the MZI-arms,
the output optical power will fluctuate according to the injection current. The measured
resistance of the 2.13 mm long electrode is about R =106 Q. The recorded switching curves
for both TE and TM polarizations are shown in Fig. 2.33, and the extracted phase-injection
power relation is found by fitting the equation

P=A+B-I+Ce P! cos(a-I*+c) (2.22)
Where
A is the mean value of the output power.
B models the linear power fluctuation due to the injection current.

C is the modulation depth of the output power due to the varying phase shift in the biased
MZI-arm.
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Figure 2.33: Transmission power as a function of the injected current over the electrode
for both TE and TM polarization when A = 1554.4 nm (left) and 1558.1 nm (right).

D is the attenuation of the light amplitude in the biased MZI-arm.

¢ is the output phase of the phase shifter.

a is the temperature coefficient for the injected electrical power.

c is the initial phase, should be zero for the peak transmission wavelengths.

The fitting results for the phase and the electrical current are given in Fig.2.33. The ex-
tracted temperature coefficient ar in equation (2.21) is about 0.0089/W, and the extracted
relation between the phase change and the injection electrical power is given in Fig. 2.34.
The result shows that the thermal tuning is polarization insensitive, and the tuning power
for obtaining n phase shift, P, is about 40 mW. The measurement results show that the
phase change is linear with the injected electric power (i.e. quadratic with the injected cur-
rent).

Thermo-optic tuning is dependent on the electrical power, which is a function of the
electrical current and resistance, instead of being dependent on the length of the phase
shifter. Thus, the phase shifter can be made compact. However, the switching time of such
a device is in the millisecond range.

2.2.4 Polarization insensitive AWG

The arrayed waveguide grating (AWG) is a well known wavelength demultiplexing device
[113], and it can also be used in our project as an alternative for the MZI duplexer to sep-
arate A1; and A, to the modulator and the detector. To compare the performance in terms
of insertion loss, crosstalk, and polarization dependence between the AWG and the MZ du-
plexer, an AWG was designed and fabricated, shown in Fig. 2.35, based on the same material
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Figure 2.34: The extracted relation between the phase change and the injected electrical
power for a 2.1 mm long phase shifter with electrode resistance R = 106 Q.
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Figure 2.35: Photo of the fabricated and measured AWG with 200 GHz channel spacing.
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Parameter Value
center wavelength A 1550 nm
number of channels 2
channel spacing AA¢, 1.6 nm (200 GHz)
free spectral range AApsgr 3.2 nm
arm length difference 202.9 ym
AWG arm width 1.5um

Table 2.3: Common parameters for the AWG and the MZI-wavelength duplexer with
200 GHz channel spacing shown in Fig. 2.21.
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Figure 2.36: Transmission spectrum of a polarization insensitive AWG.

layer stack as the MZI-wavelength duplexer discussed above. The common design param-
eters for both the AWG and the MZI-wavelength duplexer are given in Table. 2.3.

To compare the performance of the AWG and the MZI-wavelength duplexer for our
application, we also measured the transmission spectrum of the AWG, Fig.2.36. The re-
sults showed that the isolation level of the AWG is about 15dB, mainly due to non-perfect
waveguide lithography. The excess loss of the device is about 6.5 dB, which is higher than
MZI-duplexer (< 2dB) because the AWG-arms were deeply etched, and the peak wave-
length deviation between TE and TM polarization is comparable to that of the MZI-duplexer
(= 0.23nm). Furthermore, if the AWG has to be tunable, the size will be much bigger than
the tunable MZI duplexer, and the fabrication of the tunable AWG is also more challenging.
The passband of the MZI-wavelength duplexer is broader than that of an AWG, which is fa-
vored in our application. Thus, we can draw the conclusion that MZI-duplexer has more
advantages when it has to be tunable, and the number of channels is only two.
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2.2.5 Conclusion and discussion

The non-tunable duplexer achieved polarization insensitive transmission, 25 dB isolation
level at the designed wavelength, and lower than 2 dB excess loss. The polarization inde-
pendent operation was achieved with a proper waveguide layer stack, and proper width
(1.5 um wide) of the deeply etched MZI-arms.

The tunable duplexer is polarization insensitive and efficient, when the tuning employs
either electro-optical or thermal effects. In order to cover the whole wavelength operation
range (27 phase shift), it needs about 6.2 V (2.1 mm long phase shifter) under EO effects, and
80 mW electrical power when employing thermal effect to tune the wavelength duplexer.
The achieved isolation level is about 10 dB, possibly due to non-uniform lithography and
the power imbalance between two MZI-arms covered by the metal. The measured excess
loss is about 5dB, 3 dB more than the non-tunable duplexer most likely due to the overlap
between the optical field and InGaAs contact layer and the metal contact layer. The switch-
ing time of the duplexer under EO effects is 0.14 ns (rise time) and 0.2 ns (fall time).

Comparing with the target specifications on the tunable wavelength duplexer, the inser-
tion loss and the isolation level need to be further improved. A uniform surface of the wafer
and uniformly spun photoresist can minimize the possibility of non-uniform exposure dur-
ing lithography which causes waveguide width deviation. The thickness of the layer stack
should be well controlled during the growth to minimize the overlap between the optical
field and the contact layer.

Polarization independent operation depends on the proper waveguide geometry, thus
it is very critical to control the waveguide width during the mask fabrication, optical lithog-
raphy, and waveguide etching, especially for a duplexer with smaller channel spacing. For
a duplexer with 500 GHz channel spacing (200 GHz channel spacing), the width of the MZI-
arm should be controlled within a deviation of +150nm (+60nm) to obtain a polarization
dispersion of less than 15% of channel spacing.
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Chapter 3

MMI loop mirror and MMI
reflector

In this chapter, we present two reflective components, an MMI-loop mirror and an MMI re-
flector, which can be used to achieve on-chip reflection of the light in the photonic integrated
circuit. They not only offer good reflectivity, but also require no additional fabrication steps
and can greatly enhance the flexibility in the design of the photonic integrated circuit. Besides
the concept and design of these two components, two methods are introduced and applied to
calibrate the reflectivity. Based on the fabricated MMI-loop mirror and MMI reflector, the
maximum achieved reflectivity is about 65%+10% for the MMI-loop mirror and more than
78%+ 10% for the MMI-reflector.

3.1 Introduction

As we introduced in Chapter 1, the CW light which comes from the local exchange travels
back to the network after modulation with the upstream data. Therefore, a component or a
mirror which has a high reflectivity and a large optical bandwidth is needed in the reflective
transceiver. The commonly used methods to achieve a high reflectivity with a large optical
bandwidth in a PIC are integration of a deeply etched DBR grating [114, 115] and applying
a high-reflection (HR) coating at the output facet of the chip. In theory, both solutions can
provide close to 100% reflectivity [116, 117], and the reflectivity can be chosen flexibly, by
applying a proper coating to the facet, or by choosing the number of grating periods. The
disadvantage of using the cleaved facet is that the location of the mirror cannot be freely
chosen, but is determined by the circuit and sample geometry. Components in the PIC
needing the reflector have to be extended to the facet, which limits the design flexibility. For
the sub-micrometer DBR gratings, the fabrication is challenging, and when integrating the
gratings with other photonic components, they add additional complexity to the fabrication
procedures [115].

59
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Figure 3.1: Layout of a MMI-loop mirror.

In this chapter, we will introduce two reflective components, an MMI-loop mirror and
an MMI reflector, as an alternative to the HR coating and DBR mirror to achieve high re-
flectivity and more flexibility in the PIC. The advantages of these two components are that
they don't require additional fabrication steps, and can be integrated on-chip flexibly in any
direction and at any place. In section 3.2, we shortly discuss the concepts and the designs
of these two components. In section 3.3, we present two reflectivity calibration methods
and the corresponding characterized reflectivities of the components based on these two
methods.

3.2 Concept and design

3.2.1 MMI loop mirror

The MMI loop mirror is composed of a 3dB 1 x 2 MMI splitter/combiner and curved wave-
guides, Fig. 3.1. When the light enters the MM], it will be split in two parts with equal power
and equal phase, and then be guided back by the curved waveguides and recombine at the
MMI. In principle, it can reach hundred percent reflectivity. In practice, its reflectivity is
limited by the propagation loss in the curved waveguide and by the insertion loss of the
MML. In addition, the MMI splitter/combiner has a weak wavelength dependence.

The 1x2 3-dB MMI is designed 8 um wide and 67 um long, deeply etched with 2.5 ym
wide access waveguides. It is optimized for TE polarization. In the curves we apply 1.5 yum
wide deeply etched narrow curved waveguides which are connected to the access wave-
guides of the MMI through adiabatic linear tapers. The tapers connect a 2.5 ym wide deeply
etched waveguide with a 1.5 yum wide deeply etched waveguide, and they are 70 um long,
simulated with a two dimensional BPM software from Phoenix. The experimentally mea-
sured excess loss of a single adiabatic linear taper is less than 0.1 dB. The radius of the curved
waveguides is 80 um. The reflectivity of the loop mirror was simulated by means of a circuit
simulation software [111], and the results are shown in Fig. 3.2 for both TE and TM polariza-
tion. In the simulation, the waveguide transmission loss due to side wall roughness, scat-
tering and free carrier absorption is not taken into account. The simulation result shows
that the reflectivity can be more than 90% for a wavelength range of 1530 nm to 1560 nm for
both TE and TM polarization.
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Figure 3.2: The simulated reflectivity of the MMI-loop mirror as a function of the wave-
length for both TE and TM polarization. The left axis is the reflectivity, and the corre-
sponding reflectivity in dB is shown at right axis. The simulated results do not include
the loss of the curved waveguides.

3.2.2 MMI reflector

An MMI reflector is illustrated in Fig. 3.3. It works as follows: (a) The light entersa 1 x 2 3dB
MMI, and at a certain length (Lyvp) it will be imaged into two light spots [118]. (b) When
two 45° (which is larger than the critical angle of 17.3°) mirrors are placed at the position of
the images as indicated in Fig. 3.3, the mirrored image will focus at the axis of the MMI. The
beams continue propagating and are reflected back by the mirrors to the input port. (c) Due
to the penetration of the light into the medium behind the mirror, the actual position of the
mirror has to be shifted slightly forward. The effective penetration depth can be calculated

according to [119]

dy = S 3.1)

in which g is the propagation constant in the waveguide layer, and 7 is the refractive index
of the medium behind the mirror, ky is the wave vector. It is important to notice that no light
is focused at the corners of the reflecting facets, that will typically show some rounding due
to the limited fabrication resolution. For additional tolerance, we avoid rounding of the
mirror facets close to the outer corners by extending them as shown in the right side of
Fig.3.3. In addition, possible unwanted reflections from the input facet of the MMI are
reduced by using angled corners, see the left side of the Fig. 3.3 [120].

The 1 x 2 3dB MMI of the MMI-reflector is designed to be 6 um (W) wide and
37.86 um (Lyvmr) long, and it has a 2 yum wide access waveguide. The whole component
is deeply etched. The mask layout of this MMI reflector is shown in Fig. 3.4, in which the
facet means the 45° etched mirror, and L-reflector is the total length of the MMI-reflector,
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Figure 3.3: Diagram of the principle of the MMI-reflector.

L

reflector

/ 7
VVreﬂeclur
N\

Figure 3.4: Mask layout of the MMI reflector. L-reflector is equal to Ly — \/idp.

equal to Ly — \/zdp.

The reflectivity of the MMI reflector depends on the the etched waveguide sidewall an-
gle. A typical SEM photo of a waveguide deeply etched by reactive ion etching (RIE) is shown
in Fig. 3.5(top), from which we can see that the waveguide side wall is not straight, but has a
certain angle, marked with two white lines. The angle of the sidewall is caused by the edge
erosion of the mask material (SiNx in our case) which was taken advantage of to efficiently
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Figure 3.5: (Top) A SEM photo of a deeply etched waveguide by RIE with a non-zero (~5°)
sidewall angle. (bottom) The simulated influence of the sidewall angle on the reflectivity
of the MMI reflector. The sidewall roughness is not taken into account.

remove the polymer deposited on the sidewall during etching with a chemistry of CHy : Hp,
since a small angle due to the mask erosion can expose more polymer on the sidewall to the
ion bombardment. Typically, this sidewall angle of a deeply etched waveguide with RIE is
between 5° to 7°. In order to see the influence of the sidewall angle, we used a software [121]
which can calculate the reflectivity as a function of the horizontal and vertical angle of the
mirror. It firstly decomposes the input field into a plane wave spectrum, then computes the
reflection coefficient of the plane wave and reconstructs the spatial reflected field, and in
the end calculates the overlap between the input field and the reflected field. Simulation
results, in Fig. 3.5(bottom), show that the reflectivity drops from 90% to 45% when the angle
increases from vertical (0°) to 7°. The MMI reflector has weak wavelength and polarization
dependence. Simulation shows that the reflectivity variation within a 60nm range (1520
nm-1580 nm) can be as small as 0.07 dB (1.6% deviation). For the polarization dependence
of the reflectivity we find 0.07 dB as well.
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Figure 3.6: The principle of the passive method by using a Mach-Zehnder interferometer
and a Michelson interferometer.

3.3 Reflectivity characterization

It is difficult to measure the reflectivity of the MMI loop mirror and the MMI reflector di-
rectly. Therefore, we have designed some circuits to facilitate the reflectivity calibration. In
the following sections, we will describe the methods and the corresponding characteriza-
tion results.

3.3.1 Passive method
Method description

The passive method is based on two interferometers, a Mach-Zehnder interferometer (MZI)
and a Michelson interferometer (MI) which has half the length of the MZI and two reflectors
(MMI loop mirrors or MMI reflectors) at the end of the two branches, as shown in Fig. 3.6
(a) and (b). Port 2 of the MI is led to the other side of the chip for the convenience of the
characterization. The loss of the 180° curved waveguide is extracted by comparing the out-
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Figure 3.7: The measurement setup to characterize the reflectivity of the MMI-reflector.

put power of a straight waveguide and the power of a straight waveguide with two curved
waveguides, as shown in Fig.3.6(c) and (d). By comparing the power at port 2 of the MI
(Pportz-m1) and the power at port 4 of the MZI (Pporta—mz1), the reflectivity of the reflector
can be calibrated through equation

P, port4—MZI

Rgg = —1010g( ) + curve (3.2)

PportZ—MI

in which a@cyrve is the loss of the 180°bent waveguide.

Characterization results

The circuits for the reflectivity calibration are fabricated with RIE. In order to measure the
output power, we used the measurement setup shown in Fig.3.7. The light source is an
EDFA, and the polarization is selected through a polarizer. The chopper modulates the light
and sends the reference frequency to the lock-in amplifier. Two microscope objectives are
used to couple the light in and out of the chip. The optical power is detected by a photode-
tector, the photocurrent is amplified by the current amplifier and transformed into a voltage
which is read by the lock-in amplifier.

Based on this method, the measured reflectivity of the MMI-loop mirror is 60% + 10%
and 65% + 10% for TE and TM polarization respectively. The error margin comes from the
waveguide loss variation along this wafer.

The reflectivities of the MMI reflectors are measured to be 55% + 20%. The large er-
ror margin results from three aspects: 1) the waveguide transmission loss varies along the
wafer; 2) the power imbalance between two branches of a 2 x 2 3-dB MMI is about 1 dB for
both polarizations, which introduces an uncertainty in the measurement results; 3) the re-
flectivity of the MMI reflector is sensitive to the sidewall angle etched by RIE, as shown in
Fig.3.5.

MMI-reflector etched by ICP technique

Different from RIE etching, inductively coupled plasma (ICP) etching uses a Cl, : Ar: H»
chemistry instead of CHy : Hy in RIE, and the polymer build-up is much lower in the ICP
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Figure 3.8: SEM picture of a deeply etched waveguide fabricated with ICP etching.

process because the process pressure is lower (10—18 mTorr in ICP versus 60 mTorr in the
RIE). ICP can work at lower pressure during etching because of the higher plasma density.
Therefore, ICP yields a more vertical sidewall, which is beneficial to fabricate a MMI reflec-
tor. An SEM picture of a deeply etched waveguide with ICP is shown in Fig. 3.8, which has a
much straighter side wall than the waveguide shown in Fig. 3.5. The measured reflectivity of
the MMI reflector is about 78%+10% (1.1 dB+0.5 dB), about 30% higher than the reflectivity
obtained with the waveguide etched by RIE.

3.3.2 Active method

In this section, we will introduce the active method using different devices to calibrate the
reflectivity of the MMI reflector.

Method description

The active method is based on the Fabry-Perot laser and the SOA structure, as shown in
Fig.3.9. A reference laser has two cleaved facets with known reflectivities, and the other
laser has a cleaved facet at one side, and a MMI reflector at the other side.

The threshold gain of a Fabry-Perot (FP) laser depends on the total loss in the cavity, and
the reflectivities at the facets. It can be written as

—a+lln( ! ) (3.3)
§h =4 MR Ry '
in which gy, is the threshold mode gain, «a is the total loss of the waveguide including the
active and passive parts, L is the length of the laser, R; and R, are the reflectivities at the
facets of the FP laser.
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Figure 3.9: A schematic view of the devices needed in the active method to calibrate the
reflectivity of the MMI reflector.

By comparing the difference in the threshold current and the output optical power of
these two lasers, we can infer whether the reflectivity of the reflector is higher or lower than
the reflectivity of the cleaved facet.

We quantify the reflectivity of the MMI reflector through equation

Ryeflector = Rfacet - €Xp [(gthl — &th2) '2L] (3.4)

in which Ryeflector is the unknown reflectivity of the reflector, Riacer is the reflectivity of the
cleaved facet, g, is the threshold gain of the reference laser, gy, is the threshold gain of
the laser with unknown reflectivity Riefiector-

In order to obtain the modal gain g, we measure the ASE spectrum of two SOAs with the
same injection carrier densities, and calculate the modal gain g through equation

1 Py,
=—.In|-2Z-1 3.5
71 n(PL ) 55
g:r.gm_a (36)

in which Py is the output ASE power from the SOA with a length of 2L, Py, is the output
ASE power from the SOA with a length of L, T" is the mode confinement factor and gy, is
the material gain. For the detailed explanation on the measurement methods for the modal
gain spectrum, we refer to [122]. To prevent the feedback, one side of the SOA is angled
with 7° to reduce the facet reflectivity, and another side of the SOA is designed with the
spiral curves to remove the reflection. The SOA generated ASE spectrum is recorded from
the angled access waveguide, as shown in Fig. 3.9.

Characterization results

All the lasers and SOAs are fabricated with RIE etching, therefore the sidewall angle plays
the same critical role in the reflectivity as the devices etched with RIE introduced in the
former passive method.
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Figure 3.11: The reflection cavities in the FP-lasers with (left) and without (right) MMI-
reflector.

The fabricated lasers and SOAs are based on quantum wells, and the lasers are 2 ym
wide and 1000 um long. The reflectivity of the cleaved facet is about 34.4%. The two SOAs
which will be used to measure the gain spectrum are 2 ym wide, and 1 mm long and 500 ym
long respectively. All lasers and SOAs are shallowly etched by reactive ion etching (RIE).
The waveguide entering and exiting the active region is adiabatically angled with 12° to
minimize the undesired reflectivity at the active-passive butt-joint. The total cavity length
of the reference laser and the laser integrated with a MMI reflector is 4.77 mm and 4.63 mm
respectively. The fabricated lasers are shown in Fig. 3.10.

The measured waveguide propagation losses of a 2 um wide shallowly etched waveguide
are about 4dB/cm and 5dB/cm for TE and TM polarization respectively. Therefore, the
influence of the waveguide propagation loss due to the cavity length difference (140 ym) on
the threshold current can be neglected.

In order to confirm that the measured reflection is coming from the MMI reflector rather
than other residual reflections, we record the subthreshold ASE spectrum and analyze it
using a Fourier transformation [123, 124]. The Fourier transformation shows peaks in the
spectrum which can be related to the length of the cavities formed by the reflections in
the circuit. The resolved reflection cavities are shown in Fig.3.11. The cavity length given
in Fig.3.11 is a single trip length. The main reflection cavity is 4.63 mm long for a laser
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Figure 3.12: Light intensity as a function of the currents for both types of lasers at T =
20°C.

integrated with a MMI-reflector, and this length is corresponding to the distance from the
cleaved facet to the MMI-reflector. Therefore, the light is reflected from the MMI-reflector.
The main cavity length of the reference laser is 4.77 mm long corresponding to the distance
from the cleaved facet to the cleaved facet.

When we increase the injection current, all lasers start lasing. The threshold current of
the reference laser is 36.8 mA (corresponding to current density of 1.84kA/cm?), and the
threshold current of the laser with a MMI-reflector is 35.6 mA (1.78 kA/cm?). The measured
light intensity as a function of the injection current is shown in Fig.3.12. Besides a lower
threshold current, the laser with a MMI-reflector also has a higher output optical power
than the reference laser, which indicates that the reflectivity of the MMI-reflector is higher
than the cleaved facet (0.344).

To quantify the reflectivity of the MMI-reflector, we measure the modal gain spectrum
through two SOAs with different lengths, and the obtained spectrum is shown in Fig. 3.13.
Assuming that the current injection efficiency is the same for these lasers, the threshold
current densities of both types of lasers are within a range of 1.5 —2kA/cm? in Fig. 3.13, and
the measured difference in the current densities between two types of lasers is 0.06 kA/cm?.
If we take the peak wavelength shift with the carrier density into account, the conservative
estimation of the mode gain difference (g1 — gm2) is within 1.4 + 0.4 /cm. Therefore, the
reflectivity of this integrated MMI-reflector is 46% + 4% according to equation (3.4), which
is lower than the reflectivity obtained with ICP etching.

3.4 Conclusion and discussion

We have demonstrated two reflective components, the MMI loop mirror and the MMI re-
flector, which can be used as alternatives to a HR coating or a DBR grating in the photonic
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Figure 3.13: Mode gain spectra obtained from the test SOAs which are based on the same
width, same material and same fabrication technology. The curves indicate the current
densities (in kA/cm?). The squares which indicate the threshold current density are ob-
tained from the FP-lasers with two cleaved facets, assuming 3 dB/cm passive waveguide
loss and 0.344 reflection at both facets.

integrated circuit. They offer a good reflectivity, and their fabrication procedures are com-
patible with the other passive and active components, which we have shown in the chips
fabricated for the reflectivity calibration. Moreover, they can be put at any place and ori-
ented in any direction, therefore they enhance the flexibility in the design of the photonic
integrated circuit. A disadvantage of these two components is that they have only one ac-
cess port and no through port which can be used to monitor the light.

Currently, the maximum achieved reflectivity is about 65%+10% from the MMI-loop
mirror and more than 78% + 10% from the MMI-reflector etched by ICP. The reflectivity of
the MMI-loop mirror is sensitive to the waveguide transmission loss. Compared to the MMI
reflector, the MMI loop mirror has larger dimension, but it doesn’t have strict requirement
on the sidewall angle, thus it is suitable for all the etching techniques. The MMI reflector is
much smaller (6 umx37.86 um) and has been demonstrated with higher reflectivity using
ICP etching.

For silica-based materials, the 45° is still slightly beyond the critical angle, hence the
light will experience total internal reflection. This concept will be applicable for a large
range of waveguiding materials.



Chapter 4

Reflective SOA modulator
integrated with MMI loop mirror

A colorless reflective SOA which integrates a SOA and a MMI-loop mirror is analyzed in this
chapter in terms of the modulation bandwidth and operation wavelength range. A series
of simulations based on rate equations has been carried out to investigate the influence of
the optical input power and the electrical current on the effective carrier life lifetime and
the quality of the eye diagram. The measurement results have shown that this loop-RSOA
can be operated error free (Q>6) in a large wavelength range from 1530 nm to 1560 nm with
1.25 Gbitls data with 2%® — 1 pseudorandom binary sequence while the injected optical power
is —14 dBm before the chip.

4.1 Introduction

As we introduced in Chapter1, a reflective modulator which carries the upstream data is
an important component in a monolithic integrated reflective transceiver. A semiconduc-
tor optical amplifier (SOA) is a promising candidate due to its small size, simple electrical
pumping, broad spectral range and opportunities for integration and mass production. The
small size and compatibility with semiconductor laser sources, detectors and other passive
components offer the possibility of photonic integration, and the electrical injection offers
the possibility of simple modulation [55]. The broad spectral range allows it to perform
“colorless” operation in the user access network. In such applications, the choice of the
wavelength is done in the local exchange, and identical subscriber transceivers can be in-
stalled for all subscribers without planning of the wavelength to be used for the specific
users in advance.

In this chapter, we will investigate the modulation bandwidth and operational wave-
length range of a reflective SOA based on an active-passive butt-joint layer stack grown in
the COBRA research institute.

71
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Figure 4.1: Schematic view of a RSOA segmented for modeling.

The following sections are organized as follows: Section 4.2 will describe the theory of
the SOA based on rate equations. The effective carrier lifetime which determines the direct
modulation bandwidth of a SOA is derived from these equations, and the simulation results
follow in Section4.3. Section 4.5 present the measurement results on the loop reflective
SOA. Finally, we discuss the results.

4.2 Theoretical analysis

4.2.1 Rate equations

In this section, we will present a bi-directional time domain model based on rate equations
including nonlinear gain coefficients for the reflective SOA. The SOA and the integrated
waveguide is divided into identical segments (Fig.4.1) in which injected carriers and pho-
tons are assumed to be uniformly distributed in the segments and the loss is independent
of the location. Each section has its own input fields and output fields which serve as the
input fields for the next section. The equations [125, 126] for the propagation of the photon
density and the carrier density N within each segment are :

%:51-%—81-aim-ug+@wz 4.2)
%282'%—82'aim'11g+6'3'1\72 (4.3)
R
ML S ey

At
C2=51~h-w0-vg-$ (4.6)
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in which N is the carrier density, S; and S, are the forward and backward transmission
photon densities within the cavity, ¢; and ¢, are the phases of the forward and backward
signals, gm is the modal gain, vg is the group velocity along the cavity, C; is the nonlinear
gain factor due to spectral hole burning and carrier heating; R(NV) is recombination rate, I
is the injection current into the SOA, g is the electron charge, Aactive i the cross section of
the active region, L is the length of the SOA, T is the linear confinement factor (fraction of
the photons that travel within the active region), @y is the internal loss per unit length due
to waveguide scattering and free-carrier absorption, and Cs is the power spectral density
of the optical ASE noise, at and ay are the temperature and carrier density linewidth en-
hancement factor, ¢; is the nonlinear gain compression factor related to the material, 7 is
the Planck constant, and w is the nominal frequency of the light.

In the above equations, the modal gain g, in the active region can be expressed as a
logarithmic model which has been validated experimentally in [127]:

N
gm=F-a~No~ln(F) .7
0

G =exp [(gm — Aind) - L] 4.8)

in which a is the linear material gain coefficient, Ny is the transparency carrier density, and
G is the signal gain.

The recombination rate R(N) in equation 4.1 includes radiative and non-radiative car-
rier recombination processes [128,129], and can be described as:

R(IN)=A-N+B-N?>+C-N3 (4.9)

where A is the inverse of the carrier lifetime, B is the bimolecular radiative recombination
coefficient and C is the Auger recombination coefficient.
The spectral density of the spontaneous emission added to the output of an amplifier is

C3=(G—l)'h'w'nsp'gm/(gm_aint) (4.10)

where ngp is the inversion parameter of the spontaneous emission.
At steady state, a relation between the injected electrical current and the carrier density
below the lasing threshold can be extracted from the simplified equation

I
A-N+B-N*+C-N3= —— 4.11)
q - Aactive - L

Based on the above equations, we have built a numerical model which records the car-
rier density, the power and the phase of the optical signal at each segment of the RSOA.
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4.2.2 Modulation bandwidth

For a SOA directly modulated by the electrical current, the modulation amplitude of AN of
the carrier density for a given variation of Al of the modulation current is given by [130]

AI(fmod) Teff

q-v V1+ (- Te)?

where w is the modulation frequency, and 7 is the effective carrier lifetime which can be
written as [131-134]

AN (fmod) = (4.12)

_ OR(N) 0 (8m'V -S)
1 g
= +—|— 4.13
Tell = 5N 0N(1+C2~S (#.13)
Thus we can derive 7 from equation (4.1), equation (4.7) and equation (4.9) as
-1 2 a-No-vg 1
T =(A+2B-N+3C-N)+(S1+S2)- (4.14)

1+C2'(Sl+82).ﬁ

in which the first item inside the bracket ((A+2B- N +3C - N?)) is the differential carrier
lifetime 74, and the second item accounts for the speed-up associated with stimulated re-
combination. The effective carrier lifetime can be rewritten in terms of the instantaneous
optical power P as

O ) P T-a-Ny 1
T4 =(A+2B-N+3C-N°)+ : = (4.15)
hwo <Aactive 1+61P N
A .
P:hwo-Vg-g-S (4.16)

The carrier modulation response exhibits the low-pass characteristic with an optical
3 dB bandwidth of

1
27 - Teff

Afsgp = (4.17)

In equation (4.15) there are three elements that determine the modulation bandwidth.
The first is related to the material parameters such as A, B, C, a, and Ny which are deter-
mined by the material. The second element is the carrier density, which can be changed by
the injection current. The third is the photon density, which could be controlled by injecting
external optical power.

The equations lead to simple guidelines for achieving high modulation bandwidth by
realizing SOA with

e large confinement factor (I')
* high differential gain (a)

* short carrier lifetime (large A, B, C)
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Table 4.1: Parameters used in the simulation for the RSOA.

Symbol  Description Value
A nominal wavelength 1.55 pm
L SOA length 1000 pm
w active region width 1.8 um
d thickness of the active layer 120nm
r linear optical confinement factor 0.259 [127]
ng group effective index 3.7
Ry left facet reflectivity 0.001
Rp right facet reflectivity 0.9
Np transparency carrier density 0.5-10%4m™3 (measured)
a linear gain coefficient 3.24-10720 @2 [127]
A one over the carrier lifetime 1.67-109s71 [127]
B bimolecular recombination rate 2.602-10716m3/5[127]
C Auger recombination coefficient 5.269-1041'mb/s [127]
an carrier density linewidth enhancement factor 4.0 [127]
£1 nonlinear gain coefficient 0.2/W [127]
Co nonlinear gain coefficient 1.75-10"%4m3 [127]
Aint scattering loss and free carrier loss in the cladding 2000 /m [127]
ar temperature linewidth enhancement factor 2 [127]
isp spontaneous inversion 2 [127]
B spontaneous emission coupling coefficient 107°
Xint internal loss in the active region 2000 /m [127]
or operating the SOA at

e high injection current (Ip,s)

e high input optical power level (Py,)

In the next sections, we will investigate the influence of the operation conditions, namely
Ipias and Pj,, on the modulation bandwidth for a device with fixed values of I', @ and A, B,

C.

4.3 Simulation of the reflective SOA

In this section, we will first use a numerical model to analyze the carrier density, optical
power and effective carrier lifetime along the reflective SOA as a function of the injection
current and input optical power. A commercial software tool VPI-Photonics is used to an-
alyze the influence of the electrical current and the input optical power on the modulated
optical bit sequence and eye diagrams. All the parameters used in the simulation are listed

in table4.1.
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Figure 4.2: The calculated carrier density (leff) and optical power (right) along the re-
flective SOA at different injection currents when Pj;, = —10dBm. The position of 0 um at
the x-axis means the fiber access side, and the position of 1000 um is the facet with HR
coating.

4.3.1 Effective carrier lifetime

We have built a numerical model based on rate equations. In this model the RSOA has
T =1- Ry, = 100% transmission at the access side, and Rg = 100% reflectivity at the other
side for the simplicity . It is a bi-directional model, and the whole RSOA is segmented into
124 sections (8 um per section). The carrier density and the photon density over a wave-
length are considered as uniformly distributed within 8 yum section. The standing wave
pattern caused by the interference between forward and backward propagating light is not
taken into account. The nonlinear gain coefficient is considered as the same for the for-
ward and backward propagating light, which is a common approximation in the numerical
models for the SOA, for example in [135]. When the input optical power is high, the gain
saturation could be underestimated.

By means of this model, the evolution of the photon density and carrier density is calcu-
lated for all sections. Examples of carrier and power distribution along the SOA at different
injection currents are shown in Fig. 4.2(left), from which we can see that the carrier density
is lower at the access side of the SOA where the CW light enters and exits. The reason for
this is that the total optical power is higher at the access side which saturates the device
and consumes more carriers, Fig. 4.2(right). By substituting the carrier density and optical
power into equation (4.15), the effective carrier lifetime versus the position at the SOA at
different injection currents is calculated and shown in Fig.4.3. The same calculation has
been repeated for different input optical power as well. We observe that the effective carrier
life time is shortened by increasing both the input optical power and the injection current
which contributes to both items in equation (4.15). When I;5s = 150mA, the effective car-
rier lifetime becomes as low as 100 ps at the access side with Pj, = —10dBm, corresponding
to ~1.6 GHz bandwidth.
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Figure 4.3: The calculated effective carrier lifetime along the SOA cavity as a function of
the injected electrical current when Pj;, = —10dBm (leff) and the input optical power at
Ihias = 105mA(right). The position of 0 um at the x-axis means the fiber access side, and
the position of 1000 um is the facet with HR coating.
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Figure 4.4: (left) Gain-current (G-I) curve of the RSOA for the parameters as listed in
table 4.1 with Pj, = —17dBm. (right) Simulated gain saturation as a function of the input
optical power (G-P curve) for the RSOA when I, = 105mA.

4.3.2 Gain of the RSOA

In order to include the influence of the ASE noise due to the facet reflectivity in the simula-
tion, we use a commercial software tool VPI-photonics to analyze the device performance
in terms of gain and eye diagrams under different operation conditions.

Based on rate equations (4.1 to 4.3) and the modal gain in equation (4.7), the gain of the
RSOA has been simulated as a function of both the electrical current and the input optical
power, and the simulation results are shown in Fig. 4.4. To obtain the G-I curve, the input
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Figure 4.5: The schematic view for the dynamic simulation in VPI-Photonics.

optical power was set at Py, = —17dBm. From the G-I curve, we can see that there are two
regions: in the first region, the gain of the SOA increases linearly with the electrical cur-
rent below 100 mA, while for higher currents the gain increases slowly and finally clamps
at the threshold gain. The first region is called the linear region while the other region is
called the gain saturation region. According to the G-I curve, the modulation can have a
higher extinction ratio at the linear region than at the saturation region with the same cur-
rent modulation amplitude.

In the G-P curve, the gain starts to drop when the output optical power (Pj, + G) exceeds
a certain level. This can be explained by the relation between the population inversion
created by the injection current and the carrier consumption due to amplification [136]. As
we increase the input power, a point arrives where the rate of consumption is greater than
the rate of pumping, such that the population inversion level can no longer be maintained
at a constant value and starts to drop. Thus the gain of the system starts to drop. The output
optical power at which the gain is compressed by 3 dB is known as the saturation output
power Pg,; determined by the material and waveguide geometry [136,137]. It is about 5dBm
here according to Fig. 4.4(right).

4.3.3 Dynamic simulation

The schematic layout of the simulation setup is shown in Fig. 4.5. The SOA is set with the
parameters given in table4.1. The CW light from the laser diode is injected in the right side
of the SOA with 0.1% reflectivity and reflected back at the other side with 90% reflectivity.
The pseudo-random binary sequence (PRBS) code is an ideal square bit sequence, and the
visual analyzer records the carrier density and the output bit sequence as a function of time.
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The optical band pass filter (BPF) has 0.4 nm bandwidth to filter away part of the ASE noise,
and the electrical bandwidth of the oscilloscope is set to 10 GHz. The optical spectrum
analyzer (OSA) records the output spectrum. The modulation amplitude is set at I,_p =
15mA which is sufficient to analyze the influence of the parameters of the input optical
power and the bias direct current (DC).

Injection current effect

The simulation has been carried out with fixed input optical power Pj, = —10dBm for dif-
ferent injection currents. The simulated output bit sequence and eye diagrams at different
injection currents are shown in Fig. 4.6. According to Fig. 4.4(left), 75 mA is located in the
linear region, 105 mA is at the transition point between the linear gain region and gain sat-
uration region, and 150 mA is in the saturation region. From Fig. 4.6, we can see that the
output optical power increases with the electrical current, and the extinction ratio (ER =
10log(P;/Pyp)) decreases from 6.2 dB when Ipjas = 75mA to 1.3 dB when Ipjas = 150mA.

The 10%—90% rise time Tjse (fall time Tg,y) is 0.7 ns (1.1 ns) when Iy, = 75mA, and it
is reduced to 0.19ns for both rise and fall time when I, = 150 mA. The larger difference
between rise and fall time at low bias current is caused by the larger difference in carrier
density and optical power between “0” and “1” level. The reduced rise and fall time at
Ipias=150 mA can be explained by an increased number of carriers and photons inside the
cavity which shorten the carrier lifetime according to equation (4.15) and Fig. 4.2. The rela-
tion between the effective carrier lifetime 7.¢ and the 10% —90% rise (fall) time is approxi-
mately Tise/fall = 2.27ff, Which matches well with the numerical simulation results given in
Fig. 4.3(left).

From Fig.4.6, we can see that the noise at both 1 and 0 levels increases with the in-
jection current, especially at 0 level. The reason is that gain increases with the injection
current, and thus ASE noise increases. The SOA biased at Iyj;s = 105mA shows a better eye
diagram in terms of the noise on the signal. The reason is that when the bias current is low,
the amplification of the signal is small, thus more vulnerable to the ASE noise. On the other
hand, when the bias current is too high, the ASE Fabry-Perot ripples caused by the facet re-
flectivities starts to interfere with the signal, which deteriorate the quality of the modulated
eye. The simulated OSA spectra at 105 mA and 150 mA are shown in Fig.4.7 , in which the
ASE Fabry-Perot ripple is about 7 dB when ;55 = 150mA.

Therefore, an optimum bias current for the RSOA is a high current in the linear gain
region (see G-I curve in Fig. 4.4(left)), which offers high signal gain and larger extinction
ratio. The ASE ripple at this optimum current should be low.

Input optical power effect

The bias current was set at I)j,s = 105mA which generates 13 dB fiber-fiber gain at low input
optical power, according to Fig. 4.4. Fig. 4.8 shows the output optical bit sequences and the
eye diagrams at different input optical powers.
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Figure 4.7: The simulated ASE spectra at 105 mA (leff) and 150 mA (right) when Py, =
-10dBm.

According to Fig. 4.4(right), the RSOA operates in the linear region, nearly —3dB satu-
ration region and deep saturation region when the input optical power is corresponding to
—20dBm, —10dBm, and 0 dBm respectively. The corresponding extinction ratios in Fig. 4.8
are about 4.2, 3.4 and 2.5 when Pj,, = —20dBm, —10dBm, and 0 dBm.

From the bit sequence, we can see that the rise (fall) time is about 0.58 ns (0.68 ns) when
the input optical power is —20dBm, and it has been shorten to 0.28 ns when Pj, = 0dBm,
which matches well with the calculated 7¢¢ in numerical model shown in Fig. 4.3(right).
Besides, the noise is highly suppressed when Py, = 0dBm, and the reason is that the ampli-
fication of the ASE is reduced when the device is highly saturated. However, the extinction
ratio (ER) is reduced when the device operates at the saturation region.

Therefore, there is a trade-off between the rise time, the noise suppression and the ex-
tinction ratio. When the input optical power is high, the rise time is shorter and the noise
is suppressed, but the extinction ration decreases. The optimum operation region for the
RSOA is in the nearly saturation region according to the eye quality shown in Fig. 4.8.

In the next section, we will experimentally investigate the influence of the injection cur-
rent and the input optical power on the eye diagrams of a RSOA.

4.4 Design of aloop RSOA

The reflective SOA described here consists of a SOA and a MMI-loop mirror, as shown in
Fig.4.9. Once the CW light from the local exchange enters the device, the light will be am-
plified and modulated by the SOA and later reflected back by the loop mirror.

The reflective SOA is based on the layer stack shown in Fig.4.10, in which Q1.55 is the
active layer, 120 nm thick sandwiched between two 190 nm thick Q1.25 waveguide layers.
The SOA is 2 pum wide and 1000 um long, and the total optical path of the MMI-loop mirror
is 600 um long. The preparation of the butt-joint wafer and the fabrication processes of this
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84 4. Reflective SOA modulator integrated with MMI loop mirror

x10°
3 : : . 2 : : — . :
—— 1000um-lateral N-contact i —30°C
750um-bottom N-contact .' ----- 25°C
25 b T 18°C
2 =
S =
T D
51 5 4(,:3 1
5 £
> =
1 ke
4
0.5
0 . . . . . o . . .
0 20 40 60 80 100 120 40 60 .80 100 120 140
Current (mA) Injection current (mA)

Figure 4.11: Current—voltage (I-V) curve (left) and the output light intensity ofa 1000 pm
long SOA integrated with a MMI-loop mirror with lateral ground contact as a function of
the injection current, at temperatures of 30°C, 25°C and 18°C (right).

device will be described in Chapter 6.

One side of the device is a cleaved facet which has 33% reflectivity for TE polarization,
and the reflectivity of the loop mirror is about 60%, as given in Chapter 3. During the mea-
surement, the temperature was stabilized through a Peltier element.

4.5 Characterization of aloop-RSOA

4.5.1 Static measurement

In this part, we will first measure the series resistance of the SOA which has the lateral
ground contacts as shown in Fig.4.9, and then compare it with the device based on N-
contact at the backside. The series resistance is important for later impedance matching
during the dynamic measurements. To find the proper bias current for the RSOA, the las-
ing threshold current and the ASE spectrum will be measured. Furthermore, according to
the simulations, the device operates better in the low saturation region, thus the saturation
input optical power will be measured as well.

The series resistance of this 1000 um long SOA is measured to be about 15Q, higher
than the resistance measured for the bottom contacted SOA, as shown in Fig.4.11. One of
the reasons is the high lateral N-contact resistance [138], which accounts for about 3.5Q
extra. The other extra resistance is caused by the residual photoresist or polyimide on the
contact surface during the extra processing steps (see Chapter 6).

The measured light intensity-current (LI) curves for this device at different tempera-
tures are shown in Fig.4.11. From the LI-curve, we can see that the SOA starts to lase at
about 90 mA, 110 mA and 140 mA at 18°C, 25°C and 30°C. The low threshold current limits
the operational bias current range and the device gain. Fig.4.12 shows the ASE spectra at
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Figure 4.12: The output ASE spectrum measured with 0.05nm resolution at different
injection currents at room temperature 25°C(left). The measured chip gain as a function
of the input optical power (before fiber-chip coupling) (right). The fiber chip coupling
loss is regarded as 5 dB including the facet reflection loss.

different injection currents at 25°C. The gain peak shifts from 1545 nm to 1540 nm when the
injection current is measured from 69 mA to 101 mA, and the ripple at the peak wavelength
is less than 1 dB when the injection current is below 90 mA.

The 3 dB input saturation power, shown in Fig. 4.12(right), is =7 dBm (-9 dBm) at 80 mA
(89 mA) injection current which is sufficient for our purpose to do the dynamic testing since
the input optical power in the access network is generally below —10dBm.

4.5.2 Dynamic measurement

The dynamic measurement has been carried out in the measurement setup shown in
Fig.4.13. We used a tunable laser as CW light source, and the polarization state is con-
trolled by a polarization controller. The DC bias was kept at 81 mA where the chip gain is
about 15dB, and ASE ripple is low. The modulation amplitude was set at 250 mV in the pat-
tern generator (PPG). A 35 Q resistance is added between the bias tee and the PPG in order
to reduce the RF reflection caused by the impedance mismatch between the SOA and the
PPG.The light was directly modulated through the loop RSOA with a 1.25 Gbit/s NRZ for-
mat bit pattern. The pattern length is 222 — 1 pseudo-random binary sequence (PRBS). After
modulation and amplification, the light is transmitted back through the fiber circulator and
amplified by the EDFA. The bandpass filter (BPF) has 2.5 nm bandwidth. The modulated
light was firstly transformed into an electrical signal by the lightwave converter, and finally
was fed to a digital communication analyzer. Back-to-back BER measurements have been
carried out with a commercial receiver for different input optical power levels. The input
optical power (Pj,) in the following sections is the optical power measured before fiber-chip
coupling, and the received optical power (Preceive) is the power received by the commercial
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Figure 4.13: Eye diagram and BER measurement setup for the loop RSOA.
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Figure 4.14: Measured BER performance at 1.25 Gbit/s and 1 Gbit/s for different injected
optical power level (left) and two eye diagrams at 1.25 Gbit/s recorded after the commer-
cial receiver with different input optical powers (right). The input wavelength is 1555 nm.

receiver, see Fig.4.13.

Dependence on the input optical power

As we see from equation (4.15), a higher photon density shortens the effective carrier life-
time, and suppresses the noise [139]. We recorded the eye diagrams and back-to-back
BER for 1.25 Gbit/s (1 Gbit/s) with different input optical power, and the results are shown
in Fig.4.14. The measured modulation extinction ratios are 5dB (6 dB) for 1.25 Gbit/s
(1Gbit/s) at Iyjzs = 81mA. From the eye diagrams, we can see that the eyes are clearer
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Figure 4.15: Eye diagram after the commercial receiver at A =1555nm and 1.25 Gbit/s
bitrate for the injected optical power of —14 dBm when the bias current is 90 mA (left)
and 81 mA (right) at T = 25°C. The modulation amplitude is kept at 250 mV for both
measurements.

and the Q factor is higher when Pj, = —11dBm. The back-to-back bit error rate, in
Fig.4.14(left), shows that this RSOA modulator can operate error free (bit error rate be-
low 1079) at 1.25Gbit/s (1 Gbit/s) with Py, = —14dBm (-17 dBm) when the received opti-
cal power (Preceive) at the commercial receiver is higher than -13 dBm (-18 dBm). In com-
parison with the laser injected QW RSOA reported in [22], our device needs 17 dB higher
received power at the commercial receiver to achieve error free operation at 1.25 Gbit/s,
mainly due to its low available gain.

Dependence on the injection current

In order to check the influence of the current, we fixed the input optical power Py, at
—14dBm, and changed the bias current. The measured eye diagrams after the commercial
receiver at Ipj;s=90 mA and 81 mA at 1.25 Gbit/s data rate are shown in Fig. 4.15. At both cur-
rents, the device operates in the linear region according to Fig. 4.12. The figure with higher
injection current shows less noise due to a larger amplification of the input signal which
suppresses the ASE noise. The measured modulation extinction ratios are 7.3 dB and 5 dB
respectively. The Q factors of the eye diagrams after the commercial receiver are 19, and
16.6 respectively, which is sufficient to achieve error free operation.

Wavelength dependence

One of the most important requirement for the RSOA modulator is the colorless opera-
tion, thus the measurement has been repeated at different wavelengths at 1 Gbit/s, and the
recorded eye diagrams through a light wave converter are shown in Fig.4.16. All the eyes
are clear open with Q factor higher than 8 and extinction ratio more than 6.
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Figure 4.16: Eye diagrams at 1 Gbit/s for different wavelengths while the injection cur-
rent is 81 mA, the modulation amplitude is 250 mV, and Pj, = —9dBm.

4.6 Discussion and conclusion

According to the effective carrier lifetime derived from rate equations, the modulation
bandwidth of a SOA can be enhanced with a high injection current and a high optical in-
put power. According to a numerical model the effective carrier lifetime can be shortened
below 100 ps with a high injection current, corresponding to 1.6 GHz bandwidth. Simula-
tion results achieved with commercial software (VPI-photonics) show that the bias current
should be sufficiently high while not causing strong ASE ripples to achieve better perfor-
mance. High optical input power suppresses the noise and enhances the bandwidth, but at
the cost of the extinction ratio.

With a realized loop-RSOA we have demonstrated error free operation for 1.25 Gbit/s
data with 223 — 1 PRBS and —14 dBm optical input power before the chip. Increasing the op-
tical input power further suppresses the noise and relaxes the requirements on the received
power at the commercial receiver. By adjusting the input optical power and the injection
current, the device can obtain a high Q factor and an extinction ratio up to 7.3 dB. This de-
vice has proved the possibility of colorless operation at 1 Gbit/s in the wavelength range
from 1530nm to 1560 nm. Its layer stack and the fabrication technology are compatible
with the other components, such as the passive waveguide devices and the photodetector,
and thus suitable for the monolithic integration. Comparing with the target specifications
on the RSOA shown in table 1.3, the loop-RSOA has met the specifications.

This device is polarization dependent, and the eye quality is dependent on the adjust-
ment of the polarization controller. One solution is integrating a polarization converter
[140] between the SOA and the mirror, however it will increase the complexity during the
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fabrication, and the technology to integrate such a component needs to be investigated.

Due to the facet reflectivity, the measurements have been limited to low injection cur-
rents, thus low SOA gain. Applying an AR coating at the input facet can further improve the
performance of this device.
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Chapter 5

High performance InP based
photodetector in an SOA layer
stack

A waveguide photodetector based on semi-insulating indium phosphide (InP) was simu-
lated, designed and fabricated. The layer stack for this photodetector was optimized for use as
an optical amplifier or laser and it can be combined with the passive components. By using
a semi-insulating substrate and deep etching of a photodetector with small area, an efficient
and high-speed photodetector was made, which allows for easy integration of source, detector
and passive optical components on a single chip. A 3dB bandwidth of 40 GHz and 0.25 A/IW
external RF responsivity is measured at 1.55 um wavelength for a 1.5 uym wide and 30 uym
long waveguide photodetector at —4.7 V bias voltage. The polarization dependence in the re-
sponsivity is less than 0.27 dB. A photoreceiver for the user access network has been realized
by combining the InP photodetector and a SiGe amplifier through wire bonding. The eyes are
clear open up to 4 Gbit/s with a Q factor higher than 11. The bandwidth of the photoreceiver
is limited by the transimpedance amplifier.

5.1 Introduction

Monolithic integration of different optical building blocks, such as passive waveguide de-
vices (PWD), semiconductor optical amplifiers (SOA), photodetectors (PD) and modulators
allows for flexible design of photonic integrated circuits. Previously, devices based on a
combination of PWDs, absorbers and SOAs have been reported by COBRA research insti-
tute, such as multiwavelength ringlasers [141] and mode locked lasers [142]. In our applica-
tion, the transceiver integrates an SOA and a photodetector into a single chip. Although the
bandwidth requirement in the BBP project for the user access network is only up to 10 GHz,

91
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one of the research goals is to investigate the limit of the bandwidth of the photodetector
which is in an SOA layer stack and operated by reversely biasing the pn-junction.

Others have presented the PD with increased sensitivity by monolithic integration of the
waveguide PD and the SOA in a common layer stack [49,75,76]. In [49], the PD based on bulk
material has achieved 20 GHz, and in [76] the PD was based on multi-quantum well and
achieved 40 Gbit/s operation. However, the latter PD is highly polarization dependent [76].

Previous work in COBRA on a photodetector in a SOA layer stack has reached a band-
width of 30 GHz [16]. Based on the former research results, a smaller area deeply etched
photodetector has been realized in this work, which achieved 40 GHz bandwidth. Further-
more, an analysis on the series resistance has been carried out and the options to reduce
the resistance are given. In addition, polarization dependence in the responsivity is charac-
terized for the photodetectors with different lengths. In the last part of this chapter, a hybrid
photoreceiver for the user access network and its performance are introduced.

5.2 Properties of the photodetector

5.2.1 Bandwidth

The bandwidth of the PD is determined by the photon-generated carrier drift time band-
width (fr) and RC time bandwidth fpc-3qp, and the total bandwidth fiyta can be written
as [143]

1 1 1

=—+
2 2 2
total ftr f RC-3dB

(5.1)

Transit time bandwidth

The transit time bandwidth depends on the thickness of the depletion region and the drift
velocity of the carriers. In theory, the transit time bandwidth (f;;) of a waveguide PD ap-
proximately is [144]

350

= 2
Jfue 27 dge (5.2)
 [2e@i- V)
daep =\ = (5.3)
111 o
vt 2\t o} '

in which djep is the thickness of the depletion region, & is the permittivity of the material,
¢; is the built-in potential in the pn-junction, V is the bias voltage, g is the electron charge,
Ny is the doping level and v, and vy, are the electron and hole drift velocity in the depletion
region. ve and vy, are dependent on the electric field (E), the saturation velocities of the
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Figure 5.1: The equivalent electrical circuit of a PD for RC bandwidth. The load resis-
tance (Ry) is 50 Q.

electron (vsat,e) and hole (vgan) and the mobilities of the electron (ue) and hole (uy,) in the

intrinsic material, given by
_ Me- E+p- Usat,eEY

- 5.5

€ 1+ BEY (5.5)
E

Vh = Vsach tanh( Fn ) (5.6)
Usat,h

in which g and vy are the coefficients. Since vy, is smaller than ve, the transit time is mostly
limited by vy,.

RC bandwidth

A PD can be modeled by an equivalent circuit [145] shown in Fig. 5.1. The current source I
is the photon-generated current which is parallel with the photodiode junction capacitance
Cpd and junction resistance Ry, and in series with device series Resistance R, plus the probe
pad capacitance Cp, in parallel with a 50 Q load. The junction capacitance Cpq is determined
by the depletion layer thickness dgep and the area of the photoabsorption layer A:

£A
Cpq = — (5.7)
P ddep

Assuming that the dark current of a PD is very low (<« uA), Rq becomes very large and
its effect is negligible. The circuit transfer function can be calculated

L) 1
IS(O) l—wZdeCpRSRL+jw(CpRL+de(Rs +RL))

(5.8)

For a PD with small dimension and short impedance matched probe pads, Cpq and Cp
are very small, around tens of femto-Farad (fF), and the second order item in the denomi-
nator can be ignored when frc < 200GHz. Thus the 3dB RC bandwidth (fgc-34) can be
written as

1

_3dB = 5.9
Jre-sas 27((Cp Ry + Cpa (Rs + R1)) 5.9)
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Figure 5.2: Cross-section of the PD and the corresponding resistance and capacitance in

For a PD structure with ground-signal-ground (GSG) design, shown in Fig. 5.2, the series

resistance R consists of the following components:

L
Rietal = Pmetalbmetal |00 resistance (5.10)
Whnetal dmetal
Pcp .
R¢p = ———— total p-contact resistance (5.11)
Lpd - Wpd
Pcn .
R., = ———— total n-contact resistance (5.12)
Lpq-Wpd
—sheetd ) .
Ryp= Pp-sheetp vertical p-layer sheet resistance (5.13)
Lpd *Wpd
_ d
Ryn = Prosheetfn o ical n-layer sheet resistance (5.14)
Lpd * Wpd
- W
Rng = Pn-sheet G n-layer gap resistance (5.15)
Lpq - dgn

where ppetal is the metal resistivity, Wipetq) is the width of the metal, dpyetq is the thickness
of the metal, pp and ppare p- and n-contact resistivity, pp_sheet and Pn_sheer are the p- and
n-sheet resistivity, Lpq and Wpq are the length and width of the PD, W, is the width of the
n-contact area, dp and d, are the vertical travel distance of the electrons and the holes in p-
and n-layer, dg, is the thickness of the n-sheet in the gap region.
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The resistivities of the p-layer (0,_sheet) and n-layer (o, _sheer) are inverse proportional
to the mobility of the electrons (u,) and holes (u;) in the material, and the doping level of
p- and n-layer [146].

1
n-sheet = ————— (5.16)
pp n-—sheet q- Np,n K ,U'p,n

Thus the total device series resistance Ry is

Rs = Retal + Rep + Ryp + Ryn + (Rng + Ren) /2 (5.17)
5.2.2 Quantum efficiency

The quantum efficiency of a PD is given by
Nin=1-expI'-a-L) (5.18)
Nex = Nin(1 — Reacet)Ne (5.19)

where T is the confinement factor, « is the absorption coefficient of the material, L is the
length of the PD, R, is the facet reflectivity of the PD, and 7 is the fiber-chip coupling
efficiency. For a waveguide PD, L is equal to the length of the PD L,q4.

Responsivity Rresp is another parameter directly related to the quantum efficiency. It is
the ratio of the photon-generated current (/) to the input optical power (Pin)

I h q- A
p
i 5.20
Pin Nin,ex h-c ( )

Rresp =

5.3 Simulation and design

The simulation will be performed based on the layer structure shown in Fig. 5.3, which is
the same as the layer stack for the reflective SOA in Chapter. 4, but operates under reverse
bias voltage. The other parameters for calculating the bandwidths and the series resistance
of the waveguide PD with different size are given in table 5.1. Since the film layer has a very
low intentional doping level, it will be completely depleted even under a small reverse bias
voltage. In order to reach the saturation velocity for both electrons and holes, the required
electric field is about 70kV/cm based on equation (5.5) and (5.6) [16,93,147], corresponding
to about -4V, and 550 nm djep, for the layer stack shown in Fig.5.3. The calculated fi is
46 GHz, which is independent of the dimension of the PD.

The simulated RC time bandwidth for different widths and lengths is shown in
Fig.5.4(left). The total bandwidth is primarily limited by the transit time for a 30 um
long, below 2 um wide device. The RC bandwidth is the limiting factor for a device wider
than 4 um. The simulated total bandwidth based on the transit and RC time is shown in
Fig. 5.4(right) for different widths and lengths.Based on these results, the width of the wave-
guide PD on this layer stack was designed 1.5 um to achieve the best performance while
normal optical lithography could still precisely define the waveguide. The calculated total
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Figure 5.3: (left) Active-passive butt-joint layer stack with specifications based on a semi-
insulating substrate.The unit for the doping level is cm™3. (right) the top view of the

fabricated PD.
Symbol | Values
Ve 6.0 x 105 cm/s, under high electric field [147]
Uh 4.0 x 108 cm/s, under high electric field [147]
ddep 550 nm
Co 12 fF, extracted from the experiment
Es 13 x8.85x 10712
Lp 75cm?/s [148] in 1 x 10'8¢cm—3 P-InP
Un 1500cm?/s [148] in 1 x 10'8cm ™3 N-InP
Weap 10 um
dgn 400 nm
Wen 50 um
Pep 5x1076Q-cm? for 1.5 x 10'%cm 3 P-InGaAs
contact [138,147]
Ocn 1.0x 1073 Q-cm? for 1 x 108c¢cm™3 n-InP contact [138,147]
Ry 50 Q load

Table 5.1: The parameters used for the calculation.
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Figure 5.4: Simulated RC bandwidth (left) and the total bandwidth (right) based on the
transit time and the RC time constant for PDs with different widths and lengths. The
depletion layer thickness is calculated to be about 550 nm when the reverse bias voltage

is higher than —4V.

parameter | 30 um | 80 um
Rep 11Q 4.2Q
Ryp 42Q 16Q
Ryn 1Q 03Q
Rng/?2 14Q 520
Ren/2 34Q | 125Q
Rietal ~1Q ~2Q

Table 5.2: Series resistance components and corresponding values based on the equa-

tions given above.

resistance (R;) is about 103 Q (40 Q) for 30 um (80 um) long PD. The RC bandwidth is about
80 GHz (58 GHz). Therefore, the estimated total bandwidth is 40 GHz (36 GHz) for a 30 um
(80 um) long PD, and limited by the transit time.

The transit time bandwidth can be improved by increasing the doping level in p-Q1.25
and n-Q1.25. If ddep is smaller than 350 nm (f+>70 GHz), the RC bandwidth will become
the limiting factor, especially due to the total series resistance of the small device. The cal-
culated resistance components are listed in table5.2. We can see that the p-layer sheet
resistance and the n-contact resistance are dominant for the small devices. Some mea-
sures could lower the resistance, such as optimizing the n-contact resistivity or reducing
the thickness of the p-InP layer. However, the latter will increase the transmission loss in



98 5. High performance InP based photodetector in an SOA layer stack

the passive part due to the overlapping of the optical field with p-InGaAs.

5.4 Fabrication

As shown in Fig. 5.3, a semi-insulating substrate was used to reduce the RF loss and the
parasitic capacitance to obtain a higher bandwidth. To further minimize the capacitance,
these PDs are narrow (1.5 um) and deeply etched through the film into the highly doped
N-InP layer. All the waveguides were etched by reactive ion etching. Polyimide was spun for
passivation and planarization. To form the metal contact, a Ti/Pt/Au layer stack was evapo-
rated on the top p-InGaAs and the lateral ground contacts (n-InP) through lift-off. The gap
distance between the p- and n-contact was designed 10 um to prevent the short circuit due
to the resolution limit of lift-off. To minimize the RF transmission loss, the contacts were
electro-plated until the thickness of the gold was about 1.5 um, which is four times larger
than the skin depth (380 nm) at 40 GHz [149]. The photograph in Fig. 5.3 shows fabricated
PDs with metal contacts, which were tapered from the PD to the GSG probe pads which
have a 100 um pitch. The central contact is 70 um wide. The access waveguide is 3 pm wide
and shallowly etched. The fiber-chip coupling facet is cleaved and has about 33% (26%)
facet reflectivity (Rgacet) for TE (TM) polarization.

5.5 Experimental result

5.5.1 Dark current

The dark current is the current through the diode in the absence of light. This current is
due to the generation/recombination of carriers in the depletion region and any surface
leakage, which occurs in the diode. It obviously limits the minimum power detected by the
photodiode, since a photocurrent smaller than the shot noise of the dark current would be
hard to measure. Thus, the dark current offers the possibility to judge the reliability of the
device. The measured dark current of the deeply etched PD is low, as shown in Fig.5.5. At
—4V, the dark current of the 30 ym and 80 um long deeply etched photodetector is 18 nA and
38.3nA. They are comparable with other reported photodetectors with a similar dimension.
The dark current results mainly from the surface recombination, especially because these
photodetectors are deeply etched. The longer one showed higher dark current due to a
larger surface area.

5.5.2 Polarization dependence in responsivity

We use the setup in Fig. 5.6 to determine the external responsivity for different polarization
states, a tunable laser was used as a light source, and the polarization was selected through
a polarizer and coupled through a microscope-objective. The optical signal is coupled into
the waveguide via the cleaved facet of the chip. The polarization controller is used to max-
imize the transmission power of the selected polarization. The source meter applies the
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Figure 5.5: Measured dark current for 1.5 um wide deeply etched 30 um long (solid) and
80 um long (dash) PDs.
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Figure 5.6: Measurement setup used for the characterization of the wavelength duplexer.

reverse voltage, and records the current. The measured photocurrents for TE and TM at
A =1.55um under —4V are shown in figure 5.7 for two different lengths. The input optical
power in Fig. 5.7 is the power from the laser (Pjaser) multiplied by 1 — Rgacet for TE and TM
polarization. The 80 um long PD has a higher responsivity than 30 um long PD. The po-
larization dependence in responsivity (PDR) for 30 um (80 um) long PDs is small, less than
0.27dB and (0.2dB).

5.5.3 Bandwidth

On-wafer S-parameter measurements are performed in the range of 10 MHz to 67 GHz with
a lightwave component analyzer (LCA) and a 50 GHz RF-probe, the measurement setup is
shown in Fig.5.8. The LCA has two output optical powers, 0dBm and 5dBm, and the to-
tal loss of the fiber path and three fiber connectors is about 1dB. The PD was biased at
—4.7V through a 65 GHz bias tee, and the injected wavelength from the lightwave analyzer
is 1.55 um. The measured small signal frequency response (O/E) for both 0dBm and 5 dBm
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Figure 5.7: The measured photocurrent of 30 um and 80 um long PDs for both TE and
TM polarization as a function of the input optical power (Pjaser X Rfacet) at —4V. The
straight lines are linear fits. The input optical power at the x-axis is the power level from
the laser multiplied by (1 — R) for TE and TM polarizations without excluding the loss of
the other bulk optical components in the measurement setup.
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Figure 5.8: Setup for measuring the bandwidth of the photodetector.
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Figure 5.9: Frequency response of a 30 um long PD (grey) and an 80 um long PD (black)
at 1.55 um. The straight lines are cubic polynomial fitting.

input optical power is given in Fig.5.9. The vertical axis is the actual responsivity relative
to 1 A/W at different frequencies. Thus the measured RF responsivity of 30 um (80 pm) long
PDis about 0.25A/W (0.35A/W) at 10 MHz to 0.16 A/W (0.18 A/W) at 50 GHz. If we take 5dB
as fiber-chip coupling loss (1.5 dB uncoated facet, 3.5 dB mode mismatching), the internal
quantum efficiency is about 64% (89%) at 10 MHz to 41% (46%) at 50 GHz. The measured
3dB total frequency response is 40 GHz (37 GHz) for 30 um (80 pm) long PD, which is in
good agreement with the simulated total bandwidth in Fig. 5.4. The oscillation in the mea-
surement is due to the reflection between the RF probes.

5.6 Photoreceiver

5.6.1 Introduction

As introduced in Chapter. 1, the PD is an indispensable component to detect the down-
stream data in the reflective transceiver for the user access network. In this section, we will
present the design and measurement results of the photoreceiver chip of the transceiver
module which consists of an InP-photodetector, and an amplifier chip! comprising a tran-
simpedance amplifier (TIA) and a variable gain amplifier (VGA) based on SiGe. The two
chips are wire bonded together. The photograph of the fabricated chips are shown in
Fig.5.10. The PD is the 30 um long one presented in sect. 5.5. The electrical amplifier circuit
is based on low cost SiGe. When the downstream data carried by the light is detected by
the PD, the generated photocurrent will be pre-amplified and converted into a differential
output voltage. The amplifier circuit also provides a DC bias voltage to the PD.

1The amplifier chip is designed by TNO Defence, Security and Safety.
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Figure 5.10: Block functionality diagram of the photoreceiver and the photograph of the
fabricated photoreceiver consisting of an InP-photodetector and a SiGe amplifier con-
nected with bonding wires.

The amplifier circuit is implemented in the low cost AMS 0.35 um-SiGe BiCMOS process
that includes high-speed SiGe Heterojunction Bipolar Transistors. Finally these two chips
were bonded together through wires with 20 ym diameter.

5.6.2 Characterization

The bandwidth of the fabricated InP PD is about 40 GHz, and the external responsivity is
0.25A/W, shown in Fig.5.9. The measurement gain of the electrical amplifier is shown in
Fig.5.11, in which V1 and V2 are the tuning voltages. The purpose of the tuning voltage
V1 is to vary the gain in the VGA depending on the input voltage swing. A second tuning
voltage V2 is present to compensate for process variations. The VGA is designed to achieve
a constant output voltage swing of 80~90 mV at the output. The bandwidth of this hybrid
photoreceiver is mainly limited by the TIA, for which a transimpedance gain of approxi-
mately 1500 Q and a bandwidth of 3 GHz was measured. The equivalent input noise current
is 4.5 pA/vHz.

To measure the performance of the hybrid photoreceiver, we injected light with
A =1545nm from the tunable laser, modulated by a 10 GHz commercial Mach Zehnder
modulator driven by the pulse pattern generator (PPG) up to 10 GHz. The input optical
power was monitored by an in-line power meter. The modulated light was coupled into
the photoreceiver chip through a lensed fiber. The light was absorbed by the PD which
was reversely biased at —3V. and the generated photocurrent was converted into voltage
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Figure 5.11: The measured gain and bandwidth of a SiGe based electrical amplifier at
different gain control voltages.
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Figure 5.12: Eye diagrams for 3 Gbit/s (left) and 4 Git/s (right) with —12 dBm input opti-
cal power.

and amplified by the TIA and VGA. The output differential voltage from the photoreceiver
was directly connected to a digital communication analyzer without additional electrical
amplification to record the eye diagram. The tuning voltage V1 was set at 1.5V, correspond-
ing to about 30 dB gain in Fig.5.11. The recorded eye diagrams for PRBS with 23! — 1 word
length at 3 Gbit/s and 4 Gbit/s are shown in Fig. 5.12 when the average input optical power
is —12 dBm before the fiber chip coupling. The measured Q factors are better than 12.85
and 11.

5.7 Conclusion and discussion
By using a semi-insulating substrate and deep etching, a small-area waveguide PD based on

an amplifier/laser layer stack achieved up to 40 GHz with 0.25 A/W external RF responsivity,
and less than 0.27 dB polarization dependence. This result enables the monolithic integra-
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tion of a light source and a high performance PD based on flexible butt-joint active-passive
material without the need for a dedicated detector layer stack. It is suitable for 40 Gbit/s
operation.

A photoreceiver for the user access network has been realized by hybrid integration of
an InP PD and a SiGe amplifier through bonding wire. The eyes are clear open up to 4 Gbit/s
with a Q factor higher than 11. The bandwidth of the photoreceiver is limited by the TIA. The
further development of this receiver will include the phase detector and the clock recovery
circuit.

The bandwidth of the PDs based on the current SOA layer stack is mainly limited by
the transit time. It can be further improved by changing the doping profile in the film layer
while the performance for the SOA is not influenced. When the depletion layer thickness
is reduced to 350 nm, the RC bandwidth will become the limiting factor, mainly due to the
high series resistance which results from the high n-InP contact resistivity and the thick p-
top cladding layer for small area devices. In order to reduce the contact resistivity, we can
either increase the doping level of the n-InP or change the metal alloy on n-InP. The p-layer
sheet resistance can be reduced by decreasing the thickness of the top p-cladding layer,
however, this will increase the transmission loss for passive components.



Chapter 6

Fabrication Technology

In the realization of a low cost transceiver for the user access network, fabrication technology
plays a critical role in device performance and yield. This chapter will describe the technology
in COBRA that has been used to fabricate the tunable duplexer, the reflective components, the
SOA, the photodetector, the phase modulator and the integrated transceivers. We start with
explaining the wafer preparation for active-passive integration in COBRA. Two important
fabrication procedures, lithography and etching, which are carried out over the whole fab-
rication flow are described. The most commonly used lithographies and etchants in COBRA
are listed. Afterwards, we describe the procedures of etching the waveguides with different
profiles, passivation and planarization, and metallization. In the final part, the complete
chip process steps are given for the realization of an integrated reflective transceiver on an N-
InP substrate and an integrated transceiver on a semi-insulating substrate, which integrates
a thermally tunable duplexer, a phase modulator, MMI loop mirrors, a SOA and a photode-
tector.

6.1 Introduction

In the previous chapters, we have introduced the constituent components of the
transceiver, the tunable duplexer, the reflective SOA integrated with a MMI loop mirror, and
a photodetector. In this chapter, we will describe the technology which is used to fabricate
these components and the integrated transceivers presented in Chapter 7. It plays a critical
role in their performance and yield.

In section 6.2, we will describe the wafer preparation for the active-passive integration.
Two fabrication procedures which run through the whole processes will be introduced,
namely lithography in section 6.3 and etching in section 6.4. Section 6.5 discusses the com-
mon fabrication procedures for the integrated devices in COBRA institute. In the last sec-
tion, the complete fabrication processes for the devices in this thesis are illustrated.

105
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6.2 Wafer epitaxy

A couple of methods are available to prepare material for active-passive integration, such
as Quantum Well Intermixing (QWI) [150], Selective Area Growth (SAG) [151], multiple ver-
tical waveguide structure technique using evanescent field coupling [152] and butt-joint
coupling [153]. Among these methods, QWI is only applicable to the quantum well mate-
rial, and it needs to selectively control the interdiffusion of the atoms between the quantum
wells and their corresponding barriers, which is highly dependent on the induced dopants
and the anneal temperature [154]. SAG using silica masking allows regions with differ-
ent band gaps to be realized across a wafer in a single growth step, but such an approach
does not allow complete control of the band gap in two dimensions [154]. The evanescent
coupling method would need around several hundred micrometer coupling length, which
makes the devices longer than those from the other methods. Butt-joint coupling method
has been adopted in COBRA institute because of its flexibility in the material growth and
device design, such as the layer thickness control, the doping concentration and the layer
composition, although it encounters a problem in the reflection at the butt-joint, which
needs to be suppressed as much as possible. By special design with angled entry and exit
waveguide in the active region, the measured reflectivity at butt-joint can be lower than
-50dB, and the transmission loss at the butt-joint is lower than 0.19 dB [124].

All the wafers used for the devices in this thesis were grown by a low pressure Metal
Organic Vapour Phase Epitaxy (MOVPE). The wafer for all passive devices is one-step growth
in MOVPE, and doping was completed while growing.

To grow a wafer for an active-passive integration, typical three-step regrowth is em-
ployed to produce butt-joint coupling materials, as shown in Fig. 6.1. The procedures are as
follows:

(A) The first growth deposits 1000 nm thick n-InP with gradual doping levels, a 500 nm
thick film layer with a 120 nm thick Q1.55 sandwiched between two 190 nm thick
Q1.25, and a 200 nm thick p-InP buffer cladding layer, see Fig. 6.1 (A).

(B) Afterwards, the material is taken out of the growth chamber and a 50 nm thick
SiNx is deposited over the wafer with Plasma Enhanced Chemical Vapor Deposi-
tion (PECVD). The deposited SiNx works as a mask later to protect the active region.
The active region is defined by a mask with pre-defined pattern through lithography
(Fig. 6.1 (B)).

(C) The passive region without SiNx protection is etched away in the InP RIE until 50 nm
below the active material (Q1.55) (Fig.6.1 (C)).

(D) After cleaning, the wafer is put back to the MOVPE growth chamber to selectively grow
the film layer for the passive region with n-Q1.25 (Ngq = 6 x 108cm™3), and a 200 nm
InP buffer cladding layer as well (Fig. 6.1 (D)).

(E) To continue with the third growth, the former deposited SiNx above the active region
is removed, and a 1300 nm p-InP (300 nm with 3 x 1017¢cm™3 and 1000 nm with 1 x
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Figure 6.1: Schematic overview of the active passive wafer preparation using SiNx as a
mask to define the active regions.

10'8cm=2) top cladding layer and a 300 nm P-InGaAs (N, = 1.5 x 10'%cm~%) contact
layer were grown (Fig. 6.1 (E)). The thick p-InGaAs is needed to increase the tolerance
for later polyimide etching back, see section 6.5.2.

The amount of the doping level in the active layer stack influences the series resistance of
the SOA and the photodetector, and the optical absorption in the waveguide ridge. The
series resistances of two photodetectors under reverse bias voltage have been calculated in
Chapter 5. The series resistance of the SOAs are measured in Chapter 4 and Chapter 7. The
doping level in the passive structure influences the propagation loss, switching efficiency
and polarization dependence in switching voltage of the phase shifter, which have been
investigated in Chapter 2.



108 6. Fabrication Technology

Lithography Mask | Photoresist | Exp. T(s)! Developer Dev. T(s)?
Active N HPR504(P) ~4 PLSI:H,O=1:1 ~90
Waveguides N HPR504(P) ~4 PLSI:H,O=1:1 ~90
Substrate etch® P AZ4533(P) ~55 AZ developer:HpO=1:1 ~150
Deep etch P AZ4533(P) ~55 AZ developer:HyO=1:1 ~150
Isolation N MaN440(N) 2x100 MaD332-s (100%) ~90
P-contact N AZ4533(P) ~55 AZ developer:HpO=1:1 ~150
N-contact open4 N MaN440(N) 2x100 MaD332-s (100%) ~90
Metallization N MaN440(N) 2x100 MaD332-s (100%) ~90
Plating N AZ4533(P) ~55 AZ developer:HpO=1:1 ~150

IThe exposure time depends on the waveguide structure. 2 x 100 means multi-exposure
(100 seconds for twice with about 10 s cooling between)

2Developing time depends on the exposure time and structure. The given data below is approxi-
mate value used for the devices in this thesis.

3Devices on SI-substrate only (Chapter 4&5&7)

4Devices with lateral N-contact only(Chapter 4&5&7)

Table 6.1: Commonly used lithographies during the whole chip processing.

6.3 Lithography

Lithography is a technology to transfer the pre-defined pattern to the other material. In PIC,
lithography is used to transfer the pre-defined patterns in the mask to the photoresist. In
COBRA, the pre-defined waveguide pattern are written on the masks. Two kinds of masks
are used: “negative field” and “positive field. “Negative field” means the mask plate is trans-
parent while the pattern structures are chromium. “Positive field” means the mask plate is
chromium while the pattern structures are transparent. Generally, “negative field” mask is
used for high resolution structures, and “positive field” mask is used for a lower requirement
for the resolution and it costs less.

Two types of photoresists are used: positive photoresist and negative photoresist. Posi-
tive photoresist becomes soluble in the developer when it is exposed to light while the un-
exposed photoresist stays. Negative resist becomes relatively insoluble to the photoresist
developer when it is exposed to light, while the unexposed photoresist is dissolved by the
photoresist developer.

The most commonly used lithographies for a circuit which integrates PWD, SOAs and
high performance PDs in COBRA are listed in table. 6.1 according to the process sequence.
The first column contains the names of the lithography and the names of the masks used
in the lithography. The second column is the property of the mask plate, “negative (N)” or
“positive (P)”. The third column is the property of the photoresist, “negative (N)” or “posi-
tive (P)” . The mask and the photoresist are correlated. The fourth column is the exposure
time in the lithography machine. The fifth column is the corresponding developer for the
photoresist in the second column. The sixth column is the developing time to obtain the
pattern. All these lithographies are performed by means of vacuum contact exposure at a
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lithography machine MA6. Not all the listed lithographies have to be performed for each
circuit, depending on the integrated components. Only the third generation transceiver
(Chapter 7) required all the listed lithographies.

In the following sections, when alithography is mentioned, it involves three procedures:

e spinning the photoresist on the sample;

e carrying out lithography with a mask in MA6, and expose the sample for a certain
time under an ultraviolet (UV) lamp;

* developing the exposed sample in the corresponding developer for a certain time.

For example, the first row in table 6.1 means an “active lithography” which defines the re-
gions for the active components with a mask named “active mask”. The procedure includes
spinning a layer of positive photoresist HPR504, carrying out the “active lithography” in
MAG to transfer the active region in the “active mask” to the photoresist by exposing the
sample for 4 seconds, and developing the sample in the developer (PLSI:H,0=1:1) for 90s.

Among these lithographies, “waveguide lithography” is the most critical one since a
small width deviation will lead to a relatively large performance deterioration for the device.
The width deviation can be introduced by an erroneous illumination, a wrong development
time and a relative large distance between the chromium mask and the photoresist.

6.4 Etching

Etching is a procedure to remove a material. Two types of etching during the fabrication can
be distinguished: wet chemically etching and dry etching. Wet chemically etching means
that the material is removed by a chemical solution, while dry etching removes the material
with a bombardment of ions (usually a plasma of reactive gases). Wet chemically etching
is isotropic, while dry etching can be either isotropic or anisotropic. In our application, the
common requirement for these two types of etching is that the etchants have to be selective
between the mask material and the to-be-etched material (TBEM). The most commonly
used wet and dry etchants are listed in table 6.2. The etch rate in the table is dependent on
the concentration of the solution, the gas mixture ratio and the RF power of the dry etching
machine. The etch rate given in the table is based on the gas ratio and the RF power at the
second column.

6.5 Common fabrication procedures

6.5.1 Waveguide etching

To integrate the functional components, different waveguide ridge structures are needed in
the photonic integrated circuits. From the etching depth point of view, there are two types
of waveguides, shallowly etched (about 100 nm into the film) and deeply etched waveguides
(etched through the film). The shallowly etched waveguide has a lower transmission loss,
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TBEM Etchant w/D' [ 1/A7 | Etchrate Note®
(nm/min)
InP HCl/H3PO4=1:4 w I ~400
InP CH4/02 =20/80sccm D A ~52 InP RIE
RF power: 220W
InGaAs H202/H2804/H20=1/1/10 w I ~900
InGaAs CH4/02 =20/80sccm D A ~23 InP RIE
RF power: 220W
Q1.25 H202/H2S04/H20=1/1/10 w I ~150
Q1.25 CH4/02 =20/80sccm D A ~29 InP RIE
RF power: 220W
SiNx CHF3/02 =50/5sccm D A ~110 SiNx RIE
SiNx 10% (1%) HF \\Y I ~114 (34)
SiNx BHF w I ~43
Photoresist 07 plasma D I - stripper
Photoresist acetone w I dissolved
Photoresist CHF3/02 =20/2sccm D A ~100 SiNx RIE
RF power:50 W
Polyimide CHF3/02 =20/2sccm D A ~100 SiNx RIE
RF power:50 W
Polyimide CF4/09 =15/35sccm D I ~50 barrel etcher
RF power: 300W
Ti HF or BHF w I high
Ti Oxalic acid/KOH/H 02 w I ~30
=4g/25ml/50ml
Au Kl/I/H20 w I ~30
Au KCN w I ~30

1Wet chemical etching / dry etching
2Isotropic / Anisotropic
3The corresponding machine names in the clean room.

Table 6.2: Commonly used etchants during the whole chip processing.
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Figure 6.2: Four types of waveguide structures for the tunable wavelength duplexer. A)
shallowly etched waveguides without the top InGaAs contact layer; B) deeply etched iso-
lation waveguides without the p-InGaAs and p-InP layers; C) deeply etched waveguides
without the top InGaAs contact layer; D) deeply etched waveguides with the top InGaAs
contact layer.

but requires a larger bending radius, while the deeply etched waveguide has a higher trans-
mission loss, but it can be bent with tens of micrometer of radius. From the function point
of view, more types of waveguide structures are needed. If taking the tunable wavelength
duplexer (Chapter 2) as an example, it needs four types of waveguides, shown in Fig. 6.2:

A)

(B)

©

D)

shallowly etched waveguides without the top InGaAs contact layer: they are typically
designed for the access or interconnect waveguides which require a low waveguide
propagation loss.

deeply etched isolation waveguides with the top p-doped layers removed: they are
used to remove the electrical connection between two branches of the tunable MZI
wavelength duplexer when they are tuned with the electro-optical effects.

deeply etched waveguides without the top p-InGaAs contact layer: they are typical
for the MMIs and curved waveguides. The performance of a deeply etched MMI is
independent of the etching depth variation, and the bent radius of a deeply etched
waveguide can be very small. The top InGaAs layer is removed to decrease the optical
absorption caused by the highly p-doped InGaAs layer.

deeply etched waveguides with the top InGaAs contact layer: they are phase shifters
of the MZI wavelength duplexer. The top p-InGaAs layer servers as a contact layer.

To achieve above four different waveguide profiles, we need four etching steps and four
optical lithographies interleaved between the etching steps. All these waveguides are etched
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with reactive ion etching (RIE) with a gas mixture of CH4/O2 =20/80sccm. Due to different
etching rates of the materials in InP RIE (see table 6.2), it is more convenient to translate the
difference in the waveguide profile into a difference in the etching time. They are written
as:

lotal = + 2+ 13+ 14 (6.1)
Isu=th+it3+1y (6.2)

11 = tdeep—sh = 400nmQ1.25+200 nmInP (6.3)
f2 = 1100nmQ1.25+200nmInP (6.4)

13 = Ideep—deepis, = £1300nmInP (6.5)

4 = 1200nmInGaAs (6.6)

in which g is the total etching time for the deeply etched waveguides, tgy is the total
etching time for the shallowly etched waveguides, f; is the first etching time for the depth
difference (400 nm Q1.25 and 200 nm InP) between the shallowly and deeply etched wave-
guides, 7, is the second etching time equivalent to the etching time needed for 100 nm Q1.25
and 200 nm InP, #3 is the third etching time for the layer difference (1300 nm p-InP) between
the deeply etched waveguides and the deeply etched isolation waveguides, and t4 is the
fourth etching time to remove the top InGaAs contact layer.

All these four types of waveguides were etched by InP RIE. The detailed lithographies
and four etching steps in practice are illustrated in Fig. 6.3, and the procedures are as fol-
lows:

(A) Clean the wafer surface with 10% H3 PO, for two minutes. Then a 50 nm or 80 nm SiNx
is deposited over the whole surface with PECVD, see Fig.6.3(A). The thickness of the
SiNx is dependent on the deepest etching depth. The SiNx later works as a etching
mask for the waveguides.

(B) Carry out the “waveguide lithography” (see table (6.1)) to transfer the waveguide pat-
tern to the photoresist. Put the sample in the SiNx RIE which removes the SiNx un-
covered by the photoresist. Then, remove the photoresist with O, plasma and aceton.
Now, the waveguide pattern is transferred to the SiNx, see Fig. 6.3(B).

(C) Carry out the “deep etch lithography” to define the region to be deeply etched. Af-
terwards, evaporate 100 nm Titanium (Ti) over the whole surface. The Ti above the
photoresist is removed by aceton through lift-off, and the rest Ti is going to protect
the shallow region, see Fig. 6.3(C).

(D) Etch the whole sample for #; in InP RIE. The regions which are protected by Ti are not
etched, see Fig.6.3(D).
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Figure 6.3: Illustration of process flow to achieve different waveguide structures.
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Figure 6.4: (left) Shallowly etched waveguide with SiNx above during RIE; (middle) Shal-
lowly etched waveguide with rounded edge at the top after 8 minutes RIE etching without
SiNx above; (left) Deeply etched isolation waveguide with rounded edge and less width
after 34 minutes “maskless etching”.

(E) Remove Tiwith a wet chemical etchant given in table (6.2). Then etch the whole sam-
ple for , in InP RIE, see Fig. 6.3(E).

(F) Carry out the “Isolation lithography” to define the isolation region. Consequently,
the isolation waveguides are exposed without photoresist protection. Remove the
exposed SiNx on the isolation waveguide with 10% HE see Fig. 6.3(F).

(G) Etch the whole sample for #3 in InP RIE. The semiconductor material of the isolation
waveguides without SiNx protection are etched away as well, see Fig. 6.3(G).

(H) Carryoutthe “P-contactlithography” to define the contact region. All the waveguides,
except waveguide type (D) in Fig.6.2, are exposed without photoresist protection.
Then the whole sample is put into 10% HF for a second, and all the exposed SiNx
is removed.

() Etch the whole sample for 74 in InP RIE. The semiconductor material of the wave-
guides, except waveguide type (D) in Fig. 6.2, are etched away. After etching, remove
the rest SiNx with 10% HE So far, all the waveguide ridges are achieved.

The above calculation and fabrication procedures are valid for all the devices with different
waveguide profiles. The total etching times (four times in this example) is dependent on the
number of the waveguide types (four types in this example).

One thing which should be mentioned is the consequence of the “maskless etching”
during the waveguide fabrication. “Maskless etching” means that the waveguide ridge was
not protected by SiNx during etching process in InP RIE. For example the isolation wave-
guide (WG (B) in Fig. 6.2) was maskless etched for a total time of #3 + #4, as shown in Fig. 6.3,
and the WG (A) and (C) were maskless etched for #;. The consequence of maskless etch-
ing is shrinking and rounding of the waveguide, see Fig.6.4. The left figure is a shallowly
etched waveguide with SiNx above during InP RIE etching, and the right figure is a deeply
etched isolation waveguide with 34 minutes maskless etching. The width of the isolation
waveguide shrank about 150 nm, and the edge of the waveguide was rounded.
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Polyimide

Figure 6.5: Illustration of the cross-section view after spinning the polyimide for passi-
vation, planarization and etching back.

In order to avoid maskless etching in InP RIE, wet chemical etching could be a choice.
But it is not always applicable due to a certain waveguide structure. For instance, because
the isolation waveguide of the tunable duplexer is deeply etched, the chemical etchant
which removes the top p-InP layer attacks the buffer n-InP below the film as well.

6.5.2 Passivation, planarization and etching back

To avoid a high leakage current and surface recombination, polyimide is used to passivate
and planarize the devices, see Fig. 6.5(left). In the clean room practice, after spinning a layer
of the polyimide, the polyimide is baked first on a hot plate whose temperature increases
gradually from room temperature to 200°C. After each two layers, the polyimide is cured in a
nitrogen oven at 300°C for one hour in order that the polyimide adheres to the sidewall well.
The total number of the polyimide layer depends on the etching depth of the waveguide.
Before the metallization, the polyimide is etched back in the barrel etcher to expose contact
layer, see Fig. 6.5(right).

In case the lateral N-contacts are needed (for example the devices are fabricated on the
semi-insulating substrate), additional process steps are required. After the p-InGaAs is ex-
posed described above, the “N-contact open” lithography is carried out to define the region
where the N-contacts locate. After the lithography, the N-InP contact regions are exposed,
and the rest of the sample is covered by the photoresist. In order to obtain a gradual con-
nection later from the N-InP contact to the metal probe pads, the photoresist is baked for
20 minutes at 120°C which creates a slope profile with an acute angle. This angled slope of
the photoresist is transferred to the polyimide by a directionally etching in SiNx RIE. A photo
which shows both exposed P- and N-contacts is given in Fig.6.6(left). A polyimide slope
which offers a smooth connection between the N-contact and the probe pads is shown in
Fig. 6.6(right).

The passivation effect with polyimide has been checked with several 2 mm long deeply
etched phase shifters with different widths. The SEM picture of a deeply etched waveguide
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Figure 6.6: Exposed lateral N-contacts and P-contact of a photodetector on the semi-
insulating substrate after etching back the polyimide in both barrel etcher and SiNx
RIE before metallization (leff) and the polyimide slop to connect the N-contact with the
probe pads gradually (right).
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Figure 6.7: SEM picture of a fabricated deeply etched phase shifter passivated by the

polyimide (left) and the measured dark current of 2mm long deeply etched phase
shifters with different widths (right).

phase shifter shows that the polyimide adheres to the side wall very well, and the measured
dark currents are low, below —50nA under —12V bias voltage. The results are comparable
with the phase shifters passivated by SiNx deposited at low temperature, but the devices
passivated by the polyimide show a longer operation lifetime than those passivate by the
SiNx in COBRA.
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Figure 6.8: Illustration of the cross-Section view after evaporating 25/75/200 nm
Ti/Pt/Au before lift-off (left) and Ti/Pt/Au at both top and bottom side of the sample
after lift-off (right).

6.5.3 Metallization, annealing and electroplating

The main requirements for a ohmic contact are low contact resistance and high thermal
stability, both of which are affected by the metallization, good adhesion and the interface
between the metal and the semiconductor [155]. The Ti-Pt-Au metallization scheme is se-
lected since both p- and n-contacts can be formed within one metallization step. The Pt
and the Ti layers serve to improve the adhesion of the metal to the underlying semiconduc-
tor and act as a diffusion barrier for Au, and thus enhance the long-term reliability of the
device [156] [157].

After metallization, the sample has to be annealed in a Rapid Thermal Processor in a
Ar/Hj-ambient for 30 seconds at a temperature of 325°C to reduce the contact resistance.
To further minimize the contact resistance and improve the uniformity of the electrode
for the carrier injection, the fabrication proceeded with the electroplating. First we sput-
ter a 100 nm thick gold seed layer over the sample surface; then the “plating lithography”
is carried out to define the regions which need to be plated. Afterwards, the sample is
placed inside a solution containing dissolved gold ions for some hours. The profile after
plating is seen in Fig.6.9(left). Then, the photoresist in Fig. 6.9(left) is removed by ace-
tone and O, —stripping at low power, and the Au seed layer is etched away by potassium
cyanide (KCN), Fig. 6.9(right). An SEM picture of the evaporated and plated gold are seen in
Fig. 6.10(left), and a SEM top view of a SOA with lateral N-contacts after the metallization is
shown in Fig. 6.10(right).
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Figure 6.9: Illustration of the cross-Section view after sputtering 100 nm Au and plating

(left) and the final view after removing the photoresist and etching away Au seed layer
(right).
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Figure 6.10: SEM pictures of the evaporated and the plated Au on a SOA (left) and the
top view of the metal connection of a SOA (right).
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6.6 Complete chip processing flow

In this section, the masks and the complete chip processing flows for the devices described
in this thesis will be given. Since the fabrication process flow for the tunable duplexer were
illustrated in Fig. 6.3, Fig.6.5 and Fig. 6.8, the procedures will not be repeated. The pro-
cess flow for an active-passive integrated devices on an N-InP substrate (Chapter 7) is given
in Section 6.6.1. Section 6.6.2 will present the whole process flow for the active-passive in-
tegrated devices on the semi-insulating substrate (Chapter4 and 5 and 7). These devices
require lateral N-contacts. At the end, a full process flow for fabricating a RF submount
which is used to assist performing RF measurements of the devices on the N-InP substrate
is described.

6.6.1 Active-passive integrated devices on an N-InP substrate

An example device is the first generation transceiver (Chapter 7). In order to fabricate this
transceiver, four masks are needed, namely a “waveguide mask’, a “deep etch mask’, a “p-
contact mask”, and a “metallization mask”. This transceiver has three types of waveguide, a
shallowly etched waveguide with top-InGaAs (SOA and PD), WG (A) and WG (C) shown in
Fig (6.2). Therefore, three lithographies and three RIE etching steps are needed to fabricate
these waveguides. The illustration of the whole process flow is shown in Fig. 6.11.

(A) Clean the wafer with 10% H3PO,4 for two minutes to remove the oxidized layer. De-
posit 50 nm SiNx on the top with PECVD.

(B) Carry out the “Waveguide lithography”, etch SiNx in SiNx RIE and remove the pho-
toresist with O, plasma and aceton.

(C) Carry out the “Deep etch lithography”, and deposit 100 nm T; before lift-off.
(D) Lift-off to remove the photoresist and Ti above.

(E) Etch the sample for #; in InP RIE, equal to the etching time needed for 400 nm Q1.25
and 100 nm InP.

(F) Remove Ti by chemical etchant, and etch the sample for f, in InP RIE. Time £, is cor-
responding to the time needed to etch away 1300 nm p-InP.

(G) Carry out the “P-contact lithography” to define the contact regions which need metal
contact later with photoresist.

(H) Bake the photoresist for 20 minutes at a hot plate set at 120°C to avoid later BHF
under-etching the SiNx. Afterwards, the sample was put into BHF solution, and
the exposed S;Ny are removed by BHE Remove the photoresist with aceton and O,
plasma.



120 6. Fabrication Technology

I P(N)-InP [ p(ny-InP W Q1.25 B Q.55

I nGaAs I Photoresist I SN« [T Polyimide
. T,

B)
E)
H)

K)

Figure 6.11: Complete fabrication process flow for the active-passive integrated devices
on a N-InP substrate (Chapter 7).
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Figure 6.12: Five types of waveguides in the reflective transceiver which consists of a
thermally tunable duplexer, a phase modulator, MMI loop mirrors, a SOA and a pho-
todetector.

Etch the sample for #3 in InP RIE. The time 3 is corresponding to the time needed to
etch away 300 nm p-InGaAs layer. Remove the SiNx above the contact regions with
BHE So far, all the waveguide profiles have been obtained.

Spin, bake and cure several layers of polyimide to passivate and planarize the sample.

Etch back the polyimide in the barrel etcher until the p-InGaAs is exposed. Carry
out the “metallization lithography” to define the region which needs metal contact
later. The region which do not need metal was covered by the photoresist. Evaporate
300nm Ti/Pt/Au on the sample.

Lift-off in aceton to remove the photoresist and the metal above the photoresist.
Evaporate Ti/Pt/Au at the back side of the sample to form N-contact.

6.6.2 Active-passive integrated devices on a semi-insulating substrate

The whole process flow described in this section is for the third generation transceiver
(Chapter 7) which integrates a thermally tunable duplexer, a phase modulator, MMI loop
mirrors, a SOA and a photodetector. The reflective SOA (Chapter4) and the high perfor-
mance photodetector (Chapter 5) which have fewer waveguide types are fabricated in the
same wafer.

The full processing needs eight masks, a “waveguide mask”, a “substrate etching mask”,
a “deep etching mask, an “isolation mask”, a “p-contact mask”, an “N-contact open mask”, a
“metallization mask” and a “plating mask”. There are 5 types of waveguide profiles in total,
as shown in Fig. 6.12, in which

A

(B)

Waveguide (A) is a shallowly etched active waveguide with p-InGaAs on the top. It is
for the SOA and the photodetector.

Waveguide (B) is a shallowly etched waveguide without p-InGaAs on the top. It has
low transmission loss and is for the access waveguides and the interconnect wave-
guides.
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D)

(E)

Waveguide (C) is a deeply etched isolation waveguide. It is located at the two branches
of a Michelson phase modulator to remove the electrical connection between. It is
narrow and deeply etched to reduce the velocity mismatch between the microwave
and the light.

Waveguide (D) is a deeply etched waveguide with p-InGaAs on the top. It is for the
phase shifters of the phase modulator and the thermally tunable duplexer.

Waveguide (E) is a substrate etched waveguide. It is deeply etched into the substrate
to increase the resistance between the SOA and the photodetector. It is later filled
with polyimide to support the RF pads to reduce the microwave attenuation.

The illustration of the whole process flow is shown in Fig. 6.11.

A)

(B)

©

D)

(E)

(F)

G

Clean the active-passive wafer with 10% H3PO, for two minutes, and then deposit
80 nm SiNx on the top with PECVD. Carry out the “waveguide lithography” to transfer
the waveguide pattern to SiNx.

Carry out the “Substrate etch lithography” to define the region needed to be etched
until the substrate and protect all the other waveguides with a thick photoresist. Etch
the whole sample for #; in InP RIE, which is equivalent to the etching time for the
depth difference between the waveguide type (E) and (D) in Fig.6.12. Remove the
photoresist with O, plasma and aceton.

Carry out the “Deep etch lithography” to define the region to be deeply etched and
protect the shallow waveguides with the photoresist. Etch the sample for £, in InP
RIE, which is equivalent to the etching time for the depth difference between the
waveguide type (D) and (B) in Fig. 6.12. Remove the photoresist with O, plasma and
aceton.

Etch all the waveguides for t3 in InP RIE, which is equivalent to time needed for
100 nm Q1.25 and 200 nm InP above the film.

Carry out the “Isolation lithography” to define the isolation waveguides and protect
the other waveguides with the photoresist. Remove the exposed SiNx on the isolation
waveguide with BHE Etch the sample for #; in InP RIE, which is equivalent to the
etching time needed for 1300 nm p-InP.

Carry out the “P-contact lithography” to protect the waveguides which need metal
contact later (waveguide (A) and (D) in Fig. 6.12) with the photoresist and expose the
other waveguides. Remove the exposed SiNx with BHE and etch the sample for #5in
InP RIE, which is equivalent to the etching time needed for 300 nm p-InGaAs. Remove
the photoresist which protects the waveguide (A) and (D), and remove the SiNx above
with BHE

Spin several layers of polyimide to passivate and planarize the sample.
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Figure 6.13: Complete fabrication process flow for the first monolithic integrated
transceiver.
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(H) Etch back the polyimide in the barrel etcher until the p-InGaAs exposes.

(I) Carry out the “N-contact open lithography” to expose the region which will have N-
contacts later. Bake the photoresist which protects the rest of the sample to obtain a
slope profile, and etch back in SiNx RIE until the N-InP exposes.

(J) Carry out the “Metallization lithography”, and evaporate Ti/Pt/Au on the sample and
lift-off.

(K) Sputter a 100 nm thick gold seed layer, and carry out the “Plating lithography” to de-
fine the region to be plated and protect the rest with the photoresist. Plating the whole
chip for hours to increase the thickness of the metal. In the end, the seed layer was
etched away by potassium cyanide (KCN).

6.6.3 RF submount
Design

To ease RF measurements for the devices on an N-substrate, a RF submount on an alu-
minum nitride (AIN) substrate is designed and fabricated. The mask layout for such a sub-
mount is shown in Fig.6.14. It has bonding pads at one side and ground-signal-ground
(GSG) pads at the other side. The bonding pads and the GSG pads were connected through a
group of coplanar transmission lines. The signal line width is 22 ym and the gap is 11.5 ym.
The bandwidth of the transmission lines is more than 30 GHz using the Momentum simu-
lator, as shown in Fig. 6.15.

Fabrication

A metallization mask is needed to fabricate the RF submount, and the fabrication procedure
is given as follows:

(A) Clean the surface of aluminum nitride (AIN) with BHF for two minutes and rinse it in
the water.

(B) Clean the substrate with aceton and isopraponal

(C) Deposit a thin SiNx layer with PECVD

(D) Carry out the “metallization lithography” with negative photoresist MAN440
(E) Evaporate Ti/Au=50/200 nm

(F) Lift-off with acetone.

(G) Carry out the “plating lithography” with the metallization mask, but with a positive
photoresist AZ4533. Sputter a gold seed layer, and electro-plating the device until the
thickness of the metal reaches 1~1.5 ym.
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Figure 6.14: The full view (top) and zoomed transmission lines (bottom) of the RF sub-

mount.

Measurement

The 2-port S-parameters were measured to see the bandwidth of the transmission lines.
The measurement was carried out with a network analyzer up to 20 GHz (due to the band-
width limit of the network analyzer). The measured S parameters of this transmission line
are shown in Fig. 6.16. which shows that this designed transmission lines have more than

20 GHz bandwidth since the S21 and S12 did not drop 3 dB yet at 20 GHz.

To use this submount, the device on an N-substrate is glued on the common ground of
the submount (Fig. 6.14), and the p-metal contact of to-be-tested component is connected

with the bonding pads of the transmission lines through wire bonding.

This submount has been successfully applied in the hybrid mode-locked laser, modula-
tion measurement of a tunable wavelength duplexer (Chapter 7) and a reflective transceiver

(Chapter 7).
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Figure 6.15: The simulated bandwidth of the transmission lines based on momentum
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Figure 6.16: The measured S-parameters of the transmission line on the RF submount.



Chapter 7

Monolithic integrated colorless
reflective transceiver

In this chapter, we present the design and the characterization results of three generations of
reflective transceivers. The first generation transceiver consists of a wavelength duplexer, a
RSOA and a photodetector. The measurement results show that the integrated RSOA achieves
1 Gbit/s operation and the integrated photodetector reaches 14 GHz bandwidth for the down-
stream data. The second generation transceiver is based on a semi-insulating InP substrate to
facilitate flip-chip bonding and improve the bandwidth of the photodetector. In this device,
the SOA achieves 1.25 GHz bandwidth, and the photodetector obtains 30 GHz bandwidth. In
addition, the noises of the photodetector caused by biasing and modulating the SOA are in-
vestigated, and options for the noise reduction are discussed. The third generation transceiver
is designed and fabricated, aiming for 10 Gbit/s operation. It integrates a thermally tunable
wavelength duplexer, a SOA, a photodetector, two MMI-loop mirrors and a reflective Michel-
son phase modulator.

7.1 Introduction

Previously, we discussed all the constituent components of the transceiver: the wavelength
duplexer (Chapter?2), the passive reflective components (Chapter3), the reflective SOA
(Chapter4) and the photodetector (Chapter5). In this chapter, we will discuss the mono-
lithically integrated transceiver circuits.

In the next sections, the isolation level is a parameter to describe the performance of
the wavelength duplexer, and the crosstalk (DC and RF) refers to the noise current of the
photodetector due to simultaneously driving the RSOA with the electrical current.

127
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Figure 7.1: (Top) The layout of the integrated transceiver consisting of a wavelength du-
plexer, a reflective SOA modulator and a detector. (Bottom) Photograph of a fabricated
transceiver.

7.2 The first generation integrated transceiver

A schematic view of the first generation integrated transceiver is shown in Fig. 7.1. It consists
of a wavelength duplexer, a reflective SOA modulator, and a photodetector. In this chip, the
wavelength duplexer is not designed to be tunable for the simplification, the RSOA modu-
lator was employed as a upstream transmitter since it has proved a large wavelength range
and 1.25 Gbit/s operation, as discussed in Chapter 4. The photodetector was located close
to the RSOA modulator due to the predefined locations for the active material in the wafer.
Given more freedom, the photodetector would be put as far as possible from the RSOA mod-
ulator because of large signal level difference between the upstream and the downstream
signal.

The device works as follows. Two wavelengths (1; and A;) from the local exchange en-
ter the transceiver from the left side access waveguide. First, they are spatially separated by
the wavelength duplexer. Then the downstream data, carried by 1,, is guided to the pho-
todetector where it is detected. The other wavelength A, is a continuous wave (CW) signal
which is routed by the wavelength duplexer to the RSOA where it is modulated, amplified
and reflected back to the network.

7.2.1 Material and design parameters

The integrated transceiver is based on an active-passive butt-joint layer stack grown on an
N-InP substrate, as shown in Fig. 7.2. The active part is used for realizing the RSOA mod-
ulator and the photodetector. In the passive part the wavelength duplexer and the routing
waveguides are fabricated.

In this integrated transceiver, the MZI-wavelength duplexer has identical parameters in
the MMIs and the length difference as the 200 GHz duplexer presented in Chapter2. The
fiber access waveguide is 3 um wide and shallowly etched to reduce the transmission loss,
and it is angled with 7° to minimize the facet reflectivity. The SOA is designed to be 2 um
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Figure 7.2: A cross section view of the active-passive layer stack with superimposed op-
tical mode profile.

wide and 750 um long for a sufficient gain to compensate the fiber-chip coupling loss. The
absorption layer of the photodetector is Q1.55 (InGaAsP, Agap = 1.55um) as well, and the
experiment shows that the absorption peak wavelength is around 1520 nm for a short pho-
todetector. The length of the photodetector was predefined on the active-passive mask, and
the maximum length of the photodetector is 60 um. The quantum efficiency of such a pho-
todetector is limited, however, a shorter photodetector can have a higher RF bandwidth.
In order to suppress the first order mode, a 1 x 1 MMI mode filter [158] is inserted in the
transceiver. The mode filter is shallowly etched, 6 yum wide and 98 ym long. The transmis-
sion of the fundamental mode and the first order mode has been simulated and shown in
Fig. 7.3, from which we can see that the first order mode of both TE and TM polarization can
be suppressed more than 10 dB when L = 98 um. To avoid lasing, the fiber access facet of the
chip, where the light is coupled into and out of the device, is provided with an anti-reflection
coating (AR) with 0.1% reflectivity. Another facet was HR coated with 90% reflectivity as a
mirror to reflect the light back.

The material preparation and the fabrication processes of the integrated transceiver
have been described in Chapter 6. A photo of the fabricated device can be seen in
Fig.7.1(bottom).
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Figure 7.3: Transmission of the fundamental and the first order mode for both TE and
TM polarization as a function of the length of the mode filter.
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Figure 7.4: The static measurement setup for the integrated duplexer, the RSOA and the
photodetector. The fiber access side is always the waveguide with the angled facet, and
the other side of the chip was coated with 90% HR coating.

7.2.2 Characterization of the integrated transceiver

In this section, we will present the characterization results of the integrated transceiver,
which include the channel spacing and the isolation level of the duplexer, the fiber-fiber
gain and the modulation bandwidth of the RSOA, and the photoresponsivity and the band-
width of the photodetector.

The measurement setup for the channel spacing and the isolation level of the duplexer,
gain of the RSOA and the responsivity of the photodetector is shown in Fig. 7.4. A CW laser is
used during the measurement of the gain of the integrated RSOA and the photo responsivity
of the photodetector. The optical spectrum analyzer (OSA) and the power meter are used
to record the ASE spectra and to measure the fiber-fiber gain of the integrated RSOA. The
current source supplies the current to the RSOA, the temperature is controlled through a
Peltier element, and the source meter applies the reverse bias voltage to the photodetector
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Figure 7.5: ASE spectra after the wavelength duplexer at different injection currents (left)
and the output optical intensity and voltage as a function of the injection current (right).

and also records the photocurrent . The light is injected and collected through a lensed fiber
near the angled facet at the left side as shown.

In the following sections, the optical input power is the optical power measured before
the fiber-chip coupling. All measured results include the loss of the fiber-chip coupling
(~4 dB) and the loss of the wavelength duplexer (~2 dB).

Wavelength duplexer of the transceiver

In order to measure the channel spacing and the isolation level of the duplexer, the ASE
spectrum of the RSOA after passing the wavelength duplexer was recorded and shown in
Fig. 7.5 (left). The modulation in the figure results from the wavelength selection of the du-
plexer. From the spectrum, we can see that the wavelength duplexer has about 15 dB iso-
lation level between upstream and downstream data. At some wavelengths, the isolation
level looks smaller due to the parabolic shape of the ASE spectrum of the SOA. The duplexer
channel spacing is 203.2 GHz, within 2% deviation from the designed value.

Gain and modulation bandwidth of the RSOA

The gain of the RSOA is dependent on the the input optical power, the injection current
and the wavelength. The maximum injection current on the SOA is limited by the lasing
threshold current.

From the ASE spectrum and the output light intensity of the RSOA shown in
Fig. 7.5 (right), we can see the RSOA lases at about 100 mA. With the parameters listed in
table 4.1 in Chapter 4, the lasing threshold of the RSOA was predicted to be around 150 mA
for a 750 um long RSOA through rate-equation-based modeling, while the measured value
is about 100 mA. The discrepancy between the simulation and the measurement is due to
residual reflections. To investigate the source of the residual reflections, a high resolution

Voltage (V)
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Figure 7.6: Subthreshold ASE spectrum (leff), recorded with a high resolution OSA
(0.8pm). The large period (~3.2nm) is due to the duplexer that acts as a wavelength
filter. A zoom of the spectrum is shown in the right.
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Figure 7.7: Reflection cavities inside the transceiver by analyzing the high resolution op-
tical spectrum after a Fourier transformation.

subthreshold ASE spectrum was recorded, shown in Fig. 7.6, from which we can see that
the main mode spacing is 0.134 nm, corresponding to a 2.35mm long cavity. The reflec-
tion cavities have been resolved by means of a Fourier transformation [123], as shown in
Fig.7.7. The main reflection cavity (Lmain =2.35 mm) matches the length from the right side
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Figure 7.8: Fiber-fiber gain as a function of the input optical powers for A = 1523.6 nm at
different injection currents (left) and fiber-fiber gain as a function of the injection current
when Py, = —18dBm and A = 1523.6nm (right) . The temperature is set at 15°C and
stabilized with a Peltier element.

of the mode filter to the HR coated facet, and the other cavities are located at two sides of
the active-passive butt-joint (L; and L,) and the AR facet in Fig.7.7. The residual reflec-
tions at the butt-joint can be further suppressed by angling the waveguides entering the
active material [124], and by using adiabatic curves to avoid possible reflections at wave-
guide junctions. The reflection from the mode filter can be reduced by providing the MMI
with angle end facets [159].

In order to measure the gain as a function of the optical input power at a certain in-
jection current, we couple a CW light into the transceiver at A = 1523.6nm, correspond-
ing to one of the peak transmission wavelengths of the wavelength duplexer. The light
passes the wavelength duplexer and is guided to the RSOA. The amplified light travels back
through the duplexer and the fiber circulator and is collected by the OSA which measures
the output power. The same measurement was repeated for several input optical powers
at different injection currents of the RSOA, and the measured fiber-fiber gain is shown in
Fig. 7.8(left), from which we can see, the fiber-fiber gain is about 6 dB when the optical in-
put power is below —15dBm when I, = 80 mA. The 3 dB-saturation input optical power is
about —7dBm when Ij,s = 80 mA. Therefore the distributed signal power in the user access
network (<—10dBm) will not deeply saturate the RSOA.

To measure the amplification capability of the RSOA at different injection currents, we
input —18 dBm optical power and obtained 10 dB fiber-fiber gain at 95 mA injection current,
corresponding to about 23 dB on-chip gain, as shown in Fig. 7.8(right), from which we can
see that the RSOA gain increases almost linearly with the injection current until 90 mA.

Since the device we designed has to be wavelength agnostic, it is necessary to investigate
the dependence of the gain over the operation wavelength range. The measured fiber-fiber
gains for different wavelengths at different injection currents are shown in Fig. 7.9, in which
the modulation is again from the wavelength duplexer, and the envelope shows the wave-
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Figure 7.9: Fiber-fiber gain as a function of the wavelength at different injection currents
when Pj, = —12dBm. The gain spectrum is the envelope of the peak gain at different
wavelengths.

length dependence of the gain, which is around 5 dB over a 40 nm operating wavelength
range at 70 mA injection current. This wavelength dependent gain will cause different out-
put optical powers at different wavelengths.

In Chapter 4, we have discussed the optimum bias conditions for the RSOA during the
dynamic measurement, which are a high injection current and a high input optical power.
The injection current should be sufficiently high to obtain a high gain and to shorten the
effective carrier lifetime, but it should be in the linear region to obtain a high extinction ra-
tio. The input optical power should be high to suppress the ASE noise and to shorten the
effective carrier lifetime, but it should not deeply saturate the RSOA because modulating
the RSOA in the saturation region results in a small extinction ratio. Based on the static
measurement results on the gain-power and gain-current curves, the optimum bias cur-
rent is between 80 mA and 85 mA which offers a sufficient fiber-fiber gain for the optical
input power (<—10dBm) at the access network, and it is still in the linear region according
to Fig.7.8.

To test the dynamic performance of the integrated RSOA, we bonded the transceiver on
a RF submount (see Chapter 6) through wire bonding, as shown in Fig. 7.10. The transceiver
was measured with a setup as schematically shown in Fig. 7.11. The CW input light was sup-
plied from a tunable laser HP81680. A pulse pattern generator (PPG) generates 1 GHz data
with 23! — 1 word length to modulate the RSOA. The series resistance of the RSOA is about
10 Q at 80 mA, as shown in Fig. 7.5 (right). To reduce the RF reflection due to impedance
mismatching between the RSOA and the PPG, a 35Q resistor was inserted between the bias
tee and the PPG. The injected optical power before the lensed fiber was —11dBm. The tem-
perature was set at 15°, and the bias current of the RSOA was 80 mA. After passing the po-
larization controller and the fiber circulator, the light was coupled into the device through
alensed fiber. The amplified and modulated light was reflected back through the fiber cir-
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Figure 7.11: Eye diagram measurement setup of the transceiver for the RSOA.

culator and amplified by the EDFA. The bandpass filter (BPF) has a 2.5 nm bandwidth. The
modulated light was firstly transformed into an electrical signal by the lightwave converter,
and finally it was fed through an 800 MHz low pass filter to the digital communication an-
alyzer. Fig.7.12 shows a recorded eye-diagram for A = 1541.9nm, corresponding to one of
the transmission peaks of the wavelength duplexer. The measured Q factor is up to 9, and
the extinction ratio is 5.2 dB. From the Q factor, we can conclude that the transceiver can
operate error free, which requires a Q factor of 6, at 1 Gbit/s with —11dBm optical input
power. The measurement has been repeated on different wavelengths from 1532.3 nm to

1541.9 nm, four channels in total, and the results are similar.
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Figure 7.12: 1Gbit/s eye diagram at A = 1541.9nm with input optical power Pj, =
—11dBm, 80 mA injection current and 0.78 V modulation amplitude.
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Figure 7.13: Measured dark currents of the photodetectors with different length varying
from 30 um to 60 um in the transceiver chip.

Responsivity and bandwidth of the integrated photodetector

The measured dark currents of the photodetectors in the transceiver chip were less than
50 nA at —5V reverse bias voltage, shown in Fig. 7.13, which is a typical value for a photode-
tector with similar size.

First we look at the relation between the photocurrent and the input optical power at dif-
ferent reverse bias voltages. A tunable laser supplied CW light at Apeax = 1530.87 which was
corresponding to one of the transmission peak wavelengths of the wavelength duplexer.
The CW light was coupled into the chip from the angled facet, passed through the wave-



7.2 The first generation integrated transceiver 137

1000

0V

0.1

- a Al

0 0.5

Photocurrent (nA
o
S
External Responsivity (A/W)

il

1 15 2 25 3 Y510 1520 1530 1540 1550 1560 1570
Input optical power (mW) Wavelength (nm)

Figure 7.14: (Left) The photocurrent as a function of the input optical power input from
the input angled side for 60 um long photodetector at Apea = 1530.87. (Right) Respon-
sivity of a 60 um long detector as a function of the wavelength at different reverse bias
voltages when P, = —4dBm.

length duplexer and later guided to the photodetector. The voltage was applied on the chip
through a source meter, which recorded the photocurrent as well. The measurement results
are shown in Fig. 7.14(left), from which we can see that the photocurrent increases linearly
with the input optical power when the reverse voltage is higher than -2V, which means that
the absorption layer is completely depleted.

We also measured the responsivity as a function of the wavelength. The measure-
ment results for a 60 um long photodetector at different reverse bias voltages are shown in
Fig. 7.14(right). The external responsivity is between 0.2 A/W to 0.3 A/W over a 50 nm wave-
length range from 1510 nm to 1560 nm at a bias voltage of —2V. The corresponding inter-
nal quantum efficiencies are 65% (0.2 A/W) to 95% (0.3 A/W) when the total loss including
fiber-chip coupling loss (~4 dB due to the mode mismatch between the fiber and the angled
facet) and the loss of the duplexer (~2 dB shown in Chapter 2) is 6 dB. The modulation in
Fig. 7.14(right) results from the wavelength duplexer as well.

The bandwidth of the photodetector was characterized with a lightwave component an-
alyzer (LCA) HP8703. Because the low frequency part of the HP8703 did not function, the
on-wafer S-parameter measurement for the bonded photodetector was performed in the
range of 2 GHz to 20 GHz through a 50 GHz RF-probe. The photodetector was biased at -6V
through a bias tee with 65 GHz bandwidth, and the injected wavelength is 1536 nm with
—20dBm optical input power before fiber-chip coupling (corresponding to about —26dBm
optical power at the photodetector). The measured small signal frequency response is given
in Fig. 7.15, which shows a 3 dB bandwidth of 14 GHz for a 60 um long wire bonded photode-
tector. The results include the influence of the bonding wire, the coplanar waveguide on the
RF-substrate and the probe. The bandwidth of the photodetector is mainly limited by the
long bonding wire in this case.
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Figure 7.15: The measured frequency response of the wire bonded 60 ym long photode-
tector at Pj, = —20dBm and under—6V bias voltage.

7.2.3 Conclusion and discussion

We have demonstrated a first colorless reflective monolithically integrated transceiver for
the user access network. It consists of a wavelength duplexer, a RSOA modulator and a
photodetector. The wavelength duplexer shows —15dB isolation level between upstream
and downstream. The integrated RSOA achieves 10dB fiber-fiber gain at Ij,s =95 mA at
A =1523.6nm, and the eyes are clearly open with a Q factor higher than 9 at 1 Gbit/s mod-
ulation rate when Pj, = —11dBm. The integrated photodetector shows an external respon-
sivity of higher than 0.2 A/W (65% quantum efficiency) within a 50 nm wavelength range,
and obtains a RF bandwidth of 14 GHz when Pj, = —20dBm, and the bandwidth is mainly
limited by the long bonding wire.

Compared to the target specifications given in Table 1.3, the integrated transceiver pre-
sented in this section has achieved better results in the gain of the RSOA, and downstream
bandwidth.

In order to further improve the bandwidth of the photodetector, a semi-insulating sub-
strate can be used to reduce the parasitic capacitance and avoid the long bonding wire.

Moreover, since the distance between the RSOA and the photodetector in the first gener-
ation transceiver is only 125 ym, the measured DC crosstalk which is the additional current
on the photodetector due to pumping the RSOA is more than 1 mA when the bias current
on the RSOA is 90 mA, much higher than the detected signal photocurrent. The RF crosstalk
was not able to be carried out on this bonded transceiver because of its backside ground
contact. The detailed crosstalk on the photodetector due to driving the RSOA will be dis-
cussed in the next sections.

In the next section, a second generation integrated transceiver on semi-insulating sub-
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Figure 7.16: The mask layout of the second generation integrated transceiver based on
semi-insulating substrate for higher bandwidth and less electrical and optical crosstalk
(top) and a photo of the fabricated transceiver (bottom).

strate will be introduced, not only to facilitate the flip-chip bonding and improve the band-
width of the photodetector, but also to reduce the electrical, optical and RF crosstalk be-
tween the RSOA and the photodetector. Based on the second generation transceivers, an
analysis of the various noise contributions will be given.

7.3 Second generation transceiver on semi-insulating sub-
strate

The transceiver is designed to be flip-chip bonded with the electrical amplifier and the elec-
trical driver to avoid long bonding wires and to make the whole optical network unit (ONU)
compact, therefore a new layout with ground-signal-ground (GSG) design is required. The
mask layout of the second generation transceiver is shown in Fig. 7.16. Similar to the first
generation transceiver, it consists of a wavelength duplexer, a RSOA integrated with a MMI
loop mirror and a photodetector. The wavelength duplexer is thermally tunable to cover all
the wavelength pairs in the headend station. The device is fabricated on an active-passive
layer stack on a semi-insulating InP substrate, as shown in Fig. 5.3. The RSOA and the pho-
todetector based on the same layer stack have achieved a bandwidth of 1.25 Gbit/s (Chap-
ter4) and 40 GHz (Chapter 5) respectively.

In the first generation integrated transceiver, the distance between the RSOA and the
photodetector is only 125 um, and since there is large difference in the signal levels be-
tween the RSOA (mA level) and the photodetector (uA level), the photodetector sees a large
amount of additional noise introduced by biasing and modulating the RSOA, which pre-
vents the photodetector operating simultaneously with the RSOA modulator. In the sec-
ond generation transceiver, the photodetector and the SOA are separated with a distance of
4.5 mm to reduce the crosstalk level.

In order to minimize the electrical conductivity through the p-layer between the SOA
and the photodetector, the conductive p-InP layer was removed from the interconnect
waveguide between them by reactive ion etching, which is shown as “isolation waveguide”
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in Fig. 7.16. The total length of the “isolation waveguide” is 2.3 mm.

Furthermore, an area between the SOA and the photodetector was deeply etched into
the semi-insulating substrate to reduce the area of the shared common N-InP connecting
the SOA and the PD, and thus to increase the resistance between the SOA and the photode-
tector. This area is shown as the “substrate etched area” in Fig. 7.16. The substrate etched
areas under the RSOA and the PD are meant to reduce the RF attenuation.

The design parameters for the constituent components are described in section7.3.1.
In section 7.3.2, the measured bandwidths of the RSOA and the photodetector are given.
Detailed measurements and analysis on the additional crosstalk in the photodetector are
presented in section 7.3.3 and then we discuss the results.

7.3.1 Design parameters

The wavelength duplexer has been designed with 500 GHz channel spacing and can be
tuned thermally by injecting current through one of the electrodes on the MZI-arms. The
metal electrode is 650 pm long and 400 nm thick so that the generated heat is enough to
shift the phase of 27 at low injection current. The 3dB MMI is deeply etched, 12 um wide
and 203 ym long.

The fiber access facet is 3.5 um wide, and angled with 7° to reduce the facet reflectivity.
A mode filter is inserted to filter the first-order modes. The SOA modulator is designed as a
loop RSOA, which is described in detail in Chapter 4. The photodetector is shallowly etched
for alower dark current. Itis 2 yum wide and 80 pm long for more than 90% internal quantum
efficiency.

The fabrication procedures for this circuit has been described in Chapter6. A photo of
the fabricated chip is shown in Fig. 7.16 (bottom).

7.3.2 Modulation response of RSOA and photodetector

Due to the sidewall roughness caused by the five-step RIE etching (see Chapter 6) and p-
dopant diffusion into the waveguide layer, the waveguide losses of this chip are high, but
the wavelength duplexer, the RSOA modulator and the photodetector worked well. The
ASE spectra measured at the angled waveguides at two different currents are shown in
Fig. 7.17, which shows that the channel spacing between the upstream and the downstream
is 500 GHz, matching the designed value. The isolation level of the wavelength duplexer is
about 8 dB. The isolation level is poor, compared with the previous devices (~15 dB) intro-
duced in Chapter2. We believe that this is mainly due to the reduction of the MMI width
during the mask fabrication (—200nm) out of our expectation, and during the chip fabrica-
tion (~—80nm).

The measured waveguide loss of this transceiver is high, up to 15dB/cm for a 2 um
wide shallowly etched waveguide and 19 dB/cm for a 1.5 um wide deeply etched waveguide,
while a typical loss is around 4 dB/cm for a 2 um wide shallowly etched waveguide and
7dB/cm for a 1.5 um deeply etched waveguide in the COBRA research institute. The excess
loss the wavelength duplexer is up to 13 dB. These loss are very high, mainly result from the
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Figure 7.17: The measured ASE spectra of the second generation integrated transceiver
at different injection currents.
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Figure 7.18: Measurement setup for the small signal response of the integrated
transceiver.

following three aspects: 1) roughness at the interfaces between the semiconductor layers
during the second and third growth; 2) reduced thickness of the buffer cladding layer from
200nm to 130 nm which introduces higher free carrier absorption loss; 3) 5-step-etching
procedure which caused extra surface and sidewall roughness due to the extra lithography
and etching in RIE.

On-wafer S-parameter measurements of the RSOA are performed in the range of 10 MHz
to 3 GHz with a lightwave component analyzer N4374B and a 50 GHz RF-probe, shown in
Fig. 7.18(left). We couple 5 dBm optical power to compensate the high insertion loss of the
wavelength duplexer. The fiber-chip coupling loss is estimated about 6 dB, thus the optical
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Figure 7.19: Small signal modulation results of the transceiver at different current (left)
and the measured bandwidth and a cubic polynomial fitting curve of the 80 um long
shallowly etched photodetector (right) .

power at the SOA is estimated to be about —21 dBm. After the light is amplified and mod-
ulated, and reflected by the loop mirror and coupled back into the fiber, it is further am-
plified by an EDFA, and filtered by a bandpass filter. The measured small signal frequency
response is shown in Fig.7.19, from which we can see that the modulation bandwidth is
about 1.25 GHz when Ipj5s = 141.5mA. Due to high loss, the large signal modulation of the
RSOA could not be carried out.

The “isolation waveguide” in Fig. 7.16 suffers even higher propagation loss because of
maskless RIE etching (see Chapter 6) during fabrication. In order to characterize the band-
width of the integrated photodetector, we cleaved the sample and measured the bandwidth
of the photodetector individually with the measurement setup shown in Fig. 5.8. The shal-
lowly etched 80 um long photodetector achieved a bandwidth of 30 GHz at a reverse bias
voltage of —6.7V, as shown in Fig. 7.19(right). The external responsivity of the photodetec-
tor is 0.36 A/W (93% internal quantum efficiency) at 10 MHz and 0.26 A/W (65% internal
quantum efficiency) at 30 GHz.

7.3.3 Noise of the photodetector due to biasing and modulating the SOA

The sensitivity of a photodetector is determined by its noise level. Besides the inherent
dark current noise of the photodetector, several other factors increase the noise level of the
photodetector when the RSOA is forwardly biased and modulated:

(A) optical signal detected by the photodetector due to reflection in the integrated circuit

(B) unguided optical signal propagating through the substrate detected by the photode-
tector
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Figure 7.20: The devices used to investigate the noise levels due to biasing and modulat-
ing the RSOA.

(C) electrical connection due to non-perfect grounding of the N-InP layer which is shared
by both the SOA and the PD.

In the next sections, we will experimentally investigate the contributions of the above
crosstalk sources. The devices used to characterize the crosstalk levels are shown in
Fig.7.20, in which two integrated transceivers are involved, and numbered as (1) and (2).
SOA (1) is biased with a forward injection current and has a cleaved facet at the left side
for measuring the optical output power. The SOAs are 750 um long, and the photodetectors
(PDs) are 100 um long. The distance between the SOA and the photodetector is 4.5 mm, and
the spacing between the SOAs or PDs is 500 ym, as shown in Fig. 7.20.
In the next section, the detailed measurement procedures are explained.

Characterization of the noise sources

We start with the measurement of the resistance between the ground of the SOA (1) and the
ground of PD (1), and between the p-contact of the SOA (1) and the p-contact of the PD (1),
and they are 120 Q2 and 2 MQ respectively.

In order to distinguish crosstalk source (A) from the crosstalk source (C), we measure
the current flowing through the PD (1) and the PD (2) where PD (1) is connected with SOA
(1) through the waveguides. Both photodetectors are reversely biased at —3V. The output
ASE light intensity is collected at the left cleaved facet through a lensed fiber while scanning
the electrical current on the SOA (1). The measured results are shown in Fig. 7.21. From the
results, we can see that

e the current difference between PD (1) and PD (2) is negligible, which means that al-
most no guided light is detected by the PD (1), therefore crosstalk source (A) is negli-
gible in this case because of the high waveguide propagation loss.

e the current of the PDs increases almost linearly with the injection current, while the
light intensity of the SOA (1) shows a different trend, which proves that the current
on the photodetectors results mostly from the electrical connection. Furthermore,
since PD (2) shares only the N-InP layer with the SOA (1), we believe that the electrical
connection is through the common N-InP layer (crosstalk source (C)). The influence
of the unguided light is negligible when the SOA and the PD are far apart.
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Figure 7.21: The measured current flowing through the photodetectors as a function
of the injected current through the SOA (leff). The collected output light intensity as a
function of the injected current through the SOA (right).

Based on the above measured results, we can conclude that the non-perfect grounding on
the N-InP (crosstalk source (C)) contributes most crosstalk.

When the loss of the transceiver is low, and the RSOA offers high signal gain, the noise
due to the reflection of the guided modulated light should be taken into account. The opti-
cal crosstalk will be analyzed later in this section.

Until now, all the measurements are DC measurements. In reality, the RSOA is modu-
lated with a RF signal, therefore in the next section the RF crosstalk between the SOA and
the photodetector will be experimentally investigated.

RF noise

The RF noise comes from two parts, the modulated optical signal and the electrical RF driv-
ing signal. When the RSOA is modulated, both the signal and ASE will be modulated and
amplified, which can be detected by the photodetector through the substrate and through
the interconnect waveguide via residual reflections. Due to high waveguide loss, the optical
crosstalk is not possible to be quantified through this measurement.

The electrical RF driving signal of the RSOA can have influence on the photodetector
through the non-perfect N-InP ground shared by the SOA and the PD, as analyzed in the
former section. Moreover, this RF driving signal can also transmit through other paths in
the semiconductor material and through the air.

In order to quantify the crosstalk level due to the RF driving signal on the RSOA, we use
a network analyzer and two RF probes to measure the electrical RF crosstalk (Sz;), and the
measurement setup is shown in Fig. 7.22. Probe 1 is fixed at SOA (1) which is forwardly bi-
ased with 120 mA electrical current, and probe 2 moves to three different locations. The
reverse bias voltage on the PD (1), PD (2) or SOA (2) is added through a bias tee. The mea-
sured Sy; parameter is shown in Fig. 7.23. The results show that the crosstalk level of PD (1)
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Figure 7.22: The measurement setup used to measure the RF crosstalk between the SOA
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Figure 7.23: Total RF Crosstalk as a function of the frequency between the SOA and the

photodetectors at different locations. SOA(2) in Fig. 7.20 works as a photodetector here
under reverse bias voltage.
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and PD (2) are almost identical. Since PD (2) shares only the N-InP with the SOA (1), the re-
sult proves that the RF crosstalk comes mostly through the common N-InP layer or through
air. When the SOA and the PD are located closer to each other, the crosstalk level increases
as expected.

Due to the limitation in the modulation bandwidth of the SOA, the measured RF
crosstalk results mostly from the electrical crosstalk when the frequency is higher than
2GHz. Below 2 GHz, both electrical and optical RF crosstalk contribute to the crosstalk
on the PD. The measured S; is around —90dB and —70dB at 3 GHz for PD (1 and 2) and
SOA (2) used as a photodetector respectively.

In order to convert S,; to the crosstalk current flowing through the photodetector, the
following equation is used to calculate the noise current on the photodetector due to RSOA
electrical driving signal

Alpp = Alsop - 10511dB1/20 7.1)

in which AIgpa is the modulation amplitude on the SOA , Alpp is the measured modula-
tion amplitude of the current on the photodetector due to the RF crosstalk, and Sy; is the
measured S-parameter.

Assuming that the modulation amplitude of the SOA is 40 mA (2V peak-peak voltage
over 50 2 impedance), the current on the photodetector due to RF crosstalk Sp; = —90dB
will be 1.26 pA for a distance of 4.5 mm.

To obtain an error free detection which means the quality factor Q should be at least 6.
The quality factor Q is determined by the signal level S and the noise level N [160]

_ VEi- Vs
VR + VG

in which S; and Sy are the signal at 1 and 0 level respectively, and N; and N are the noise
power at 1 and 0 level respectively.

When the quantum efficiency of the photodetector is 100%, for an amplitude modu-
lated signal of average power Pgye, a 50-percent duty cycle and an extinction ratio r, the
photocurrent equivalents of the input powers for S; and Sy are [160] :

(7.2)

Pye-e-2-r
VS = et 7.3
YU+ (7:3)
Paye-e-2
VS = e T2 7.4
T v r+1) (74)

Assuming that v/Nj is 0, and substituting +/Nj = 1.26 uA, Q = 6, equation (7.3) and (7.4)
into equation (7.2), we find the Pqye = 3.73 uyW (—24.3 dBm) before the photodetector when
the extinction ratio of the signal is higher than 10. The lower the extinction ratio of the signal
is, the higher the signal power is required to achieve error free operation. If adding an addi-
tional loss of the tunable wavelength duplexer (2 dB) and the fiber chip coupling (4 dB), the
optical power for error free operation with —90dB RF crosstalk should be at least —18.3 dBm
before the transceiver, which is a critical power requirement for the access network.
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Figure 7.24: Two cases of optical reflection routes indicated with the dashed lines in the
integrated transceiver.

When taking all the crosstalk contributions on the photodetector into account, the elec-
trical RF crosstalk introduced by modulating the RSOA should be below —90dB to relax the
power requirement before the transceiver based on the above measurements and calcula-
tion.

Optical crosstalk due to reflections in the transceiver

The crosstalk due to the reflections in the transceiver can be significant in view of the large
disparity between the upstream and downstream signal levels. In this section, we will ana-
lyze the optical crosstalk level due to the reflections. Two cases of optical reflection routes
have been indicated in Fig. 7.24, and referred to as the best case and the worst case in the
following analysis.

Assumption:

* A modulated upstream optical signal with a large optical power of 0 dBm at the facet
is reflected back;

e —25dBm downstream signal before the photodetector;
* 100% quantum efficiency (~1.24 A/W) of the photodetector.
Cases:

¢ Best case: there are no residual reflections inside the transceiver, except the facet re-
flection. The facet was angled with 7° and AR coated with a reflectivity of about 1074,
The isolation level of the duplexer is at least 15 dB. Combining these two values, the
return loss due to the facet reflectivity is about —55 dB.
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Therefore, the reflected back upstream signal due to the facet is —55 dBm reaching the pho-
todetector. Comparing with —25dBm downstream signal (worst case), it is 30 dB below the
signal level, sufficient for a good signal noise ratio.

By transferring —55dB guided optical crosstalk due to the facet reflectivity into the cur-
rent crosstalk on the photodetector, it is corresponding to —160 dB (20 xlog(107>°73 x 1.24)),
which is also much lower than the measured RF electrical crosstalk (-90dB).

» Worst case: However, in practice, there are residual reflections in the transceiver. So
the reflectivity can possibly go up to one order higher (10~%). Furthermore, the worst
case is that the reflected back upstream signal doesn’t pass the whole wavelength du-
plexer, for example the reflection from a non-optimized MMI, as shown in Fig.7.24.
Taking all these worst factors into the consideration, the return loss is —33 dB (another
3dB comes from the 3dB MMI near to the photodetector and the SOA). Comparing
with —25dBm downstream signal, it starts to be comparable and problematic. Even
though, —33dB optical crosstalk is corresponding to —124 dB electrical crosstalk on
the photodetector, which is still lower than the measured RF electrical crosstalk.

Based on reflection analysis shown in Fig. 7.7, the worst situation rarely happened if some
measures were taken, for example the MMIs are designed with angled corners, the mode
filter is integrated, and adiabatic waveguide bends are used to remove the waveguide offset.

On the other hand, the higher power the upstream signal has, the more critical the re-
quirement on the residual reflections is, and the more problematic it becomes.

Conclusion on the crosstalk

The optical crosstalk is problematic when the residual reflection in the transceiver is high,
especially when the upstream optical signal has high power. If the reflected upstream signal
passes the wavelength duplexer, the residual reflectivity can be relaxed to 103 to achieve
a sufficiently good signal noise ratio (>20 dB). Otherwise, the residual reflectivity has to be
controlled below 107, But comparing the optical crosstalk with the RF electrical crosstalk
due to the common ground, the RF electrical crosstalk is more severe, and it is also very
difficult to suppress it sufficiently.

Possible solutions to suppress the noise

Besides separating the SOA and the PD as far as possible, a solution can be considered to
improve the performance of the transceiver:

* Improve the sensitivity of the photodetector by integrating an SOA before the pho-
todetector. In [16, 160], it is shown that the sensitivity of the photodetector can be
enhanced 7 dB, and it increases to 13 dB when an optical bandpass filter with 1.6 nm
bandwidth is added between the SOA and the photodetector. In our application, the
enhancement in the sensitivity of the photodetector can be achieved by integrating
an SOA before the photodetector.
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7.3.4 Conclusion

An integrated transceiver based on a semi-insulating substrate has been presented to im-
prove the bandwidth of the photodetector and reduce the noise on the photodetector
caused by the SOA. The results have shown that the bandwidth of the SOA is 1.25 GHz when
biased with 140 mA current, and the shallowly etched photodetector obtains 30 GHz band-
width at a reverse bias voltage of —6.7V.

A series of measurements have been performed to investigate the crosstalks on the pho-
todetector due to biasing and modulating the SOA. Both the DC and RF crosstalk are severe
when the distance between the SOA and the PD is short . The noise is reduced from —70dB
to —90dB by increasing the distance from 500 ym to 4.5 mm. A solution has been proposed
to suppress the noise, by inserting an SOA preamplifier before the photodetector.

7.4 10Gbit/s integrated reflective transceiver

From the measurement results on the photodetector, 10 Gbit/s downstream data can be
easily achieved with current design. However, the upstream bandwidth is limited to be-
low 5 GHz due to the carrier life time of the RSOA modulator. In order to reach 10 Gbit/s
colorless upstream operation, a new component is needed.

In this section, a novel transceiver which employs a reflective phase modulator to trans-
mit the upstream data will be presented, aiming for 10 Gbit/s operation. In the following
section 7.4.1, we will present the measurement results on a MZI phase modulator which is
realized on the same layer stack as the integrated phase modulator in the transceiver. In
section 7.4.2, we will describe the design of the first 10 Gbit/s transceiver which integrates a
thermally tunable wavelength duplexer, a SOA, a reflective Michelson phase modulator and
a photodetector.

7.4.1 MZI phase modulator on an N-InP substrate

Before designing an integrated transceiver with a phase modulator, we measured the band-
width of a tunable wavelength duplexer, the same device presented in Chapter 2. It has the
same layer stack as the passive part of the material for the active-passive integration, and
it can operate as a phase modulator once we apply the RF voltage on one of the electrodes.
The tunable duplexer is based on an N-InP substrate. In order to carry out the on-wafer RF
measurement, we glued this duplexer on a RF submount (see Chapter 6) and bonded the p-
metal of the duplexer to the bonding pads of the RF submount through gold bonding wires,
as shown in Fig. 7.25. The bonding wires are about 2.3 mm long.

To see the system performance, we modulate this device with a 27 — 1 pseudo random
binary sequence (PRBS). The measurement setup is shown in Fig.7.26. The CW laser is a
tunable laser. The RF voltage was added on one side of the electrode through the RF sub-
mount, and the other side of the electrode was terminated with a 50 Q2 load through the RF
submount as well. The reverse bias voltage on the duplexer was set at —6.6 V. The optimum
driving voltage should be equal to the switching voltage V; to achieve maximum extinction
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Figure 7.25: Tunable wavelength duplexer is bonded on a RF submount and operates as
a phase modulator.
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Figure 7.26: Measurement setup for modulating the tunable wavelength duplexer.

ratio when the bias voltage is at quarter phase point. For the MZI phase modulator tested
here, the switching voltage is about 2.5V near to —5V bias voltage, and its extinction ratio
under the static measurement (Chapter2) is about 14 dB. However, the maximum peak-
peak driving voltage of the pulse pattern generator is 2V, therefore the extinction ratio did
not reach its maximum value.

The obtained eye diagrams at different data rates are shown in Fig. 7.27. All the eyes are
open. Below 8 Gbit/s, the quality factor (Q factor) is higher than 6 (required for error free
operation), and the extinction ratio is about 6 dB. Besides, it is polarization insensitive (see
Chapter 2).

The modulation bandwidth is mainly limited by the long bonding wires and the thin
metal electrode (400 nm gold) on the duplexer. Thin gold layer has a higher RF attenua-
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Figure 7.27: Eye diagrams at different data rates when the MZ-wavelength duplexer op-
erated at A = 1545.75 nm and was biased at -6.6 V.

tion which results in a smaller bandwidth and a smaller modulation extinction ratio. The
frequency response can be improved by using a Coplanar Waveguide (CPW) design which
reduces the RF attenuation, provides an impedance match and avoids the long bonding
wires.

7.4.2 10Gbit/s transceiver integrated with a reflective Michelson PHM

The MZI-phase modulator on the same passive layer stack has achieved close to a modu-
lation bandwidth of 10 Gbit/s with a long bonding wire, which motivated the design of a
transceiver aiming for 10 Gbit/s operation by integrating a reflective phase modulator.

The masklayout and a photo of the fabricated device are shown in Fig. 7.28. It consists of
a thermally tunable wavelength duplexer, a SOA, a photodetector and a reflective Michelson
interferometer integrated with two MMI-loop mirrors.

The design of the wavelength duplexer, the SOA and the photodetector are the same as
the one presented in section 7.3. The SOA and the PD are located close to each other due to
the predefined location of the SOA and the PD on the active-passive material.

The reflective phase modulator is a Michelson interferometer, which is composed of a
2x2 3 dB MMI splitter, two branches with equal lengths and two identical MMI loop mirrors.
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Figure 7.28: Mask layout of a transceiver integrated with a reflective MZI phase modula-
tor.

When the phase on one of the two branches is changed, the output power of the reflected
light will change due to the interference. Since the light travels forward and backward in
both branches, the length of the phase shifter can be halved to achieve the same phase
change at the same bias voltage. The phase shifting arms are deeply etched and 1.5 yum
wide in order to reduce the microwave attenuation [149], and the length of the phase shifter
is 1.4mm. The Michelson phase modulator has a RF and a DC arm. The RF electrode has
50 Q probe pads accommodated for high frequency probes. From the probe pads, a 1.5 yum
thick CPW is tapered to a 50Q2 line with a signal width of 6.8 um, a gap of 5.6 ym and a ground
line width of 50 um. In principle, the reflected light (within the same modulation bit) can
be modulated again by the reflected RF signal to increase the modulation efficiency.

For the fabrication procedure of this transceiver we refer to Chapter 6.

Although this device suffered very high loss due to the roughness at the interface be-
tween the material semiconductor layers, sidewall roughness and the p-dopant diffusion
into the waveguide layer which caused high free carrier absorption, we believe that the
present design is very promising for use in the user access network. Due to time constraints,
arerun of this device was not possible.

7.4.3 Conclusion and discussion

We have demonstrated an 8 Gbit/s phase modulator which has the same layer stack as the
passive part of the active-passive integration material. We have designed and fabricated a
transceiver which integrated a reflective Michelson interferometer aiming for 10 Gbit/s op-
eration for the upstream data. However, due to excessive Zn-diffusion and sidewall rough-
ness, the operation of the integrated transceiver could not be demonstrated.
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7.5 Conclusion

Three generations of integrated transceivers have been designed and fabricated. The first
generation transceiver achieves 1 Gbit/s for the upstream operation and 14 GHz bandwidth
for the downstream. The small signal measurement has shown that the second genera-
tion transceiver on a SI-substrate achieves 1.25 GHz bandwidth for the upstream data and
30 GHz bandwidth for the downstream. However, due to high propagation loss, the opera-
tion of the second integrated transceiver could not be demonstrated.

In addition, the crosstalks on the photodetector caused by biasing and modulating the
SOA were investigated, and an option for the crosstalk suppression was discussed.

A third generation transceiver has been designed and fabricated which integrates a ther-
mally tunable wavelength duplexer, a SOA, a photodetector, two MMI-loop mirrors and a
reflective Michelson phase modulator, aiming for 10 Gbit/s operation in the user access net-
work.



154 7. Monolithic integrated colorless reflective transceiver




Chapter 8

Conclusions and outlook

This chapter will first summarize the main results of the thesis, and then draw conclusions
corresponding to the goals and achieved results. In the end the possible measures for further
improvement and development are discussed.

8.1 Main results

In this thesis, we have studied different building blocks of photonic integrated circuits,
namely the tunable wavelength duplexer, the MMI-loop mirror and the MMI reflector, the
reflective SOA, the photodetector and the phase modulator. With these building blocks,
we have realized several monolithic integrated colorless reflective transceivers for the user
access network.

The reflective transceiver is composed of three basic components: a wavelength du-
plexer to separate the upstream and the downstream channels, a modulator to carry the
upstream data, and a photodetector to detect the downstream signal. The main results are
summarized below:

* A thorough analysis of the phase shifter has been carried out to investigate the in-
fluence of the layer thickness and the doping level on the waveguide transmission
loss, switching efficiency and polarization dependence. Based on the simulation and
the measurement results, we have obtained a polarization insensitive phase shifter
layer stack with a high switching efficiency of 36°/(V-mm), and the transmission loss
is 4dB/cm for a 2 um wide shallowly etched waveguide. This layer stack is used to
realize a tunable wavelength duplexer which has achieved polarization insensitive
transmission. Polarization insensitive tuning was achieved based on both electro-
optical and thermal effects. In order to cover the whole wavelength operation range
(27 phase shift), it needs about 6.2V (2.1 mm long phase shifter) under EO effects,
and 80 mW electrical power when employing thermal effect to tune the wavelength
duplexer. The on-chip loss of the tunable duplexer is 5 dB, mainly due to the overlap
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between the optical field and InGaAs and metal contact layer. Furthermore, a switch-
ing time as low as 0.14 ns was measured on this tunable duplexer.

To enhance the flexibility of photonic integrated circuits, we have investigated two
components for on-chip reflection of light: the MMI loop mirror and the MMI re-
flector. Both components have very weak wavelength and polarization dependence.
The MMI loop mirror has obtained a reflectivity of 65% + 10%. The MMI reflector is
a novel component, which has achieved up to 78% + 10% reflectivity. The MMI loop
mirror and the MMI reflector can be easily integrated together with other passive and
active components, and provides a flexible way to achieve on-chip reflection of light
in photonic integrated circuits.

A reflective semiconductor optical amplifier (RSOA) is investigated as a colorless
modulator to carry the upstream data. The realized RSOA consists of an SOA and an
MMI loop mirror, and has achieved a modulation rate of 1.25 Gbit/s at 81 mA bias cur-
rent with —14 dBm optical input power before the chip. By adjusting the input optical
power and the injection current, the device can obtain a high Q factor and an extinc-
tion ratio up to 7.3 dB. This device has proved the possibility of colorless operation at
1 Gbit/s in the wavelength range from 1530 nm to 1560 nm.

In monolithic integration of an SOA and a photodetector, the common active layer
stack is optimized for the SOA operation. By reversely biasing the SOA layer stack, we
have proved that a high performance PD (up to 40 GHz) can be made in an SOA layer
stack. a fast photodetector with a bandwidth of up to 40 GHz. Furthermore, the series
resistance of the photodetector has been analyzed and the options to reduce the re-
sistance are given. In addition, the polarization dependence has been investigated for
photodetectors in a SOA layer stack, and the results show that the polarization depen-
dent responsivity is less than 0.27 dB, and it can operate within the whole operation
wavelength range from 1530 nm to 1560 nm.

When the SOA and the photodetector are integrated in a single device, besides the
inherent and background noise, the photodetector experiences a large amount of
crosstalk introduced by biasing and modulating the SOA. We experimentally inves-
tigated the additional crosstalks on the photodetector, and the results have shown
that the large amount of crosstalk comes from the electrical connection through the
common N-InP layer and the electrical RF crosstalk if modulating the SOA. The opti-
cal crosstalk between the SOA and the photodetector due to residual reflections has
been analyzed. The optical crosstalk becomes critical when the upstream signal has
high optical power after on-chip amplification and there exists residual reflections in-
side the chip. An SOA can be integrated as a pre-amplifier before the photodetector
to improve the sensitivity of the photodetector.

Three generations of reflective transceivers have been designed and fabricated. The
first generation transceiver consists of a wavelength duplexer, a RSOA and a photode-
tector. The measurement results show that the integrated RSOA achieves 1 Gbit/s op-
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eration and the integrated photodetector reaches 14 GHz bandwidth for the down-
stream data. The second generation transceiver is based on a semi-insulating InP
substrate to facilitate flip-chip bonding and improve the bandwidth of the photode-
tector. In this device, the SOA achieves 1.25 GHz bandwidth, and the photodetector
obtains 30 GHz bandwidth. The third generation transceiver is designed and fabri-
cated, aiming for 10 Gbit/s operation. It integrates a thermally tunable wavelength
duplexer, a SOA, a photodetector, two MMI-loop mirrors and a reflective Michelson
phase modulator. However, the full functionality of the 10 Gbit/s transceiver was not
achieved due to high waveguide loss. Possible solutions to these problems have been
identified.

* A fabrication technology was adapted for the integration of the various components
discussed above into a single circuit on a semi-insulating substrate.

8.2 Conclusions and outlook

The individual components of the transceiver can be demonstrated in the system by opti-
mizing the geometry or fabrication technology. However, the realization of an integrated
transceiver based on an SOA modulator and a sensitive photodetector on the available ma-
terial system (active passive butt-joint) is difficult. The main problems are the electrical
crosstalk and to a lesser extent, the optical crosstalk, besides the fabrication tolerance.

A new device layout has been proposed in the thesis by integrating a phase modulator
to improve the bandwidth. The sensitivity of the photodetector can be further improved by
integrating an extra SOA as a pre-amplifier.
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AON  Active Optical Network
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COBRA COmmunication technologies; Basic Research and Applications
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Summary

Monolithic Integrated Reflective Transceiver in Indium Phosphide

The work presented in this thesis is about an InP based monolithic integrated reflective
transceiver meant for use in future fiber access networks at the user site. The motivation for
this research results from the users’ demands for ever-increasing bandwidth at low cost of
operation, administration and maintenance. We investigated solutions to these challenges
with a network concept using a dynamically reconfigurable optical network topology with
a wavelength router and a colorless optical network unit. This work focuses on developing
the optical part of the optical network unit, a reflective transceiver.

This reflective transceiver consists of three basic components: a tunable wavelength
duplexer, a photodetector and a reflective modulator. The tunable wavelength duplexer
separates two wavelengths, one for the downstream and one for the upstream signals, and
guides them to the photodetector and the reflective modulator. The photodetector detects
the downstream data. The reflective modulator modulates the light carrier with the up-
stream data and reflects it back to the network.

The integrated transceiver was realized by monolithically integrating these components
on a common active-passive butt-joint layer stack based on InP technology. This approach
not only offers high bandwidth for both downstream data and upstream data, but also low-
ers the cost of the device and the network operation because of the colorless operation at
the user site.

The main results obtained within this work are summarized as follows: an efficient and
polarization insensitive tunable wavelength duplexer was realized; a new method to fabri-
cate a reflective SOA has been proposed and demonstrated; a high performance waveguide
photodetector based on SOA layer stack was successfully fabricated; a low cost photore-
ceiver which includes an InP photodetector and a SiGe amplifier was demonstrated; a work-
ing monolithic integrated reflective transceiver based on InP was successfully realized and
demonstrated; two monolithic integrated transceivers aiming for higher bandwidth have
been designed and fabricated. In addition, a novel MMI reflector has been proposed and
realized with high reflectivity.

This work was funded by Dutch Ministry of Economic Affairs through the Freeband Project
Broadband Photonics Access, the Smartmix project Memphis and the NRC Photonics.

173



174 Summary




Acknowledgments

Writing this part is like writing my memoirs of the last four years. I am glad that I can borrow
such an opportunity to show my gratitude to all of you.

First I would like to thank Prof. Meint Smit, who gave me a chance to get into the field
of photonic integrated circuits in InP, and to fulfill my dream of becoming a researcher.

My special thanks are given to my daily supervisor and copromotor, Dr. Xaveer Leijtens.
If Meint brought me in the field of PIC, you were the one who guided me through. No matter
when and where, you were always there. When I obtained good results, you were the first
one to share my cheer, and when things went wrong, you were the first one to help me
analyze the problems. Without you, I would not be able to finish my research on time,
publish the papers and get awarded in the conferences. It was also you who let me feel that
“Boss” could be a “friend”.

I am thankful to all my doctorate committee members for participating in my defense
and their interest in my work. I appreciate all your expert comments on my draft thesis
which contributed greatly to the value of my thesis.

Erwin Bente, thank you for your making all the measurement setup “intelligent” which
saved us a lot of time in the optic laboratory (OLA). I am grateful for your help in the numer-
ical model to analyze the reflective SOA. Jos van der Tol, your quick thinking have impressed
me, and your comments on my slides and posters contributed a lot to all the presentations
I gave in the conferences. Siang Oei and Fouad Karouta, you two made the technology pos-
sible for the integration. Siang, you were always there to help solve technology problems.
Fouad, though I have beaten you twice in table tennis, I have to admit that you won more
often. Hans Moerman, thank you for all your help in solving my computer problems and
the adjustment of my working place.

All the chips I made during the last four years would not have worked without you, my
clean room technician colleagues. Ben van Roy, thank you for your guiding me around the
clean room at my first working day at OED, and showing me one of the most important
things: the fastest exit route when emergent situations would happen. Luckily, those routes
were never needed. Barry Smalbrugge, you are a golden heart man, always willing to help.
You have been dealing with the most “dangerous” things (DEGUSSA!) for us in the clean
room, and you have cleaved most of samples for all the Ph.D students because we know
Barry does it best. Moreover, I have been always wondering how you could write so many
songs for everybody. Tjibbe de Vries, you are the “Batman” in the clean room. No matter

175



176 Acknowledgments

which problem popped out, your name was given as the first answer. Erik Jan Geluk, you
are the best SEM “camera” and “treasure” man for FC2000. No matter how difficult SEM
or SEI picture is, you can make the best image out, and you are in charge of gold, platinum
and titanium. Besides, you help me get experienced with the SEM and the FC2000 machine.
Kitty Sander, although we have only worked together during the first two years, thank you
for your help in the clean room. Huub and Jeroen, you joined the OED group when I was
about to finish my Ph.D. It is nice to get to know you and I hope that we can cooperate in
the future.

No material, no chips. Therefore I would like to thank Richard Nétzel and René van
Veldhoven from the Physics Department for the material growth.

A lot of measurements have been carried out under the support from TUE/ECO group.
Patryk, I am very glad to cooperate with you during the last four years. Oded, Nicola, Kevin,
Piet and Hyundo, thank you all for the support and nice discussions.

Outside TUE, I would like to thank all the BBP project partners for very close coopera-
tion, and helpful discussion in the last four years.

Among all the peers in the OED group, first I would like to thank Jan Hendrik who helped
me start with the mask design and Fabry-Perot measurement. Pietro, we had a lot in com-
mon: we shared the same promotor and the same supervisor, we finished our Ph.D almost
at the same time, and the most important is that we had almost all the lunch in Kennis-
spoort together where we exchanged our different views on the “mooie dingen”. I wish you
success in the USA. Martijn, thank you for your nice and inspirational discussions during
the last four years, and don’'t worry about your teasing me, which you mentioned in your
thesis, since I have never taken it seriously. Yohan, firstly thank you for your help in the OLA
when I just started my Ph.D, and I really enjoyed the sport nights we played badminton to-
gether. Mahmoud, thank you for your help during my first two years when you were in our
group. Martin, I really admire your diligence and dedication to your cutting-edge research.

Mirvais, Stefano, Youcai and Bauke, you have been my officemates during the last four
years, and I enjoyed all the discussions with you on work and life. Bauke and Milan, I wish
you great success with your Ph.D research. Boudwijn, cooperating with you is a pleasure
and good luck with your thesis writing and the coming defense. Frederic, Els, Uzma, Rabah,
Luc, Jose, and Genia, thank you for your willingness to help me during the last four years.
Jing, Saeed and Rui, I wish you three enjoying the atmosphere at OED group and success in
the coming years.

For a non-EU foreigner, there are always a lot of government formalities to go through.
Therefore I would like to express my gratitude to Yvonne, Femke, Susan, José, and Els for
their help in handling those administration work. Els, you were like a mother taking care of
me when we lived together. Besides, you helped me a lot in Dutch.

Dilna, my sister in the Netherlands, we had so many chats at home, cooked so many
different delicious foods and danced Salsa together. I also would like express my thanks
to the members of the Chinese Girls’ Dancing Group at TUE, Jing Li, Shudong Chen and
Xiaohan Wang, with whom I shared a lot of joy in dancing, chatting and public dancing
performances.

Family is the backbone in my life. I am a specially lucky one since I have really big



Acknowledgments 177

families in both China and the Netherlands. Baba and Mama, I never said thanks or love
to you face-to-face due to typical Chinese reserved manners, and these words are also far
from enough to express my true love to you. Thank you for always being there and your
full support through all my life. Unlike most Chinese families, I have three dearest elder
sisters, who are always tolerant, supportive and “spoiling” me in doing all the housework
and taking care of me at all the aspects when I am in China. My lovely nephew (Tairan) and
niece (Weishi) are the delight of my family, and only before them I could pretend to show
my Chinese “majesty” as being an aunt. My family in the Netherlands: Oma, ik wens dat we
nog lang samen kunnen puzzelen. Daddy and Mum, you are my parents-in-law, but have
been like my own parents to support and love me in my daily life since I came to Europe.
Judith and Rene, thank you for your all-along support, and Julia, “je bent altijd mijn kleine
grote vriendin”.

Brian, my dearest husband, is the one who shares my life. Thank you for your love,
constant support, patience and tolerance.



178 Acknowledgments




Curriculum Vitae

Ling Xu was born in Shucheng, China in November 1978. In September 1994, she entered
Shanghai Tiedao University ( now Tongji University since the year of 2000) to pursue her
Bachelor degree in Automatic Control. After graduation in June 1998, she joined Nanjing
Audio Equipment Co.,Ltd as an International Marketing Engineer, and later Elgin Chemical
Corporation as a General Manager Assistant until September 2001.

In March 2004 she received her Master degree in Communication and Information Sys-
tem from Shanghai University, China. Her Master thesis is entitled “Polarization maintain-
ing optic fibres and their applications in the optic fibre electrical current sensor”. After her
study, she started working for Siemens AG (Shanghai Office) as a Sales Representative for
low voltage products.

Since March 2005, she has been working towards the Ph.D degree within the field of
photonic integrated circuits in the Opto-Electronic Devices group at Eindhoven University
of Technology.

Since April 2009, she continues her research in integrated optics for sensor application
at Holst Centre, the Netherlands.

179



180 Curriculum Vitee




List of publications

e L.Xu, X.J.M. Leijtens, B. Docter, T. de Vries, E. Smalbrugge, E Karouta and M.K. Smit,
“MMI-Reflector: A Novel On-chip Reflector for Photonic Integrated Circuits,” in Proc.
35th Eur. Conf. on Opt. Comm. (ECOC ’09), Vienna, Austria, Sept. 20-24, 2009

e L. Xu, M. Nikoufard, X. Leijtens, T. de Vries, E. Smalbrugge, R. Notzel, Y. Oei, andM.
Smit, “High performance InP based photodetector in an amplifier layer stack on
semi-insulating substrate,” IEEE Photon. Technol. Lett., Vol.20, issue 23, pp1941-
1943, 2008

e L.Xu, X. Leijtens, P. Urban, E. Smalbrugge, T. de Vries, Y. Oei, R. Notzel, H. de Waardt,
and M. Smit, “Novel reflective SOA with MMI-loop mirror based on semiinsulating
InP” in Proc. IEEE/LEOS Symposium (Benelux Chapter), Enschede, The Netherlands,
Nov. 27-28, 2008

e L. Xu, M. van Heijningen, G. van der Bent, P. Urban, X. Leijtens, E. Smalbrugge, T. de
Vries, R. Notzel, Y. Oei, H. de Waardt, and M. Smit, “4 Gbit/s hybrid InP-SiGe photore-
ceiver for the access network,” in Proc. IEEE/LEOS Symposium (Benelux Chapter), ),
Enschede, The Netherlands, Nov. 27-28, 2008

e L. Xu, X. Leijtens, P. Urban, E. Smalbrugge, T. de Vries, Y. Oei, R. Notzel, H. de Waardt,
and M. Smit, “InP based monolithic integrated colorless reflective transceiver,” in
Proc. 14th Eur. Conf. on Int. Opt. (ECIO ’08), Post-deadline papers, X. Leijtens, Ed.
Eindhoven, the Netherlands, June 11-13 2008, pp. FrPD4, 13-16, ISBN 978-90-386-
1318-5

e L. Xu, M. van Heijningen, G. van der Bent, P. Urban, X. Leijtens, E. Smalbrugge, T. de
Vries, R. Notzel, Y. Oei, H. de Waardt, and M. Smit, “Hybrid InP-SiGe photoreceiver for
the access network,” in Proc. IEEE/LEOS Annual Meeting, Newport Beach, CA, USA,
Nov.9-13, 2008

e M. Nikoufard, L. Xu, X. Leijtens, T. de Vries, E. Smalbrugge, R. Notzel, Y. Oei, and M.
Smit, “High bandwidth waveguide photodetector based on an amplifier layer stack
on an active-passive semi-insulating InP at 1.55 um,” in Proc. 14th Eur. Conf. on Int.
Opt. (ECIO) 2008, X. Leijtens, Ed. Eindhoven, The Netherlands, June 11-13 2008, pp.
143- 146, ISBN 978-90-386-1317-8

181



182

List of publications

L.Xu, X. Leijtens, M. Sander-Jochem, T. deVries, Y. Oei, P. vanVeldhoven, R. Notzel,
and M. Smit, “1.55 um extremely efficient and polarization insensitive tunable mach-
zehnder wavelength duplexer based on an InGaAsP/InP ridge waveguide structure,”
in Proc. SPIE Asia Pacific Optical Communications (APOC). Wuhan, China, November
1-5 2007

L. Xu, X. Leijtens, M. Sander-Jochem, T. de Vries, Y. Oei, P. van Veldhoven, R. Nétzel,
and M. Smit, “InP based polarisation insensitive tunable duplexer and integrated re-
flective transceiver,” in Proc. 13th Eur. Conf. on Int. Opt. (ECIO '07). Copenhagen,
Denmark, April 25-27 2007, p.WA2.

L. Xu, X. Leijtens, T. de Vries, Y. Oei, P. van Veldhoven, R. N6tzel, and M. Smit, “Eficient
deeply etched InP/InGaAsP phase shifters with low dark current,” in Proc. IEEE/LEOS
Symposium (Benelux Chapter). Brussels, Belgium, Dec. 2007, pp. 115-118

P. Urban, E. Klein, L. Xu, E. Pluk, A. Koonen, G. Khoe, and H. deWaardt, “1.25-10 Gbit/s
reconfigurable access network architecture,” in International Conference on Trans-
parent Optical Networks (ICTON ’07). Rome, Italy, July 1-5 2007, pp. 293-296.

L. Xu, X. Leijtens, J. den Besten, M. Sander-Jochem, T. de Vries, Y. Oei, P. van Veld-
hoven, R. No6tzel, and M. Smit, “An integrated transceiver based on a reflective semi-
conductor optical amplifier for the access network,” in Proc. IEEE/LEOS Symposium
(Benelux Chapter). Eindhoven, The Netherlands, Nov. 2006, pp. 77-80

L. Xu, X. Leijtens, M. Sander-Jochem, Y. Oei, and M. Smit, “Modeling and design of a
high-speed reflective transceiver for the access network,” in Proc. IEEE/LEOS Sym-
posium (Benelux Chapter). Mons, Belgium, Dec. 2005, pp. 137-140



List of publications 183




	Contents
	1. Introduction
	2. Phase shifter and wavelength duplexer in InP
	3. MMI loop mirror and MMI reflector
	4. Reflective SOA modulator integrated with MMI loop mirror
	5. High performance InP based photodetector in an SOA layer stack
	6. Fabrication Technology
	7. Monolithic integrated coloress reflective transceiver
	8 Conclusions and outlook
	Summary

