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1.1 Introduction

As performance improvements of microprocessors have been drastically accelerated,
the power dissipation for interconnection became serious problem. For the limitation of
thermal design of microprocessors, the allowable power consumption is restricted to be
100-200 W. There is no more available power consumption to use for the switching logic

devices. The proportion of the power consumed in the wiring is not trivial amount
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compared with the logic device. Consequently, newly interconnect technology is strongly
demanded so as to reduce the power dissipation in wiring. Many electrical interconnect
methods have been proposed for on-chip wiring. Unlike the extension of previous
electrical wiring technology, the interconnection using an optical communication is
thought as one of the potential candidate for on-chip wiring. However, conventional
optical devices for fiber communication are energy inefficient to use in ultra-short
distance communication such as on-chip interconnection. Recently, remarkable advances
in the field of low-power consumption semiconductor lasers are reported for on-chip
optical interconnection. In this thesis, I investigate semiconductor lasers using
semiconductor membrane and distributed-feedback (DFB) structure for the purpose of
low-power consumption laser for on-chip interconnection.

In this chapter, the motivation for the on-chip optical interconnection and membrane
DFB laser will be described. A brief overview of progress in integrated circuits, an energy
saving technique and energy dissipation in wiring will be given in the section 1.2. A
comparison between the electrical and optical interconnection approaches will be
explained in section 1.3. Performance requirement of a semiconductor laser for on-chip
application compared with the lasers for optical fiber communications will be explained
in section 1.4. A types of semiconductor laser cavity and an integration method of the
lasers on a Si substrate is shown in section 1.5. The features of membrane DFB structure
and summarize of our research history is given in section 1.6. Finally, in section 1.7 the

problems of previous works will be pointed and objectives of this thesis will be described.
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1.2 Energy dissipation in CMOS LSIs

1.2.1 Performance improvement of microprocessors

A large-scale integrated circuits (LSIs) have essential rolls in today’s information
processing. This is a result of continued growth of integrated circuit complexity annually
53% in the past 50 years boosted by transistor miniaturization and maturing of
manufacturing process. First, the development of LSIs and microprocessors technologies
is overviewed. And, that the history of development of electronics to reduce of power
consumption for higher performance computing will be confirmed

In the early 20th century, programmable digital computers used electron tubes. British
cryptanalyzer Colossus, which started operation in 1944, used vacuum tubes and
thyratrons for a computing [1]. This computer consisted of 2,400 of electron tubes and
consumed 15kW of power for an operation. Computers using electron tubes had concerns
for a large size, a large power consumption and a low reliability. The point contact type
germanium transistors were first invented by J. Bardeen, W. Brattain and W. Shockley at
Bell Labs in 1947. Figure 1.1 shows a photograph and a schematic of the first transistor.
After 10 years from first invention of transistor, J. Kirby in Texas instruments noticed the

possibility of miniaturizing the computer by integrating the many transistors

Not available

due to copyright Not available due to copyright

Figure 1.1 The first point contact transistor [2].
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Figure 1.2 Early IC using planar Si process manufactured by Fairchild[2].

on a single chip. First patent of integrated circuits (ICs) was applied in 1959 by Kirby.
However, an idea of the today’s planer type ICs shown in Figure 1.2 was developed by F.
Noyce at Fairchild Semiconductor. After the invention of the point contact transistors,
Bell Laboratories developed a bipolar type transistor. The bipolar transistor exhibited a
higher reliability, higher power efficiency and lower noise property than those of point
contact transistors. This is the reason why bipolar transistors were used in early integrated
circuits. Whereas the base current continue to flow when the circuits in not in operation,
static power consumption restrict the maximum number of transistors integrating in a
single chip. In 1960s, a mass production of metal-oxide-semiconductor field effect
transistor (MOSFET) has begun. The idea of MOSFET was proposed in a patent by J.
Lilienfeld at Leipzig University in 1925. The similar structure proposed by O. Heil at
University of Cambridge in 1935 was not operated owing to the problem in a material. In
1964, the first paper on logic gates using MOSFETs was published by F. Wanlass at
Fairchild [3]. Because this logic gate used both n-channel and p-channel MOS transistors,
it became called complementary metal oxide semiconductor (CMOS). Although the
circuit consisted of discrete transistors, it operated with nW power consumption which
was the order of 107 lower than the corresponding circuit consisting of bipolar transistors.
Boosted by a development of Si planar process, it became important to reduce the cost by

fabricating the transistors smaller and simpler in the manufacturing process of CMOS
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Figure 1.3 A history of Intel’s microprocessors [4].

integrated circuits. While p-MOS transistors were used in early commercial IC chips, the
performance, yield a reliability had problems. n-MOS transistors were preferred to use in
1970. While the n-MOS logic took advantage over manufacturing cost compared with
CMOS logic, it consumed power in static state. The CMOS logic consumed negligible
power without switching, and firstly application of CMOS logic was circuit in a watch
[5]. As millions of transistors integrated in a chip in the 1980's, power consumption
became an important issue and CMOS logic was used to struggle for the increased power.
As a result until the now, n-MOS and bipolar logics were replaced with CMOS logic in
the field of digital logic circuits.

In 1965, the performance of ICs was predicted by Moore’s law which forecast that
the number of transistors in a dense integrated circuit doubles approximately every two
years [6]. Figure 1.3 shows a brief history of Intel’s central-processor-units (CPUs). As

technology scale becomes miniaturized, the number of transistors integrated into CPUs
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Table 1.1 Number of transistors of Intel’s microprocessors [4].
micronr , ear Number of
lcroprocesso y transistors
Intel 4004 1971 2,300
Intel 8086 1978 29,000
Intel 286 1982 134,000
Intel 486 1989 1,200,000
Intel Pentium II 1997 7,500,000
Intel Pentium 4 2000 42,000,000
Intel Itanium 2 2002 220,000,000
Dual-Core Intel Itanium 2 2006 1,720,000,000

is exponentially increased and also operating clock frequency was increased. As shown
in Table 1.1, the number transistors in Intel microprocessor has doubled at every 26 months
since the Intel 4004. Although, integrated circuits were classified according to its number
of integrating gates, since 1980, all ICs became called a large-scale-integrated circuit
(LSI) or a very-large-scale-integrated-circuit (VLSI). As a support of this fact, a scaling
law of MOSFET was formulated by R. H. Dennard at IBM in 1974 [7]. The Dennard
scaling law describes design rule in miniaturization that scale down the parameters of the
MOSFET on the same factor and simultaneously reduces the applied voltage.
Miniaturization of MOSFET based on this scaling rule provides following profit (1)
increment of transistor number per unit area (2) improvement of total performance by
increased operating speed for single transistor (3) reduction of power consumption by
lowing supply voltage. However, the increment in clock frequency boosted by scaling
became slow down around 2004. The trend of increasing clock frequency was stopped up
to around 3 GHz because of available power limitation so-called “power wall” as shown
in Figure 1.4. The total chip power is obtained by the product of capacitive load, square of

voltage and switching frequency. In other word, there are no more energy to switching
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Not available due to copyright

Figure 1.4 Clock frequency and power for Intel microprocessors [8].

the devices. It was pointed out that the power consumption in microprocessors continues
to increase exponentially. However, as this trend continues, the power density of high
performance microprocessors was considered to reach the nuclear reactor level (200
W/cm?) by 2005. This estimation indicated that it was difficult to expect a further
improvement of the microprocessor performance with the conventional approaches
explained in previous sentences. The power consumption of the microprocessor is limited
to approximately 150-200 W from the viewpoint of thermal design. Therefore, power
reduction techniques are strongly demanded to improve the performance with a limited
available power.

Performance improvement using single core is prevented by limitation of heating
and clock frequency. Typically, the total performance of computers is measured by
execution time for application. It should be noted that the performance improvement is
achieved by another factor than clock frequency. As the integration density of transistors
increased, wiring for interconnections between the gates need innovations. In the past,
two or three interconnect layers were standard design, however the appearance of
chemical-mechanical-polishing (CMP) enabled us to process the seven or more layers

interconnection [9]. Aluminum (resistivity: p =2.65 pQcm) was adopted as wiring metal
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Not available due to copyright

Figure 1.5 Cross-section of multi-layer interconnection in LSI [10].

Not available due to copyright

Figure 1.6 A die photograph of multi-core processor chip [11].

for long decades. In the process of sub- 1 m scale, copper (resistivity : p = 1.68 uQcm)
has come to be used due to lower resistivity than that of aluminum [12]. To reduce the
resistance and capacitance of wires, copper wiring and low-k interlayer insulation
material are used in current process. Figure 1.5 shows cross section of IBM

microprocessors manufactured in 90 nm process. The number of metal layers are 11 layers.
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The most bottom layer is tungsten local wire which connect the each transistor gate. The
top layer has thick and wide design because it is usually used as power supply or clock
distribution.

The idea of multi-core CPU is the introduction of parallelism into the CPU. The
multi-core CPU has several processor core on a single chip. Figure 1.6 shows a photograph
of multi-core CPU die manufactured by Intel. The die size of multi-core CPU increases
proportional to the number of core. The large segmented thread can be divided into small
thread, and executed in parallel by each core. But, there are processes that cannot be
processed and executed in parallel. The cores, cache and memory are interconnected by
high speed bus lines to communicate each other in distance. If the number of cores grow,
a demand for high speed and long-distance buss wiring rises.

According to the above overview, when the number of integrated CMOS transistors
on a chip reaches several million or billion, the problem for power consumption appears
even in CMOS logic LSI. In 1990, when CPU reached the power wall, the engineers
began to reduce the supply voltage for decreasing the dynamic energy by abandoning the
5 V of supply voltage used in long term. The approach of reduction of supply voltage
forced LSI to decrease the threshold voltage of MOSFET until sub-threshold leakage
becomes inevitable issue. The gate leakage became problem as the thickness of gate
insulator approaching atomic scale. In addition, as the supply voltage became close to 1

V, there was no room to save more power consumption in LSIs.
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1.2.2 Energy reduction technique

Although the early LSIs have been restricted its function by their chip size, the
performance of current LSI limited by the power consumption. Recently, it is said that
the power limitation produces the dark silicon, which refer to a device that need to be shut
down in order to avoid overheating of the chip. The power reduction by decreasing a
supply voltage based on the scaling law seems to reach a saturation point. Here, a brief
theoretical explanation for energy consumption in LSIs and power reduction techniques
used in recent LSIs are reviewed.

The factors of an energy consumption in LSIs are roughly classified into dynamic
power and static power. Dynamic power is dissipated by switching of the logics. Static
power include energy consumption caused by gate leakage current and subthreshold
leakage, which are happened without switching. The dynamic power can be represented
as following equation;

Pswitching = aCVhpf (1.1)
where a is activity factor, C is load capacitance, Vpp is supply voltage and f'is clock
frequency. The activity factor means transition probability from O to 1 state. The higher
clock frequency induces more power consumption. The squared supply voltage has strong
effect on power consumption. The static power can be expressed as following;

Pstatic = Usup + Igate + etc.)Vpp (1.2)
where Isup 1s substhreshold leakage current and /gae is gate leakage current. The other
factors contributing static power are omitted in this equation. We will look at the
technology for reducing these power consumption by the approach from circuit design

and process development.

Circuit design approaches

Clock gating

Clock gating controls the clock distribution to the unnecessary circuits by inserting AND
logic of clock signal and enable signal (Figure 1.7) [13]. The activity factor of clock signal

is 1, and others have lower activity factor than that of clock in equation (1.1). When
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blocking a large logic circuits block, the clock can be prevented at the base of the clock
distribution network. Because a part of the clock distribution network can also be blocked,
stopping of the clock signal which has the activity factor of 1 has a large contribution for

the power reduction.

Not available due to copyright

Figure 1.7 Clock gating circuit (a) typical latch element (b) a latch element with clock gating
signal [13].

Power gating

Power gating cut off power supply to un-operated circuit blocks to suppress the
leakage currents (Figure 1.8) [14]. In this case, power supply is provided for each
processor core. The transition from the operating state to the sleep state requires a
transition time and energy. This is because the power wiring has the decoupling
capacitance of several 100 nF, and results in large transition time and energy. Therefore,

power gating is effective when the sleep time of the circuit block is sufficiently long.

Not available due to copyright

Figure 1.8 Power gating circuit. [14]
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Voltage domain

By using voltage domain, the circuits block in a chip can be divided into several
blocks which are suppled different optimum power voltages as shown in Figure 1.9. For
example, high voltage is supplied for memory region to guarantee cell stability and low
voltage is supplied I/O region which operate relatively low speed. The problem is the
voltage conversion of the signal line which cross over the different voltage domains. A

typical solution is to insert a level converter between the different voltage domain [15].

Not available due to copyright

Figure 1.9 Voltage domain in SPARC multi-core processor. [16]

Dynamic Voltage and frequency scaling

In different systems, performance requirements for signal processing are different
depending on processing data. In a Dynamic voltage/frequency scaling (DVFS), clock
frequency is decreased within a processing can be completed on time. Simultaneously,
supply voltage is also decreased to a certain voltage that circuit can be operated the clock
frequency. According to the equation (1.1), the power consumption is significantly
reduced by frequency and voltage decreasing. As shown in Figure 1.10, at supply voltage
of 1.2V, operating speed and power consumption are 915 MHz and 737 mW, respectively.
Then, reducing the supply voltage to 0.8 V, although the operating speed drop down to

500 MHz, the power consumption is significantly reduced to 174 mW.
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Not available due to copyright

Figure 1.10 Operating frequency and power consumption of microprocessor as a function of

supply voltage supply voltage [17].

Process development approaches
High k dielectric

By using a high dielectric constant (high-k) material as the gate insulator, the gate
leakage current induced by carrier passing through the insulator in the ON state can be
suppressed. Si02 has been used as a gate insulator material in conventional MOSFETs.
However, the leakage current has been increased owing to follow the scaling law which
scale down the gate insulator thickness close to atomic scale to maintain constant
electrical field density. Thickness of gate insulator can be increased by using a material
which has higher dielectric constant than the SiO» dielectric constant of £ =3.9. The high-
k material was first used for mass production of Intel's 45 nm process in 2007 and HfO»

k=20 was introduced[ 18].

Silicon-on-insulator (SOI)
SOI substrate consists of Si substrate, buried oxide layer and thin top Si laser.
MOSFETs are formed on an SOI substrate in which Si layer is formed on an insulating

material. Figure 1.11 shows a schematic structure of SOI substrate provided by Soitec. By
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using SOI substrate, capacitance between the source/drain and body can be
removed. Addition to that, sub-threshold slope becomes steep slope (SS) and the leakage
is suppresed [19]. As another application other than electronics, SOI substrate is often

adopted as platform of photonic integrated circuit, well known as silicon photonics.

Not available due to copyright

Figure 1.11 Fully-depleted SOI substrate from Soitec [20].

Porous low-k/air gap

Using a low dielectric constant (low-k) material as the interlayer dielectrics filling the
interconnection, the reduction of the interconnect capacitance enable to reduce delay,
noise, and power consumption [21]. However, low-k materials are difficult to instigate to
Si or metals for the reason of softness and low adhesion. SiOF, which is added the F to
Si02, has dielectric constant £ of 3.6 and adopted in 130 nm process. SICOH which is
added C element has dielectric constant k£ of 2.8—3 used in 90nm, 65nm generation process.
The porous polymer material possesses lower dielectric constant. The porous silicon-
based polymer SiLK has k£ = 2.6. The ultimately low dielectric material is the air which
has dielectric constant £ of 1.00059. IBM actually manufactured a microprocessor with

interconnection using air gap structure (Figure 1.12).
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Not available due to copyright

Figure 1.12 Interconnection with an air gap [22].

Fin-FET

The Fin-FET is a MOSFET with a gate surrounded in three dimentional planes (Figure
1.13). The name of Fin-FET is originated from that the shape of the channel looks like the
fin of the fishes. Since the charge generated in the channel can be more strongly controlled
planar gate structure, it is possible to suppress the sub-threshold leakage current and also
to increase the on-state current. The original idea of three-dimensional channel FET was
invented by D. Hisamoto at Hitachi [23]. Intel first introduced the fin structure in 22 nm

process.

Not available due to
copyright

Figure 1.13 SEM image of cross section of PMOS trigate with SiGe source/drain [24].
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1.2.3 Energy dissipation and delay in a wiring

In the previous subsection, we introduced the circuit design technologies and the
fabrication process technologies proposed to improve the performance of the
microprocessor including power consumption. In a LSI, many number of devices are
interconnected by high density wiring distributed with a three dimensional crossing.
Therefore, the capacity and delay of the wiring have a large influence on the performance
because a large number of thin and highly resistant wirings are integrated. Next, we will
look at the roll of the wiring in LSIs.

When the MOSFETs are down sized following by the scaling law, the wiring should
be also miniaturized to interconnect the scaled MOSFETs. Wiring in LSIs is roughly
classified into three categories. (1) Local wiring connecting the logic devices in lowest
metal level block with minimum wiring pitch (2) Semi-global wiring routing in metal
revels above local wiring with larger cross sectional dimension that the minimum feature
size (3) global wiring routing data bus lines or acting as a clock distribution and power
supply. In the local wiring, the delay remains constant value as scaling. This is because
although the capacitance per unit length and the resistance increase, the wiring length is
also scaled. As for the semi-global wiring, the delay also remains nearly constant for the
same reason as local wiring. However, the delay in global wiring is not constant as scaling
progresses, even if appropriate repeater buffers are inserted. In contrast to the MOSFETs
and other wirings, the global wiring has the worse delay. The interconnect distance in
global level is depended on not a size of MOSFET but the die size. Figure 1.14 shows
schematic of wire structure with indication of feature sizes and circuit parameters
expressed with scaling factors. The scaling factor S means the device scaling factor in
Dennard scaling. The S¢ represents chip scaling factor. The main feature size of wires in
LSIs can be described by thickness h, width of W, pitch of d and length of L. The size of
the local wire is scaled by a factor of the device scaling factor s because it is designed to
have the minimum pitch in the process node. Therefore, the RC constant remains constant

in spite of increased resistance. On the other hands, the length of global wiring is not



Chapter 1 17
Introduction

Not available due to copyright

Figure 1.14 Rough estimation of RC constant at local wire and global wire [25].

scaled by the device scaling factor S. As a consequence, the resistance and the capacitance
of global wiring are SS. and S¢ times larger than that of local wiring. Finally, the RC delay
constant cannot remain the constant value for global wiring. The wiring capacitance per
unit length is given by the aspect ratio and it is not determined by the wire size. Therefore,
it is difficult to improve power consumption and delay determined by the capacitance of
global wiring by design effort. By inserting a repeater buffer shown in Figure 1.15, the
increment of delay for wire length becomes slowing down. The interconnection with
length of L has an RC delay proportional to L. After dividing the interconnection into
number of N segment, inverters which called as repeaters are inserted to drive each
divided wiring. Each new interconnection have RC delay of (L/N)?. The total delay of N
number wiring becomes L%/N. If the segment number increases as the interconnect length,
the delay finally is linearly proportional to the length of L. However, a large amount of
repeaters leads to increment in power consumption and waste of chip area occupied by
repeaters. Therefore, available repeater number is limited due to the power consumption.
The repeater buffer can alleviate the increment of the delay but not a solution for problems
happened in long global wiring.

The global wiring has a fewer number than a local and semi-global, but it has a large
influence on signal processing. Intel analyzed the interconnect length distribution in a

microprocessors designed in 0.13 pm technology [26]. According to Figure 1.16, the local
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Not available due to copyright

Figure 1.15 Circuit model of repeated RC interconnection [27].

wiring distribution concentrates around short length region. On the other hand, the global
wiring has a distribution over longer length region. It is notable that there exits some
distribution in global wiring up to few cm length. These long global wiring cannot be
negligible effect in the total power consumption whereas the number is very small. Figure
1.17 shows total dynamic power consumption in microprocessor manufactured by 0.13
um process divided into local and global wiring portion. We can see the global wiring
affect significantly to the total dynamic power consumption in spite of its small number
of nets. For the reasons of interconnect scaling characteristics and wiring distribution,
unique interconnect methodologies are required to improve the performance especially in

long wiring such as global net.
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Not available due to copyright

Figure 1.16 Length distribution of local nets and global nets [26].

Not available due to copyright

Figure 1.17 Total dynamic power in microprocessor broken into local and global wiring
[26].
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1.3 Novel on-chip interconnection technology

It has been revealed that the performance of the interconnect wiring cannot be
improved by the design of the dimension different from that of the MOSFET. In this
section, novel interconnection technologies proposed for low delay and energy
consumption local and global wiring are described. I categorize these into two groups.

[1] Electrical interconnection

[2] Optical interconnection
In the electrical interconnection, novel wiring material, a differential transmission line
and new driving methods have been proposed. On the other hand, optical interconnection
is an extraordinary innovative method that replacing the electrical wiring by the optical
communication link, and quite different characteristics from the electrical wiring are
expected [28].

1.3.1 Electrical interconnection

Single-walled (SW) or multi-walled (MW) carbon nanotubes (CNT)
Carbon nanotubes (CNT) are a carbon with a cylindrical structure binding by sp?

bonding state first invented in 1991[29]. Figure 1.18 shows a SEM image of CNTs and

Not available due
to copyright

Not available due to copyright

Figure 1.18 SEM image of CNTs (upper). Graphene, SWCNT and MWCNT (lower) [30].
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microscopic structures for various carbon-based materials. Multi-wall CNTs have all
metallic property. On the other hands, single wall CNT can be either semiconducting
(66%) or metallic (33%) depending on the chirality of the tube. Metallic multi-wall and
single wall CNTs are expected to be used as new interconnection material because of their
superior high mechanical, thermal stability and electrical properties. A metallic CNT has
theoretical conductivity of 1 Qcm. Multi-wall CNT, however, is difficult to achieve
ballistic transport over long lengths [31]. Single-wall CNT is preferred to be used as
interconnection [30, 32, 33]. The CNT interconnections have a potential for as a local
wiring rather than semi-global or global interconnection due to its significant tolerance
for high current density. The first CMOS circuits interconnected by multi-wall CNT was
demonstrated in 2008 [34].

Inductive coupling

As a solution for no-chip wiring problems, 3D-stacked chip was proposed, which
communicate between the proximity contacting tacked dies. Inductive coupling links are
wireless communication method utilizing near-field coupling between on-chip coils.
Figure 1.19 shows a photograph and schematic of 3D-stacked chips communicating with
inductive-coupling coils. The link distance is intrinsically limited to short region such as
between the proximity contacted chips. The data-transmission at 1.1 Gbit/s with energy

consumption of 10 fJ/bit was achieved over the 22-pm-distance [35].

Not available due to copyright

Figure 1.19 3D-stacked chips each communicate with inductive-coupling links [36].
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Low voltage-swing differential signaling (LVDS)

High-speed and low power interconnection can be expected by transmission line even
at long interconnection. However, single ended transmission lines, such as microstrip
lines and co-planar lines, require a large ground plane. Therefore these are difficult to use
as on-chip wiring. The differential transmission line (DTL) consists of pair transmission
line which does not require a ground plane (Figure 1.20). The DTL can be driven by low-
voltage differential signaling (LVDS) thanks to the strong tolerance for a common-mode
noise. LVDS was originally used for high speed copper cable to connect electronics
productions. Energy reduction of on-chip interconnection by this technique is based on
the relation between dynamic energy and voltage swing as described in equation (1.1).
The amount of charging and discharging of the interconnect capacitance is reduced due
to low voltage swing produced by a level converter. As a negative side of low swing,
noise immunity of signal is weaken due to reduction of signal voltage. The use of DTL
can improve this noise immunity of signal due to its high common mode noise rejection
property. As a report for a low-energy operation, a 10 Gbit/s transmission through 5-mm-

long DTL was demonstrated with energy consumption per bit of 270 fJ/bit [37].

Not available due to copyright

Figure 1.20 Differential transmission line and driver/receiver circuit [38].

Current-mode logic (CML)
The current-mode logic (CML) circuits consists of CML driver and current sensing

circuits. This circuit configuration takes a reduced RC time constant, thus has an
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advantage for high-speed operation. However, typical CML driver circuits requires
continuous current flowing which results in large static power consumption. For on-chip
interconnection, CML showed worse energy efficiency than that of voltage-mode circuits.
By adopting significantly small voltage swing of 60 mV, a 3 Gbit/s signal transmission
with energy consumption of 95 fJ/bit was demonstrated for an interconnect length of 10

mm [39].

Not available due to copyright

Figure 1.21 Current-mode-logic driver circuit [39].

Capacitively driven interconnect
In capacitive driving scheme, a long interconnection of capacitance is driven through in-

line coupling capacitor. Figure 1.22 shows comparisons of wire driving schemes. Differing

Not available due to copyright

Figure 1.22 Schematic comparisons of (a) conventional scheme; (b) current-mode logic
scheme; (c¢) capacitive transmitter scheme [40].
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Figure 1.23 Schematic of coupling capacitor with pitch-folk structure [41].

from conventional and current mode logic scheme, the capacitive transmitter drives only
the load of coupling capacitor. The coupling capacitor as shown in Figure 1.23 is design
to have lower capacitance than total capacitance of wiring. The driver circuit sees the
coupling capacitor as a load, thus low-voltage and low-energy signaling is achieved.
Typically long wires show low-pass frequency response due to its RC components. The
coupling capacitor acts as a short in high frequency region and enhance the high
frequency response. Therefore, the 3dB-bandwidth of wire is increased by pre-emphasis
effect of the capacitance. A 2 Gbit/s signal transmission with energy consumption of 28
fJ/bit/mm was reported for 1-cm-long capacitively driven wire fabricated in 90 nm CMOS
process [40]. As for report utilizing 28 nm CMOS process, a 10 Gbit/s signal transmission
with energy consumption of 19.4 fJ/bit/mm was demonstrated for 7-mm-long wire [42].
Figure 1.24 shows comparisons of energy consumption per bit for 4-mm-long wire as
a function of operating frequency. A conventional full-swing interconnection (FSI) is
capable of most high speed operation, but the energy consumption is also high. Multi-
supply interconnection (MSI) which is equal to LVDS method outperforms the FSI in the
view point of energy consumption. Since the wiring number of this is twice, the maximum
frequency is degraded by the available cross sectional area. The CDI can simultaneously
achieve the low energy consumption and high speed operation thanks to pre-emphasis

effect of the capacitance.
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Figure 1.24 Energy consumption per bit as a function of operating frequency for different
interconnect architectures over a distance of 4 mm where FSI is full-swing interconnection, MSI
is multi-supply interconnection including LVDS and CDI is capacitively driven interconnect
[43].

Finally, Table 1.2 summarizes the performance comparison of the electrical on-chip wiring

explained in this section.

Table 1.2 Performance comparison of the electrical on-chip wiring.

Inductive- LVDS CML CD
coupling
Distance 0.022 mm S mm 10 mm 7 mm
. 10 bit 270 fI/bit 95 fI/bit 136 fJ/bit
nerey ! (54 fI/bitymm) (9.5 fi/bit/mm)  (19.4 £J/bit/mm)
Data-rate 1.1 Gbit/s 10 Gbit/s 3 Gbit/s 10 Gbit/s

Ref. [35] [37] [39] [42]
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1.3.2 Optical interconnection

The introduction of optical communication into intra-chip interconnection is getting
much attention as an alternative technology for the conventional electrical
interconnection. As in fiber optic communications, the basic components of on-chip
optical interconnection light sources or modulators, passive waveguides, and detectors.
The arrangement of light source position significantly varies the configuration of optical
interconnection. There are two approaches to implement on-chip optical links. Optical
links using on-chip light sources or an external light sources with on-chip modulators will

be explained.

Off-chip laser optical interconnection
One of the promising candidates for on-chip optical interconnection is Si based
photonic integrated circuits so called “silicon photonics”. Si waveguides are fabricated
with the dimension of 400 nm-wide and 220 nm-thick core in a typical design. This very
small size waveguide is made possible by the large refractive index difference between
the Si core and Si0O» or air cladding layer. The application of silicon for integrated optical
circuit has been first demonstrated by R. Soref in 1986 [44]. Along with the invention of
silicon-on-insulator substrate, the research field in silicon photonics explosively grown
since early 2000’s. The technological maturity of silicon-based optical devices soon get
to a practical level. Various optical components based on silicon to construct many
functional integrated circuits were demonstrated such as wire waveguides [45-48], high-
speed electro-optical modulators [49], and Ge photodetectors [50, 51]. The biggest
challenge in silicon photonics is the realization of on-silicon light sources because silicon
has an indirect transition type band diagram. Although there are reports on silicon based
lasers [52, 53], the use of laser based on III-V materials is practical to signaling in silicon
photonics circuits.
Based on a silicon photonics technology, on-chip optical links have been demonstrated
with an external laser and ring modulators [54-58]. Figure 1.25 shows an integrated optical

link fabricated on silicon photonics platform [54]. This optical link utilized the ring
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modulator with only 12 pm diameter. The total energy cost of the link for 3 Gbit/s
transmission was 120 fJ/bit which including energy of tuning bias current for ring but
excluding external laser. The energy consumption of the modulator itself was estimated
to be 86 fJ/bit. Afterword this report, higher performance optical links using this device
configuration are reported [55]. Recently, electric and photonic convergence circuits

using silicon photonics

Not available due to copyright

Figure 1.25 Integrated silicon photonics optical link consists of electro-optical ring
modulator, waveguide and germanium MSM detector [54].

Not available due to copyright

Figure 1.26 Microprocessor using optical link for communication.[58]
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optical link as a wiring were demonstrated and successful signal transmission was
achieved [57, 58]. The first microprocessor that communicate using optical wring is
shown in Figure 1.26. Although silicon ring modulators can operate at high-speed and with
low-energy consumption in principle, they require heater tuning to change their operation
wavelength match to that of the external laser [58], because the operation wavelength of
the ring modulator is easily affected by temperature changes and fabrication tolerances.
Even though the energy consumption of the ring modulator is itself very small due to
small capacitance (several fJ/bit [59]), that of micro-heaters is much higher than that, and
has been reported to be as high as 192 fJ/bit [58]. As an example for using other type
external modulators, an optical link implemented on a III-V/silicon-on-insulator (III-
V/SOI) platform using an electro-absorption modulator achieved high-speed operation

with a 3-dB bandwidth of 13 GHz [60].

On-chip laser optical interconnection
The use of on-chip light source is reasonable idea because no alignment between an

external light and a coupler on a chip is required. By employing a directly modulated on-

Not available due to copyright

Figure 1.27 Optical microscope image and cross section of the microdisk laser-based optical
link [61].
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Figure 1.28 Schematics of I1I-V/SOI optical link with ring laser and photodiode [62].

chip light source, a reduction of the laser current results in a reduction in the total
consumed link energy. A key challenge concerning on-chip light source is to obtain ultra-
low energy consumption semiconductor lasers [63]. The design and cavity type of the
laser strongly have an impact on the performance of an optical link. The integrated optical
links using microdisk laser fabricated on III-V/SOI platform are demonstrated (Figure
1.27) [61, 64]. The microdisk laser is evanescently coupled to a bus silicon waveguide.
The in-line waveguide type photodiode is also coupled to the same bus silicon and detects
the transmitted optical signal from the laser. The microdisk laser showed threshold current
of 0.45 mA which indicate potential for low energy consumption operation. The
maximum 3dB bandwidth of the full-optical link was 7.6 GHz at a laser bias current of
3.4 mA and a photodiode bias voltage of -1 V. Although the bandwidth was sufficient for
high speed transmission, the waveform of 10 Gbit/s large signal transmitted through the
link was noisy and distorted due to the low optical power or reflection problem. An optical
link using GaAs-based ring laser on III-V/SOI platform is reported (Figure 1.28) [62]. The
ring laser has a diameter of 80 um and evanescently coupled to a silicon waveguide as
also previously explained one. The integrated photodiode is made from GalnAs/GaAs
MQWs. As a high speed performance, 12.5 Gbit/s large signal was transmitted through
the optical link and clear eye opening was obtained. To achieve low energy operation, the
threshold current of 10 mA and the bias current for modulation should be reduced. Even
though these two optical links on III-V/SOI platform are capable of low-threshold and

high-speeds, the evanescent coupling between the laser and the passive silicon waveguide
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prevents an efficient light coupling. As a notable example of the optical link using ultra-
low threshold laser, photonic crystal-based optical link in monolithically integrated in an
InP showed impressive performance. The photonic crystal lasers exhibited 4.8-pA
threshold operation [65], and optical links using photonic crystal waveguides and p-i-n
photodiodes (PDs) have been demonstrated [66, 67]. Figure 1.29 shows SEM images of
the photonic crystal devices and an optical microscope image of the overall picture of
photonic crystal-based optical link. The ultra-low energy of 28.5 fJ/bit signal transmission
was reported for data rate of 4 Gbit/s. The transmitted signal of this optical link structure
(laser and PD integration) was not evaluated in terms of bit-error-rate characteristics,
because of the small output power of the photonic crystal laser resulting in noisy
transmitted waveform. This is because not only low output power of photonic crystal laser

and also difficulty in extracting the output power from photonic crystal cavity.

Not available due to copyright

Figure 1.29 SEM images of the laser and photodiode. Optical microscope image of the
photonic crystal-based optical link [66].



Chapter 1 31
Introduction

1.3.3 Comparison  between  optical and electrical
interconnection
As mentioned above, we have seen the approaches based-on the electrical wire and
the optical link. However, because the wirings constructed by both approaches have
significantly different characteristics, it is necessary and valuable to investigate the
applicable areas that each wiring can take advantage of its characteristics. In this sub
section, by investigating the performance of electrical wiring and optical wiring from the
viewpoint of delay and energy consumption, we will state the application area of on-chip
optical interconnection which is the final target of this thesis.
A comparison of optical wiring and some electrical wiring was done by K. C. Saraswat

et al. in Stanford University [68]. They assumed copper wiring in 22-nm technology,

Not available due to copyright

Figure 1.30 Comparison of latency for Cu, CNT, optical interconnect in 22-nm technology
node. /o represents mean free path, Cqe represents the detector capacitance [68].

Not available due to copyright

Figure 1.31 Comparison of energy consumption per bit for Cu, CNT, optical interconnect in 22-
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nm technology node [68]. SWCNT bundle with packing density (PD) 33% and optical
interconnects consists of III-V MQWs modulator, silicon waveguides, a Ge detector and
an external laser. As for the optical interconnection, the optical devices are driven by a
CMOS circuit and a transimpedance-amplifier (TIA). The delay occurs when driving the
capacitance of the CMOS gate and the modulator. Energy consumption is the sum of the
modulator and receiver. Here, off-chip laser is assumed, however the fundamental
conclusion to be derived later can be applicable for the optical interconnect using directly
modulated on-chip laser. Figure 1.30 shows comparison of latency for different wiring
schemes as a function of wiring length. The plots for CNTs are showed the case where
the mean free paths /o are 0.9 um and 2.8 pm. The plots for optical interconnects are
showed for the case where the detector capacitances Cget are 10 fF and 50 fF. In Cu and
CNTs, the delay increases linearly due to the insertion of repeater buffer. The reason for
CNTs have smaller delay than that of Cu is effect of low resistivity of CNT. The delay in
optical interconnection during the propagation is approximately 10 ps/mm assuming that

the equivalent refractive index in the waveguide is 3. That is why the delays in modulator

Not available due to copyright

Figure 1.32 Energy per bit versus bandwidth of wire with fixed wiring length of 10 mm for
various interconnect schemes for the 22-nm technology. [68].
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and receiver are dominant for optical interconnection. The optical interconnects
outperform the other electrical wiring over a wide wiring length. Especially in wiring
length more than several mm, the optical interconnects which have negligible delay
depending on wiring length are exhibited the best performance. Figure 1.31 shows
comparison of energy consumption per bit for different wiring schemes as a function of
wiring length. Because the reduction in wiring resistance of CNTs does not affect the
capacitance, the energy consumption of CNTs wiring is almost the same as copper wiring.
While the copper and CNT consume the dynamic switching energy proportional to CV?
as shown in equation (1.1), the optical interconnect consume the static energy
consumption at the transceiver which amount is independent of wiring length. Moreover,
the smaller detector capacitance leads to the lower energy consumption. According to
these facts, in the global wiring region having a length of several mm or cm, the optical
wiring exceed the electrical wiring in terms of delay and energy consumption.

Figure 1.32 shows energy per bit as a function of bandwidth of wire characteristics with
fixed wiring length of 10 mm for capacitively driven CNT and copper wires with repeaters,
conventional CNT and copper wires and optical interconnect with detector capacitance
Cqet of 10 fF. The width of electrical wire was assumed to be four times the minimum
wire half pitch. Capacitively driven wiring exhibits the lowest energy consumption up to
operation speed of 5 Gbit/s. At above the 5Gbit/s, the energy rapidly increase as the wire
bandwidth. This is because of performance limitation of the transceiver circuits for
capacitive driving. In the case of optical interconnection, very low energy consumption
of approximately 100 fJ/bit can be obtained even at high speed operation exceeding 10
Gbit/s and outperform the other wirings except for low operating speed below 5 Gbit/s.
Even if directly modulated on-chip laser is used, this energy consumption is possible with
an ultra-low energy consumption laser.

When operating speed and wiring length are chosen as a parameter, the electrical and
optical wiring shows significantly different performance. From the discussion in this
subsection, the most promising application field of optical interconnection as an on-chip

wiring is considered to as follows;
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1) Semi-global and global wiring having several mm length

2) High speed bus lines operating more than Gbit/s speed

In the next section, we describe the requirements for optical devices to realize such low

power consumption optical interconnection.
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1.4 Performance requirements for on-chip optical

interconnection

As mentioned in the previous section, ultra-low energy consumption, high speed and
high efficiency laser is a key component for the efficient on-chip optical interconnection
surpassing the electrical wiring. For low energy operation, semiconductor lasers are posed
to significantly different performance compared with lasers for fiber optic communication.
In order to get an insight for low energy consumption laser, the relations ruling the
fundamental laser characteristics such as the threshold current and efficiency will be
explained. Subsequently, the semiconductor lasers used in current fiber optic
communication systems are to be reviewed. By referring to the laser performance trends
in commercial optical systems, the requirement for the laser in an on-chip optical
interconnection will be mentioned.

The rate equations account for particle numbers of carries and photon in a cavity.
Based on analysis on the rate equation, a simple expression for the threshold current of

semiconductor laser can be derived as follows; [69]

eV, N
o = ——t (1.3)
S
2
eVaBeff 1
=— | o+ (@we + an) (14)
SN

where, I is the threshold current, e is the electron charge, V., is the active medium volume,
Nw 1s the threshold carrier density, zs is the carrier lifetime, Bey is the effective
recombination coefficient, Ny is the transparent carrier density, #;i is the internal quantum
efficiency, ¢ is the optical confiment factor to the active layer, dg/dN is the differential
gain, awg 1s the waveguide loss and am is the mirror loss. The most important point to
achieve the low threshold current of the semiconductor laser is to reduce the active layer
volume V, that can take a wide range of values by cavity design. Reduction of mirror loss

am can also reduce the threshold current, however it is closely related to an external



36 Chapter 1

Introduction
differential quantum efficiency x4 as expressed by the following equation
am
Na = 1i T + g (1.5)

If the mirror loss is decreased and the optical power is strongly confined in the
resonator, the light in a cavity becomes difficult to emit and result in low external
differential quantum efficiency. Therefore, even if the threshold current is decreased small
mirror loss, the required power to obtain certain optical output power will increase. For
this reason, it is essential to design a mirror loss considering the tradeoff between a low
threshold current and external differential quantum efficiency. In addition to the design
consideration about static characteristics, the design of the laser in terms of modulation
characteristics is also important. The threshold current density determines the carrier
lifetime in the active layer and affects the relaxation oscillation frequency and the rise and
fall time under large signal modulation. The origin of high speed capability of the
semiconductor laser on the GHz order is rapid carrier recombination induced by
stimulated emission. The resonance frequency of stimulated emission and carrier
recombination is called the relaxation oscillation frequency and is an important feature of
the modulation bandwidth of the semiconductor laser. The relaxation oscillation

frequency f; is expressed as following equation;

(1.6)

where, vg is the group velocity, and I, is the bias current. We can find that the small active
volume and the strong optical confinement factor can enhance the relaxation oscillation
frequency at same bias current density condition. It should be noted, however, the
maximum output power of the semiconductor laser is determined by heat generation and
Auger recombination. Since the small active layer volume results in high current density
at low total injection current, the increment of Auger recombination occurs with small
bias current and limit the maximum output power. Consequently, using too small active

layer volume sacrifices the maximum light output power. The designs for cavity and
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waveguide structure can control the many aspects of laser characteristics. In next
subsection, I will explain what type of laser is developed and implemented in fiber optic

commutation systems.

1.4.1 Optical devices in fiber optics communication

The first room-temperature continuous wave operation of the semiconductor laser was
achieved in 1970 [70, 71]. The device consisted of GaAs/AlGaAs double hetero structure
with the lasing wavelength of 0.8 pm. At the same time, studies of the reduction of
propagation loss of the optical fiber started because the milestone of propagation loss of
20 dB/km at wavelength of 0.63 um reported by Kapron ef al. from Corning Inc.[72]. In
the late 1970s, the studies for lasers emitting over 1 um was started, which was stimulated
by the prediction that the lowest propagation loss should be obtained at a longer
wavelength [73]. As the prediction, the significant loss reduction for propagation losses
0f 0.47 dB/km [74] and 0.2 dB/km [75] were achieved at wavelengths of 1.3 pm and 1.55
um, respectively. GalnAsP/InP semiconductor lasers which operate at a wavelength of
1.3 um [76, 77] or 1.55 um [78, 79] were realized in the end of 1970s. Not only the
realization of long wavelengths semiconductor lasers, numerous key technologies have
been developed during the decades, such as distributed-feedback (DFB) lasers[80-82],
Vertical cavity surface emitting lasers(VCSELSs)[83-85], quantum well (QW) lasers[86],
strained quantum well[87-90], AlGalnAs/InP system[91, 92], Bragg wavelength
detuning[93] and modulation doping[94, 95].

Today’s actually implemented direct modulation laser performance in a fiber
communication will be explained. In current communication systems, digital coherent
optical transmission system using high-order phase modulation are used for transpacific.
And on-off keying (OOK)-transmission system using electro-absorption modulator
integrated DFB laser are used for core and metro network. Directly modulated laser has
large wavelength chirping under modulation, and waveform distortion is large in long

distance propagation due to wavelength dispersion. Therefore, the main application is
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Figure 1.33 Ridge waveguide 1.3 um AlGalnAs-MQW DFB laser [96].

Not available due to copyright

Not available due to copyright

Figure 1.34 120°C 25.8Gbit/s operation of 1.3 um AlGalnAs MQW DFB laser[97].

short reach communication in metro or datacom. For the application of 100-giabit
Ethernet (100GbE), many DFB lasers operating at 25.8-28 Gbit/s have been reported.
Figure 1.33 shows an AlGalnAs-based MQW DFB laser with a ridge waveguide structure
[96]. The threshold current at 25°C is 8.4 mA. 25.8 Gbit/s direct modulation is obtained
for 25°C and 85°C environments with a bias current of 37 mA and 56 mA, respectively.
Recently, 25.8 G/bit operation under temperature of 120°C is obtained with a bias current

of 70 mA, and shows good transmission characteristics (Figure 1.34) [97]. For the 400GbE
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Figure 1.35 Ridge waveguide MQW DFB laser operating 50 Gbit/s [98].

Not available due to copyright
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Figure 1.36 Schematic image and light output characteristics of double intra cavity 1060 nm
VCSEL [99].

consists of 50 Gbit/s x84, 50 Gbit/s direct modulation of DFB lasers are reported. Figure

1.35 shows the structure of the ridge waveguide 1.3 um AlGalnAs MQW DFB laser
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operated at 50 Gbit/s reported by NTT [98], The threshold currents for the device with
cavity length of 100, 150 and 200 um were 6.2, 6.6 and 7.8 mA, respectively. By adopting
short cavity length of 100 um, 50 Gbit/s transmission is obtained over 20, 40 and 60 km
single mode fiber using bias current of 60 mA at 25°C. In recent year, VCSELs have
received an attention as a low cost and low power consumption light source inside the
supercomputers and data centers. The strong cavity confiment by a pair of DBR enable
the VCSELs to operate at low threshold current lower than 1 mA. Since VCSELs require
small current swing to direct modulation, a low cost SiGe drivers using BICMOS process
can be available [100, 101]. There are many reports on a direct modulation of VCSELs
with energy consumption. The Furukawa Electric. demonstrated low power dissipation
1060 nm VCSEL with double intra cavity structure [99]. The double intra cavity contact
avoid the current path through the DBR region which has high resistivity. The threshold
current was 0.4 mA. 10.3125 Gbit/s operation was achieved with energy consumption of
180 fJ/bit. Finisar corp. developed VCSEL based interconnects for data-centers [102].
The VCSEL has emission diameter of 7 um. the threshold current was 0.65 mA at 25°C.

As a transceiver characteristics, 28 Gbit/s transmission was demonstrated

Table 1.3 Comparison of the energy consumption of the directly modulated lasers at 25°C.

Threshold  Datarate Energy cost

Laser type L.
YP current [mA] [ Gb/s | [ £J/bit | application Ref.
Core and
DFB 8.4 25.8 1700 [96]
metro
Core and
DFB 7 25.8 1860 [97]
metro
Core and
DFB 6.2 50 1440 [98]
metro
VCSEL 0.4 10 180 Data-center [99]

VCSEL 0.65 28 590 Data-center [103]




Chapter 1 41

Introduction

with energy consumption of approximately 590 fJ/bit. This energy was calculated using
operating current and voltage given in the paper.

Table 1.3 summarizes the energy consumption of the directly modulated lasers. DFB
lasers, which for a core and metro network application with communication distance up
to 40 km, have threshold current of several mA range. And the values of energy
consumption are more than 1000 fJ/bit. This is because a few 10 mW optical output power
is required to DFB laser and relatively large active volume is used. In contrast, VCSELs
for data-center exhibited threshold current of below 1 mA. Typical energy consumption
was the order of 100 fJ/bit. However, even for state-of-the-are VCSEL, the maximum
optical output power is several mW. Generally, lasers with low energy consumption
operating and a low threshold is required for a shorter communication distance even at
the expense of output power. Now, we consider what performance is required for on-chip

optical interconnection that communicates in cm distance.
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1.4.2 Devices for on-chip optical interconnection

As we can see from the energy consumption of the lasers in a fiber optics
communication, significantly lower energy consumption is required as the
communication distance becomes shorter. It can be imagine that smaller energy
consumption is required for on-chip optical interconnection. The International
Technology Roadmap for Semiconductors (ITRS) roadmap 2007 has said that the power
dissipation in chips was saturated at around 200 W, and a large portion of the power is
consumed at the interconnects and the repeater amplifiers. Therefore, the requirement for
lower energy consumption of interconnect is also consistent from the viewpoint of electric
circuits. In order to introduce on-chip optical interconnection into LSI, it is necessary to
exceed the performance with electrical wiring as for energy consumption and delay. The
semiconductor lasers used as light source is required to operate ultra-low power
consumption and high efficiency .The roadmap of optical devices for the on-chip optical

interconnection was wrote down by D. A. B. Miller at Stanford University in 2009 [63].

Not available due to copyright

Figure 1.37 The trend of available energies per bit for off-chip system, off-chip devices and on-
chip devices [63].
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This roadmap is based on the technology node parameters, on-chip and off-chip clock
frequencies and signal I/O pins of the ITRS 2007. Figure 1.37 shows the trend and
prediction of the available energy consumption per bit for the off-chip and on-chip
interconnection. It was assumed that 20% of the total chip power including the

interconnection including clock distribution and logic circuits was allocated for the off-

Table 1.4 Light output power requirement for on-chip optical interconnection.

Requirement from . )
Minimum received power 0.05 mW (-13dBm)
the roadmap

Coupling loss between LD and waveguide -1.5dB

Our assumption Propagation loss for 2 cm-long waveguide -2dB (-1dB/cm)

Coupling loss between LD and waveguide -1.5dB

Calculated value Required light output power of LD 0.16 mW (-8dBm)

Table 1.5 An example of the performance of the laser for on-chip interconnection.

Output power 0.16 mW
Bias current I mA
Operating voltage 1V
3dB bandwidth 7.7 GHz
Threshold current 0.1 mA<
External differential quantum efficiency 23%>

Differential resistance 200 Q<
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chip interconnection. Additionally, 20% of the energy of the off-chip interconnection was
allocated for that of the on-chip interconnection. In other words, the middle line for off-
chip also shows not only the energy of the off-chip devices but also including the on-chip
system energy. Therefore, the total chip energy should be less than 100 fJ/bit from 2015
onward. For the on-chip devices, the energy is expected to be less than 10 fJ/bit by 2020.
This prediction says that the available energy cost of the one directly modulated laser
must be less than at least 100 fJ/bit. Recently, demand for over 10 Gbit/s high-speed bus
line between the cores rise due to the trend of multi-core processor. Therefore, although
the data-rate of 10 Gbit/s is chosen as target operating speed, higher speed such as 20
Gbit/s is also feasible. To fulfill above energy requirement, the laser should operate at 10
Gbit/s with bias current and voltage of I mA and 1 V, respectively. Here, consider a system
including a laser, an optical waveguide, and a photodetector. Assuming the detector
sensitivity, coupling efficiency, and a waveguide loss as shown in Table 1.4, the output
power required for the laser is estimated. First, the minimum average received power at
which the bit error rate of less than 10 for the 10 Gbit/s signals is of the photodiode is
setto -13 dBm (0.05 mW). This corresponds to the case where a signal with SNR of 28dB
is received by a system with a bandwidth of 5 GHz for 10 Gbit/s and an impedance of 50
Q and is amplified by an amplifier having noise figure of 6dB. The total link loss is
assumed to be 5 dB, including the coupling loss between the waveguide and the active
devices (1.5 dBx2) and the propagation loss in the waveguide over a length of 2 cm (2
dB). As a results, the required optical output power is estimated to be -8 dBm (0.16 mW)
for 10 Gbit/s data-transmission. A 3dB bandwidth of 7.7GHz is needed for 10 Gbit/s
operation because the achievable bit-rate for the non-return-to-zero (NRZ) signals is 1.3
times higher than the f34g in a directly modulated laser [104]. Table 1.5 shows an example
of the laser performance which satisfies the requirement for application of on-chip optical
interconnection. Most remarkable point is that the threshold current significantly lower
than 1 mA is required. Not only low threshold current but also external differential
quantum efficiency higher than 23% is necessary for this case. Aforementioned directly

modulated lasers used in fiber communications have threshold current of several mA for
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a DFB laser and 0.5 mA—1mA for VCSELSs. In the next section, we consider what kind
of lasers is suitable to achieve the performance requirement for on-chip optical

interconnection.
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1.5 Semiconductor lasers for optical interconnection

1.5.1 Types of semiconductor laser cavity

For the on-chip application, the semiconductor lasers are posed to strict low-energy
consumption requirement. From the first operation of semiconductor laser at room-
temperature, there are a number of reports for the lasers which have various cavity
structure. The performances and characteristics of the lasers strongly depend on the
structure of their cavities. Some representative cavity structure that can operate low-

threshold below 1mA regime will be introduced in this section.

Vertical cavity surface emitting lasers (VCSELSs)

VCSELs have a laser cavity structure consists of an active layer sandwiched by upper
and bottom high reflectivity mirrors. In contrast to conventional edge-emitting lasers,
VCSEL’s light output emit from top or bottom surface. The first concept was proposed
by Iga at Tokyo Institute of Technology in 1977 shown in Figure 1.38. Under liquid
nitrogen temperature (77K), the first VCSEL using GalnAsP/InP material system was
operated at threshold current of 0.9 A with pulsed driving current in 1979 [83]. The first
RT-CW operation of VCSEL was achieved by using 0.89 um wavelength AlGaAs/GaAs
system in 1988 [84]. In order to increase the reflectivity of mirrors, a bottom
Au/Si02/Ti02/ SiO2 mirror and a top SiO2/TiO> multilayer DBR were used. The
threshold current of 32 mA and single-mode operation was achieved. After that,
significant reduction of threshold current was accomplished by oxidize current and
optical confiment structure[105], multi-oxidized DBR structure [106]and buried-hetero
structure[ 107]. The VCSEL specialized to attain a low-threshold current showed a record
threshold current of 8.7 pA among the VCSELs[108].

In recent years, the low-power consumption and surface emitting characteristics
which enables wafer scale testing for low-cost of VCSEL get much attention for short

reach optical communication such as in data-centers and supercomputers. A low energy
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Figure 1.38 Sketch of first concept of VCSEL [109].

Not available due to copyright

Figure 1.39 Cross-sectional view of VCSEL-based optical interconnects using the polymer
vertical splitter on a silicon substrate [110].

cost operation less than 100 fJ/bit was demonstrated 81 fJ/bit in 2011 [111] and 56 fJ/bit
in 2012 [112] by P. Moser at TU Berlin. However, VCSEL structure is suitable only for
vertical fiber coupling (rather than horizontal integration) and requires a 45° total

reflection mirror (Figure 1.39) to make an in-plane optical link [110, 113, 114].

Micro-disk lasers
Microdisk lasers are based on whispering gallery modes around the edge of a thin
semiconductor disk. First optically pumped lasing operation at was reported by Bell lab.

in 1992[115]. A thin GalnAsP/InP disk with 3—10 um diameter was suspended by an InP
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Figure 1.40 Micrisdisk laser integrated in silicon photonics platform. Light output
characteristics.[33, 116]

pedestal. A threshold power of 100 uW and 1.55 pm-band lasing wavelength were
obtained. Electrically pumped whispering gallery mode microdisk lasers were realized in
asame year [ 117]. The threshold current of 0.95 mA and single mode lasing were obtained
by injection current pulse with 0.3 ps width and duty ratio of 300:1 at room temperature.
Low threshold current continuous operation with 40 pA threshold was achieved in 2000
[118]. A symmetric pedestal mesa structure fabricated by Cl,/Xe inductively-coupled-
plasma (ICP) etching remarkably reduced the threshold current. However, it is difficult
for microdisk lasers to out couple the light to an output waveguide to the disk structure
cavity. Vertically coupled microdisk laser and bus waveguide was reported in 2003 [119].
InP based microdisk lasers on a silicon-on-insulator (SOI) output waveguide was reported

[116]. Although both low-threshold current operation at 0.5 mA and integration of an
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output waveguide were obtained, the continuous output power of the laser was below 10

uW which was not enough for on-chip optical communication.

Plasmon, metallic cavity laser

To overcome conventional dielectric confinement cavity with a dimension on the
micrometer scale, the use of metallic cladding cavity[120] is an effective method. As the
cavity size becomes wavelength scale, optical confinement to the conventional cavity
becomes difficult. The metallic cavity provides sub-wavelength scale optical confinement.
However, overcoming the losses inherent to metals remains a fundamental challenge in
the application for the laser cavity. Remarkable progress of the metal cladding laser is
boosted by proposals of spacers [121] and core-shell structure [122]. First continuous
electrical injection operation of the metallic cavity laser at 77K was demonstrated in
2007[123]. The device had the pillar structure with a diameter of 260 nm, a height of 300
nm as shown in Figure 1.41. The obtained threshold current of 6 pA at 77K proved the
low-threshold capability of metallic cavity laser. After this report, several reports on

electrically pumped CW operation was emerged such as pedestal pillar structure with

Not available due to

copyright Not available due to copyright

Figure 1.41 Structure of the cavity formed by a semiconductor pillar encapsulated in gold.
[123].
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threshold current of 50 pA at 77K [124], rectangular pillar structure with threshold current
of 620 pA at 260K.[125]. Room-temperature CW operation of metallic cavity laser was
realized in 2012 [126]. The device consist of rectangular semiconductor pillar
encapsulated in silver. The threshold current is estimated to be 1000 pA obtained from a
linewidth of the spectrum. The record performance at RT-CW condition was reported
from the same group in 2013 [127] as shown in Figure 1.42. The Light current
characteristics shows a clear threshold around 1100 pA. The spectrum linewidth of 0.5
nm is attained at 2020 pA in RT-CW condition. As an attractive property of metallic cavity
laser, a thresholdless lasing was realized by its high spontaneous emission coupling factor
[128]. These interesting characters of metallic cavity laser pave a way to application for
the ultra-low power consumption light source in communication. Although the metallic
cavity overcomes hurdle for electrically pumping and RT-CW operation, there are still
remain the problems related to an output power, coupling structure to the waveguide and

direct modulation performance, etc.

Not available due to copyright

Figure 1.42 Structure of the metallic-cavity semiconductor laser with a rectangular cross
section pillar encapsulated in silver. [127]

Photonic crystal lasers
Photonic crystal has a periodic photonic structure which generates photonic band.

Recent research was triggered by work in 1987 by E. Yablonovitch at Bell Lab.[129]. The
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Figure 1.43 Cross-sectional SEM image of photonic crystal laser.[130]

Not available due to copyright

Figure 1.44 Light output characteristics of the photonic crystal laser [65].

paper extend the conventional one dimensional periodic photonic structure into more than
two dimensional ones. The defect in periodic structure can rearrange the optical
characteristics of photonic crystals. A strong confiment optical cavity can be realized by
photonic crystal defect cavity. Ultra-high Q cavities which use the defect structure with
experimental values of higher than 10° and theoretical values of higher than 107 were
demonstrated. Ultra-low threshold laser by strong confiment cavity is expected using

photonic crystal structure. The first photonic crystal laser using two dimensional photonic
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band gap defect mode cavity was demonstrated by optical pumping in 1999 [131]. The
laser cavity had half-wavelength scale core layer including GalnAsP 4QWs active layer.
The two-dimensional photonic crystal and air bridge structure resulted in strong optical
confiment in A-scale cavity. Electrical injection operation of photonic crystal lasers was
also demonstrated under RT-pulsed conditions[132-134], RT-CW conditions[130, 135].
These results showed that photonic crystal cavity enable sub-mA threshold operation
thanks to small active volume. However, typical active region of photonic crystal lasers
does not have buried hetero structure, which causes poor carrier confinement to the active
region and poor thermal characteristics. To overcome these problems, photonic crystal
laser with buried hetero structure was reported by NTT [136-138]. The SEM image of the
structure and cavity field is shown in Figure 1.43. The periodic air holes were formed at
both sides of the buried active region and the membrane structure with an air bridge was
used. In-plane output waveguide could be integrated by using a defect mode waveguide.
The light output of photonic crystal laser was coupled to a photonic crystal output
waveguide. RT-CW operation by current injection was realized with a threshold current
of 390 pA [130]. This device adopted the lateral-current-injection structure fabricated by
thermal Zn diffusion and Si ion implantation. Significant threshold reduction was
achieved by introducing AllnAs sacrificial layer to suppress the leakage current through
the substrate. The threshold current was reduced to be 4.8 pA, which is the lowest
threshold current of photonic crystal laser under RT-CW electrical injection [139]. High
speed direct modulation measurement shows 4.4 {J/bit energy consumption operation at
data-rate of 10Gbit/s. However, at the driving condition of 4.4 fJ/bit operation, the bit-
error-rate characteristics showed error floor due to a low light output power of 2.17 pW.
In addition, the avalanche photodiode used in the measurement consumed relatively large
power. Recently, the photonic crystal laser was fabricated on a Si substrate by oxygen-
plasma assisted bonding [140]. Photonic crystal lasers can be easily integrated with other
optical components. However, controlling the out coupling efficiency is not so easy due
to the complicated trade off of photonic crystal design. Therefore, the low light output

power is a problem for the on-chip application.
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Distributed feedback (DFB), distributed-reflector (DR) lasers

The distributed feedback (DFB) laser is a most basic dynamic single mode (DSM)
laser widely used in fiber optical communication or sensing. The resonance wavelength
in DFB laser can be selected by a periodic refractive index or gain structure produced by
grating formation. The DFB structure was first proposed and spontaneously formed in a
dye laser by H. Kogelnik and C. V. Shank at Bell Lab.[80]. Semiconductor DFB laser was
first fabricated by M. Nakamura at Cal. Tech. using holographic lithography in 1973 [82].
The idea of phase-shifted grating improved a single-mode yield of DFB laser [141].
Typical DFB lasers use only real part of coupling coefticient. In contrast, the gain coupled
DFB laser utilizes imaginary part of coupling coefficient. As a combination of these,
complex coupled DFB laser using both real and imaginary part of coupling coefficient
was proposed [142]. The single mode properties of the DFB lasers strongly affected by
the phase at the cleaved facet of the cavity [143, 144]. However, the facet phase cannot
be controlled because the grating period is typically in the order of hundreds nm and the
position of cleaved facet is not exactly determined. Commercially available uniform

grating and 4/4-shifted DFB lasers have high-reflection(HR )/anti-reflection (AR) and

Not available due to copyright

Figure 1.45 Light output characteristics of wire-like active region DFB laser [145].
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Figure 1.46 Schematic diagram of DR laser and cross-sectional structure of

wirelike active regions. [146]

AR/AR coating on its facets to suppress the output facet reflection. While the complex
coupled DFB laser needs relatively complicated fabrication process than that of index
coupled DFB laser, it has advantages on single mode yield [147] and immunity to the
facet phase [148]. To obtain single facet output and avoid the facet phase problem without
any optical coatings, the distributed-reflector (DR) laser, which consists of an active DFB
section and a passive DBR section, was proposed in 1988 [149, 150]. A two times larger
output ratio of the DR laser than that of the DFB laser was achieved [151]. Recently, a
number of company such as Furukawa Electric., Sumitomo Electric. and Fujitsu etc.
adopted the DR structure in their developed devices [152-155].

In our group, complex coupled DFB lasers made by top-down process were proposed
and developed by using low damage reactive ion etching technology and organo-metallic

vapor phase epitaxy (OMVPE) regrowth [156-158]. The wire-like active region
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fabricated by vertical etching of quantum wells leads reduction of the active volume and
results in low threshold current operation and strong index coupling. In 2000, a record
low threshold current of 0.7mA was achieved (Figure 1.45) [145, 159]. In order to obtain
a higher efficiency, the DR laser consisting of wire-like active region DFB laser and
quantum wire DBR section was demonstrated [160]. This structure utilized blue shift by
quantum confiment effect in narrow width wire-like grating as shown in Figure 1.46. In
2009, low threshold current of 0.9 mA and high efficiency of 48% operation was obtained
for the DR laser with wire-like active region [146]. High speed direct modulation using
non-return-to zero 10 Gbit/s and 25 Gbit/s signals were demonstrated [161, 162]. The
energy cost for transmission was approximately 1.7 pJ/bit for 10 Gbit/s operation.
However, even if we attempt to reduce the energy consumption, the weak coupling
coefficient of approximately 400 cm™ was not enough to reduce the operating current for

on-chip interconnection.
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1.5.2 Integration methods on silicon

When implementing on-chip optical interconnections into LSI circuits, we should
consider not only to the power consumption but also to the integration method. The
current CMOS process use 300-mm to 450-mm diameters silicon substrate. Since silicon
has an indirect transition bandgap as is well known, its weak emission intensity is not
suitable for a light source. Therefore, a technique for integrating a laser consists a
conventional III-V semiconductor on a Si substrate is necessary while maintaining the
crystallinity of the III-V active layer as grown on III-V substrate. Previously researched
integration methods can be roughly categorized into crystal growth based and bonding
based methods. Hereinafter, the technique and the semiconductor laser integrated on the

Si substrate will be described.

Direct growth on silicon

When III-V semiconductors such as InP or GaAs are grown on Si substrate, large
dislocations and defects are generated at the interface due to large lattice constant
mismatch and difference of thermal expansion coefficient between them, and it is difficult
to obtain good crystalline quality. Growth of polar III-V group crystals on nonpolar Group
IV crystals causes anti-phased domain (APD) which is an exchange of atomic
arrangement. However, since the high performance laser on Si substrate is attractive from
the viewpoint of laser integration with an electric circuit, it has been studied for a long
time to fabricate a laser directly on a Si substrate. Directly grown III-V laser on a Si
substrate for the first time was reported in 1984. A seed layer of Ge on a Si substrate was
used to form a GaAs / AlGaAs layer and low temperature pulse lasing achieved [163]. In
this way, in order to form a laser by direct growth on a Si substrate, it is necessary to
prepare a nanostructure or introduce a buffer layer. In recent years, it has been reported
that using quantum dots as an active layer to reduce the portion of threading dislocation

penetrating the active layer. Figure 1.47 shows the layer structure of the quantum dot laser
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Figure 1.47 The layer structure of quantum dot laser grown on Si substrate and its light output

characteristics [164].

directly grown on a Si substrate. Room-temperature continuous oscillation up to 119 ° C
and threshold current of 19 mA maximum output 176 mW have been obtained from
CSBJ[164]. The possibility to fabricate a laser on a large wafer scale Si substrate with a
performance comparable to that of conventional lasers. However, since these devices
required a growth process at high temperature or annealing process, there is a problem
that the process temperature at the back end of line (BEOL) CMOS process exceed the

allowable temperature.
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Direct bonding (Plasma activated bonding)

Plasma activated bonding (PAB) is a method that activate the stable surface crystal by
inert gas plasma and bonding the substrates with the activated surface. In the conventional
direct bonding method, since substrates are bonded at a high temperature of around 600°C.
or more, the difference in thermal expansion coefficient degrade the bonded interface and
induce the dislocation into the substrate. In particular, when strong stress or strain is
produced at the bonded interface of a III-V semiconductor used for a optical device,
degradation in emission efficiency and an emission wavelength peak shift due to an
increased dislocation or strain are concerned. By using PAB method, as it is possible to
bond at near room-temperatures, connecting the wires between different circuit chip is
suggested [165]. In a photonics application, PAB is getting attention as a method to
integrate a III-V material in silicon photonics because III-V material can be formed in
large area on a SOI substrate which has a passive silicon circuit. Room temperature

continuous operation of electrically pumped AlGalnAs/InP hybrid laser using O, PAB of

Not available due to copyright

Not available due to copyright

Figure 1.48 Cross section of the hybrid laser fabricated by O, PAB [166].
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III-V substrate onto SOI substrate has been reported from UCSB and Intel (Figure
1.48)[166, 167]. Our group has reported low threshold current density operation of a
GalnAsP/InP/SOI hybrid laser fabricated by N> PAB [168]. NTT reported a membrane
DFB laser which has buried heterostructure formed after bonding a GalnAsP/InP
substrate on Si substrate with thermal oxide by using O2 PAB [169] However, PAB is a
method to directly bonding the substrates to each other and is sensitive to the surface
flatness and conditions. For this reason, it becomes difficult to bond the substrates after

complicated process steps [170].

Benzocyclobuten (BCB) bonding

Unlike direct bonding, BCB bonding is one of the methods using intermediate
adhesive layer. Thermoplastic polymers such as PMMA,SU-8, and thermosetting
polymers such as SOG (spin-on glass), polyimide and BCB [171] have been investigated
as an intermediate layer. BCB is studied as a potential candidate because BCB has a high
glass transition temperature of about 350°C and a low curing temperature of about 250°C.
Bonding method using BCB has been originally used in the field of electrical circuits.
Compering with the other adhesive materials, BCB emits small amount of outgas during
the cure and has long term reliability. And transparent characteristics for communication
wavelength becomes a booster of the BCB as a photonics application.  Our group started
the research associating with BCB bonding since 2000. Figure 1.49 shows recently
obtained III-V layer fabricated on Si substrate by BCB bonding. As a activity from
another group, room temperature continuous lasing with a threshold current of 0.8 mA
was reported for a microdisk laser with a diameter of 7.5 um integrated with a Si
waveguide intermediated by BCB [172]. BCB can alleviate the flatness of the surface and
its adhesive property is insensitive to the surface state. Therefore, it can be considered
that this method is effective to integrate a substrate of electrical circuit and optical

interconnect which have significantly different properties. Therefore, I have adopted the
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Figure 1.49 SEM image of the InP-based membrane structure fabricated on a Si substrate
using BCB bonding [173].

Figure 1.50 2 inch wafer consists of III-V layer on Si substrate fabricated by using BCB
bonding.

BCB bonding as a method to integrate a laser on a Si substrate in this thesis. In next
section, a fundamental property of the membrane DFB structure which is focus in this

thesis will be discussed.
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1.6 Semiconductor membrane DFB structure
1.6.1 Features of membrane DFB structure
Conventional Membrane

Cladding layer Chnding oy

o SiO =144 T _
WP n=3.17 g ’ Electrical field
Active layer \— —|
Core layer .~
GalnAsP n =3.34

n : refractive index

Relative refractive index difference A = 5% = 40%

Optical confinement factor &,/ well =1%/well = 3%/well

Figure 1.51 Comparison of the optical confinement between the semiconductor laser and
membrane laser.

As discussed in the previous sections, ultra-low power consumption lasers and
efficient coupling structures are required for on-chip optical interconnections. Membrane
distributed-feedback (DFB) laser—DFB laser consists of thin semiconductor layers—is
a promising candidate as light sources for on-chip optical interconnection. Its edge-
emitting structure with no requirement to form facets of the DFB laser is well suited for
in-plane integration, and is widely used as the light source in photonic integrated circuits.
Although the typical operating current of conventional DFB lasers is of several tens of
mA, the membrane structure is a solution for low-power consumption operation. The
wavelength of light source is not specified in optical interconnection. However it is
preferred that the laser is operated by low-driving voltage because LSIs is difficult to
produce the voltage higher than power supply. The turn-on voltages for typical
wavelength laser are 0.8 V for 1.55 um, 1.17 V for 1060 nm and 1.46 V for 850 nm. Long-
wavelength laser has advantageous over minimum operating voltage which is compatible
with supply voltage of LSIs. Therefore, 1.55 um was adopted as operating wavelength of
membrane DFB laser. Figure 1.51 shows the comparison between layer structures of the

typical conventional semiconductor laser and membrane laser. The conventional structure
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has semiconductor core and cladding layers. In the case for typical 1.55 um wavelength
InP based laser, a material of the core and the cladding layers are GalnAsP and InP,

respectively. The relative refractive index difference A, is defined as follows:
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Refractive index of cladding n,

Relative refractive index
difference A [%]

Figure 1.52 Relative refractive index difference as a function of refractive index of cladding
material.

ni —nj

A=
2n?

(1.7)

Figure 1.52 shows the relative refractive index difference as a function of refractive index
of cladding material. The 4 for InP (n = 3.17) cladding structure can be calculated to be
approximately 5%. The small index difference resulted in a small optical confiment factor
of 1% for single quantum well. These characteristics make conventional laser difficult to
operate low-power consumption. In contrast to this, the membrane structure consists of
low refractive index cladding layers such as SiO» (rn = 1.44), Benzocycrobutene (BCB)
(n = 1.54) or air (n = 1). A thin semiconductor layer sandwiched by dielectric claddings
has a large refractive-index difference between the core and cladding layers. 4 for the
membrane structure is calculated to be approximately 40%. And the optical confinement
factor of the active layers is enhanced to be 3% per quantum well. A large refractive-index
difference between the core and cladding layers results in strong grating index-coupling.

Figure 1.53 shows the relative refractive index coupling coefficient x; of the membrane
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Figure 1.53 Relative refractive index coupling coefficient of membrane DFB structure as a

function of grating depth.

DFB structure as a function of grating depth. The index coupling coefficient can be reach

to 2000 cm™! and 4000 cm™ with a grating depth of 60 nm and 100 nm respectively. These

values are about one order magnitude larger than that of the conventional semiconductor

cladding type laser with a high coupling coefficient [145, 146]. These properties make

the membrane DFB laser a candidate for an ultra-low energy consumption operation.

Furthermore, membrane structure pushes advantages to not only lasers but also other

optical devices. An InP-based wire waveguide can achieve a small bending radius below

10 um. For a photodiode, an absorption length is expected to be reduced by strong optical

confinement factor of the absorption layer.



64 Chapter 1

Introduction

1.6.2 Research history of membrane lasers

In this section, the history of membrane lasers is described. Our group had started the
initial consideration of membrane DFB structure since around 1999. The history was

divided into six era. As a consequence, problems in the previous works will be clarified.

Optically pumped membrane DFB lasers (2001~2007)

N, = 10.7um
GalnAsP OCL e
SiO,
A=330nm -
BCB =5 ™ Ao
‘7.—,—' N
) BCB
i-InP
InP sub
GalnAsP sQW

Figure 1.54 Schematic structure of the first membrane DFB laser operated by optical
pumping [174].

The concept and performance calculation were proposed in early 2001 [175]. First
room-temperature continuous-wave operation of a membrane DFB laser with wire-like
active region was demonstrated by optical pumping condition in end of 2001 [174]. Figure
1.54 shows a schematic structure of the membrane DFB laser. The threshold pump power
was 38 mW for a 10.7 um wide and 40 pum long device. 4-um-thick BCB was used to
form membrane structure on an InP host substrate. Single-mode operation with SMSR of
36 dB [176] and low-threshold pump power of 0.64 mW [177] was achieved by
adopting a narrow stripe structure and narrow pump beam. Evaluation of the accuracy of
lasing wavelength of fifteen membrane DFB lasers with same cavity design was
performed [178]. Multiple-wavelength laser arrays with maximum wavelength range of
75 nm were demonstrated by modulating the grating period, duty ratio and stripe

width[179, 180]. The temperature characteristics of membrane DFB lasers were
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investigated. Athermal effect of BCB cladding structure was studied and achieved
reduced temperature dependence of lasing wavelength with coefficient of 2.45x1072
nm/°C, which was approximately 20-30% of that for conventional semiconductor
lasers[181]. Continuous-wave optical pumping operation was obtained up to 85°C by
introducing Bragg wavelength detuning[182].The lowest threshold power under optical
pumping was 0.34 mW obtained in 2007[183]. The device had cavity length of 80 um
and high-index coupling coefficient of 4200 cm™ by adopting a surface corrugating

grating structure.

Membrane DFB lasers on SOI substrate (2006~2009)

GalnAsP SQ
S_GaInAsP OCL
1

Figure 1.55 Schematic structure of the membrane DFB laser bonded on SOI substrate
fabricated by hydrophilic bonding [184].

Membrane DFB lasers are attractive for light source of SOI platform. In 2006, the
direct wafer bonding of GalnAsP/InP membrane structure onto a silicon on insulator
(SOI) substrate was performed by a hydrophilic bonding method[185]. Continuous and
single-mode operation of membrane DFB laser on SOI substrate by optical pumping was
achieved with threshold pump power of 2.8 mW/[184]. Membrane DFB laser on SOI
substrate with rib-waveguide structure was fabricated in 2007[186]. An injection type

GalnAsP/InP DFB laser on SOI substrate was realized in 2009[187]. The threshold
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current was 104 mA under room-temperature pulsed condition. SMSR of 28dB. I should

note that this device did not have a GalnAsP/InP membrane structure.

Membrane DFB lasers with air-bridge structure (2006~2008)

(b) GaInAsP
SQW

InP — e . S

W, =20um

GalnAs sacrificial layer
n*-InP sub.

Figure 1.56 Cross-sectional SEM view of membrane DFB laser with air-bridge structure
and its schematic diagram.

Fabrication of membrane structure without complicated wafer bonding process is of
interest for easy preparation of membrane structure. Air-bridge structure was fabricated
by removing the sacrificial layer underneath the core layer by selective wet chemical
etching. GalnAsP/InP BH-membrane DFB laser was fabricated on n-InP substrate using
GalnAs sacrificial layer. Continuous-wave optical pumping operation was achieved with
threshold pump power of 4.3 mW at 20°C [188]. Lasing operation was obtained up to
80°C and reduced thermal resistance compared with bonded membrane DFB laser was

confirmed.
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Lateral-current-injection (LCI) lasers for injection type membrane DFB laser

(2008~2012)

First, I introduce the brief history of lateral-current-injection lasers. A lateral-current-
injection lasers have long history since 1970s. Monolithic integration of high-speed
electronic devices and photonic devices is thought to be important technology for high-
speed communication. Such optoelectronic integrated circuits (OEICs) requires in-plane
structure semiconductor laser which is differ from conventional semiconductor laser with
perpendicular p-i-n structure for current injection. The first transverse junction stripe
(TJS) laser was developed in 1974[189]. The pn junction was formed on AlGaAs/GaAs
substrate by selective Zinc diffusion. In 1980s, AlGaAs/GaAs lateral current injection
(LCI) type laser with lateral p-i-n junction was demonstrated[190]. The LCI structure was
used for the aim of integrating other electrical semiconductor devices for signal
processing. The threshold current was 27 mA for the active layer width of 0.5 pm. In
addition, a low capacitance of 0.6 pF was also obtained. In 1994, a successful operation
of 1.5 um GalnAsP/InP LCI laser was demonstrated by 2-steps LPE regrowth by K. Oe
et al at NTT [191]. Lateral BH structure consisting of 0.1-pum-thick bulk active layer and
regrown p-, n-InP was used. RT-CW operation with 10 mA threshold current and a

maximum output power of more than 10 mW/facet were obtained.
GalnAsP/InP a-Si Layer 30nm | a-Si : 30nm
5QWs /i-InP : 10nm
OCL: 150nm

5QW active layer | 360nm

OCL:150nm

19.8kYV X60.0K  '588nm SI-InP sub.

Figure 1.57 Cross-sectional SEM image of LCI-DFB laser with a-Si surface grating [192].
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Figure 1.58 Structural comparison between the distributed quantum well and the conventional
multi-quantum well[193].

Using vertical current injection via pn junction is difficult for the membrane structure
because this structure has insulating dielectric cladding layers on the thin semiconductor
in vertical direction. The LCI structure will be a solution for this problem. The p-i-n diode
structure formed in transverse direction is compatible with many types of membrane
active device such as membrane DFB lasers, air-bridge type photonic crystal lasers [130,
194-198]. These reports used an implantation of Si for n-type doping and an ion
implantation of Be or thermal Zinc diffusion for p-type doping.

Our research group developed a LCI laser fabricated by two-step OMVPE regrowth.
Fundamental properties of a LCI laser were investigated through evaluating the LCI lasers
on semi-insulating InP substrate. The first top-air-clad LCI laser with 400-nm-thick core
layer was operated with threshold current of 49 mA under RT-pulsed condition[199]. RT-
CW operation at threshold current of 11 mA was obtained by modifying the structural
design [200]. In 2011, LCI-DFB laser with a-Si surface grating was demonstrated [192]
(Figure 1.57). A low threshold current of 7.0 mA and high external differential quantum
efficiency of 43% from the front facet were obtained for the device with 2.0-um stripe
width and 300-um cavity length in RT-CW conditions. 4/4 shifted LCI-DFB laser with a-

Si surface grating [201] and LCI-DFB laser with wire-like active region [202] were
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successfully operated. In spite of operation in RT-CW conditions, there were still
problems that a low internal quantum efficiency of LCI structure. The internal quantum
efficiency of the device was evaluated, however, the value was as low as 40% for the 1.7
um stripe device which is approximately half of that of the typical semiconductor laser.
The methods for increasing the internal quantum efficiency was experimentally
investigated. A one approach was distributed quantum well structure [193] as shown in
Figure 1.58. The leakage current through the optical confinement layer (OCL) degrade the
injection efficiency into the active region. Because the thick OCL layer was origin of
leakage current, the current was uniformly injected into each quantum well by distributing
the quantum well in the core layer. As a result, an internal quantum efficiency of 70% was
realized. Another approach is reduction of surface recombination by using thick InP cap
structure [203]. InP has wider bandgap energy than OCL layer. For suppressing the
surface recombination, keeping the carriers away from the surface of semiconductor is
needed. Thick InP cap layer (50 nm) resulted in enhancement of an internal quantum
efficiency to 66%. These results proved that the LCI lasers have internal quantum

efficiency comparable to that of the conventional vertical current injection type lasers.

Membrane waveguides and lateral junction photodiodes (2007~)

410 nm

X1868K ToBAm

Figure 1.59 (left) Lateral junction membrane photodiode[204]. (right) GaInAsP membrane wire
waveguide [205].
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As an essential component for optical interconnection, a waveguide and photodiode for
membrane optical interconnect have demonstrated. The lateral junction photodiode on
semi-insulating InP substrate was demonstrated using the fabrication process developed
for LCI-laser [206]. The photodiode had the absorption layer consisting of GalnAsP
SMQW. The successful photo detection and high speed signal detection of 6 Gbit/s optical
signals with bit-error-rate less than 107'2. The lateral junction photodiode with GalnAs
absorption layer was fabricated on semi-insulating InP substrate [207]. The device shows
responsivity of 0.39 W/A and clear eye opening at 10 Gbit/s signal. The lateral junction
membrane photodiode was demonstrated in 2012 and  passed the mask test of 10 Gbit/s
Ethernet [204].

First GalnAsP membrane waveguide was reported in 2009 [208]. However, poor
bonding quality degraded the waveguide loss to 21 dB/cm. The improvement of bonding
condition reduced the waveguide loss to 17 dB/cm [209]. In 2012, by changing resist for
electron beam lithography from negative resist of ma-N2405 to positive resist of
ZEP520A/ZEP-Ceo, the waveguide loss of GalnAsP membrane waveguide was reduced
to be 4 dB/cm. The membrane waveguide had a bending radius of 10 um which indicated

the potential for high density integration of membrane optical devices.
LCI-membrane lasers (2011~)

Membrane DFB laser with LCI structure was fabricated for current injection
operation of membrane DFB laser. First lasing operation of the LCI membrane DFB laser
was realized in 2011[210]. The active region has wire-like active region grating. The
lateral pn junction for LCI structure was prepared by two step OMVPE regrowth. 470-
nm-thick core layer was bonded onto a SOI substrate. The threshold current was 83 mA
under RT-pulsed operation. However, low-threshold current operation was not achieved
at this time. Membrane DFB laser with surface etched grating was fabricated, and a

threshold current of 11 mA was obtained under the RT-pulse condition [211]. For the
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Figure 1.60 First injection type LCI-membrane DFB laser with wire-like active region [210]
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Figure 1.61 LCI-membrane Fabry-Perot laser bonded on a InP substrate operated in room-
temperature continuous condition [212].

performance improvement of membrane laser, complicated fabrication should be
simplified. Be-doped GalnAs contact layer was introduced for the suppression of dopant
diffusion [213]. Reduction of threshold current to 3.8 mA under the RT-pulse condition
was obtained. To realize RT-CW operation, the thermal properties of membrane DFB
laser was analyzed [214]. According to the analysis, thinner BCB layer structure can

reduce the thermal resistance of a membrane laser. By reducing the BCB thickness from
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6 um to 2 um for the reduction of thermal resistance, RT-CW operation of membrane
Fabry-Perot laser bonded on an InP substrate at threshold current of 3.5 mA was
demonstrated in 2013[212]. Subsequently, RT-CW operation of membrane Fabry-Perot
laser on a Si substrate was achieved [215]. Form the cavity length dependence of lasing
characteristics, an internal quantum efficiency of LCI-membrane laser was estimated to
be 75%. Thermal properties of membrane laser were experimentally confirmed and the
results were well agreed with calculation results [216].

Figure 1.62 shows time series of research for membrane laser. At the time that I am
writing this thesis, highly efficient #4 = 36% operation of membrane distributed reflector
laser has been realized by co-worker of Dr. Hiratani. My research to be described in
following chapter contributes to the low-threshold operation, high-speed direct

modulation and integration of membrane optical devices.

1999~2008 2007~2010 2010~2013 2013~2017
Optical pump Electrical pump
“RT-CW * Introduction of *High-efficiency *High-efficiency
* P,=0.64mW LCI structure LCI-DFB laser Membrane DR laser
: = 4130
(Dr. Okamoto) K 1q=43% * 174=36%
First LCI- . (Dr. Hiratani)
membrane DFB laser “RT-CW operation Hioh dmodula
= LCI-membrane laser " H1gh-speed modulation
- %k Py=034mW X [;=83mA
(Dr. S';ll(amoto) (Dr. Okumura) * I, =3.5mA Integrated membrane DFB laser

(Dr. Shindo)

% 10 Gbit/s at [, , = 1 mA

* Data-transmission

Membrane integrated optical link
% 10 Gbit/s at [, , = 2.5 mA
(This work)

Figure 1.62 The history of research for membrane laser
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1.7 Objective and outline of this thesis

As mentioned in this introduction chapter, the appearance of an ultra-low energy
consumption semiconductor laser can boost the application of on-chip optical
interconnection. Membrane DFB lasers have capability of low-energy consumption
operation proven in the theoretical analysis [217, 218]. Successful current injection and
RT-CW operation of membrane lasers were reported in previous works. According to the
aforementioned research history, the remained problems for membrane DFB laser are as
follows. The component devices for an optical link, such as light source, waveguide and
photodiode, were realized in membrane platform. However, the lack of integration
method is still problem and should be discussed. The theoretically estimated low-
threshold performance and high speed modulation characteristics were not investigated
experimentally.

Hence, the objectives of this thesis are given as follows;

[Object 1] To establish the design and fabrication of integration structure for membrane
optical devices.
(a) Calculation of coupling efficiency and back reflection

(b) Fabrication of membrane butt-jointed built-in (BJB) structure

[Object 2] To realize low-threshold and high-speed direct modulation of membrane DFB
laser
(a) Investigation of fabrication process

(b) Characterization of static and dynamic properties

[Object 3] To realize data-transmission through optical link using membrane DFB laser.
(a) Investigation of electrical isolation process

(b) Characterization of static and dynamic properties
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Chapter 1. Introduction
I

Chapter 2 Theoretical analysis of membrane

devices for on-chip optical interconnection

Chapter 3 Design and fabrication of membrane butt-jointed built-in structure

[ I
Chapter 4. Lasing characteristics of || Chapter 5. Integration of membrane
membrane DFB lasers DFB laser and p-i-n photodiode

I [

Chapter 6. Future prospects of membrane optical link
I
Chapter 7. Conclusion

Figure 1.63 Outline of this thesis.

Figure 1.63 shows the outline of this thesis. In Chapter 2, optical link properties on
required optical power for the laser and the expected modulation performance of
membrane DFB lasers are analytically discussed. In Chapter 3, butt-jointed built-in (BJB)
structure are investigated for integrating membrane optical devices. Coupling
characteristics of BJB structure is analyzed by a numerical calculation. And, fabrication
process for membrane BJB structure is experimentally studied. In Chapter 4, membrane
DFB laser integrated with BJB waveguide are described. In Chapter 5, the integration of
the membrane DFB and p-i-n photodiode by a BJB structure is conducted. The works for
isolating each device and optical link measurement are described. In Chapter 6, I describe
the future prospects of membrane optical link for on-chip optical interconnection. Finally,

In Chapter 7, the summary of this thesis will be given.
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2.1 Introduction

On-chip optical interconnection is characterized by transmitter and receiver and link loss.
It is easy to use the same transmitter and receiver devices regardless of the wiring length
from the viewpoint of process and design easiness. Therefore, the performances of the
transmitter and the receiver are key factors defining the performance of the optical
interconnection. The threshold current of the laser gives the lower limit of the achievable
bias current of the laser. The modulation efficiency which is the slope of the laser
relaxation oscillation frequency with respect to the bias current above threshold gives the
required bias current for obtaining the necessary 3dB bandwidth of the laser. The
integration structure that couples the each optical device also has influence on the optical
link performance. Figure 2.1 shows the schematic of membrane optical link consisting of
a membrane DFB laser, a passive waveguide and a membrane p-i-n photodiode. The
coupling efficiency between the active devices and the passive waveguide has a role to

determine the ratio at which the optical output power can be effectively used for
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Membrane photodiode

Membrane waveguide

Membrane DFB laser

Figure 2.1 Membrane optical link consisting of a membrane DFB laser, a passive waveguide

and membrane p-i-n photodiode.

communication. Propagation loss plays a major role in indicating the superiority of
optical wiring to electrical wiring especially for long wiring length. This is because it is
necessary to realize a low loss propagation waveguide in order to reduce the impact on
power consumption even if the propagation length becomes long distance. Table 2.1 (same
as Table 1.4) shows the assumption of coupling efficiency and propagation loss to
calculate required laser output power. By clarifying the relationship behind these factors,
we will show the characteristics necessary for the devices consisting the optical link
required for low power consumption. In section the 2.2, the coupling efficiency of the
link integration structure and the influence of the propagation loss on the output
requirement of the laser are examined. The section 2.3 shows the characteristics of
membrane DFB lasers. From the calculation, the threshold current obtained by high index
coupling coefficient and short cavity length will be shown. Respecting to the volume of

the active layer, the possible modulation efficiency obtained in membrane DFB laser will
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be shown. Finally, I will show that it is possible to enhance the modulation efficiency by

reducing the active layer volume without weakening the optical confiment inside the

cavity by utilizing the high coupling coefficient obtained by using membrane structure.

Table 2.1 Light output power requirement for on-chip optical interconnection.

Requirement Minimum received power

50 uW (-13dBm)

Coupling loss between LD and waveguide

Assumptions Propagation loss for 2 cm-long waveguide

Coupling loss between LD and waveguide

-1.5dB (-30%)

-2dB (-1dB/cm)

_1.5dB (-30%)

Calculated value Required light output power of LD

160 pW (-8dBm)
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2.2 Effect of link loss on required optical power

The coupling loss and the propagation loss of optical link structure are investigated
assuming the wiring length of 1-2 cm which is possible longest length for on-chip wiring.
Figure 2.2 shows the optical link properties and loss together with the whole link structure
using membrane platform. When the signal with SNR of 28 dB is received by a system
terminated by impedance of 50 Q with a bandwidth of 5 GHz for 10 Gbit/s and is
amplified by an amplifier having noise figure of 6 dB. The minimum received power Prec
necessary for receiving the non-return-to-zero 10 Gbit/s signals with the bit-error-rate of

10 is considered to be -13 dBm (50 pW).
Minimum

received power Pec = —13 [dBm] 2.1)

The coupling loss for a single joint is defined as following constant;
Coupling loss Ocoup [AB] (2.2)
The propagation loss is given by the attenuation per unit length oprop multiplied by the

propagation distance L as follows;

Photodiode

Minimum received power :
P..=-13[dBm] (0.05 [mW])

Integration structure (for 10 Gbit/s, BER = 10)

Coupling loss : a,,, [dB] X 2
Propagation loss : &, [dB/cm ] X L [cm]

prop

DFB laser

Required output power :
P,,.=-13+2a.,,,+ La,,,, [dBm]

coup prop

Figure 2.2 Schematic of membrane optical link and the losses in optical link.
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Figure 2.4 Optical power level in wiring as a function of propagation distance for different
coupling loss.

Propagation loss OpropldB/cm] X L [cm] (2.3)

According to these loss factors, the output power necessary for the laser is as follows;

Required

output power Pour = =13 + 20coup + Oprop X L [dBm] (2.4)
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Figure 2.5 Required laser output power versus propagation loss

Based on this equation, we will study the rolls of integrated properties on required optical
power at laser. Figure 2.3 shows required laser output power versus single coupling loss

a.coup Characteristics for the propagation length of 0.1, 0.5 and 1.0 cm. The calculation was
done using the propagation loss of 1 dB/cm. The coupling loss affects equally on required
power not depending on the wiring length. Since it is an integrated structure of the laser,
the waveguide and the photodetector, two connection interfaces are necessary at two
places. Figure 2.4 shows the attenuation of the optical power level in an interconnection
as a function of position in the optical link. The attenuation of optical power is shown for
different coupling losses. At the origin, initial power level is set so that the power after 2
cm propagation becomes the minimum received power of -13 dBm. Coupling losses are
occurred at the origin and end point of the wiring. For the optical link with low efficiency
coupling, high input power is required even for short length wiring. To realize highly
efficient coupling structure, mode fields of both laser and waveguide side should be
matched. Even when there is a large mode field mismatch, high coupling efficiency can
be obtained by introducing tapered structure which convert the optical field adiabatically

[1]. In general, however, it requires precise fabrication accuracy and long taper length.
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Figure 2.6 Optical power level in wiring as a function of propagation distance for different

propagation loss.

Figure 2.5 shows required laser output power versus propagation loss for various
propagation length of 0.1, 0.5 and 1 cm. The coupling efficiency of 1.5 dB was used in
the calculation. When the wiring length is short such as 0.1 and 0.5 cm, there is almost
no influence on the requirement power even if the waveguide has a high propagation loss.
On the other hand, as propagation length becomes 1 cm, the required power abruptly rises
as the propagation loss increase. Figure 2.6 shows optical power level in wiring as a
function of position in optical link distance for different propagation loss. Because the
wiring length of around 2 c¢m is possible for on-chip wiring, the graph shows lines for the
propagation length of 1 and 2 cm. For such long wiring, the propagation loss of 1-2
dB/cm or less is preferred in order to suppress the required optical output power of the
laser. Such propagation loss is realized in a waveguide such as planar-light-circuit (PLC)
[2]or InP monolithic integrated circuit [3] platform which has weak optical confinement

of the waveguide core. Although, in order to obtain micro bending radius on the chip,
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strong optical confinement waveguide is necessary that can be bent with macro meter
order curvature radius. Si wire waveguide is capable of sufficiently small bending as on-
chip wiring. The propagation loss of Si wire waveguide is generally reported to be about
2 dB/cm for the foundry which conducts CMOS process is reported [4]. Since the strong
optical confinement is needed only the bend region, propagation loss below 1 dB/cm has
been reported by expanding the waveguide width in the straight section [5] or by using
rib structure waveguide [4]. If a highly efficient link structure can be obtained by
structural investigation, the required optical output power becomes small. According to
the results of Chapter 3, the coupling structure with coupling loss below -0.1dB will be
obtained by numerical calculation and experimental ways. When a propagation loss of 1
dB/cm and a coupling loss of 0.1dB/coupling are obtained as a highly efficient optical
link, the required power for the wiring length of 2 cm is calculated as follows.
Required
Pout = =13 + 20coup + Uprop X L [dBm] (2.5)
output power

= —-13+2x%x0.1+ 1x2[dBm]

= —10.8 [dBm] (83 [uW])
Table 2.2 summarizes output power requirement for on-chip optical interconnection

assuming possible efficient structure.

Table 2.2 Light output power requirement for on-chip optical interconnection.

Required power ~ Minimum received power 50 uW (-13dBm)

Coupling loss -0.1dB
New assumptions
Propagation loss for 2 cm -2dB (-1dB/cm)

Calculated value Required light output power of LD 83 uW (-10.8dBm)
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2.3 Analysis on membrane DFB laser performance

In this section, calculation results for the expected performance of membrane DFB laser
will be shown. Figure 2.7 shows the schematic diagram of cross section of membrane DFB
laser with surface grating used for calculation. This structure is close to the structure
showing good lasing characteristics in Fabry-Perot cavity [6], only difference is that the
100-nm-thick InP cap layer is adopted to form the surface grating. The semiconductor

core layer is sandwiched by dielectric cladding layers of air and SiO».

Surface grating
d

\ Grating depth
core

270 nm | M |- GalnAsP SQWs

B T
InP 50 nm

BCB 2 pm

(@)

Stripe width ¥
l_l—l

BCB 2 pm

(b)

Figure 2.7 Required laser output power versus propagation loss.
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Figure 2.8 Grating depth and refractive index coupling coefficient

The thickness of core layer is 270 nm including five multi quantum well active layers.
The grating producing the refractive index perturbation is formed on a top surface InP
layer.

First, a fundamental equations characterizing a DFB laser is described. Since the detail
derivations are available in many papers and books [7-10], I do not discuss the derivation
of each equation. In this section, the coupled-wave mode theory is adopted for calculation
of membrane DFB structure because it can be applied to high-refractive index difference
structure with several % error [8].When the refractive index in the waveguide is
modulated by the periodically formed grooves, the independently propagated optical
modes are coupled to each other. In the field of DFB lasers, the coupling coefficient
representing the strength of the coupling between the forward wave and the backward
wave is expressed as follows;

K= Ki+ikg (2.6)

1w A
= —sin(m—) (kohn) + 17‘9) 2.7)
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where, x is the optical complex coupling coefficient, ;i is the refractive index coupling
coefficient, ¢ is the gain coupling coefficient, ¥ is the width of grating, A is the grating
period, ko is the wavenumber in vacuum, An is the equivalent refractive index
perturbation by grating and Ag is the gain perturbation by grating. Gain coupling
coefficient can be obtained by forming the gratin into active region. However, since the
perturbation of the only refractive index is much large value in the surface grating
structure, the gain coupling coefficient is not considered in the subsequent calculation.
Figure 2.8 shows refractive index-coupling coefficient x; and refractive index difference
An as a function of grating depth. In conventional laser structure, the coupling coefficient
is 200-300 cm™ at most because of small relative refractive index difference of the
waveguide structure. In contrast, membrane structure has large relative index difference,
and can obtain large index perturbation by small grating depth. For the grating depth of
60 nm and 100 nm, x; of 2000cm™! and 4000 cm™' are obtained, respectively. The strength
of the optical confinement to the DFB cavity is expressed as xL using the cavity length L.
Large x can provide strong cavity confinement even with the short cavity length. From
coupled-mode equations representing the interaction between the forward-wave and the
backward-wave, the resonance condition of the DFB laser should satisfy the following
relation.
vé = k% + (a — iAR)? (2.8)

where, y. 1s complex propagation constant, a is imaginary part of complex wave number
and Ap is detuning from Bragg wavelength. This relation is transcendental equation. The
solutions are obtained using numerical solving method such as Newton-Raphson method.
Then, we obtaine the combination of the wavelength and threshold gain gw satidfiyng the
resonant condition. When the threshold gain is once calculated, threshold current is given
by

eVyBerys Jtn
Iy = —=CIT [y 4 Ik
th i g dg

L i~ A
dN
where, /1 is the threshold current, e is the electron charge, V, is the active medium volume,

(2.9)

By 1s the effective recombination coefficient, Ny is the transparent carrier density, #; 1s
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the internal quantum efficiency and dg/dN is the differential gain. Expression for
frequency response of the laser is obtained by performing small-signal analysis in rate-
equation. The frequency response M(f) for the modulation signal is expressed by the

following equation;

M) _ 72
M(0) 2.2 (2.10)
j(fz -+
2.11)
(2.12)

where, y is the damping factor, vg is the group velocity, 7, is the bias current, So is the
photon density in a cavity, 7 is the carrier lifetime and K is the K-factor. It can be seen
that the relaxation oscillation frequency is increased by increasing the bias current. The

slope is expressed by the following equation;
fr
VIp = Itn

Modulation efficiency = (2.13)

(2.14)

This is called modulation efficiency which is slope of f; as a function of the bias current.
This is an important index for obtaining high-speed operation with low bias current

condition. The 3dB bandwidth is given at a frequency at which the power of the response

is halved;
2
M(fsa)|" _ 1 (2.15)
M(0) 2
The f34s is related to the f; as following valid in low damping condition;
faas = 1.55f; (2.16)

The theoretical maximum 3dB bandwidth is given by using K-factor as follows;
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21
f3dB max = V2 a (2.17)

Based on the discussion for the rise time and the fall time of the large signal response of
the semiconductor laser [11], the relationship between the 3dB bandwidth and the
maximum achievable data rate for non-return-to-zero (NRZ) signal is

Datarate = 1.3f34p (2.18)

This relation gives the information for the large signal modulation from the bandwidth.

2.3.1 Threshold current characteristics of DFB structure

Uniform grating J/4-shifted grating

Surface grating //4-shift

m

Figure 2.9 Structure comparison between the uniform grating and 4/4-shifted grating.

In this subsection, I analyzed the threshold current of membrane DFB laser. Reduction
of the threshold can be obtained by reducing active cavity volume and enhancing optical
confinement in the cavity. Here, analysis results on the following two type DFB structure
will be shown.

(1) Uniform grating DFB laser
(2) A/4-shifted grating DFB laser
Figure 2.9 shows the structure comparison between the uniform grating and //4-shifted grating.

By introducing the 4/4 phase shift, it is possible to obtain a strong cavity confinement due
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Figure 2.10 Optical confinement factor for single quantum well versus stripe width.

to modifying the resonant condition.

First, it is necessary to determine the active layer stripe width used in the calculations.
According to the previous study, it is shown that in the lateral-current-injection structure
with wide stripe width, the recombination emission profile becomes non-uniform due to
the difference between the hole mobility and the electron mobility. In order to obtain
uniform reconbination emission in the active region, a stripe width of less than 1 um is
needed [12]. Figure 2.10 shows the optical confinement factor per single quantum well as
a function of the stripe width. The calculation was performed for a SQW structure.
Narrower stripe results in lower optical confinement factor. In the calculation after here,
the stripe width of 0.7 pm is adopted. Table 2.3 summarizes the parameters used in
following calculations. Figure 2.11 shows threshold current and differential quantum
efficiency as a function of cavity length for different coupling coefficient x values. The x
of 2000, 3000 and 4000 correspond to the grating depth of 60 nm, 80 nm and 100 nm,
respectively. With larger refractive index coupling coefficient, strong optical confinement

can be obtained even with a short cavity length. This is because sufficient cavity strength
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kL can be obtained in a short cavity region. As a consequence, lower threshold current is
expected for short cavity device by reduction of the active volume. When the refractive
index coupling coefficient is 2000 cm™!, the minimum threshold current becomes 0.17 mA
around the cavity length of 60 um and the external differential quantum efficiency of
22%/facet can be expected. When the refractive index coupling coefficient is 4000 cm™,

the minimum threshold current becomes 0.1 mA around the cavity length of 35 pm. and

Chapter 2
Theoretical analysis of membrane devices for on-chip optical interconnection

the external differential quantum efficiency of 23%/facet can be expected.

Table 2.3 Parameters for calculation

Differential gain dg/dN 6.0 X106 cm?
Transparent carrier density Ng 1.5X10"® cm™
Effective recombination coefficient Bett 1.5X101% cm¥/s
Internal quantum efficiency ni 0.75
Well thickness d 6 nm
1 5QWs 45 _
g 0.9 r We=07pum- 40 2
E 08 | [H. m=75% | a5 E S
s IR NN —k; = 2000 cm’! =N
= g'; — " 3000cm! 7 30 2 &
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Figure 2.11 Threshold current and external differential quantum efficiency versus cavity

length for uniform grating membrane DFB laser.
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Figure 2.12 Threshold current and external differential quantum efficiency versus cavity

length for A/4-shifted grating membrane DFB laser.
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Figure 2.13 Comparison of the threshold current between the uniform and A/4-shifted grating

membrane DFB lasers.
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Next, the calculation results for the membrane DFB laser with /4 shift region at the center
of the cavity is shown. Improvement of single-mode characteristics by phase shift has
been pointed out from the early research on DFB laser. As shown in the Figure 2.9,
calculation was performed to confirm possibility of shortening the cavity length by
introducing phase shift at the cavity center. A 4/4 phase shift that can expect the largest
effect was introduced. Figure 2.12 shows threshold current and external differential
quantum efficiency versus cavity length for A/4-shifted grating membrane DFB laser. For
the refractive index coupling coefficient of 2000 cm™, the lowest threshold current can
be obtained around cavity length of 35 pm, which is shorter length than that of the
structure using a uniform grating. For the refractive index coupling coefficient of 4000
cm’!, the cavity length of 19 um is possible with significant low threshold current. Figure
2.13 shows the comparison of the threshold current between the uniform and 4/4-shifted

grating membrane DFB lasers.

g 140 |—— Uniform grating 16
ERE) 190 | —— VA-shifted grating 1 14

g 3 PO 1123
= P o
S 5 80 f | g ¢
= O A &
EDE 60 16 @

o

L= 40 14 2
fnll= <« =
=S 20 ¢ 12 ©
2]

@) 0 | | \ | 0

0 1000 2000 3000 4000 5000
Refractive index-coupling
coefficient x [cm]

Figure 2.14 Cavity length at minimum threshold current versus refractive index-coupling
coefficient. The red dots show the uniform grating, and the blue dots show the A/4-shifted
grating.
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Figure 2.14 shows cavity length L to obtain minimum /w as a function of x for uniform
grating and A/4-shifted grating. The cavity strength xL for minimum /i is found to be
around 12 and 7 for uniform and A/4-shifted grating, respectively. This relationship can

be used as a guide in designing the cavity length and grating depth.
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2.3.2 Modulation efficiency characteristics

The modulation efficiency is a slope of relaxation oscillation frequency f; as a function
of a square root bias current expressed in a unit of GHz/mA"2. The f; is directly related
to the high speed property of the semiconductor lasers. Significant high modulation
efficiency is required for high-speed direct modulation with low-bias current. In a
membrane structure, the modulation efficiency is enhanced from two factors as following
sentence. The modulation efficiency is proportional to the squared root of the product of

an optical confinement factor and a differential gain.

a9 (2.19)
dN

and an inverse of square root of an active volume

1
= (2.20)
Va

It is assumed that the cavity volume is equal to the active volume in a membrane DFB
structure. The strong optical confinement factor in the membrane structure can enhance
the modulation efficiency by the term in equation (2.19). In addition, by a large coupling
coefficient «, it is possible to shorten the cavity length while keeping the cavity strength
kL constant. This enable us to reduce active volume V,, thus term in equation (2.20) can
be enhanced. Figure 2.15 shows the modulation efficiency as a function of the active
volume. The differential gain dg/dN of 6x107'® cm? is used in this calculation. This value
is obtained at carrier density of 3x10'® cm® for GaInAsP-based strained QW. The value
of modulation efficiency abruptly rises as active volume decreases. Because the
modulation efficiency increases with the reciprocal of the active volume, the smaller the
active layer volume is, the higher the differential coefficient of its curve increases. In
particular, the significantly high value is obtained in the region of less than 1 um?. For 10
Gbit/s and the energy consumption of 100 fJ/bit operation, 3dB bandwidth of 7.7 GHz is

required at a bias current of 1 mA according to equation (2.18). In this sense, at least the
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Figure 2.15 Modulation efficiency as a function of active volume.
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modulation efficiency must be higher than 5 GHz/mA!? from equation (2.16). The

modulation efficiency becomes 5 GHz/mA"? when the active layer volume is less than

2.25 um’. Actually, the laser is necessary to have higher modulation efficiency than 5

GHz/mA"? considering that relaxation oscillation occurs above the threshold current. As

a modulation efficiency for 20 Gbit/s operation, 10 GHz/mA'!? is obtained at active

volume of 0.56 pm?®. We consider the cavity design that realizes such small active layer

volume. Figure 2.16 shows the active volume versus cavity length with maintaining

constant kL of 10. The redline shows required x value at
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Figure 2.16 Active volume as a function of cavity length with constant L of 10. The redline

shows x needed at each cavity length.

Table 2.4 Summary of calculation in Figure 2.16

Cavity length for V, of

Stripe width W 3 3 Required « for kL of 10
2.25 pm’ / 0.56um

75 pm 1333 cm’!
1.0 um

19 pm 5260 cm'!

150 pm 667 cm™
0.5 um

38 um 2630 cm™

250 um 400 cm™!
0.3 um

62 pum 1610 cm™

each cavity length to achieved xL of 10. The blue lines which showing the active volume
represent for different stripe width of 0.3 um, 0.5um and 1 pm. The active volume V, is

calculated by following relation;
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Figure 2.17 Lateral optical confiment structure to realize the narrow stripe design [13]. (a)

flat structure ,(b) selective regrowth structure.

Vo = WsLdsow (2.21)
where dsqw is the total thickness for SQW. Small active layer volume can be easily
realized with a narrow stripe width. For the stripe width of 1.0 um, 0.5pum and 0.3um, the
active volume of 2.25 pm? to obtain the modulation efficiency of 5 GHz/mA"? is achieved
at a cavity length of 75 um, 150 pm and 250 um, respectively. The active volume of 0.56
um? to obtain the modulation efficiency of 10 GHz/mA'!? is achieved at a cavity length
of 19 um, 38 um and 62 pm, respectively. Table 2.4 summarizes the relationships between
the stripe width, cavity length for V, of 2.25 and 0.56 pm® and required coupling
coefficients x. The wider stripe design needs shorter cavity length to reduce the V,. In
addition, it is important to note that the coupling coefficient required at that case becomes
significant large value. For example, to obtain V, of 0.56 um?, stripe width of 1.0 pm
requires coupling coefficient of 5260 cm™. However, narrow stripe width of 0.3 um
weaken the optical confinement factor as shown in Figure 2.10. To maintain optical
confinement factor even in narrow stripe design, lateral optical confinement structure
should be introduced [13]. As shown in Figure 2.17, the narrow strip of 0.2 um was
experimentally realized by introducing the lateral optical confiment structure fabricated
by selective are regrowth process.

Next, I investigated the enhancement in modulation efficiency arose from a differential
gain. Figure 2.18 shows the modulation efficiency versus differential gain calculated for

different active volumes. The optical confinement factor of 10% for the five quantum
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Figure 2.18 Modulation efficiency as a function of differential gain.

wells was assumed. The compressed strained GalnAsP quantum well designed in our
laboratory has a differential gain of 6x107'¢ cm?. It is well known that the differential gain
becomes maximum at the short wavelength side of the gain peak. A higher differential
gain for the same quantum well design is possible by selecting a lasing wavelength that
maximizes the differential gain for the DFB laser. In AlGalnAs system based quantum-
well which can create deep conduction band offset, a differential gain higher than
GalnAsP-based quantum-well was reported. The differential gain of 1.1 X 10'> cm? has
been experimentally realized [14]. Using this differential gain, the modulation efficiency

of 13.6 GHz/mA!”? can be obtained for the active volume of 0.56 um?®.
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Figure 2.20 Bias current /I, to obtain f; of SGHz (red line) and to obtain output power of 83
uW (green line). The blue line represents the output power at the bias current for f; of 5 GHz.

(x=2000 cm™!, dg/dN = 6 x 107! cm?, W, = 0.7 pm).

I have calculated the characteristics of the modulation efficiency with respect to the
active volume and the differential gain. By calculating the modulation efficiency and the
threshold current dependence on the cavity lengths, the bias current to obtain the certain

bandwidth can be known. As already mentioned, the relaxation oscillation frequency f:
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needed for 10 Gbit/s is 5 GHz from equation (2.16) and (2.18). The value of the bias
current required to obtain the f; can be calculated from the equation (2.13) as follows

Bias current to I = .+ f
obtain the fr b " modulation effieicnry?

(2.22)

In the case that the nonlinearity of the differential gain was ignored, the modulation
efficiency monotonically increases as the cavity length reduced. The cavity length
dependence of the threshold current has the local minimum value. Taking into
consideration these facts, it can be predicted that the bias current required to obtain a
certain relaxation oscillation frequency value varies so as to have a local minimum at a
specific cavity length. Figure 2.19 shows the required bias current /i to obtain f; of 5 GHz.
The x of 2000 cm™!, dg/dN of 6 x 107'® cm? and W of 0.7 um were used. The green and
blue lines shows the calculated threshold current and the modulation efficiency. Using
these two values, the bias current for the f; of 5 GHz at each cavity length depicted as red
line can be calculated. The bias current takes the minimum value in the vicinity of the
cavity length where the threshold current also becomes the minimum. At the cavity length
of 35 um, the threshold current and the modulation efficiency were 0.24 mA and 8.7
GHz/mA"2, respectively. Then, the required bias current was calculated to be 0.57 mA.
Addition to the bandwidth requirement, a sufficient optical output power of 83 uW is
simultaneously needed as discussed in the section 2.2. Figure 2.20 shows the bias current
Iy to obtain f; of 5GHz (red line) and to obtain output power of 83 uW (green line). The
blue line represents the output power at the bias current for f; of 5 GHz. At the cavity
length of 35 um, a relationship between the current for f; of 5 GHz, IvsscHz, and the
current for output power P of 83 uW , Iy ps3pw was
Iy frsuz > Ippezuw (2.23)

Therefore, when the bias current to obtain f; of SGHz is injected, a sufficient output power
for the photoreceiver is simultaneously obtained. The bias current of 0.57 mA can realize
an energy cost of 57 fJ/bit when assuming a data-rate of 10 Gbit/s and an operating voltage

of 1 V.
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Figure 2.22 Bias current /I, to obtain f; of SGHz (red line) and to obtain output power of 83
uW (green line). The blue line represents the output power at the bias current for f; of 5 GHz.

(= 4000 cm!, dg/dN = 1.1 x 10" ecm?, W5 = 0.3 um).

To realize further energy reduction, Figure 2.21 shows calculation result of bias current
for f; of 5 GHz using the possible parameters for high modulation efficiency. The x of
4000 cm!, dg/dN of 1.1 x 107!° cm? and Ws of 0.3 um were used. At the cavity length of

25 pm, the threshold current and the modulation efficiency were 0.05 mA and 21



114 Chapter 2

Theoretical analysis of membrane devices for on-chip optical interconnection

GHz/mA"2, respectively. The bias current for f; of 5 GHz, Iv fsGuz, was 0.11 mA. Figure
2.22 shows the bias current /Iy isGH (red line) and 7y pg3,w as a function of cavity length.
In this case, at a bias current /v isgHz of 0.11 mA, the optical output power P was only 13
uW. This was not sufficient for the required optical power. At the cavity length of 25 um,
the relationship between the /v sisGu, and Iv, g3 w was
Iy pesuw > Ip frscuz (2.24)

The bias current is determined by not a value of f; but the optical output power. The
required bias current for output power P of 83 uW was calculated to be 0.38 mA. This

results pave the way to achieve an energy cost of 38 fJ/bit operation.
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2.4 Conclusion

In this section, optical device characteristics for on-chip interconnection was
investigated based on a calculation. The link loss in on-chip interconnection has a
significant impact on required lase output power. The design of membrane DFB lasers
with respects to the modulation efficiency is numerically studied so that satisfy the
performance required for on-chip optical interconnections.

In the consideration of link loss, the coupling efficiency and the propagation loss is the
most important factors in the case considering the required optical power of the laser. The
coupling efficiency has an influence independent on wiring length. Therefore, in a
structure in which has low coupling efficiency, the increase in required power is caused
even in a short wiring. In contrast, the propagation loss has significant influence on total
link loss. In order to realize a long optical wiring that shows advantages for electric wiring,
it is necessary to construct the interconnection with a waveguide having a propagation
loss of approximately 1 dB/cm. If a highly efficient link structure is obtained, the required
light output becomes small. As an example of efficient link, if a propagation loss of 1
dB/cm and a coupling loss of 0.1dB/coupling are achieved, the required laser output
power for the wiring length of 2 cm is calculated to be 83 pW.

Threshold current and modulation efficiency were calculated based on the refractive
index coupling coefficient obtained in membrane DFB structure. For the structure with a
uniform grating with a coupling coefficient of 2000 m™!, the minimum threshold current
of 0.17 mA was obtained at a cavity length of 60 pm. For the structure with a A/4-shifted
grating with a coupling coefficient of 2000 m™!, the minimum threshold current of 0.08
mA was obtained at a cavity length of 35 um. The modulation efficiency is the slope of
the relaxation oscillation frequency with respect to the bias current above threshold. This
has a significant meaning to achieve high speed operation with low bias current. It was
considered that the design to obtain the 3dB bandwidth of 7.7 GHz necessary for 10 Gbit/s
operation at bias current of 1 mA for 100 fJ/bit energy consumption. At this situation, the

modulation efficiency must be at least 5 GHz/mA"? and for the 20 Gbit/s operation, 10
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GHz/mA'!? is needed. From the relationship between the modulation efficiency and the
active volume, the modulation efficiency of more than 5 GHz/mA'? and 10 GHz/mA'?
are obtained for the active layer volume of less than 2.25 um?® and 0.56 pm?, respectively.
When the cavity length was 35 pm with the threshold current and the modulation
efficiency of 0.24 mA and 8.7 GHz/mA'?, the bias current required for 10 Gbit/s
operation was 0.57 mA. This bias current corresponded to a value that can realize an
energy cost of 57 fJ/bit when assuming a data-rate of 10 Gbit/s and a driving voltage of 1
V. Assuming the possible extreme design to realize ultra-low energy consumption, the
bias current required for 10 Gbit/s operation was calculated to be 0.38 mA, which was
not determined by the f; but a required optical output power. According to this results, the
prospect for realizing the 38 fJ/bit energy consumption operation in a membrane DFB

laser was obtained.
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3.1 Introduction

In order to integrate each membrane optical components, high coupling efficiency and
low back reflection structure as well as negligible optical absorption at the passive region
are necessary. These can be achieved by appropriate coupling structure design and
optimum material design in terms of bandgap energy. There has been several approaches
to integrating photonic devices, such as butt-joint built-in (BJB) structure, selective area

growth (SAQG), offset quantum-well (OQW) and quantum-well intermixing (QWI) to
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name just a few. However, SAG, OQW and QWTI are difficult to fabricate with membrane
structure or to achieve rapid band gap change at the active-passive interface. Therefore,
in this chapter, I employed the BJB structure using organo-metallic vapor phase epitaxy
(OMVPE) as an integration method, and established the technologies, which satisfies the
requirements above for membrane integration. First, the overview of photonic integration
technique will be given. Moreover in the calculation, the coupling efficiency and the back
reflection of the butt-joint interface were estimated using the finite difference method
(FDM) and the eigen-mode expansion method (EME). Fabrication process of BJB
structure in membrane semiconductor layer was investigated. The dependence of butt-
joint growth results on the protect mask shape and the etching process before regrowth
were studied. As a result, a flat regrown surface without degradation in crystalline quality

was obtained.

3.2 Method of monolithic photonic integration

The concept of photonic integrated circuit was first proposed in early stage of a planer
optics [1]. Semiconductor integrated optical devices were appeared in 1970s soon after
the invention of RT-CW operated semiconductor laser [2]. The demand for integration of
optical devices comes from need for small system footprint, low assembly cost, packaging
cost and power reduction in the system using many optical component. The alignment
between two optical devices typically requires sub-pm-order position accuracy. When the
number of optical components reaches hundreds or thousands, the time consumption and
cost for aligning all devices becomes impractical amount. In some cases such as using an
optical amplifier, the power consume optical/electronic/optical converting process can be
bypassed. And, the integration allows us to simultaneously align the many optical
components by using a lithography.

We are now considering the way to integrate the membrane structure optical devices
on a Si platform. There are several integrated optics platform based on a glass, an organic

material and a semiconductor. I introduce the semiconductor integrated optics platform
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classified into “hybrid” and “monolithic” integration. The hybrid integration was emerged
in middle of 2000s. The name of hybrid is derived from the combination of III-V and IV
group material. This is a method of integrating the III-V semiconductors on the IV
semiconductor by using a wafer bonding or flip-chip bonding technique. The monolithic
integration is composed of only III-V materials and is used in early integrated laser. It is
typically difficult to obtain a high index difference waveguide in monolithic integration.

In this section, some of monolithic integration method will be described.

Monolithic integration method

Not available due to copyright

Figure 3.1 Monolithic integration method [3].

In monolithic integration, it is necessary to fabricate lasers, modulators, detectors and
waveguide requiring semiconductor materials with different bandgap energy in the same
plane. Especially, a passive waveguide should consist of a material with larger bandgap
than that of active regions to avoid the absorption loss. As famous approaches of
monolithic integration, offset quantum well, selective area growth, quantum well
intermixing and butt-jointed built-in structure will be mentioned. Figure 3.1 summarizes a

cross-sectional view of each integration method. In the following, the features,
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advantages and disadvantages of these methods will be explain.

Offset quantum wells (OQW)

An offset Quantum Wells (OQW) [4-6] structure has an initial growth structure
consisted of the active region onto the passive layer. Unnecessary active layer is to be
removed by etching during the fabrication process before the regrowth of upper cladding
layer. The use of the OQW enable the integration of active and passive sections with only
one regrowth process. This method makes the fabrication process of integrated device
easy and simple procedure. However, it is difficult to obtain a large modal gain because
the offset between the active region and center of waveguide prevents efficient overlap of
optical field. The integration of more than two different bandgap requires additional
regrowth steps. Figure 3.2 shows a schematic diagram of sampled grating DBR laser using

OQW [3].

Not available due to copyright

Figure 3.2 Sampled-grating DBR laser using offset quantum well structure [3].

Selective area growth (SAG)

In a selective are growth [7-11] the bandgap of the grown layer is controlled by a mask
covering nearby the area to be grown. The dielectric mask promotes the flow of diffusion
of metal organic precursors. The thickness and composition of grown layer is strongly

affected by the design of the mask geometry. Using SAG integration, epitaxial layers with
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different bandgaps for each region can be formed by only one growth. However, for
precise control of desired grown layer, many analysis on experimental data and model of
growth mechanisms are needed and considerable effort should be paid for calibrations

[12].

Not available due to copyright

Figure 3.3 Mask design for SAG indicated by hatched lines [13].

Quantum well intermixing (QWI)

A quantum well intermixing (QWI) is a method to make a bandgap shift by diffusing the
materials consisting a QW. The selective removal of the intermixing catalyst enable us to
make the different bandgap region in a same plane. There are many reports on achieving
the compositional intermixing of QW, such as impurity-induced disordering (IID) [14],
impurity-free vacancy-enhanced disordering (IFVD) [15], photoabsorption-induced
disordering (PAID) [16], and implantation-enhanced interdiffusion [17]. Although this
method has an advantage that the etching and regrowth process is not necessary, it is
difficult to obtain a large emission wavelength difference of more than 150 nm while
maintaining the crystalline quality. Several groups reported integrated photonics devices

using quantum well intermixing [18-21].
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Not available due to copyright

Figure 3.4 Emission peak wavelength of photoluminescence induced by QWI as a function

of anneal times [22].

Butt-jointed built-in (BJB) structure

A butt-jointed built-in structure (BJB) consists of the butt-coupling between the active
and passive section by selective removal of unnecessary region and butt-joint regrowth
[23-27]. This method can utilizes the well sophisticated etching and regrowth process in
semiconductor laser manufacturing. A good bandgap controllability is available due to
the regrown layer formed by organometallic vapor phase epitaxy (OMVPE). As a
negative aspect, when the number of desired different bandgap regions increases, the
regrowth is required as many as the number of required bandgap regions. The BJB
structure is adopted as a standard integration method for manufacturing the productive
integrated lasers in many company [28-33]. The thickness and bandgap of regrown layer

are controlled by equipment for OMVPE.
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Figure 3.5 1.6 pum DBR laser integrated by butt-jointed built-in structure [23].

Table 3.1 summarizes the above mentioned monolithic integration methods. The offset
quantum well needs the stacked active and passive layers structure, and has a relatively
thick waveguide core. As a result, the strong optical confinment effect in a membrane
structure is obscured by OQW integrated structure. Therefore the compatibility of offset
quantum well in membrane structure is not so good. The SAG method will serve as the
superior integration platform once the calibration is completed. However, establishment
of growth condition will require considerable effort and spending a large amount of time.
It is considered difficult to apply the SAG to integration of membrane optical devices in
restricted time at this thesis. The QWI based on IFVD had been investigated for
integrating the membrane optical devices in our group [22, 23]. Tradeoff between the
crystalline quality and bandgap shift was a primary problem. BJB structure is expected to
offer the appropriate integration platform in membrane structure. In a membrane structure,

it is preferred that the integrated structure has a flat joint section to avoid the scattering
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Table 3.1 Comparison of the monolithic integration methods.

Method Compatlblllty Thickness Bandgap Process
etho in membrane o s i
controllability controllability =~ complexity
structure
Uit poor good good easy
quantum well
SAG good moderate moderate moderate
QWI good good moderate easy
BJB good good good moderate

loss. Thickness of regrown layer is precisely controlled by growth time during OMVPE
regrowth. The properties of regrown layer is expected to same as grown on bulk substrate
if an appropriate pretreatment is performed. In addition, we can utilize the already
established etching and regrowth process established for preparing the lateral pn-junction.
In this thesis, I focus on the BJB structure as an integration method of membrane optical
devices. The next section describes core technologies of the selective area regrowth and

BJB structure in the membrane platform.
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3.3 Butt-jointed built-in (BJB) structure for membrane
photonic integrated circuits

The BJB structure has feature which are wished for integration method of membrane
optical devices. To fabricate a fine BJB structure, selective area regrowth conducted by
OMVPE is a key technology. The optimization of etching and growth can be done by
experimental try and error sequence because it is difficult to simulate the mechanism of
growth phenomena associated with a structured surface and precursor diffusion from the
mask. Each research group developed a structure based on its own empirical accumulation
of knowledge. First the principle of the selective area regrowth technique will be

introduced.

3.3.1 Selective area regrowth

During OMVPE growth process, the grown region can be selected by covering the
semiconductor surface with dielectric film such as SiO> or SiN. On the dielectric film,
reactant does not make bond, but continue to diffuse a long distance to find energy stable
position. Utilizing this fact, after once epitaxial growth performed, the region to be
protected is covered with a dielectric mask. Then the unnecessary region is removed by
etching, we can form a desired semiconductor material on selective region by repeating
epitaxial growth. This selective area regrowth can be used for fabrication of buried-hetero
structure and integrated lasers. Figure 3.6 shows possible diffusion path of precursors in
selective area regrowth. It is known that diffusion paths of precursors on a dielectric film
are divided into surface diffusion that migrates the surface of substrate, lateral vapor
phase diffusion that diffuses from the top of the substrate to lateral direction in the vapor
phase and vertical vapor phase diffusion that diffuses in the vertical direction to the
substrate [34, 35]. Surface diffusion affects the diffusion length of approximately several
um from the edge of the mask region. Lateral vapor phase diffusion affects from the edge
of the mask region to a distance of several 10 um. In a growth of quaternary compound
semiconductor such as GalnAsP, a compositnal deviation occurs in the vicinity of the

mask owing to a difference in diffusion length between the Ga reactant and the In reactant.
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Figure 3.6 Possible diffusion paths of precursors in selective area regrowth.

[36]. If the compositional deviation causes the lattice mismatch exceeds the critical
thickness, the polycrystallization of grown material is occurred. To perform successful
regrowth, following points are necessary;

(1) Exposing clean surface

(2) Forming undercut region beneath the mask to suppress over-regrowth

(3) Selecting proper crystalline orientation to form mesa
The brief explanation is given as follows. (1) When the unnecessary region is etched by
accelerated plasma with high energy such as reactive ion etching, significant damage
remains on the semiconductor surface. Growing performed on the damaged surface,
defects and abnormal growth may be created. (2) This is to prevent abnormal growth due
to transported precursors diffused from the dielectric mask region. In the region of near
mask edge where group Il reactant diffused from the mask, excessive mass transportation
of III reactant occurs. Then the growth is proceeded with a higher growth rate than the
growth rate of planar region. By forming undercut region by using selective wet etching
under the dielectric mask, a space for reactant flowing in is formed. As a result, a flat

regrowth structure can be obtained even in the vicinity of the mask. (3) Depending on the
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orientation of the mesa of the covered region, the difference in growth shape depending
on the crystalline orientation appears near the mesa. This is because the direction of the
bonding of the group III element and the group V element differs depending on the plane
orientation exposed by the etching, so that the energy stability for incoming reactant is
different. Generally, when the (011) plane is exposed, it tends to form a groove in the
vicinity of the mask, and when the (011) plane is exposed, the growth tends to be
exciting [37].

In the next subsection, after reviewing examples of formation of BJB structures, I will

describe the structure required for the integration of membrane optical devices.

3.3.2 BJB structure in photonic integration

The previous reports on fabrication of the BJB structure in conventional semiconductor
platform are introduced. While the BJB structure can be fabricated by using molecular
beam epitaxy[38], the small mass transport and diffusion of precursor result in poor
growth results compared with BJB structure fabricated by OMVPE. Therefore, most of
the currently conducted butt-joint regrowth is performed by OMVPE. The BJB structure
requires increment of the number of regrowth steps. To reduce the growth steps,

sometimes butt-joint growth accompanies the growth of cladding layer [39]. As shown in

Not available due to copyright

Figure 3.7 BJB structure accompanied with cladding layer growth [39].
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Not available due to copyright

Figure 3.8 BJB coupling between the two MQW regions formed before the growth of the
cladding layer [24].

Not available due to
Copyright Not available due to Copyright

(a) (b)
Figure 3.9 Undercut structures and growth results using (a) selective etchant and (b) non-

selective etchant [40].

Figure 3.7, however, thickness at the vicinity of the mask is largely deviated from the
planar region by mass transport effect. To fabricate a planar BJB structure, it is preferred
that the growth of cladding layer is performed after the fabricating the BJB structure on
initial epitaxial structure [24, 40-43]. Figure 3.8 shows the BJB structure integrating the
laser and electro-absorption region fabricated before the growth of cladding layer. As a
good aspect, cladding layer growth performed entirely over the jointed region helps the
surface planarization. To alleviate the growth rate enhancement effect by the mask, the

formation of side etching under beneath
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Not available due
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Figure 3.10 (left) The mask layout for tilted butt-joint growth. (right) The growth results for

tilted mesa [26].

Not available due to copyright

Figure 3.11 SEM images of butt-joint growth formed in (a) [011] direction observed from

(011) plane and (b) [011] direction observed from (011) plane [25].

the dielectric mask is known as effective approach [40, 44]. The ref. [40] investigated the
effect of side etching before the growth using selective and non-selective etchant as

shown in Figure 3.9. The
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Figure 3.12 Schematic of membrane BJB structure bonded on Si substrate.

selective and non-selective etchant were H2SO4 : H202 : H2O=1:1:8 and HBr: H20> :
H>O=1:1:10, respectively. In both cases, the top InP on the active layer was selectively
etched by HC1 : HoO =4 : 1 at 4°C. Figure 3.9 shows the undercut structures and growth
results for selective and non-selective etchant. When the deep under etching was formed
using selective etchant, the formation of InP, InP-rich alloy or void leaving at the undercut
becomes problem. The side etching depth should be carefully chose to avoid these
problems. Using non-selective etchant, the active layer and InP cap layer are both etched.
Although the sidewall had thick InP layer grown with enhanced growth rate, there is no
void left beneath the undercut and no compositional variations are expected. The
orientation of the mesa significantly change the growth shape. The investigation of
growth results of butt-joint regrowth are performed with mask oriented in the direction of

[011] and [011] [25] (Figure 3.10), or tilted direction [26](Figure 3.11). According the
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ref. [25], the tendency of the excitation at the joint formed in [011] direction than [011]
direction. The tilted mask layout forming mesa can change the growth shape depending
on crystallographic graphic direction. The active region removal process has an influence
on the growth results [25]. Depending on the used etching method of reactive ion etching,
wet etching or these combination, different growth results are obtained and typically use
of manly wet chemical etching is preferred to avoid damage induced by dry etching [45,
46].
In a membrane BJB structure, the structural requirements different from the

conventional BJB integrated structure are as follows;

(1) A thin regrowth thickness of 100-200 nm

(2) Surface flat joint section

(3) No subsequent cladding regrowth available
(1) The butt-joint regrowth for membrane structure should complete with a growth
thickness of 100-200 nm. (2) The optical filed in membrane structure is sensitive to the
surface object due to the large refractive index difference between the core and cladding
layer. To avoid the scattering loss at the joint section, the regrown structure should be
connected with the as-grown active region with smooth surface. (3) Planarization process
by growing cladding layer is unavailable because the membrane structure has dielectric
cladding layers. In order to obtain a structure satisfying these requirements, growth
structure change can be accomplished using the method as described above. Figure 3.12
shows schematic of membrane BJB structure aiming in this thesis. BJB structure is
formed in a membrane semiconductor layer on Si substrate. In next subsection, I will

describe an analysis on characteristics of BJB coupling in membrane structure.
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3.4 Calculation of membrane BJB structure

A coupling efficiency and reflection ratio are the fundamental characteristics of joint
interfaces of two sections. The expected coupling characteristics of a membrane BJB
structure is analyzed by numerical calculation in this section. A tolerance for layer
thickness variation is considered for calculation. Back reflection ratio at the interface is
also investigated because the reflection between the laser and the waveguide become an
important factor hindering stable operation of the laser. Therefore, it is studied that the
structure of the membrane BJB structure which can obtain high coupling efficiency and

sufficiently small back reflection toward fabricating integrated membrane optical devices.

3.4.1 Calculation method for BJB coupling

Numerical calculations are performed using the FIMMWAVE and FIMMPROP
released by Photon Design Inc [47]. A full-vectorial finite-difference-method (FDM) is
used to calculate mode profiles including full-vectors and the effective indices for all
eigenmodes of the waveguide. The obtained eigenmode profiles are incorporated in
eigenmode-expansion (EME) method calculation performed by FIMMPROP, then
scattering matrix including joint section is obtained. A brief theoretical principle of these

calculation methods are introduced.

Finite-difference-method

First, finite-difference-method (FDM) [48, 49] basically uses a calculation procedure
similar to finite-difference-time domain method (FDTD) [50, 51]. By differentiating the
Maxwell's equation with respect to the space, the electric and magnetic fields for each
region can be found. The only difference from FDTD is to neglect the difference of time.
It is possible to calculate the existing electromagnetic field distribution so called mode
profile of each mode from the cross-sectional structure of the waveguide by using FDM.

Various parameters such as the equivalent refractive index of the waveguide and the
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Figure 3.13 TE, mode in an optical fiber as calculated by FIMMWAVE [47].

optical confinement factor can be obtained from the mode profile. Figure 3.13 shows an
example of the FDM calculation for a mode-profile of an optical fiber. It is also used as

the calculation method of the eigenmode in the EME.

Eigenmode-expansion (EME) method
EME method can deal with a rigorous solution of Maxwell’s equations with very long
propagation structure. Assuming a single wavelength and time dependence of the form
exp(imt), solutions of Maxwell’s equation are descripted as follows;
E(x,y,z) = ey (x,y) - efm? 4.1)
We can find that a mode has a simple harmonic dependence for z, and this fact enable
EME method to solve slowly varying structures quickly and efficiency. In typical
waveguide, there are several guided modes and infinite radiation modes. A complete basic
set, which can express any solution of Maxwell’s equation in a waveguide, consists of
superposition of the guided and radiation modes including both the forward and backward
propagation modes. The electric and magnetic field can be expanded as following
equations.
E(x,y,z) = YM . (aiePk* + be P*)E,(x,y) Electrical field 4.2)
H(x,y,z) = Y (axe * + be Px*)H, (x,y) Magnetic field  (4.3)
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Figure 3.14 Scattering coefficient at a waveguide joint.

These equations give exact solution of Maxwell’s equation in a linear medium. Next,
to analyze jointed optical waveguide structure, a joint section between two waveguide
will be introduced.

The boundary conditions at a joint of two media are derived from the continuity
conditions Maxwell’s equation. The tangential component of electrical fields must be
equal on each side of the jointed interface. According to the expanded expression of the

electrical fields, the mathematical expression for boundary conditions are as follows;

M M
Z (a,(:)eiﬁkz - a,((_)e_iﬁkz) E,(:) xy) = Z(b,g)eiﬁkz - b,g_)e_iﬁkz)E,((_)(X, y) 4.4)
k=1 k=1

Also, the boundary conditions for longitudinal electrical and magnetic fields become

[Bes ey =5y =, s

Here, I used the fact that the all modes are orthonormal each other. After some

mathematical operations, a relationship between the coefficients are represented as the

a(_) _ a(+)
(b(+)) =5 (b(‘)) (4.6)

form,;



136 Chapter 3
Design and fabrication of membrane butt-jointed built-in structure

In this matrix equation Sy is a scattering matrix for the waveguide joint. The evolution

in the simple propagation section is represented as

eiﬁlz O )
O eiﬁZZ cee (4.7)

Calculation for this diagonalized matrix can be conducted very quickly when
eigenmodes are once obtained. In EME method, first, the eigenmodes in each region are
calculated, and the electromagnetic field distribution is deduced by calculating the
scattering matrix of the joint section between each propagating region.

A combination of modal analysis based on FDM and propagation analysis based on
EME method enable us to an accurate and time efficient numerical calculation of a

waveguide.
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3.4.2 Analysis on coupling efficiency and back reflection

Prior to the showing the coupling structure to be analyzed, a brief fabrication procedure
of the membrane BJB structure is shown. Figure 3.15 shows a fabrication process of the
membrane BJB structure. The process start with an initial growth InP wafer including
MQWs layer. The island shape SiO2 mask is formed by using plasma-enhanced chemical
vaper phase deposition and photolithography. The mask pattern is transferred on MQWs
layer by etching. Then, a GalnAsP/InP waveguide layer is regrown by OMVPE.
Subsequently, n- and p-InP layers are regrown using stripe shape SiO2 mask. Finnaly the
InP substrate is bonded on a Si substrate with SiO cladding layer intermediated by BCB
adhesive. The variable parameters for designing the coupling structure is considered to
be a refractive index of waveguide as well as composition of GalnAsP or growth thickness.
However, the equivalent refractive index of the waveguide can be easily changed by
thickness control rather than the material composition change. For this reason, the growth
thickness, which can be easily controlled by a growth time, is chosen as a parameter to

be designed.
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Figure 3.15 Schematics of fabrication process of membrane BJB structure.

Figure 3.16 shows the calculation model of the membrane BIJB structure in
perpendicular to the direction to the propagation direction. The stripe width is 0.8 um,
which satisfies the single mode in the both active and passive section and can expect good
laser characteristics. The active section consists of 5 multi quantum-wells buried by side
InP cladding layer. The passive section has also side InP cladding layer. The growth
thickness of GalnAsP layer d can be a parameter. The total core thickness of the passive
waveguide is defined as D = d + 100 nm (top InP) + 20 nm (bottom InP). Figure 3.17
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Figure 3.16 Calculation model of the membrane BJB structure in perpendicular to the

direction to the propagation direction. (a) Cross section of an active region. (a) Cross section of

a passive region
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Figure 3.17 Calculation model of the membrane BJB structure in horizontal direction to the

propagation direction.

shows the calculation model of the membrane BJB structure in the direction parallel to
the propagation direction. It is assumed that two regions are joined by abrupt interface
without any transition structure. Actually, such abrupt joint is difficult to fabricate
because of the growth phenomena during the OMVPE regrowth. After observing the
experimentally obtained BJB structure in next section, coupling efficiency is again
calculated. The cladding layers of 1.5 um-thick of SiO, and air are used because the
optical field does not exist outside these cladding layers. The calculations are performed
using wavelength of 1.55 pm which is the target operating wavelength of the membrane

laser. Table 3.2 summarizes the used parameters for the calculation at the wavelength of
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Table 3.2Refractive index parameters in the calculations at 1.55 pm.

Material Refractive index
Air 1.00
Go.21Ino.79As0.46P0.54 (OCL) 3.35
Go.22Ino.78Aso.s1Po.19 (well) 3.54
Go.26Ino.74As0.49Po.51 (barrier) 3.35
Si02 1.44
InP 3.17
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Figure 3.18 Mode profiles at the active and passive sections.

1.55 um. The refractive index of quaternary materials are calculated by modified single
effective oscillator method (MSEO) [52]. Figure 3.18 shows calculated mode profiles at
the active and passive sections with regrowth thickness d of 150 nm, that is when the

thickness of the active and passive sections are matched. These profiles have almost same
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Figure 3.19 Propagation intensity profile calculated by EME method. (a) Forward

propagating power, (b) Backward propagating power.

shape which is thanks to the BJB integration structure. Figure 3.19 shows result for
propagation intensity profile calculated by EME method. The incident optical mode was
TE-like Oth-order. The passive regrowth thickness d of 150 nm was used in this
calculation. As shown in the (a), the forward propagating field is well coupled to the

passive section. The backward propagating field is shown in the (b). Although the almost
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Figure 3.20 Coupling loss of the BJB coupling between the active and passive sections.
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Figure 3.21 Back reflection ratio at the BJB coupling.

propagating power is coupled to the passive section, there exits back reflection portion.

Figure 3.20 shows the coupling loss of the active-passive BJB coupling as a function of

the total thickness of passive waveguide D. We consider the £ 20 nm thickness as a

possible deviation during fabrication. Choosing the thickness of 279 nm as the center, it
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Figure 3.22 Equivalent refractive index of the passive waveguide section as function of the

thickness.

can be seen that the coupling loss of less than 0.09 dB (2%) is obtained in the deviation
of + 20 nm. The reason of the rapid increase of loss in the less thickness region is large
mode mismatch between the two sections. As for the back reflection ratio shown in Figure
3.21, the value of less than -42dB is expected within the aforementioned thickness
deviation range. This is a value is considered to not disturb the stable operation of the
laser [53]. In order to verify the reason of why the minimum coupling loss occurred at the
thickness of 279 nm, an equivalent refractive index as a function of the passive waveguide
thickness is calculated. Figure 3.22 shows the equivalent refractive index of the passive
waveguide as a function of the waveguide thickness. The equivalent refractive index of
the passive section is monotonically increased as increasing the waveguide thickness. The
indices of the active and passive regions are becomes equal when the passive waveguide
thickness is 277 nm. At this thickness, back reflection becomes small due to a little index
mismatch. In addition to the refractive index matching, the mode profiles of two regions

are almost same shape.



Chapter 3 145
Design and fabrication of membrane butt-jointed built-in structure

3.5 Process investigation of membrane BJB structure

In section 3.5, process investigation of a butt-joint regrowth using OMVPE will be
described. To obtain flat buried structure, I investigated the crystal geometry depending
on two approaches as follows;

(1) Dependence on regrowth mask shape
(2) Dependence on island fabrication process
The obtained layers were evaluated by scanning-electron microscope image and

photoluminescence measurements.

3.5.1 Growth process

The experimental procedure for butt-joint regrowth is described.

Organo-metallic vapor phase epitaxy (OMVPE)

Figure 3.23 shows the appearance of OMVPE system (NIPPON SANSO currently
TAIYO NIPPON SANSO CORPORATION : HR3255) used for regrowth and initial
wafer growth in this experiments. This OMVPE has a horizontal reactor and a load lock
chamber. As a material source, group-III material (metal organic) of tri-ethyl-gallium

(TEG), tri-methyl-aluminum (TMA), and

T

Figure 3.23 OMVPE equipment of HR3255.
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Table 3.3 specification list of HR3255

System type Lateral type MOCVD system MODEL HR3255
Metal TEG ™G TMA TMI CBr4
organic 100 sccm 10 sccm 50 sccm 500 sccm 500 sccm
100% AsHsz 1% AsHz  100% PH3 Si2Hse DMZn
Gas control gas

100 sccm 1000 sccm 500 sccm 500 /10 sccm 520 sccm

Carrier gas : 2 lines( Hz)

Vent gas : 2 lines( N»)

Lateral type reactor (silica base)

Reactor
Rotation type Susceptor (SiC coted graphite base)
System
A single 2-inch wafer
Annealing
High Frequency Induction Heating, 450 ~ 1000 °C (susepter temperature)
system
Gas H? purifier : LS20 (2.0m%/h)
purifier N? purifier : MANNO2 (2.7m?/h)

u-InP (50 nm)
u-GalnAsP OCL (15 nm)

height = 170 nm du—GaInAsP 5QWs (90 nm)
u-GalnAsP OCL (15 nm)

InP Sub.

Figure 3.24 Initial wafer structure used in experiment for butt-joint regrowth.

tri-methyl-gallium (TMG) and group-V material of AsH3 (arsine) and PH3 (phosphine)
are implemented. Dopants of di-metyl-zinc (DMZ), di-silane (Si2H6) and carbon

tetrabromide (CBr4) are available. The all epitaxial growth was done on a carbon
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Table 3.4 Properties of initial epitaxial layers

Emission wavelength  Thickness

Layer Material
[ nm ] [ nm ]
Cap u-InP 50
Gao21Ino.79As0.46P0.5
OCL 1200 15
4
Gao.26In0.74As0.49P0 5
TS-0.15% barrier 1200 10
1 X5
CS1.0% well Gaogo1Ino79As08P02 1520 6
Gao.26Ino.74As0.49P0 5
TS-0.15% barrier 1200 10
1
Gao21Ino.79As0.46P0.5
OCL 1200 15
4
InP substrate n-InP

susceptor coated with SiC under the pressure of 82 Torr with the substrate rotation speed
of 12 rpm. Table 3.3 summarizes the specification of HR3255. Figure 3.24 shows the initial
wafer structure used in experiment for membrane butt-joint regrowth. Table 3.4 is a list of
the detail properties of the initial epitaxial layers. The epitaxial structure is grown on an
n-InP substrate by using OMVPE. The core structure consists of 5 quantum wells
(GalnAsP, 6 nm) and 6 barrier layers (GalnAsP, 10nm), which are sandwiched by optical
confiment layers (GalnAsP, 15 nm). The top layer is capped by 50-nm-thick undoped-InP
layer. This active layers are same structure as that of an initial wafer of membrane lasers

in the following chapters.

Reactive ion etching (RIE)
Figure 3.25 shows the appearance of reactive-ion-etching system of 10-NR (SAMCO). In
RIE system, radicals of the reactive gas are generated by applying a high frequency

voltage through parallel plate electrodes. Anisotropic etching is occurred by irradiating
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radical plasma gas onto the substrate surface. Although the plasma leaves the damage on

CH,/H, Etching: 12 min (continuous)

(a)
Polymer

800nm
[np_ : ; v
Act. —— — W) 4.8um
InP —
[t e
CH,/H, Etching + O, Ashing 20 Cycles
(5 min) (5 min)

(b)

Figure 3.25 (Left) Reactive-ion-etching system (SAMCO;10-NR). (Right) cycle etching
process [54].

Table 3.5 Etching condition of InP and GalnAsP using CH4/H, RIE

1 cycle
Parameters Stepl Step2
CH4 10 sccm -
Gas flow
02 40 sccm 30 sccm
RF power 100 W 50 W
Pressure 6.0 Pa 10 Pa
Irradiation time 1 min. 40 sec.
Table 3.6 Etching condition of SiO, using CF4 RIE
Parameters Step1
CF4 10 sccm
Gas flow
02 -
RF power 12W
Pressure 0.8 Pa

Irradiation time 27 min.
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an etched surface, the vertically etched profiles can be obtained compared with wet
chemical etching. In this thesis, two RIE systems are used in order to generate different
gas plasma. The first one is equipped with CH4/H> gas lines to etch the III-V
semiconductors with SiO2 mask. Another one is equipped with CF4 gas line to etch the
SiO2 with photoresist mask. In an etching process with CH4/H> gas, the polymer
deposition tends to prevent the vertical etching profile as shown in right hand side of
Figure 3.25. By inserting the ashing process using O> plasma between the each CH4/H>
etching process, and repeating this cycle, the vertical etching profile with several-um-
depth can be obtained [54]. Table 3.5 shows the etching condition of InP and GalnAsP
using CH4/H> RIE for 1 cycle. Table 3.6 shows the etching condition of Si0 using CF4
RIE.

Figure 3.26 shows schematic diagram for explanation of experimental procedure
observing the (011) plane.
(1) Initial wafer
The initial epitaxial structure shown in Table 3.4 was grown on a 2-inch n-InP wafer by
OMVPE.
(2) Etching InP cap layer
The surface InP cap layer was removed after forming island shape SiO, mask. The
island shape resist patterns were formed by a photoresist of SI1818 and an i-line
photolithography. Before the spin coating the S1818 on a substrate, hexamethydisilazane
(HMDS) was coated as primer coating. The island mask patterns were exposed by i-line
lithography with the exposure energy of 92.5 mJ. The resist patters were transferred onto
a Si0z using CF4 reactive ion etching (RIE). The photoresist was removed by boiling in
acetone and rinsed in methanol. The InP cap layer was etched by CH4/H2 RIE using the
formed island shape SiO> mask. The dry etching depth at this process is to be considered

in the next subsection.
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GalnAsP GalnAsP Si0, 50 nm
5MQWs 90 nm OCL 15nm [nP350nm

[=
e

(011]
1) Initial wafer 2) Etching InP cap layer

Regrown GalnAsP

HII
i

3) Wet chemical etching 4) OMVPE regrowth

Figure 3.26 Schematic of fabrication procedure of the membrane BJB structure.

(3) Wet chemical etching

Unnecessary active layer was removed before the regrowth and optimum undercut
etching should be performed in this step. A selective chemical solution of H>SO4 : H2O» :
H>O =1 :1:40 is chosen for the etching because its relatively small etching rate for
GalnAsP helps precise control of etching depth with smooth etching surface. During the
wet etching, the temperature of the solution was controlled by temperature-controlled
water bath.
(4) OMVPE regrowth

The process substrate was regrown in the OMVPE reactor. The substrate was dipped
in buffered HF 1% in 3 sec for removing SiO> particles. After loading the sample into the
OMVPE reactor, dehydration baking was conducted for 30 min at 250°C. The epitaxial
regrowth was performed for the conditions as shown in Table 3.7. As the first layer, a thin
InP is grown for the thickness of 10 nm at 600°C. This buffer growth condition is the
same as the buffer condition in previously established regrowth process for regrowth of

n- and p-InP to fabricated LCI structure. After raising the temperature, the 155-nm-thick
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GalnAsP core layer and the 20-nm-thick InP cap layer were grown at 650°C. In this
growth process, only buffer InP layer was grown at 600 °C to utilize the previously
established regrowth process for regrowth of n- and p-InP. Finally, the regrown substrate
is cleavedin (011) plane so as to observe a cross section at BJB coupling by using SEM.

Table 3.7 Growth condition for butt-jointed built-in structure.

. Time Thickness Rate Temperature  V/III
Layer Material . . .
[ min | [ nm ] [ nm/min ] [°C] ratio
1. Buffer InP 0.5 10 20 600 560
Temp. rise 600—650
2. Core GalnAsP 7.2 155 22 650 440

3. Cap InP 1 20 20 650 560
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3.5.2 Dependence on regrowth mask shape
When performing the butt-joint regrowth, SiO> mask shapes can be a parameters. The
mask area and mask angle respect to the crystal orientation of an InP substrate can be

changed to give a difference in the growth shape.

Consideration of mask area

First, a butt-joint regrowth using different dimension of mask is conducted to
investigate an optimum mask size especially respect to the area. Figure 3.27 shows a top
view of SiO2 mask design with fixed width and various length. The mask shape is
designed to be a rectangular shape for the simplicity. The mask dimensions are a 2000
um wide x various length. The length is defined to the parallel direction to the [011]
direction of an InP substrate. The arrayed island shape masks are spaced by 1000 um for
the [011] direction and 130 um for the [011] direction in order to avoid the
interference between adjacent masks. A length of the mask is varied from 50 to 200 um,
which values are chosen assuming a cavity length of membrane DFB lasers. The dry
etching time of 5 min (Imin x Scycle) and wet etching time of 1min and 30sec were
performed. Figure 3.28 shows SEM images of a cross section of the regrown substrate
cleaved in the (011) plane. The samples are stained by using a solution of H>SOy4 :
H>02 : H2O=1:1: 40 for 40 sec at 20°C. We can see that the roughness and thickness
of the grown layer tend to increase as the length of the mask gets longer. The enhanced
growth rate is attributed to the excessive diffusion of the reactant from on the SiO> mask.
The thermally decomposed metalorganic material is diffused on the dielectric SiO2 mask
with a long diffusion length because the Ga and In reactants cannot form a bond on a
dielectric. The reactants diffused for a long time reach the edge of the mask, and then
diffused into a semiconductor surface. The amount of diffused reactant is dependent on
the mask area of the SiO, mask. Therefore, the abnormal growth was strongly occurred
for a mask with longer length. Such abnormally grown of GalnAsP layer has
unpredictable composition and unoriented polycrystalline properties. In addition,

dislocations could be generated in the grown layer will degrade the optical properties of
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€ Mask dimensions

Width 2000 X L um?  (Width X Length )
Y 2000 pm 2000 um
7 3-;0»5 sees L:50/75/100/
1000pm| SO 125/150/ 175 /200 pm)

[011]

L» [011] InP substrate

Figure 3.27 SiO; regrowth mask layout with the width of 2000 pm and various length.

Figure 3.28 SEM images of a cross section of the regrown substrate cleaved in the (011)

plane.
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a GalnAsP as a passive waveguide. According to the aforementioned discussion, the
abnormal growth must be avoided in a selective area regrowth for the fabrication of BJB
structure. Therefore, the mask width of 2000 um was too wide as the area of dielectric
covered region. Figure 3.29 shows the mask layout with reduced width of 13 um to avoid
the abnormal growth. The mask length is varied from 10 to 500 um. The patterns are
oriented parallel to the [011] direction. In this narrow width design, it is difficult that
cleaving the 13-um-wide masked island to observe the coupling joint formed in the
[011] direction. The sample with 90° rotated mask pattern was prepared to observe the
cross section of growth results. Because small regrowth mask effect on the growth is
expected for this design, the growth results for two masks are assumed to be the same in
this experiment. To form the mesa, the dry etching time of 5 min (I min X 5cycle) and
wet etching time of 1 min and 30 sec were performed. Figure 3.30 shows stained SEM
image of BIB coupling form in the (011) plane. As expected from qualitative
consideration of mask area design, the growth thickness is almost same as the thickness
of the region far from the mask edge. The grown surface morphology is improved to be
flat compared with previous results as shown in Figure 3.28. The epitaxial growth with
single crystal is expected from the SEM observation. However, there is an air gap between
the initially grown active region and regrown passive region. This unembedded region is
created by an appearing of the higher order crystalline plane, which has slow growth rate,
such as the (111)A plane. It is well known that the butt-joint regrowth to the [011]
direction tends to cause the air gap [55]. To perform a butt-joint regrowth without the air
gap, not only the regrowth mask area but also other factors such as the mask angle and

growth process should be considered.
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Width € Mask dimensions
15 13X Lpum®  (Width X Length )
L «>
]
- um] e L : 10/20/40/60/80/90/100/110/
: 120/150/160/180/200/500 pm)
[011]

90° rotating the mask pattern

€ For observation of
cross section in the (011) plane

[011]

I—»[Oil]

Figure 3.29 SiO; regrowth mask layout with reduced width of 13 pm.

InP substrate

. [011] b ke xs-ﬁ..*ékf'_'é'a"'-_a'ri@

Figure 3.30 SEM images of a cross section of the regrown substrate cleaved in the (011)

plane.
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Consideration of mask angle

Subsequently, the dependence on mask orientation with respect to the crystalline
direction is investigated through changing the angle of the regrowth mask patterns. The
initial wafer structure is as same as the previous experiment shown in Figure 3.24. The
mask design is shown in Figure 3.31. The mask shape is a rectangle with a width of 10 pm
and a length of 200 pm. The patterns are angled from 90° to 0° stepped by 1°. To form
the mesa, the dry etching time of Imin (1 cycle) and wet etching time of 11 min were
performed. However, it is difficult to continue to observe the cross section from the facet
formed in same crystalline direction. The cleaving direction is divided into two types , As
shown in Figure 3.32, SEM observations were performed along with the [011] direction
from an angle of 45° to 90° and the [011] direction from an angle of 0° to 45°. Although
the wet etching time before the regrowth is 11 min, the side etching depth under the mask
observed from the SEM is approximately 400 nm, which is the depth corresponding to
the wet etching time of about 17 min assuming side etching rate of 23 nm/min. Therefore,
we should note that there was excessive etching due to insufficient rinse by diluted water
after the etching. Figure 3.33 shows the SEM images extracted from the results of regrowth
which showing a distinctive appearance. (a) For the result of @ = 87°, the InP as a buffer
layer was first grown so that filling the side of the mesa of the active layer with a slope
to the region 150 nm away from the mesa. After that, GalnAsP layer grown so as to fill
under the mask, then cap InP was grown on the surface. However, there was an air gap
left under beneath the SiO, mask. (b) For the result of 8 = 64°, the amount of InP buffer
layer grown at the side of mesa was considerably increased. And it was grown to a
distance of 315 nm away from the mesa. The GalnAsP layer was grown so as to fill the
undercut region. The gap between the GalnAsP and the mask was embedded by the InP
cap layer. However, since the cap layer was not grown on the GalnAsP at the mask edge,
the desorption of As-atom during the temperature lowering after the growth caused
roughened surface. (¢) For the result of  =25°, the InP buffer was grown to a distance of
approximately 200 nm from the mesa, and GalnAsP is grown with keeping a gap from

the mask. Although InP was grown on the llyer, the gap was left between the mask and
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€ Mask dimensions

b 10 X 200 wm? (Width X Length )
Length 1 » .
200 I Angle : 90 -0 (1" steps)
250 SiO
500 pm 2 :
E — Definition of
[011] * = | mask angle 8

I—» [011] InP substrate

Figure 3.31 SiO; regrowth mask layout with various angled.

10 um
L

—

Observation
directi

0 =45-0°

Figure 3.32 Cleaving direction divided into two types by its angle.

the growth surface. (d) For the result of 8 = 0°, the InP buffer was grown to a distance of
about 100 nm from the mesa. Particularly noteworthy is that it was grown with the upper
layer as a seed layer. The InP buffer grown on the substrate side was grown to the height
of only that of the lower OCL of the active layer, and the amount of growth is very small

compared with the results for other angles. As GalnAsP approaches the mask side, the
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growth thickness becomes thinner in a tapered structure. The InP cap was grown to fill
the gap between the mask and the GalnAsP.

In the observation of SEM images, air gap and surface roughness appeared in these
samples are confirmed. As the conclusion for this experiments, increase of the growth
time of the InP cap layer at an angle of 8 = 75°— 0° will give good butt-joint growth
interface which has no air gap and rough surface.

InP

Regrown GalnAsP
MQWs+OCLs! il

15.0kV X60.8K Saenm

15.0kV X6@.8k ' 'SBonm 15.0kV X60.6k "'Shonm

(c) (d)

0 =90° ~74°
(a)

g =75°~34°
(b)

6 =35°~9°
(c)
6=9°~0°

(d)

Figure 3.33 (upper) SEM images of butt-joint regrowth result for different mask angle.
(bottom) Group of the growth results categorized by a mask angle. Each semiconductor material

is colored by an illustration software.
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3.5.3 Dependence on island fabrication process

The butt-joint growth structure depending on the island formation process is investigated.
The process sequence of the island mesa formation is shown in Figure 3.34. The 50-nm-
thick surface InP layer is removed by RIE for 2.5 cycle. The OCL and MQWs layers are
etched by using chemical etchant of H>SO4: H2O2: H2O = 1:1:40, then the bottom InP
layer is exposed. By changing the wet etching time, the side etch depth under the mask
and the mesa formation angle can be controlled. This results in change of regrowth
geometry. The definition of side-etch depth and mesa angle is shown in the middle of

Figure 3.34. The mask used in the experiments is a rectangle shape oriented in the [011]

GalnAsP

OCL 15 nm SiO, 50 nm

InP 50 nm

GalnAsP SMQWs
90 nm

[100]

(011]
@ Etching InP cap layer

d : side etch depth

;

6 : mesa angle

@ Wet chemical etching
Regrown GalnAsP

InP Sub.

|

@® OMVPE regrowth

Figure 3.34 Island shape mesa formation process.
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direction. The length is varied from 10 pm to 300 um, and the stripe width is fixed at 13
pum. Figure 3.35 shows SEM images observing the growth results obtained for different
etching time conditions. The results for the wet etching time of 5 min and 7 min show the
formation of air gap between the interface of the active and passive regions. In the result
of the etching time of 9 min, the embedded and air gap region are simultaneously exist.
In the case of wet etching for 20 min, no air gap is formed at the growth joint section,
though there is a region where the InP cap layer is not grown on GalnAsP. As a
consequence, desorption of As-atom induces the surface roughness. For the etching time
of 11 min, flat regrowth result having a butt-joint section completely embedded with
GalnAsP/InP and a maximum height deviation of approximately 5 nm from SEM image
is obtained. Figure 3.36 shows a graph for depth of side etching and mesa angle for wet
etching time. The side etching depth was monotonically increased as an increase of
etching time. The mesa angle shows saturation at around 50°. It seems that it approaches
the theoretical angle of to 54.736° formed by the (111) plane and the (001) plane. The
reason why the structure of the regrowth near the mask changes by changing the time of
wet etching is as follows. When the growth is performed for difererent crystalline plane
appreared on a surface, crystal growth preferentially occurs on a crystal plane having a
low energy barrier because the precursors diffuse from a high energy surface to a low
energy crystal surface [56]. As a result, a concentration gradient of the precursors species
from the preferentially grown crystal plane to crystal planes where growth is difficult
occurs [57]. In the case of InP, the growth rate on the (111) plane is several times slower
than that of on the (001) plane. In GalnAs and GalnAsP, the growth rate on the (111)
plane is much slower than that on the (001) plane, therefore it can be said that negligible
growth is occurred in the growth of thin film [56]. In the results of 5, 7 and 9 min, It is
considered that diffusion into the region where the (100) plane exists occurs and hardly
grows to the (111)A plane on the mesa side surface of the active region. In the etching
time of 20 min, mass transport into the beneath the mask results in enhanced growth rate

of InP buffer layer due to the deep side etching depth. Selective growth on a specific
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Observation from

P Wet etching time
vertical direction Bird view g

Side etch depth d / Mesa angle ¢

Side etch depth

5 min
105nm/38°

7min
135nm/43°

9 min
143 nm/ 45°

1 lmin
165nm/ 50°

20 min
480nm/ 52°

Figure 3.35 SEM images of cross section of butt-joint regrowth results for different wet

etching times.
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Figure 3.36 Depth of side etching and mesa angle dependence on etching time.

crystal plane was suppressed by deep undercut and no higher order plane appeared. The
InP cap layer is grown so as to embed the gap region, but the growth time is insufficient
to cover the GalnAsP surface. From these results, as a condition for obtaining a good butt-
joint coupling, wet etching time for 11 min should be adopted as the condition of island
formation. Figure 3.37 shows the SEM image of the fabricated BJB structure observed
from the [011] direction using the established conditions. The GalnAsP core layer in
the passive section is directly joined to the active region, whereas the surface of the u-InP
layer in the passive section is slightly (~20 nm) higher than that in the active section. The
top InP cap layer of as-grown active region was slightly deformed after growth. This is
attdributed to the decomposition during dehydration baking or temperature rising in
reactor of OMVPE. However, it is considered that there was no influence on growth
because no occurrence of voids was observed. The coupling loss of the experimentally
obtained structure was calculated. Figure 3.38 shows the calculation model for

experimentally obtained membrane BJB structure. The mesa shape of the active region
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was approximated by step structure. The calculation method and procedure was as same
as those in the section 3.4. As a results, the coupling loss and back reflection of 0.02dB

and -47dB were estimated.

- Active Passive

285 nm

u-GalnAs -
R 300 .

Figure 3.37 Cross sectional SEM image of the obtained membrane BJB structure.

GalnAsP quantum well
\ 13.3nm InP
\\ N 87 nm 245 nm I 100 nm
GalnAsP 165 nm
33 nmi
50.3deg
20 nm

Figure 3.38 Calculation model for experimentally obtained membrane BJB structure.
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3.5.4 Evaluation of regrown layer by photoluminescence

Figure 3.39 Photoluminescence measurement equipment (HORIBA).

To investigate the optical properties of regrown layer, the photoluminescence
characteristics of the regrown GalnAsP were evaluated for the results of the wet etching
time of 11 min which showed a good BJB coupling. Photoluminescence (PL)
measurement is based on the principle that the carrier is excited by using an excitation
light source with the energy larger than the bandgap of interest semiconductor and that
carriers are recombined to emit photons. Since the emitted photon corresponds to the
intrinsic band gap of each semiconductor material, the emission spectrum can be used to
know the optical properties of the material. Figure 3.39 shows the appearance of PL
measurement system manufactured by HORIBA. This system consists of excitation layer
with wavelength of 640 nm (VORTRAN LASER TECHNOLOGY,INC, Stradus® 640-
30 ) and the detector (HORIBA, synapse) and the spectrometer (HORIBA, iHR320). The
GalnAs array detector of synapse is cooled to -65°C. In this system, the stage can move
with an accuracy of 1 um and has a mapping function to continuously measure the PL
characteristics in the plane. The implemented objective lens is M Plan Apo NIR 10x

(Mitutoyo). According to the spot size of 1.3 mm of the laser source and the specs of the
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Figure 3.40 PL spectra of the active region and regrown passive region measured at far from

the mask.

objective lens, the spot size of approximately 10 um is expected on a sample. All
measurement was performed at room-temperature. Because we use the 10% attenuation
filter for 30 mW laser source was used, the excitation power was approximately 3 mW.
Figure 3.40 shows PL spectra of the active region and regrown passive region measured at
far from the mask. The active and passive regions have a PL peak at 1.56 pm and 1.22
um, respectively. In the regrown region, there is a concern that the obtained crystal in the
vicinity of the mask has different characteristics compared with the region not affected

by the mask. Next, the location dependence of PL characteristics was measured.
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Figure 3.41 Measured positions around the mask.

Figure 3.41 explains the measured position. The island region with the width of 13 pm and
length of 100 um was used. Measurements were performed at 40 pm intervals in the
[011] and [011] directions with the vicinity of the mask as the starting point. Table 3.8
shows the PL intensity, peak wavelength and full-width at half maximum (FWHM) of
each measured point. Figure 3.42 shows the superimposed PL spectra for different position.
There are no significant difference for both direction. These spectra have slightly different
PL intensity but the FWHMSs of 58 meV are almost constant over the all measured point.
This FWHM of 58 meV is comparable with the FWHM of 57.7 meV for GalnAsP grown
on a bulk InP substrate in our previous result, the value of it was 57.7 meV. Next, PL
mapping measurement was performed in the region of 200 um x 200 um where the
possibility that the influence of the mask might be considered. The measured island had
a width of 13 um and length of 40 pum. Figure 3.43 (a) and (b) show the PL peak
wavelength and PL peak intensity mapping result respectively. The PL mapping was

generated by stepping the 3 umx=3 pm field of view. It was confirmed that the wavelength
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Table 3.8 PL properties for each position.

[011] direction

Distance from

Peak intensity [a. u.]

Peak wavelength

Full-width at half

the origin [um] [nm] maximum [meV]
20 51315 1222.5 59
60 47993 1218.5 58
100 49000 1218.5 58
140 51195 1217.5 59

[011] diretion

Distance from

Peak intensity [a. u.]

Peak wavelength

Full-width at half

the origin [um] [nm] maximum [eV]
50 48979 1219.5 53
90 51413 1218.5 5
130 50301 1217.5 58
170 53320 1218.0 5
60000 = 60000 e
[011] direction [011] direction
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shift was not occurred even in the vicinity of the island mask. In addition, no transition
wavelength was observed in Figure 3.43 (a). I note that the colors indicating intermediate
wavelength appear on the boundary between the two regions due to automatic
interpolating by the software. From the measurement of the PL peak intensity mapping,
it is confirmed that the emission intensity which is the same as the position away from
the mask even in the vicinity of the island. According to these measurements, the regrown
layer in the vicinity of the active region island has same characteristics as in the region
without the influence of the regrowth mask. Therefore, the GalnAsP waveguide grown
by the method investigated in this research has sufficient quality to obtain the passive

waveguide characteristics.
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3.6 Conclusion

This chapter described BJB structure for the integration of membrane optical devices.
Section 3.2 given photonic integration methods used in general photonic platform. In
monolithic integration platform, many efficient coupling structures, for example offset
quantum well, quantum well intermixing and butt-joint regrowth, are available. Section
3.3 described numerical design for the efficient BJB structure in membrane structure. The
BJB structure was investigated in the view point of regrowth thickness of u-GalnAsP
layer. The numerical calculation based on finite difference method (FDM) and eigenmode
expansion (EME) method was performed. As a results, a high coupling loss of 0.09dB
(2%) and small back reflection of below -42dB can be simultaneously achieved in the
growth deviation range of =20 nm. This fact is thanks to the mode matching between the
active region and a passive region by adopting BJB structure. In section 3.5, experimental
investigation to fabricating membrane BJB structure was conducted. The two approaches
to obtain a BJB structure were investigated. The reduction of the protect mask are for
regrowth improved thickness uniformity of regrown layer. The control of the active mesa
structure by a wet etching process enable regrowth to embedding the active and passive
section without an air gap. The undercut condition of depth of 165 nm and mesa angle of
50° result in good growth structure with etching time of 11 min. The regrown GalnAsP
layer was evaluated by micro photoluminescence. There was no distinguished
degradation in pholuminescence intensity around the active region confirmed by mapping
measurement. The emission wavelength of regrown layer was same as that of grown on
a bulk InP substrate. The FWHM of the regrown layer was 58 meV, which was
comparable to the typical FWHM of GalnAsP at room-temperature. As a consequence, is
was realized that the membrane BJB structure with efficient coupling of an active and

passive section can be expected.
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4.1 Introduction

This chapter describes the fabrication process and measurement results of
membrane DFB lasers integrated with a BJB waveguide. In the chapter 3, the fabrication

process of the membrane BJB structure was established. The BJB structure will be
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introduced into the membrane laser to integrate the laser and other function devices in
this chapter. Section 4.2 describes the fabricated device structure and grating design.
Section 4.3 describes the fabrication procedure and detail process of the membrane DFB
laser. The dry etching process during the grating formation which used in previous works
in our group significantly degraded the optical property of the active region. Therefore,
the grating was formed using wet etching in this research to avoid the damage into the
active region. Section 4.4 describes the static characteristics of fabricated membrane DFB
lasers. The devices with uniform grating and A/4-shifted grating are characterized. To
confirm the reliability of membrane DFB laser, the preliminary reliability test is
performed. Section 4.5 describes the dynamic characteristics of membrane DFB lasers.
Relative intensity noise (RIN) measurement shows the noise spectrum included in the
output light of lasers. The relaxation oscillation frequency can be obtained from the peak
frequency in RIN spectrum. The modulation bandwidth of the laser was measured by
using vector network analyzer (VNA). Finally, the large-signal modulation of membrane
DFB laser was performed. The eye diagram and bit-error-rate were recorded and energy

consumption for the modulation was estimated.
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4.2 Structure and design of membrane DFB laser

4.2.1 Device structure

First, the device structure fabricated in this chapter is explained. Figure 4.1 shows
the schematics of (a) the membrane DFB laser in previous works and (b) the membrane
DFB laser integrated with a BJB waveguide in this thesis. The device in the previous
works consists of only DFB laser section. The facets should be cleaved to measure the
optical output power. The cavity length is define by the cleaved facets. The device in this

thesis

(@)
G}«s@ A
gx‘?ﬁ'@}\ :
‘5"6* X Surface gratin
‘b\) > grating
e |

Electrodes
Si0,
BCB

Si sub.

(b)
Figure 4.1 Schematic structure of membrane DFB laser (a) previous work without output
waveguide and (b) this work with integrated output waveguide.
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shown in (b) has the output waveguide integrated by the BJB structure. The device
consists of a DFB laser section and a passive waveguide section. The facets are formed
at the passive waveguide section. The cavity length of this device is defined by a
lithography process. Figure 4.2 shows the cross section of the active region and the passive
region of membrane DFB laser. A 270-nm-thick semiconductor core layer is bonded on a
Si substrate. As an intermediate medium, 1-pm-thick SiO> cladding layer and 2-pum-thick
BCB adhesive layer are inserted. The active region consists of GalnAsP-based five
quantum wells. The n- and p-InP layer are formed both side of the active region to

construct the lateral-current-

. Au/Zn/Au
Stripe width T/Auor Ti/Au
W, ¥
s p~-GalnAs contact
Ti/Au /—l—\
— Core layer d_,,.
n-InP . 270 nm
BCB 2 ym
(a)
Passive GalnAsP
n-InP E p-InP
Si0, 1 um
BCB 2 pm
(b)

Figure 4.2 Cross sectional image of membrane DFB laser at (a) active region and (b) passive

region.
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Figure 4.3 Cross sectional image of membrane DFB laser in a light propagation direction.

injection (LCI) structure. The stripe width W5 of the active layer is indicated in the figure.
To obtain efficient radiative recombination, W is preferred to be narrower than 1 pm due
to the mobility difference between the hole and electron. The top of p-InP cladding layer
has a p""-GalnAs as a contact layer. The electrode metal for contacting n-InP is non-
alloyed Ti/Au. As an electrode material for p-InP, two type electrodes of non-alloyed
Ti/Au or alloyed Au/Zn/Au are used. Consequently, alloyed Au/Zn/Au electrode shows
better electrical property than Ti/Au electrode for p-InP. As shown in Figure 4.2 (b),
passive waveguide section has u-GalnAsP core layer which is transparent to the
wavelength of the DFB laser. The core layer is embedded by n- and p-InP similar to the
active region. Figure 4.3 shows the cross sectional image along to the light propagation
direction. The passive waveguides are integrated to the both edges of the DFB laser region

by the BJB structure. The surface grating is formed on a top InP layer in the active region.
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4.2.2 Grating design

The grating design of the membrane DFB laser will be shown. Parameters to be
designed are shown in Figure 4.4. We call the convex and concave region in a grating as
main region (m-region) and sub region (s-region), respectively. The grating period is
expressed as /4. The length of m-region is expressed as /m. The grating duty is given by
Im/A. The grating depth is expressed as dg. The relationship between the grating depth d
and index-coupling coefficient x is already mentioned in the section 2.3. the bragg
wavelength of DFB lasers is determined by grating period 4 and equivalent refractive
index neq as follows;

ABragg = 2/4Neq (4.1)

The neq represents the index of the longitudinal direction in the cavity. Therefore, this is

calculated as following equation;

Meq =~ Meqm + (1- %m)neqs (4.2)
where, neqm is the equivalent refractive index in m-region and neqs is the equivalent
refractive index in s-region. The neqm and negs are calculated by finite-difference-method
(FDM) using commercially available software FIMMWAVE. Figure 4.5 shows the TE-
like 1st order mode profiles for the m- and s- regions. The calculation was performed
using the stripe width W of 0.7 um and grating depth d; of 50 nm. The 7¢qm and neqs are
2.73

,(iﬁ?di) Grating duty
=1,/

Main ; Sub
region | TE gion

<>

Depth d,
Grating

Si0,

Figure 4.4 Design parameters of grating.
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Figure 4.6 Bragg wavelength versus grating period.

and 2.61, respectively. Then, neq is calculated to be 2.67 assuming grating duty of 0.5.

Figure 4.6 shows the Bragg wavelength versus grating period. The slope of Bragg

wavelength as a function of grating period is 5.34 nm/nm. However, the Bragg

wavelength dose not satisty the resonance condition due to the phase characteristics of

Bragg reflection. To determine the lasing wavelength, the dispersion relation of DFB laser
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Figure 4.7 Wavelength satisfying the resonance condition. The vertical axis shows the

threshold gain for each mode.

shown in equation (2.9) should be numerically solved. Figure 4.7 shows the wavelength
satisfying the resonance condition for the grating period of 290nm, 295 nm and 300 nm.
The vertical axis shows the threshold gain for each mode. The cavity length of 50 um was
used for the calculation. The lasing wavelength corresponds to the mode which has the
lowest threshold gain indicated by the arrow line. The lasing wavelength is apart from the
Bragg wavelength for the amount of half of stop bandwidth. In this thesis, the MQWs
active layer with photoluminescence peak wavelength of 1520 nm was used. Therefore
the lasing wavelength should be designed to exist within the gain spectrum of the active

region.
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4.3 Fabrication process

In subsection 4.3.1, the equipment used for the fabrication of membrane DFB laser is
explained. The key experimental technologies of BCB bonding and grating formation are
described in subsections 4.3.2 and 4.3.3. Series of fabrication procedures of membrane

DFB laser is described in subsection 4.3.4.

4.3.1 Equipment

Electron beam lithography

Figure 4.8 shows the appearance of electron-beam (EB) lithography system of JEOL JBX-
6300FS. The definition of grating patterns requires nm-order controlling for structural
dimension and period. When fabricating fine patterns, the EB lithography offers precise
control for desired nano-structure patterns compared with the optical lithography. Table
4.1 shows specifications of the EB lithography systems of JEOL JBX-6300FS. The
system is composed of an electron gun, an electron optical system, a moving stage, and a
controller unit. The spot-beam scan is adopted as a scanning method to reduce the
stitching errors induced by the cassette-stage movement. The main field size is set to as
small as 20 pm % 20 um. The accelerating voltage is fixed at 50 kV (maximum 100 kV)
in this thesis. The focused beam sized is approximately 5 nm with FWHM at that voltage.
The beam current of 100 pA is used for defining the grating patterns because the exposure
with lower beam current results in finer patterning. The minimum beam-shot pitch is 0.25
nm at the accelerating voltage of 50 kV, while actual minimum shot pitch is decided by
the beam current and the required dose amount. The dose amount required to expose the
resist material depends on the many factors, such as thickness of resist, structure of the
substrate and developing time. For the grating formation of membrane DFB laser, 80-nm-

thick ZEP 520 positive resist mixed with a Ceo micro composite was used as EB resist.
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Figure 4.8 Appearance of electron-beam lithography system of JEOL JBX-6300FS.

Table 4.1 Specifications of JBX-6300FS

System JBX-6300FS
Electron gun ZrO/W Shottky type
Writing method Spot beam
Accelerating voltage 25kV/50kV/100kV
Beam current 20 pA ~ 20 nA
Beam size ~ 5nm (@ 50 kV)
Scan speed Up to 5S0MHz

Electron beam evaporation

Figure 4.9 shows the appearance of electron-beam evaporation system (Eiko Engineering).
The metal sources are heated by electron-beams in a vacuum chamber, and evaporated
metals are deposited on a target substrate. Comparing with thermal evaporation system
utilizing heating by resistive filament, noble metals (Ti) which require high temperature
for evaporation are available. Because the deposited thickness is monitored by a quartz

crystal unit, nm-order thickness control is easily achieved. Our system has a load-lock



Chapter 4 185
Lasing characteristics of membrane DFB lasers

chamber to maintain the pressure of the vacuum chamber. As a metal source, Au, Ti, Pd,

Cr and Ni are implemented in electron guns.

Figure 4.9 Electron-beam evaporation system (Eiko Engineering).

Resistive thermal evaporation
Figure 4.10 shows the appearance of the resistive thermal evaporation system (TOKYO

VACUUM, EG-240). In thermal evaporation, the material source is put in a resistive coil.

The coil as well as source materials are heated by applying the high current. The thermally
T i / . i

Figure 4.10 Thermal evaporation system (TOKYO VACUUM, EG-240).
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evaporated metal is deposited on a target substrate. The thermal evaporation system is a
popular technique to evaporate metals due to its simple structure than electron-beam
evaporation system. However, maximum heating temperature is limited by the resistive
coil. This system can gradually rise the source material temperature. A low-thermal
conductivity metal such as Zn is preferred to be evaporated by thermal evaporation to
avoid explosive boiling. During fabrication of membrane DFB laser, thermal evaporation

is used to deposit Au/Zn/Au electrode.

Plasma enhanced chemical vapor phase deposition (PECVD)

In a PECVD process to deposit SiO», plasma is generated by applying a high frequency
voltage to a parallel plate electrode in a vacuum chamber introduced with tetraethyl
orthosilicate (TEOS) and O>. The source materials are decomposed in a plasma and
deposited on the substrate surface in a state of SiOx». Figure 4.11 shows the PECVD system
of PD-240 manufactured by SAMCO. Two deposition conditions of SiO> are used in the
fabrication process of membrane DFB laser. Table 4.2 shows the deposition condition of
50-nm-thick SiO; for mesa formation. Table 4.3 shows the deposition condition of 20-nm-
thick SiO; for grating formation. In order to maintain coverage on surface even with thin

(20 nm) deposition layer, slow deposition rate of 20 nm/min is used for the mask of a

grating.

Figure 4.11 Plasma-enhanced chemical vapor phase deposition (PECVD) system
(SAMCO;PD-240).
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Table 4.2 Deposition condition of 50-nm-thick SiO, for mesa formation

Parameters Stepl
TEOS 3 sccm
Gas flow
02 233 sccm
RF power 250 W
Pressure 70 Pa
Discharging time 1 min.

Table 4.3 Deposition condition of 20-nm-thick SiO; for grating formation

Parameters Stepl
TEOS 1 sccm
Gas flow
0> 233 sccm
RF power 250 W
Pressure 70 Pa

Discharging time 1 min.
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4.3.2 BCB (benzocyclobutene) Wafer bonding

BCB bonding is the essential process to prepare the membrane structure on a Si substrate
with CMOS compatible temperature. For the high quality bonding result, the uniform spin
coating of liquid BCB and uniformity of applied force during pressing process are

important.

Spin coater (Delta 80 RC)

Spin coating system of Delta 80 RC (SUSS MicroTec) is used to coating the BCB onto a
Si substrate. The rotation speed, rotation acceleration, and rotating time are arbitrary
controlled. Delta 80 RC has not only standard rotational stage but also a rotatable cover.
After dropping the liquid onto the substrate placed on the rotational stage, the substrate
can be spun with closed cover. This equipment configuration suppresses the drying of the
resist and the occurrence of turbulence. As a result, high uniformity coating is realized.
Figure 4.12 shows the appearance of instrument. The operation and process recipe are
configured on a PC software. The figure on the right hand side shows the inside of the
rotational stage. The maximum available wafer size is 3-inch wafer. 2-inch Si wafer is
used in the fabrication of membrane DFB laser. The BCB with product name of
CYCLOTENE 3022-35 is coated on a Si substrate. Table 4.4 shows spin coating condition
of Delta 80 RC for CYCLOTENE 3022-35. The coating using this condition results in

almost uniform 2-um-thick BCB layer.
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Figure 4.12 Delta 80 RC (SUSS MicroTec).

Table 4.4 Spin coating condition of delta 80 for BCB (CYCLOTENE 3022-35)

Step R[O:;::]m Acceleration [rpm/s] Ec(g’:; Time [sec]
1 0 1000 close 7
2. 500 1000 close 5
3 1000 1000 close 16
4 1900 5000 close 1
5 0 5000 close 2
6 0 1000 open 6
7 1000 1000 open 180
8 0 1500 open 0

Nano-imprinter

Figure 4.13 shows the appearance of nano-imprinter (MEISYO KIKO) used for applying
the uniform force to a bonded wafer. Our group adopted the nano-imprinter as an
instrument to pressing the wafer because this instrument can control the pressing force,
the chamber temperature and the pressure during the pressing operation. The wafers to be
bonded are set on the top and bottom stage. These wafers are pressing in a vacuum
environment with configured temperature and force. Table 4.5 shows the press condition

of nano-imprinter for BCB bonding. The applied pressure to the wafers is needed to be
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Figure 4.13 Nano-imprinter NM-0401 (MEISYO-KIKO)

Table 4.5 Press condition of nano-imprinter for BCB bonding.

Step Force[ N | Temperature [ °C | Time [ min |
1 0 30 5
2 12 130 10
3 12 130 60
4 0 30 60

calculated from the applied force and the area of substrate.
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The whole process flow of BCB bonding is explained as follows.

(1) Deposition of 1-um-thick SiO: cladding layer on an epitaxial substrate using PECVD.
(Figure 4.14(A))

(2) Spin coating of BCB on a 2-inch Si substrate using the condition in Table 4.4.(Figure
4.14(B))

(3) Pre-baking of BCB-coated Si substrate in a N> atmosphere using the condition in
Table 4.6

(4) Pressing the two wafers in nano-imprinter with condition in Table 4.5. (Figure 4.14(C))

(5) Hard-baking of BCB using the condition in Table 4.7.

(6) Thinning the InP substrate by chemical and mechanical polishing using solution of
Br:CH3OH (Figure 4.14(D)).

(7) Removal of etch stop layers using selective wet etching conditions in Table 4.8 (Figure

4.14(E)).

Table 4.6 Pre-baking condition

Temperature . .
[°C] Time [ min ] Atmosphere Phase
210 47 N2 Liquid—Gel
Table 4.7 Hard-baking condition.
Temperature . )
[°C] Time [ min | Atmosphere Phase
R.T—250 N> Gel
250 60 N> Gel—Solid

250—R.T. N2 Solid
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Table 4.8 Removal condition of etch stop layers.

Material Etchant Temperature gllqul;e]:

InP substrate HCI:CH3COOH = 30:10 R.T. ~60
300-nm-thick GalnAs H2SO4:H>02:H20 = 2:2:80 20°C 6
100-nm-thick InP HCIL:CH3COOH = 10:40 20°C 1

Figure 4.15 shows a photograph of the 270-nm-thick InP membrane layer fabricated on a
Si substrate by BCB bonding. Almost whole 2-inch region except for the edge was
successfully bonded. In an actual fabrication process of membrane DFB laser, a
rectangular shape substrate with a dimension of 2 cm x 2 cm was used instead of 2-inch

wafer.
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(A)

Membrane core layer
Etch stop layer. .
InP sub. Si sub,
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Figure 4.14 Process flow of BCB bonding

with bonded III-V layer

Y

edge of Si substrate

Figure 4.15 Fabricated 2-inch membrane I1I-V layer on a Si substrate by BCB bonding.
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4.3.3 Grating formation method

In a previous work, the SiO; grating pattern defined by EB lithography was transferred
on an InP surface layer by using CH4/H> RIE [1]. The SEM top view of the obtained
grating pattern on an InP is shown in Figure 4.16. It can be seen that the surface was
significantly roughened though the dry etching process. When such damaged layer is
placed in close to the active layer, the increment of non-radiative recombination is
induced. In generally, the damaged semiconductor surface can be recovered by annealing
process to enhance reconstruction or wet cleaning to remove the damaged layer. However,
it is preferred that the surface grating is formed using only wet chemical etching, which
will not remain the damage on an etched surface. Therefore, here, etching conditions for

forming a surface grating using wet etching are investigated.

gk SB@nm

Figure 4.16 SEM image of top view of surface grating formed by CH4/H, RIE [1].

Selection of chemical solution

In the grating design of membrane DFB laser, possible grating depth is in the range from
0 nm to 100 nm. In order to perform wet etching with high thickness controllability, a
chemical solution with slow etching rate for InP should be chosen. As an experimental
procedure, chemical etchant suitable for forming a surface grating is studied by etching

the InP substrate with patterns of SiO». Figure 4.17 shows the difference in mask
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Crystal orientation Crystal orientation
in actual device in this experiment
Si0, mask S10, mask
~ N

SiO, l—»[Oil]

Figure 4.17 Crystal orientation in actual device and this experiment.

[100]

formation direction between in the actual membrane device and in an InP chip used in
this experiment. In the membrane structure, the [100] direction face the bottom side
because the membrane layer is bonded upside down on a Si substrate. Then the grating is
formed in [011] direction. In contrast, the [100] direction of the InP substrate in this
experiment faces to top side. To obtain etching profile same as in a membrane device, the
grating should be formed in [011] direction.
In the experiments, the following four types of chemical solution were examined.

(1) HCI:CH3COOH

(2) Br:CH;0H

(3) H2SO4 : HC1 : H202

(4) HC1 : CH3COOH : H20> : H20
First, I considered the typical etchant of HC1:CH3COOH and Br:CH3OH used for an
etching of an InP. However, these halogen-based etchant has relatively high etching rate
(several 100 nm/min) and was difficult to obtained uniform etching depth without etch
stop layer. Therefore, the chemical etchant including oxidizing agent is suitable for our
purpose. In addition, it is well known in previous research that this type of solution has

linear etching rate to the time and smooth etching surface is created.
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H2S04 : HCI : H20:

The etching property of solution of H2SO4 : HCI : H2O2 = 1: 1: 8 is examined. The
temperature of the solution is controlled at 20°C in a water temperature controlling bath.
Figure 4.18 shows the SEM images of the cross section of etched InP substrate using
H2SO4 : HCI: H202 =1 :1: 8 @20°C for etching time of 30 sec an 60 sec. Figure 4.19
shows the etching rate for InP using this solution. The etching rate is estimated to be 1.7

nm/sec which is adequately slow rate to form 50-nm-depth grating. Although the

[100]
E
Olslfpry  x2

(a) etching time = 30 sec (b) etching time = 60 sec

Figure 4.18 SEM images of cross section of etched InP substrate using H2SO4 :
HCl: H202=1:1:8 @20°C

120 0C

EIOO I .
= 80
)
= 60
a{) r 1.7 nm/sec
2
o 20 r

0 | | |

0 20 40 60 80
Etching time[sec]

Figure 4.19 Etching rate of InP using H2SO4 : HCl : H202=1:1: 8 @20°C
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uniformly etched and smooth surface were obtained, there was an undercut into the
beneath of Si02 mask with a same depth as vertical etching. When the grating is formed
with depth of 50 nm using this etchant, the shrinkage of grating m-region becomes 100
nm. Considering the grating period of membrane DFB laser is around 300 nm, this
shrinkage degrades the precise control of grating design. Hence, this solution can provide
good depth control and smooth etching profile, it is difficult to fabricate the surface
grating of membrane DFB laser. The chemical solution which does not form the undercut

is needed.

HCI : CH3COOH : H20: : H20

Chemical solution of HC1 : CH3COOH : H20> : H2O = 2: 20: 1 :30 is examined. The
temperature of the solution is controlled at 10°C in a water temperature controlling bath.
Figure 4.20 shows the SEM images of cross section of etched InP substrate using HCI :
CH3COOH : H,07 : H2 O =2:20:1:30 @10°C for etching time of 3 sec, 6 sec and 9 sec.
Figure 4.21 shows the etching rate for InP using this solution. The etching rate has slightly
nonlinear characteristics, but by fitting linear approximation, the rate is obtained to be 18

nm/sec. From the etching profiles, there are little undercut into the mask region. The

Si0, 60 nm

D, 60 nm

[100]
l—[oiu " -
(a) 3sec (b) 6 sec (c) 9 sec
Figure 4.20 Etching rate of InP using HCI : CH;COOH : H,0; : H,O=2:20: 1 :30 @10°C
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Figure 4.21 Etching rate of InP using HCI : CH;COOH : H,0; : H,O=2:20: 1 :30 @10°C

Table 4.9 Comparison of solution for InP etching.

Solution Surface smoothness Etching rate undercut
HCI:CH3COOH bad fast little
Br : CH;0H bad fast little
H2S04 : HCI : H20: good slow (1.7 nm/sec) large
HC1: CH3COOH : .
good slow (18 nm/sec) little
H>0; : H20O

crystal plane of (111)A was appeared at the side of mesa. This plane prevented the
entering of undercut during the etching process. In this solution system, it is considered
that wet etching with a precise control of the grading depth and width is simultaneously
achieved.

Table 4.9 summarizes the properties of solution examined in this experiment. As a
conclusion, the chemical solution of HC1 : CH3COOH : H202 : HoO =2:20:1:30 @10°C
is adopted for etching of InP surface grating. Figure 4.22 shows the top view of the surface
grating formed by chemical solution of HC1 : CH3COOH : H20O; : H,O = 2: 20: 1 :30

@10°C. Comparing with Figure 4.16, smooth and fine grating is successfully formed.
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m-region
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15.8kV KE60. 1K S88nm

Figure 4.22 SEM image of top view of surface grating formed by chemical solution of HCI :
CH3;COOH : H,0; : H0 =2:20: 1 :30 @10°C
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4.3.4 Fabrication procedure of membrane DFB laser

The initial wafer is grown by gas-source molecular beam epitaxy supplied by foundry
service offered by InPACT. Table 4.10 shows the initial wafer structure for fabrication of
membrane DFB laser. The initial wafer structure consists of GalnAs (undoped, 300 nm
thick) and InP (undoped, 100 nm thick) etch-stop layers, a p**-GalnAs contact layer (Na
=8 x 10! ¢cm?3, 50 nm), a p-InP cap layer (Na = 1 x 10'® cm?, 100 nm), five 1%

compressively strained Gao.22Ino.78 Aso.s1Po.19 quantum wells (undoped, 6 nm) with six

Table 4.10 Initial wafer structure (55551) for fabrication of membrane DFB laser.

Layer Material Wa[V zLelr;gth Tliiil;niss Do%)icrrli_}e]vel
Cap u-InP 50
u-OCL Gaoailng79AsossPoss 1200 + 20 15
TS -0.15% barrier Gao.26In0.74As0.49P0.51 1200 + 20 10
CS 1.0% well Gaoa2Ino7sAsosiPo.rg 1520 6
TS -0.15% barrier Gao.26In0.74As0.49P0.51 1200 + 20 10
CS 1.0% well Gaoa2Ing7sAsosiPo.rg 1520 6
TS -0.15% barrier Gao.26In0.74As0.49P0.51 1200 + 20 10
CS 1.0% well Gao22Ino7sAsosiPog 1520 6
TS -0.15% barrier Gao26Inoe.7aAso49Pos1 1200 + 20 10
CS 1.0% well Gao22Ino7sAsosiPoo 1520 6
TS -0.15% barrier Gaoa6Inoe.7aAs49Pos1 1200 + 20 10
CS 1.0% well Gao22Ino7sAsosiPoo 1520 6
TS -0.15% barrier Gaoa6Inoe.7aAs49Pos1 1200 + 20 10
u-OCL Gaoailng79AsossPoss 1200 + 20 15
Cap p-InP 100 Be : 1x10'8
p-contact p-Gagarlngs3As 50 Be : 8x10'®
InP etch stop u-InP 100
GalnAs etch stop u-Gag47Ings3As 300

Substrate

n-InP
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0.15% tensile strained Gao.26Ino.74Aso49Pos1 barriers (undoped, 10 nm) sandwiched by
Gao.21Ino.79As0.46P0.54 optical confinement layers (OCLs; undoped, 15 nm), and an InP
cap layer (undoped, 50 nm). These layers are grown on a (100) n-InP substrate. Using this

initial wafer, 270-nm-thick membrane core layer is form in final structure.

The whole fabrication process flow (shown in Figure 4.23 and Figure 4.24) is described as
follows;
(1) Initial wafer
The structure is given in Table 4.10.
(2) Island formation + (3) OMVPE regrowth of passive layer
This process is same as BJB growth process described in the section 3.5.1.
(4) Stripe mesa formation
A 7-um-wide stripe mesa structure is formed by using the same etching method as
island formation.
(5) OMVPE regrowth of n-InP
An n-InP layer (Np = 4 x 10'® cm™) is regrown at 600°C by OMVPE.
After the growth, SiO2 mask is removed by dipping in buffered HF 7% for 1 min.
(6) Stripe mesa formation
One side of the n-InP layer beside the stripe is etched.
(7) OMVPE regrowth of p-InP
A p-InP layer (Na =4 x 10'® cm™) is regrown to form an LCI buried heterostructure
with a stripe width of 0.5-2 um. After the growth, SiO> mask is removed by dipping
in buffered HF 7% for 1 min.
(8) SiO; cladding layer deposition
After the three-step regrowth process, a 1-um-thick SiO2 cladding layer is deposited
onto the wafer by PECVD.
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(1) Initial wafer

(3) OMVPE regrowth
of passive layer

Galmi&sP/ InP

(5) OMVPE regrowth
of n-InP
n-InP

(2) Island formation
Si0, mask

(4) Stripe mesa formation
Si0, mask

(6) Stripe mesa formation

Si0, mask

(7) OMVPE regrowth of  (8) SiO, cladding
layer deposition

p-InP p-InP

Figure 4.23 Fabrication procedure of membrane DFB laser (initial wafer ~ SiO» cladding

layer deposition).
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(9) BCB bonding + (10) Removing InP substrate and etch stop layer
This process is following the procedure described in section 4.3.2. After removing
etch stop layers, the GalnAs contact layer was revealed.

(11) Removing contact layer
The contact layer was etched by selective wet etchant of HoSO4:H202:H,0 = 1: 1:
40, except for the p-side electrode region.

(12) Electrodes deposition
The p- and n-side electrodes were separately deposited. As a p-side electrode, Ti/Au
=25 nm/200 nm evaporated by electron beam evaporation or Au/Zn/Au = 25/50/300
nm evaporated by resistive thermal evaporation are deposited. Only the case for the
Au/Zn/Au electrode, the deposited metal was annealed at 350°C for 1 min in N>
ambient to alloying the Au and Zn. Before the n-side electrode deposition, the top p-
InP cap layer at n-electrode region was etched by CH4/H2 RIE for 3 cycle. After that,
Ti/Au = 25 nm/200 nm was deposited by electron beam evaporation for both n- and
p-side electrode region.

(13) Grating formation
As an EB lithography resist, 70-80-nm-thick ZEP 520/Ceso was coated on substrate.
A surface grating pattern of SiO2 was formed by electron-beam lithography with
dose amount of 180 uC/cm?. After formation of grating pattern SiO> mask, this
pattern was transferred on a surface InP by using the chemical solution of HCI :

CH3COOH : H202 : H2 O =2:20:1:30 @10°C for 3 sec.

Finally, the processed substrate is cleaved into bar form at the waveguide or DFB laser
sections to measure light-output characteristics. The facets have no antireflection coating
because the membrane DFB lasers are light source for completely integrated on-chip
optical interconnection. Therefore, the facet coating technique is not suitable approach.
The residual reflectivity at the facet is calculated to be approximately 20%, which is lower

than that for the conventional lasers.
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(9) BCB bonding (10) Removing InP
substrate and etch stop
GalnAs contact layer

(11) Removing contact (12) Electrode formation

layer , .
GalnAs contact layer Ti/Au  Ti/Au or Au/Zn/Au

(13) Grating formation

Surface grating

Figure 4.24 Fabrication procedure of membrane DFB laser (BCB bonding ~ grating

formation)
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(b)
Figure 4.25 (a) SEM image of the top view of the fabricated membrane DFB laser with BIB
integrated structure. (b) Schematic diagram of the cross section parallel to the stripe at the coupling

section.

Figure 4.25(a) shows an SEM image of the top view of the fabricated membrane DFB laser
integrated with a BJB waveguide. The active region located in the center of the device is
sandwiched by n-and p-InP so as to form a LCI structure. The electrodes are placed
outside of the active stripe region. It can be confirmed that surface grating is successfully
formed on the active region. Figure 4.25(b) shows a schematic diagram of the cross section

parallel to the stripe at the coupling section. The positions corresponding to Figure 4.25(a)
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u-GalnAsP core |

Waveguide region | DFB laser region |

Semiconductor
layer

(b)
Figure 4.26 (a) SEM image of the cross section perpendicular to the stripe observed at the

passive waveguide section. (b) SEM image of the cross section parallel to the stripe observed at the

coupling section.

are indicated by characters of A and B. Figure 4.26(a) shows an SEM image of the cross
section perpendicular to the stripe observed at the passive waveguide section. In spite of
the fabrication process including a three-step regrowth process, an LCI buried
heterostructure with a flat surface is obtained. Figure 4.26(b) shows an SEM image of the
cross section parallel to the stripe observed at the coupling section. The semiconductor
core layer is formed on a Si substrate intermediated by 2-um-thick BCB and 1-pum-thick

Si0O; cladding layer.
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4.4 Static characteristics of membrane DFB lasers

The fabricated membrane DFB lasers are characterized in terms of light output power
and lasing spectrum. Low-threshold properties of membrane DFB lasers was
experimentally confirmed. The measurement was performed for devices with uniform
grating and A/4-shifted grating. To confirm the reliability of membrane DFB laser,
preliminary aging test was conducted. Different p-side electrode devices that have non-

alloy Ti/Au or alloyed Au/Zn/Au electrodes were prepared for the aging test.

4.4.1 Uniform grating membrane DFB laser

Figure 4.27 shows the top-view of the measured membrane DFB laser structure. The
measured bar consisted of, from the front, 370-um-long passive waveguide, 50-um-long
DFB laser, 500-um-long passive waveguide, 50-um-long DFB laser and 370-um-long
passive waveguide. The total bar length is 1340 um. The front facet is formed at a passive
waveguide section. The rear side is connected to another DFB laser for absorbing the rear
side optical output. The DFB laser has a stripe width of 0.8 um. The grating period 4 is
298 nm. Figure 4.28 shows the light—current (L-/) and voltage—current (V-I)
characteristics of the membrane DFB laser under room-temperature (RT) continuous-
wave (CW) conditions. A threshold current /i of 0.23 mA and an external differential
quantum efficiency 74 of 5% (front facet) were obtained. To the best of our knowledge,
this value of the threshold current is a record low among the DFB lasers reported under
RT-CW conditions. The threshold current density, Ji, was 575 A/cm? (115 A/cm?/well).
The maximum output power from the front waveguide was 32 W at the injection current
of 1.3 mA. This low-threshold current lasing was achieved thanks to the introduction of
a strongly index-coupled grating structure with a short cavity for decreasing the active
region volume. The differential resistance was approximately 3.6 kQ at a bias current of
1.0 mA. This large differential resistance is attributed to the poor contact of p-side Ti/Au

electrode. It can be seen that the /-L is fluctuated near the saturation region of light output
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Figure 4.27 Top-view of the measured membrane DFB laser structure. The front facet is
formed at a passive waveguide section. The rear side is connected to another device.
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Figure 4.28 Light-output and voltage—current characteristics of the membrane DFB laser
with uniform grating.

power. This is because the reflection from the front facet or rear DFB region affects the
stable operation of the DFB laser, which can be avoided by forming the facet at the active
region. The obtained threshold current of 0.23 mA is lower than that of 0.39 mA for
previous record device without integrated waveguides [1]. In addition, the one-sixth
length cavity comparing with previous works was realized. Figure 4.29 shows the L—/

characteristics for various heat sink temperatures under CW condition. The heat sink
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Figure 4.29 Light-output characteristics of the membrane DFB laser with uniform grating for
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Figure 4.30 Plots of obtained threshold current of membrane DFB laser with uniform grating.

temperature is controlled by thermos electric cooler (TEC). Lasing operation was

obtained up to 50°C. Generally, the temperature of LSI rises up to 90°C, thus the laser is

required to operate in temperature same as that of on a LSI. The deviation between the

lasing wavelength and material gain induced by temperature change restricts the

maximum operating temperature. To improve the temperature characteristics, Bragg

wavelength detuning should be introduced to the grating period design so as to match the

lasing wavelength and material gain in high temperature condition. Figure 4.30 shows the
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Figure 4.31 (a) SEM image of the surface grating observed at the InP side cladding region
beside the active-region stripe. (b) Calculation model to estimate the refractive index coupling
coefficient of the surface grating structure approximated by a square shape.

plots of obtained threshold current of membrane DFB laser with uniform grating as a
function of cavity length. The blue lines are theoretical curves showing for different
waveguide loss of experimentally obtained value of 42 cm™'[2] and ideal value of 14 cm’
!, From the obtained plots, as the cavity length becomes shorter, the threshold current
tends to decrease. The plots are appeared close to the theoretical curve using the
experimentally obtained waveguide loss of 42 cm™. Figure 4.31(a) shows a cross sectional
SEM image of the surface grating observed at InP side cladding region. The fine structure

formed by wet etching was confirmed. The grating depth was observed to be
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Figure 4.32 Lasing spectrum of the membrane DFB laser with uniform grating with cavity

length of 50 um and stripe width of 0.8 pm. The red and blue lines indicate the measured

spectrum at a bias current of 1.2 mA and the calculated spectrum with a refractive-index
coupling coefficient of 1800 cm’!, respectively.

approximately 60 nm. The length of m-region is approximately 115 nm. Therefore, the
grating has duty ratio of 0.39. For simplicity, we estimate the index-coupling coefficient
ki by approximating the grating shape as a square shape, as seen in Figure 4.31(b). The «;
is calculated to be 1800 cm™ using a grating depth of 60 nm and grating duty of 0.39.
This large «;i is sufficient value to realize a very short-cavity DFB laser with a strong
cavity confinement. Figure 4.32 shows the lasing spectrum of the membrane DFB laser
with uniform grating at a bias current of 1.2 mA. In this figure, the red and blue lines
indicate the measured spectrum at a bias current of 1.2 mA and the calculated spectrum
below threshold for an index-coupling coefficient ;i of 1800 cm™, respectively. A lasing
wavelength of 1534 nm and a sub-mode suppression ratio (SMSR) of 28 dB were

obtained at this bias current. The stopband width was estimated to be 40 nm from the
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calculation even though it was not clearly observed in the measured spectrum. Resonant
modes at the longer wavelength side of the stopband were very weak because this
stopband width was wider than the gain spectrum of the multiple quantum wells. The
equivalent refractive index obtained from Bragg wavelength of 1551 nm was 2.6 which
was in good agreement with the value calculated by FDM analysis of the obtained

structure.
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4.4.2 A/4-shifted grating membrane DFB laser

Membrane DFB lasers with 1/4-shifted grating were characterized. Figure 4.33 shows
the SEM image of top view of surface grating with /4 phase shift. The phase shift region
was successfully introduced in a periodical grating at the center of the DFB cavity. Figure
4.34 shows the light-output of the membrane DFB laser with A/4-shifted grating for the
cavity length of 30 pm, 100 pm and 150 pm. These device has the stripe width of 0.7 pm.
It was confirmed that the threshold current decreased as the cavity length becomes shorter.
In addition, lasing action was obtained as short as a cavity length of 30 um. This is the
shortest cavity length among the DFB type lasers. However, the slope efficiency of the
spontaneous emission decreased and the threshold current density was significantly
higher than that of the device with long cavity length. Figure 4.35 shows the plots of
obtained threshold current of membrane DFB laser with 1/4-shifted grating versus cavity
length. The blue line shows calculation using 7i of 75 % and waveguide loss of 14 cm™.
The dashed lines of green and orange color show the calculation using low #; of 35 % and
high waveguide loss of 45 cm™ respectively. The obtained threshold currents are close to

the theoretical blue lines which assuming good internal parameters. Figure 4.36

m-region
s-region

A/4 phase shift

Figure 4.33 SEM image of top view of surface grating with 4/4 phase shift.
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Figure 4.34 Light-output of the membrane DFB laser with 4/4-shifted grating for different

cavity length.
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Figure 4.35 Plots of obtained threshold current of membrane DFB laser with 4/4-shifted

grating versus

cavity length.

shows plots of external differential quantum efficiency as a function of the cavity length.

The theoretical curves uses same parameters as calculation in Figure 4.35. For the cavity

length of 100 pm and 150 pum, the fabricate devices show higher #4 than theoretical lines.

This is because these devices are seem to not operate in fundamental mode due to its long
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Figure 4.36 Plots of obtained external differential quantum efficiency of membrane DFB

laser with A/4-shifted grating versus cavity length.

cavity length. For the cavity length of 30 pm, the obtained 74 is significant lower than the
expected value from the calculations. This small 774 cannot be explained by low #; or high
waveguide loss. It is considered that the #i drops due to the leakage current being
dominant for the short cavity device and this cause the low #4. Figure 4.37 shows the lasing
spectra of A/4-shifted membrane DFB laser for the cavity length of (a) 100 um and (b) 30
um. Although the resonance mode inside the stopband was appeared by a 4/4 phase shift,
the multi-mode lasing was observed. The stopband width of 35 nm corresponds to the
index coupling coefficient of 1600 cm™. The introduction of /4 phase shift into the long
cavity degrades the single-mode oscillation and induce the lasing of ordinary DFB modes.
In Figure 4.37(b) showing lasing spectrum of the device with cavity length of 30 um,

single mode
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Figure 4.37 Lasing spectrum of the membrane DFB laser with 1/4-shifted grating with cavity
length of (a) 100 pm and (b) 30 pm.

operation at the wavelength of 1535.6 nm was confirmed. The SMSR was more than
30dB at a bias current of 0.7 mA. The stopband could not be observed due to the small
optical output power. As a conclusion, by introducing the A/4 phase shift in a grating
design of membrane DFB laser, very short cavity device with 30-um-long cavity is

operated with single mode oscillation. However, single mode property of long cavity

device was degraded.
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4.4.3 Reliability of membrane DFB lasers

While the fundamental characteristics of the membrane DFB laser were confirmed in
the previous section, its reliability was not investigated, so far. The fabrication process
through 3-steps regrowth by OMVPE and adhesive BCB bonding have the possibility to
degrade the reliability of the laser. In this subsection, the results of an aging test of
membrane DFB lasers bonded on a Si substrate measured at room temperature (20 °C)

are described.

SiO,
BCB

Si sub. FElectrode

(2)

Ti/Au = 25 nm/200 nm

p*-GalnAs
contact 50 nm

Active layer
Ti/Au

core layer
deore =270 nm

BCB 2 um

(b)
Figure 4.38 (a) Bird view of membrane DFB laser with Ti/Au electrode on p-side (b) Cross

sectional view.
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Figure 4.38 shows a bird view and cross sectional image of the membrane DFB laser with
Ti/Au electrode on p-side. The electrode metal for both n-and p-InP side contacts is Ti/Au
= 25 nm/200 nm deposited by electron beam evaporation. It was found that the poor
electrical characteristics (such as in Figure 4.28) of the device using this type of electrode
were attributed to the unintentional n-type doping spike at the regrowth interface owing
to surface contamination, as explained later. For this reason, an alloyed Au/Zn/Au
electrode is introduced in order to obtain good electrical characteristics at the p-side by

using an alloying layer which induce the counter doping by Zn diffusion as shown in

Au/Zn/Au
=50 nm/25 nm/ 300 nm
*.GalnA :
{:)onta%:tnl OSO nn-L/Au
Ti/Au
n-InP

}Alloyed

SiO, 1 um
BCB 2 um

(b)
Figure 4.39 (a) Bird view of membrane DFB laser with Au/Zn/Au electrode on p-side (b)

Cross sectional view.
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Figure 4.40 Light output and voltage characteristics before and after 310 hours aging test of

Ti/Au electrode device.
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Figure 4.41 Light output and voltage characteristics before and after 310 hours aging test of
Au/Zn/Au electrode device.

Figure 4.39. Thermal evaporation is used to deposit Au/Zn/Au = 50 nm/25 nm/300 nm.
The deposited metal is annealed in ambient N2> by rapid thermal annealing at 350°C for 1
minute. The aging test was performed for the two devices with the Ti/Au and Au/Zn/Au
p-side electrodes under CW conditions at 20°C. The laser chips were directly mounted on
a heat sink in ambient air. The temperature of the heat sink was controlled by a thermo-

electric cooler. The bias current was injected by contacting the electrodes using needle
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probes. The measurement was conducted under constant current conditions. The Ti/Au

electrode device has cavity length Lprs of 50 um, passive waveguides for output at both
sides and the threshold current /1, of 0.2 mA. The Au/Zn/Au electrode device has a cavity
length Lprs of 100 um, one output of passive waveguide and the other side cleaved facet
and threshold current /i of 0.73 mA. The Ti/Au and Au/Zn/Au electrode devices were
biased with the current densities Jin of 2.5 kA/cm? (1.0 mA) and 5.0 kA/cm? (3.0 mA),
respectively. The bias current density was chosen to as high a current as possible without
thermal roll-off of output power occurring. Figure 4.40 and Figure 4.41 show L-I and I-V
curves of Ti/Au and Au/Zn/Au electrode devices, respectively, where solid lines indicate
those before the aging test and dashed lines indicate those after 310 hour aging test. As
can be seen, the threshold currents of both devices were not degraded. As for the Ti/Au
device, the drive voltage was increased and the external differential quantum efficiency
was decreased from 5.4% to 4.8% after the aging. The Au/Zn/Au device showed a slight

decrease of voltage and no degradation of the

RI-CW 5QWs
L dogre = 270 nm, ——  Ohour
L ppp= 100 pm, — 310 hour
W,=0.7 pm
Au/Zn/Au electrode
I, =3 mA
(I, =0.73 mA)
Res. 0.05 nm

Light intensity 10dB/div.

1460 1470 1480 1490 1500 1510 1520
Wavelength [nm]

Figure 4.42 Lasing spectra of Au/Zn/Au electrode device before and after 310 hours aging

test.
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Figure 4.43 Comparison of current versus voltage characteristics between the devices with

different p-side electrode metals.

external differential quantum efficiency. In addition, the output power did not change up
to the thermal roll-off region. The detailed transition of characteristics with aging time
are described later. Figure 4.42 shows the lasing spectra of Au/Zn/Au electrode device
before and after 310 hours aging test. There was no mode hopping before and after the
aging test. The slight wavelength shift was attributed to the difference of heat dissipation
to the heat sink.

Figure 4.43 shows a comparison of J-J characteristics between the devices with two
different p-side electrodes. Current density was chosen as the x-axis because these devices
had different cavity lengths. The differential resistance of the Au/Zn/Au electrode device
was approximately one-fifth of that of the Ti/Au electrode device. In addition, the specific
contact resistance of the Au/Zn/Au electrode device was measured to be 3.2 x 10 Q-cm?
from transmission line model (TLM) measurements, while it was 5.4 x 107 Q-cm? for

the Ti/Au electrode device. Secondary ion mass spectrometry (SIMS) performed on the
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Figure 4.44 Aging characteristics of the light output normalized by initial values.

substrate after p-InP regrowth shows

Si atoms, which acted as n-type dopant, at the

interface between the contact p™"-GalnAs layer and regrown p-InP [3]. The sources of the

Si atoms were considered to be surface treatment before regrowth or contamination in the

OMVPE reactor [4]. The I-V characteristics of the Au/Zn/Au clectrode device were

improved by the diffusion effect of the semiconductor and metal species during the

annealing process [5]. Figure 4.44 shows the relative light output power normalized by the

initial output power of the two DFB

lasers during the aging test. This aging time is

sufficient to observe the rapid degradation of lasers [6-8]. The light output of the Ti/Au

electrode device decreased to 89% of the initial value after 310 hours. The degradation of

the light output P can be approximated by the following relationship [9],

P = Pyexp(— %) (4.3)

where Py is the initial value of the light output, ¢ is the aging time, and 7 is a fitting
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Figure 4.45 Aging characteristics of the voltage normalized by initial values.

constant. The fitting results gave an estimation of 7 for the Ti/Au device of 3310 hours.
By contrast, the Au/Zn/Au electrode device showed no significant degradation in light
output up to 310 hours, even though higher bias current density than the Ti/Au electrode
device was injected. The fluctuation in light output was within 1% during the
measurement. The time constant 7 for the Au/Zn/Au electrode device could not be
defined because degradation was not observed. Figure 4.45 shows the relative voltage
normalized by the initial voltage of the two DFB lasers during the aging test. The voltage
of the Ti/Au electrode device increased to 120% of the initial value. The voltage of the
Au/Zn/Au electrode device showed constant value in the range from 23 to 247 hour. The
voltage variation after 247 hour seems to be originated from the instability of needle probe
contact. It is well known that Au/Zn/Au electrodes cause faster degradation of contacts
than Ti/Au electrodes owing to Au diffusion into the semiconductor [10]. However, the
membrane structure has lateral current injection structure, which gives a different
diffusion profile compared with conventional vertical injection type lasers. This has a

major impact on the reliability of the membrane DFB laser in this experiment. In
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conclusion of this subsection, preliminary reliability of membrane DFB laser bonded on
a Si substrate was measured. The device with alloyed Au/Zn/Au p-side electrode had
better voltage characteristics than the device with non-alloyed Ti/Au p-side electrode
device, and showed reliable operation up to 310 hours. The membrane DFB laser
fabricated by multi-regrowth and BCB bonding showed no tendency of degradation of

threshold current during the aging test.
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4.5 Dynamic characteristics of membrane DFB laser

The modulation characteristics of membrane DFB lasers are investigated. In section
4.5.1, to measure the intrinsic modulation capability of membrane DFB laser, relative-
intensity-noise (RIN) measurement is performed to measure the relaxation oscillation
frequency f:. Small signal modulation measured the frequency response characteristics
and 3dB bandwidth of the membrane DFB laser. From the fitting curves, the slope of the
fr as a function of bias current so-called modulation efficiency is obtained. In section 4.5.3,
large signal modulation of membrane DFB laser is performed. The eye diagrams and bit-

error-rate characteristics are measured.

4.5.1 Relative intensity noise (RIN) measurement

Relative Intensity Noise (RIN) is noise component contained in continuous-wave laser
output. RIN is used as an evaluation index of the noise characteristic of the optical signal
itself. Since the peak frequency of the RIN spectrum is corresponds to the relaxation
oscillation frequency f;, we can estimate the slope efficiency of the relaxation oscillation
frequency as a function of square root of the bias current above the threshold (/v-/t).
Using this method, intrinsic modulation bandwidth of the laser can be estimated without
being affected by the electrical bandwidth limitation. Frequency dependence of RIN can

be derived by solving rate equation (4.4) (4.5) including Langevin noise by small signal

analysis.
ds R
= (fvgg(N,S))S+€ P 1+ F(t) (4.4)
a
aN_ I _n N,S)S + Fy(t 4.5
T vyg(N,S) v (t) (4.5)

Solving this equations, RIN(f) is expressed as equation (4.6) [11].The f; is obtained by

fitting coefficients of 4, B, wo and I'o in equation (4.7) to the measured spectrum.
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RIN(f) =
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(w2 - w3)? + wI¢ )

where, S is photon density, N is carrier density, F(t), F»(t) are Langevin noises, g(N, S)
is optical gain, Ry, is spontaneous emission coupling factor, / is injection current, V, is
active region volume, ¢ is optical confinement factor, z; is carrier life time, z,n is photon

life time and vg is group velocity.

I'R
I; = Sl;p —T'vgg9sS (4.8)
d (N
FN = UggnS + W(;) (49)
s

To measure the RIN, average photocurrent and included noise power should be specified.

< AP% >
RIN = ——— 4.10
<P2> (+10)
_ < Noise of average optical power density >2 @.11)
B < Average optical power density >?2 '
< Noise current density >2
- Y~ _[dB/Hz] 4.12)

< Average photocurrent >2

However, direct measurement of the laser intensity noise is inhibited by measurement

system noise. Figure 4.46 shows the principle of RIN measurement system. The system

has three noise sources of laser intensity noise /jaser, shot noise /4 and thermal noise /inermal.

The shot noise is generated at p-i-n PD and proportional to the photocurrent. The thermal

noise comes from the low-noise amplifier (LNA) and RF spectrum analyzer. The

measurement procedure is as follow;

(1) Measuring thermal noise spectrum by RF spectrum analyzer without laser light input.

(2) Measuring shot noise from average photocurrent of p-i-n PD by digital multimeter
with laser light input.

(3) Measuring the noise spectrum of the laser by spectrum analyzer and obtaining total
system noise including all noise factors.

(4) Calculating the laser intensity noise /iaser using following relation;
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Figure 4.47 Measurement setup for RIN measurement.

_ Liotal = Ithermal
Ilaser - gain

- Ishot (4-13)

Figure 4.47 shows the measurement setup for RIN measurement. The continuous current
was injected to the device-under-test (DUT) via a 20-GHz high-speed GS probe. The
optical output signal from the DUT was collected via a spherical-lensed single-mode fiber.
The collected optical signal was amplified using an erbium-doped fiber amplifier (EDFA)
with noise figure of approximately 4dB to obtain receivable optical power by the p-i-n
photoreceiver. Bandpass filter with bandwidth of 2 nm was inserted to eliminate the

amplified spontaneous emission (ASE). The DC component of detected power was
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Figure 4.48 Measured device structure of membrane DFB laser.
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Figure 4.49 RIN spectra of membrane DFB laser for various bias current conditions.

measured by the digital multimeter. The RF component of detected signal was analyzed
by RF spectrum analyzer. Figure 4.48 shows the schematic of measured membrane DFB
laser. The device has cavity length of 80 um with a cleaved facet at the front side of the
active region. The stripe width of the active region is 0.7 um. The both side of electrodes
are Ti/Au electrode. The threshold current /i is 0.27 mA. Figure 4.49 shows RIN spectra
for various bias currents measured at room temperature. It was observed that the peak

frequency shifted as increasing bias current. The RIN peak intensity at a bias current of
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Figure 4.50 Plots of relaxation oscillation frequency versus square root of bias current obtained

from RIN measurement.

1.03 mA was 116 dB/Hz. Typically, RIN intensity below 140 dB/Hz is required to achieve

good signal quality transmission. Although this measurement setup including the ASE

noise from the EDFA, to suppress the RIN intensity, higher bias current and prevent back

reflection from the waveguide facet are needed. Figure 4.50 shows the plots of relaxation

oscillation frequency f; as a function of the square root of the bias current above the

threshold. From linear fitting of measured plots, the slope of the relaxation oscillation

frequency of 10 GHz/mA!? is obtained. This modulation efficiency of f; is significant

high value compared with typical DFB lasers thanks to the small active volume of 1.68

um?. The derailed comparison will be given a next subsection 4.5.2.
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4.5.2 Small signal modulation

Small-signal modulation of a membrane DFB laser was performed using vector-network
analyzer (VNA). The VNA is an instrument that measures the frequency response of the
transmission and reflection amplitude and the phase in a high frequency electrical
network. S-parameters of the device or circuit are identified for each frequency. The

frequency response S»1 of semiconductor laser can be measured by directly modulating

Figure 4.51 Vector Network Analyzer(Anritsu 37397C,40 MHz-65 GHz).

———————— Optical fiber cable VNA
— Electrical cable
Port. 1 Port. 2 o
Calibration
________ El_ane
DC current | -
source Bias Tee 12 GHz
\J B d P]N-PD
RF Probe aflilltpass %
Calibration . " i
S (bandwidth 2 nm) L
plane ~5
DUT - >-|Z} ] VoA
EDFA

Figure 4.52 Measurement setup for small-signal modulation.
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Figure 4.53 Device structure of membrane DFB laser for small-signal modulation.

the laser with test signal from VNA. Figure 4.51 shows the Anritsu 37397C VNA used in
this measurement. The microwave frequency from 40 MHz to 65 GHz is available. The
measurement setup for small-signal measurement is depicted in Figure 4.52. Ports 1 of the
VNA is connected to bias-tee. A DC current source is supplied to a bias-tee. A DC-
coupled modulation signal is applied to the DFB laser via a 100-um-pitch ground-signal
(GS) RF probe (Cascade Microtech ACP40). The modulated optical signals are
transmitted via optical fibers. The optical signal is amplified by an EDFA (Alnair Labs
Corp., LNA-220) to compensate the small output power of the DUT. The ASE light is
filtered by bandpass filter with bandwidth of 2 nm (Santec, OTF-350). A 12-GHz-
bandwidth p-i-n PD (Discovery Semiconductors, Inc., DSC50S-69-FC/UPC-K-2)

converts the optical signal to the electrical signal. The RF component of the detected
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Figure 4.54 Light output and voltage versus injection current characteristics of the membrane
DFB laser for small-signal modulation.

signal is input to Port 2 of the VNA. The DUT chip is put on a heat sink, that temperature
is controlled at 20 °C. Full 1-2 port calibration is performed before measuring the device,
whose calibration plane is indicated by red dashed lines in Figure 4.52. Therefore, the
contribution of measurement system is excluded from the results.

A schematic illustration showing the structure of the fabricated membrane DFB laser
is presented in Figure 4.53(a). The cavity length of the DFB laser is 50 um. The device
has a 20-um-long passive waveguide on the rear side, which is prepared to integrate a
photodiode. The front side facet was cleaved and the rear side facet was formed by
mechanically removing the bonded semiconductor layer. The both facets have no optical
coatings. The period of the surface grating formed on the active region is 4 = 295 nm.
Figure 4.53(b) shows a cross-section of the active region. The stripe width of the active
layer is 0.6 um. This device has alloyed Au/Zn/Au of 25/50/300 nm thickness as p-side
electrode to improve the p-side contact characteristics. Advance to the modulation
measurement, the static characteristics of the membrane DFB laser are measured under
room-temperature (20 °C) CW conditions. Figure 4.54 shows light output and the voltage
versus injection current characteristics. The threshold current /s, was 0.21 mA, and the
threshold current density Ji was 140 A/cm*well. The external differential quantum

efficiency n4 was 5% (front facet). The operating voltage was reduced to approximately
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Figure 4.55 Lasing spectra of the membrane DFB laser for small-signal modulation measured for
three different bias current conditions.
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Figure 4.56 Small signal modulation responses of S»; measured for various bias current

conditions.

half of that for the same device length with Ti/Au electrode as shown in Figure 4.28. Figure
4.55 shows lasing spectra measured for different bias currents. Stable single-mode

operation was observed for a bias current up to 2 mA, after which the light output showed
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Figure 4.57 Plots of relaxation oscillation frequency f; and 3dB bandwidth f34g versus square

root of bias current above threshold.

a thermal roll-off. The lasing wavelength was 1542 nm at bias current of 1.0 mA. The
values of SMSR were 41 dB and 47 dB at bias currents of 1.0 mA and 2.0 mA,
respectively. From the lasing spectrum at the bias current of 2 mA, a stopband width was
determined by measuring the wavelength span where a level of the spontaneous emission
intensity was much lower than the noise level of the spectrum analyzer (Ando (currently
Yokogawa), AQ6317B). Based on the theory of emission spectrum of the DFB laser [12],
the obtained stopband width of 46 nm corresponded to an index-coupling coefficient of
2100 cm™'. The mode span of the spectrum was different from that of calculated spectrum.
It can be attributed to facet phase of front and rear facets because both facets had no AR
coatings.

The small-signal responses (S21) of the membrane DFB laser measured at various
injection currents from 0.28 to 1.47 mA are shown in Figure 4.56. Because the 3dB
bandwidth of 12.8 GHz was obtained at 0.98-mA bias current, 10 Gbit/s operation was
considered to be possible with a bias current below 1.0 mA. The maximum 3-dB
bandwidth of 13.6 GHz was obtained at a bias current of 1.47 mA. The f; of the laser was

obtained by fitting the measured response curve to theoretical three-pole transfer function
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Figure 4.58 Damping factor as a function of the squared relaxation oscillation frequency.

as follows;

S A
M) =1+ 2nfo? 7 2)+(]2c_y)2 (4.14)
r s

where 7 is the delay constant including the contributions of carrier transmit time, carrier
capture time at the quantum wells and RC bandwidth. Figure 4.57 shows relaxation
oscillation frequency f; and 3-dB bandwidth f34s as a function of the square root of bias
current above the threshold. The modulation efficiencies for f; and f34s are 11 GHz/mA!?
and 17 GHz/mA"2, respectively. The damping rate was also extracted from the small-
signal responses. Figure 4.58 shows the plots of damping rate versus squared relaxation
oscillation frequency. The K-factor and intrinsic damping offset yo were obtained from
the linear fitting of the plots as following equation;
Yy=K-f*+v (4.15)

As a result from Figure 4.58, the K-factor and offset yo were 0.26 ns and 9.3 ns™,

respectively. The maximum intrinsic bandwidth, f3dB, max 18 given by [13, 14];

2\21

f3dB,max = K (4.16)

The obtained K-factor corresponds to an intrinsic maximum bandwidth, neglecting the
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self-heating and parasitic cutoff, of 34 GHz. The relaxation oscillation frequency of the
device shown in Figure 4.57 seems to be saturated by heating. This can be solved by
reducing the electrical resistance as well as thinning BCB layer thickness to reduce
thermal resistance. Reducing resistance and parasitic capacitance is also important to
increase total bandwidth. The modulation efficiency of f; was also extracted from the
device with different active volume. Table 4.11 shows the structural differences of
measured devices. The device with V, of 1.68 um?® had a Ti/Au p-side electrode and 2.0
um-thick BCB layer. The device with V, of 0.90 um? had a Au/Zn/Au p-side electrode
and 2.0 pm-thick BCB layer. The device with ¥, of 0.77 pm® had a Au/Zn/Au p-side
electrode and 0.5 pm-thick BCB layer. These differences affect the self-heating properties
of the laser. Therefore the structural differences only affect the maximum value of £, and
the modulation efficiency does not depends on these difference. Figure 4.59 shows the
comparison of modulation efficiency of f; for devices with three different active volume
of 1.68 um?, 0.90 um? and 0.77 um?®. According to the section 2.3.2, modulation
efficiency is proportional to inverse of square root of cavity volume, which was assumed

)2, Table 4.12 summarizes the active

to be as same as active volume in this structure, 1/(Va
volume, ratio of active volume normalized by 1.68 um?, modulation efficiency and ratio
of modulation efficiency normalized by 9.9 GHz/mA!? for three devices. It was
confirmed that the modulation efficiency increased as the active volume decreased as
expected from the fundamental relation. However the obtained modulation efficiencies
were lower than expected from the ratio of active volume. This is because the modulation
efficiency depends on not only the active volume but also the threshold current density.
The most right column of Table 4.12 shows threshold current density for each device.
Increased threshold current density weaken the effect of scaling of modulation efficiency.

Suppressed threshold current density for small active volume structure will lead to further

enhancement of modulation efficiency.
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Table 4.11 Structural difference of measured devices.
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Figure 4.59 Comparison of modulation efficiency of f; for devices with three different active

volume of 1.68 um?, 0.90 um? and 0.77 pm?>.

Table 4.12 Ratio of active volume V, and modulation efficiency

Ratio of modulation
Active volume Ratio of 1/V,"2 Modulation efficiency Threshold current
((1.68 um3/ V,)?) efficiency ( modulation efficiency | density for SQW
/9.9 GHz/mA'?)
Va.=1.68 um’ 1.00 9.9 GHz/mA'? 1.00 480 A/cm?
Va=0.90 um? 1.36 11 GHz/mA'? 1.11 700 A/cm?
Va.=0.77 pm’ 1.47 12 GHz/mA > 1.20 820 A/cm?
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Figure 4.60 Trend of the modulation efficiency of InP-based long wavelength (1.3—1.55 pum)
DFB lasers, DBR lasers, DR lasers, VCSELSs and PhC laser. Full-reference used in this graph is

available in appendix inserted at end of this chapter.

obtained modulation efficiencies of f; are compared with that of various lasers, such as
InP-based long-wavelength (4 = 1.3—1.55 um) conventional type DFB and DR lasers,
membrane DFB, DBR and DR lasers, VCSELs and PhC laser as shown in Figure 4.60.
The list of full-reference used in this graph is available in appendix 4-1 inserted at end of
this chapter. The conventional DFB lasers demonstrated maximum modulation
efficiencies for GalnAsP-based and AlGalnAs-based active layer devices of 3.0
GHz/mA'!? [15] and 4.8 GHz/mA"? [16], respectively. many efforts have been paid to
enhance modulation efficiency of DFB lasers mainly by optimizing quantum well
structures including well number, width, strain and doping. In contrast, VCSELs
demonstrated high modulation efficiency owing to their small-active volume and strong
confinement DBRs cavity [17]. For membrane lasers, higher efficiencies than
conventional DFB lasers have been reported [18-22]. The modulation efficiency of 9.9,

11 and 12 GHz/mA"? obtained in this work is the significantly high values ever reported
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to date for DFB lasers to the best of our knowledge. This is attributed to the small active
volume (Va = 0.77-1.68 um?®) of membrane DFB laser. We note that a much higher value
of 42.4 GHz/mA"? was reported for a PhC laser using a very small active volume 2.5 x
0.3 x 0.018 um (0.0135 um?, assuming a 6-nm-thick quantum well) [23]. However, it
becomes more difficult to obtain sufficient light output power for a communication with

such significantly small active volume.
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4.5.3 Eye diagrams and bit-error-rate (BER) measurement

The large signal modulation of membrane DFB laser is performed. The electrical
modulating signals are generated by a pulse-pattern generator (Anritsu Signal Quality
Analyzers MP1800A implementing MU181020B, and MU182021A). The bit-error-rate
(BER) characteristics are measured by an error detector (Anritsu Signal Quality Analyzers
MP1800A implementing MU181040B, and MU182041A). Figure 4.61 shows the
appearance of these instruments. The clock signal is generated by analog-signal generator

(Agilent, E8257D PSG Analog Signal Generator, 100 kHz to 67 GHz).

Figure 4.61 MP1800A Signal Quality Analyzers implementing MU181020B, MU182021A,
MU181040B, and MU182041A.
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Figure 4.62 shows the measurement setup for large signal modulation of membrane DFB

lasers. Pseudo-random-bit-sequence (PRBS) signals are generated by two 14 Gbit/s PPGs

and 28 Gbit/s multiplexer. Electrical modulation signals are applied to the DFB laser via

a bias-tee and a GS probe. The optical signal of the DFB laser is collected by spherical

lensed fiber. The optical signal is amplified by EDFA; then bandpass filter eliminates the

ASE light. The optical power in a fiber is monitored and controlled by variable optical

attenuator (VOA). The optical signal is converted to electrical signal by 12-GHz-

bandwidth p-i-n PD-TIA photoreceiver (New Focus, 1544-B). The signals are recorded

by a sampling oscilloscope (Agilent 86109B) to construct an eye diagram. For the BER

measurement, the signals are analyzed with an error detector consists of two 14 Gbit/s

error-detector and 28 Gbit/s demultiplexer.
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Figure 4.63 10 Gbit/s BER characteristics of membrane DFB laser at bias current of 1.0 mA. The
blue plots shows sensitivity curve of used PD-TIA photoreciever measured by external light source

and LN modulator.
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Figure 4.64 Eye diagram of membrane DFB laser biased at 1.0 mA for 10 Gbit/s of NRZ signal

using a 23'-1 pattern.

The measured device is same one as shown in Figure 4.53. The measured membrane DFB
laser has the cavity length of 50 um and the threshold current of 0.21 mA. A data signal
of non-return-to-zero (NRZ) with a PRBS having a word length of 23!-1 was transmitted.

First, the modulation characteristics under the condition with low-bias current of 1.0 mA
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was measured. Figure 4.63 shows the BER characteristics of the membrane DFB laser at
a data rate of 10 Gbit/s as a function of the averaged received optical power. The blue
plots shows the sensitivity curve of used PD-TIA photoreciever measured by external
light source and LN modulator (COVEGA, Mach-40™005). The modulation voltage
swing to the laser was set to 0.52 Vpp. The BER of less than 1x10” was achieved at an
averaged received power of -5.8 dBm. The difference from the sensitivity curve of the
photoreciever is attributed to the use of EDFA, which degrade the SN ratio of the signal.
The BER characteristic is improved if sufficient light output power is obtained without
using an EDFA. Figure 4.64 shows the 10 Gbit/s eye diagram measured under the same
modulation conditions. The eye opening was confirmed with an extinction ratio (ER) of
5dB. To the best of our knowledge, this bias current was the lowest value used for 10
Gbit/s large-signal direct modulation of DFB laser, which was attributed to the low-
threshold current and high-modulation efficiency characteristics of the membrane DFB
structure. Although an error-floor appears in the BER curve, the linearity of the BER
curve and eye opening are expected be improved if the external differential quantum
efficiency is improved to the same value as that of a conventional DFB laser. Next, the
energy cost of this experiments is calculated. The driving voltage of the laser is 2.3 V as
seen in Figure 4.54 at the bias current of 1.0 mA. The energy cost per bit for data
transmission can be calculated by the product of bias current and voltage divided by the

data rate as following relation;

LWy

_b'b 4.17
Data — rate ( )

Energy cost =

According to this relationship, the energy cost in this modulation is calculated to be 230
fJ/bit. This energy cost is small in comparison to a conventional DFB laser, but still high
value to the target of 100 fJ/bit. This is caused by a relatively high driving voltage of 2.3
V because of the differential resistance of 1.2 kQ. It is expected that the differential
resistance can be reduced to 200 Q by reducing the distance between the p-side electrode
and the active stripe, thereby resulting in a driving voltage of approximately 1 V at 1.0

mA
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Figure 4.65 BER characteristics of membrane DFB laser at bias current of 1.5 mA for various

data-rate signals.
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Figure 4.66 Eye diagrams of membrane DFB laser biased at 1.5 mA for 10 Gbit/s, 15 Gbit/s and
20 Gbit/s of NRZ PRBS = 23!-1 pattern signal.

bias current.

Subsequently, large-signal modulation characteristics of the same device was
investigated by applying higher bias current. Figure 4.65 shows the BER characteristics of
membrane DFB laser at the bias current of 1.5 mA measured for data-rate of 15 Gbit/s,
18 Gbit/s and 20 Gbit/s. The bit-error in the order of 10~ was obtained up to 18 Gbit/s

operation. Figure 4.66 shows the eye diagrams of membrane DFB laser biased at 1.5 mA
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for 10 Gbit/s, 15 Gbit/s and 20 Gbit/s of NRZ signal using a PRBS of 23!-1 pattern. The
values of extinction ratio of these eye were 4.9dB, 4.1dB and 3.4 dB for 10 Gbit/s, 15
Gbit/s and 20 Gbit/s signals, respectively. In 20 Gbit/s operation, degradation of
extinction ratio caused the poor BER characteristics. For the higher data-rate modulation,

further bandwidth improvement as well as more output power are required.
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4.6 Conclusion

This chapter described the fabrication and characterization of membrane DFB lasers
with BJB integrated waveguide. Grating formation process is established so as to obtain
smooth etched profiles. Membrane DFB lasers on a Si substrate with a short cavity and
strong index-coupling coefficient was fabricated. A record-low threshold current of 0.23
mA was obtained under RT-CW condition. Preliminary reliability test of membrane DFB
laser bonded on a Si substrate was investigated. The device with a p-side Au/Zn/Au
electrode had better voltage characteristics than the device with a Ti/Au p-side electrode
device. The device with Au/Zn/Au electrode showed reliable operation up to 310 hours.
As a modulation characteristics, 3dB bandwidth of 12.8 GHz at a bias current 0f 0.98 mA,
and a modulation efficiency of 11 GHz/mA'? were obtained. Large-signal direct
modulation at 10 Gbit/s was performed using an NRZ signal with PRBS = 23!-1, and a
BER less than 1x10” was achieved with bias current of 1.0 mA. The energy cost for this

modulation was calculated to be 230 {J/bit.
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5.1 Introduction

This chapter describes the integration of membrane DFB lasers and p-i-n
photodiodes (PDs) the by BJB structure. The fabrication method and characteristics of
the membrane BJB structure were explained in the chapter 3. The integration of
membrane DFB lasers and passive waveguides was realized in the chapter 4. For the on-
chip optical link device using the membrane structure, integration of a laser, a waveguide
and detector is an essential step. The fabricated device in this chapter consists of a

membrane DFB laser, BJB passive waveguide and a lateral junction p-i-n PD which are
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key components to construct optical link. Section 5.2 describes the device structure and
the fabrication process. Section 5.3 describes the electrical isolation process of the
integrated device. A sufficient isolation is needed to independently drive each component
device. Section 5.4 describes the characterization of integrated membrane optical link
device consisting of a DFB laser and a p-i-n PD. First, fundamental characteristics of the
integrated DFB laser is shown. Static optical transmission characteristics is measured by
using a semiconductor parameter analyzer. Signal transmission characteristics are also

measured for small-signal and large signal modulations.
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5.2 Device structure and fabrication

5.2.1 Device structure

The structure of the membrane optical link is explained. Figure 5.1 shows the
schematic structure of a membrane optical link using a DFB laser and a p-i-n photodiode
(PD) integrated by the BJB structure. The semiconductor core layer and SiO» cladding
layer are bonded on a Si substrate by BCB adhesive layer. The membrane DFB laser and
lateral junction p-i-n PD are connected by a straight BJB integrated waveguide. The active
layer of the DFB laser is strain compensated GalnAsP five-quantum wells. The absorption
layer of p-i-n PD is same as the active layer of the DFB laser. The surface grating is
formed on only DFB laser region. The unnecessary #n- and p-InP regions for the device
operation are removed to enhance the electrical isolation between the indivisual devices.
The SiO2 cladding layer is exposed on the region where InP is removed. Figure 5.2 shows
the cross sectional image of a membrane optical link along with the light propagation

direction. Figure 5.3 shows the

Figure 5.1 Schematic structure of membrane optical link using DFB laser and p-i-n PD.
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Figure 5.2 Cross sectional image of membrane optical link in light propagation direction.
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Figure 5.3 Explanation for the function of membrane optical link.

explanation for the function of membrane optical link. The input electrical signal drives
the DFB laser. The signal is converted from electrical domain to optical domain in the
laser, then propagating through the passive waveguide. The optical signal is again
converted to electrical signal by the p-i-n PD. This membrane optical link can perform
the fundamental function as an optical interconnection. Although there is no specific
reason to form a cleavage facet for the purpose of operation as an optical link, the facet

is needed to be formed when the laser characteristics is directly measured.
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5.2.2 Fabrication process
The fabrication process of membrane optical link is described. Figure 5.4 shows the

initial wafer structure used for the fabrication. The detailed design of MQW:s active layer
is as same as that described in Table 4.12. The top InP and GalnAs cap layers are
introduced for the protection of the surface before starting the process. The core layer of
270 nm is formed in a final structure. The whole fabrication process flow is shown in
Figure 5.5 and Figure 5.6. The process steps from (1) to (12) are the same as the
fabrication process of membrane DFB laser with integrated BJB waveguide already
described in the section 4.3.4. The different procedures are steps (13) and (14).
(13) Grating formation

The grating is formed on only the surface of DFB laser region. Surface of absorption

region of p-i-n PD has no pattering.
(14) Electrical isolation

A stripe-shaped photoresist (AZ5218) for protecting both an active and a passive

waveguide region is formed by photolithography. The unnecessary InP regions are

then removed by chemical solution of H>O, : HCl : CH3COOH =1 : 2 : 20 at 20°C

for 5 sec, to enhance the electrical isolation between the devices.

u-InP (20 nm)

u-GalnAs (20 nm)

u-InP (50 nm)
u-GalnAsP OCL (15 nm)

u-GalnAsP 5QWs (90 nm)
u-GalnAsP OCL (15 nm)

p-InP (Ny=1 X 10 cm3, 100 nm)

Core layer
deore = 270 nm

p-GalnAs (Ny =8 X 10¥ ¢cm3, 100 nm)

Etch stop layers
(u-InP 100 nm, u-GalnAs 300 nm)

n-InP (100) Sub.

Figure 5.4 Initial wafer structure for fabrication of membrane optical link.
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(1) Initial wafer (2) Island formation
Si0, mask

(3) OMVPE regrowth (4) Stripe mesa formation
of passive layer

GalnAsP/InP Si0, mask

(5) OMVPE regrowth (6) Stripe mesa formation
of n-InP

n-InP S10, mask
/

p-InP p-InP

Figure 5.5 Fabrication procedure of membrane DFB laser (initial wafer ~ SiO, cladding layer
deposition).
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(9) BCB bonding (10) Removing InP

substrate and etch stop
GalnAs contact layer

(11) Removing contact ~ (12) Electrode formation

layer GalnAs .
contact layer Ti/ u / Zn/Au

I

(13) Grating formation
Surface grating
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Figure 5.6 Fabrication procedure of membrane DFB laser (BCB bonding ~ electrical isolation).



262 Chapter 5
Integration of membrane DFB laser and p-i-n photodiode

5.3 Electrical isolation between the integrated devices

= Current source /, * Ground

I 1\] Laser

Leakage current path
from terminal 1

PD
n-InP

*Voltage source V, » Ground

Figure 5.7 Terminal configuration in measurement of optical link device.

The electrical isolation resistance between the DFB laser and the p-i-n PD is important
to ensure independent device driving and to suppress high frequency crosstalk in the
integrated structure. The electrical isolation resistance Riso between the p-side electrodes
of the DFB laser and the p-i-n PD has major impact of the measurement. Figure 5.7 shows
the terminal configuration in measurement of the optical link device. The terminal 1 has
a function as a current source for injecting current into the laser and is connected to the
p-side electrode of the DFB laser. Terminals 2 and 3 are set to ground and connected to
n-side electrodes of the DFB laser and p-i-n PD. Terminal 4 has a function as a voltage
source for biasing the p-i-n PD and connected to the p-side electrode of the p-i-n PD. The
polarity of these terminals is defined as current flow from the instrument to the device is
positive direction. Given that the n-electrodes will be set to common ground during the
optical transmission measurement, the isolation resistance between the n-side electrodes

becomes not a serious problem. There is a leakage current path between the p-side
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Figure 5.8 Current flow division of /; to /> and /4.

electrodes, because voltage difference is occurred when the DFB laser and the p-i-n PD
are biased forward current and reverse voltage, respectively. To confirm the current
amount of leakage current, current flow from the terminal 1 to the other terminals were
measured. The measured device has no isolation structure and isolation resistance
between the p-side electrodes was 25k Q. Figure 5.8 shows current /; versus currents />
and /4 characteristics. When the devices are ideally isolated, current -/> is equal to the 7,
and the slope /2/11 becomes -1. However, the obtained results indicated the presence of
leakage current. Estimating from the slope of /4/11 =-0.129, 12.9% of driving current for
the DFB laser is leaked to the terminal 4. This leakage current problem should be solved

before measuring the integrated device.
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5.3.1 Isolation process

The current blocking structure is needed to enhance the electrical isolation. Figure 5.9
shows the schematic illustration of top view of the isolation process. First, the DFB laser,
passive waveguide and p-i-n PD region are protected by stripe shape photoresist. The
uncovered InP region is etched by wet chemical solution of H>O» : HCI : CH3;COOH =
1 :2:20 at 20°C. This chemical solution provide fast and uniform etching result for InP.
Then, after removing the resist and cleaning the surface by O, plasma reactor, the
electrically isolated structure is formed. Figure 5.10 shows the optical microscope images
of the processed substrate (a) before isolation process with stripe shape resist, and (b)
after isolation process. It can be seen that the InP at uncovered region is completely
removed. The electrodes are not left from the substrate after the wet etching process.
Figure 5.11 shows the enlarged image of the DFB laser region after isolation process. The
remaining semiconductor stripe region has width of 14 um. If the width of core stripe is
1 um, and n- and p-InP side cladding have same width, the possible current leakage path

becomes 6.5-um-wide p-InP side cladding region.

I l .l-
| |

e
Stripe shape photoresist | n-InP | p-InP |
Figure 5.9 Schematic illustration of top view of the isolation process.

Y ot e

Wet
etching | Revealed SiO,

» cladding layer
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Photoresist

(a) (b)
Figure 5.10 Optical microscope images during the isolation process (a) with stripe shape resist.
(b) Completed structure.

Semiconductor

~~ region

Figure 5.11 Enlarged image of the device after isolation.
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5.3.2 Measurement of isolation resistance

Figure 5.12 Semiconductor parameter analyzer (Keithley, 4200-SCS)

In this subsection, isolation characteristics before and after isolating process were
measured. To perform 4-terminal measurement, a semiconductor parameter analyzer was
used. Figure 5.12 shows the appearance of semiconductor parameter analyzer (Keythley,
4200-SCS). This equipment provide C-J measurement, transistor evaluation and 2—4
terminal measurement. The function of 4-terminal can be arbitrary changed. Source-
measure-unit (SMU) has current measurement range from 1.05 pA to 105 mA. When the
measurement range is 1.05pA, the minimum current resolution becomes 50 aA. The
terminal configuration for optical link measurement is shown in Figure 5.7. In the
measurement of isolation resistance, 2-terminal configuration was used. Figure 5.13
shows the voltage-current characteristics between the p-side electrodes measured for
before and after isolation process. Figure 5.13(a) shows measured position in a device.
Figure 5.13(b) shows graph of I-V curves. The isolation resistance of p-side was increased
from 40k Q to 380k Q by isolation process. Considering the condition for optical link
operation, the terminal 1 has voltage of 1-2 V for the laser driving and the terminal 4 has
voltage of -1—-3 V for bias of p-i-n PD. The possible voltage difference V14 between the

terminal 1 and 4 is in the range from 2—5 V. When the isolation resistance is only 40k Q,
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(b)
Figure 5.13 Measurement of p-side isolation resistance before and after isolation process. (a)
Measured position in a device. (b) The voltage-current characteristics between the p-side

electrodes measured for before and after isolation process

the leakage current up to 125 pA is estimated. This current is on the order of greater than
or equal to the photocurrent, and obscuring the generated photocurrent. After isolation
process, the isolation resistance of 380k Q results in leakage current less than or around
10 pA. In this case, the photocurrent can be distinguished from measured total current.

Figure 5.14 shows the measurement of n-side isolation resistance before and after
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(b)
Figure 5.14 Measurement of n-side isolation resistance before and after isolation process. (a)
Measured position in a device. (b) The voltage-current characteristics between the n-side

electrodes measured for before and after isolation process

isolation process. As well as p-side characteristics, isolation of n-side electrodes is also
enhanced one-order of magnitude. Table 5.1 summarizes the characteristics change for p-
side isolation by isolation process. In order to confirm that the isolation process does not

degrade the electrical characteristics of the laser, the diode characteristics of the laser

before and after
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Table 5.1 Isolation characteristics in p-side electrodes

R Possible leakage
wor current (V14 = 5V)
Before 40k Q 125 pA
After 380k Q 13 pA

—— Before isolation etching
— After

|
0.5 r
O | |
0 0.5 1 1.5
Current [mA]

Figure 5.15 [-V characteristics of the laser before and after isolation process.

isolation process were measured. Figure 5.15 shows the /-V characteristics of the DFB
laser before and after isolation process. There was a little different between two /-V curves.
The turn-on voltage of 0.8 V was unchanged, and it was confirmed that no leakage path
was formed in the current path of the laser. As a results, the sufficient isolation
enhancement was obtained by introduced process. In addition, this process does not

change the other electrical characteristics of the devices.
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5.3.3 Isolation effect on the photocurrent characteristics

The photocurrent characteristics of integrated p-i-n PD was measured. Figure 5.16(a)
shows the illustration of measurement method. By injecting the current into the laser, p-
i-n PD output the detected photocurrent. Therefore, the laser injection current versus

photocurrent characteristics corresponds to the light output-current curves of the laser.

Laser / \ Laser /
— 3 —— 3

Before 1solation After 1solation

(a)

S 200

= RT-CW

g 175 Fyp=av

= 150 + Lprs= 200 pm,

B g5 | Mo 00um

T = 100 — Before isolation

e o [—

g L s | After

g 50 |

,2 25

A~ 0 T T | | |

00 05 10 15 20 25 30
Injection current to the laser /; , [mA]

(b)
Figure 5.16 (a) Illustration of measurement. (b) Laser injection current versus photocurrent

characteristics before and after isolation process.
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Figure 5.16(b) shows the laser injection current versus photocurrent characteristics before
and after isolation process. The measurements were performed for the same device at
room-temperature (RT) continuous-wave condition. The bias voltage of p-i-n PD was -1
V. The blue line (before isolation) showed abrupt rising up at laser current of 0 mA. This
is caused by insufficient isolation resistance in p-side region. The leakage current due to
the voltage difference of 1.8 V (PD bias voltage of -1 V and laser turn-on voltage of 0.8
V) was flown. In the red line (after isolation), small rise up of 5 pA was observed. Rapid

increase of photocurrent was observed above the threshold of the integrated laser.
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5.4 Integrated membrane DFB laser and p-i-n photodiode with

isolated structure

The measurement results of a membrane optical link consisting of an integrated DFB
laser and a p-i-n PD are shown in this section. Figure 5.17(a) shows an optical microscopy
image of the fabricated membrane optical link to be characterized in this section. The
DFB laser and the p-i-n PD have lengths of 80 and 200 um, respectively. The stripe width
Ws of the DFB laser and the p-i-n PD is a same value of 0.9 um. The p-side electrode of
both devices consisted of alloyed Au/Zn/Au electrode. Because the passive waveguide
has a side cladding layer of approximately 3-um-wide InP, an optical confiment in lateral
direction is realized by not an air but a InP cladding layer. The grating design is uniform

DFB laser p-i-n PD
Ly =80 pm Lpp =200 pm

Waveguide 500 pm

Ti/Au
@ Stripe width Au/Zn/Au
+-
0.9 [m p™-GalnAs contact Passive GalnAsP
core layer n-—lnP.ﬁ p-InP
270 nm \

I
(b)

Figure 5.17 (a) Optical microscopy image of the optical link using a membrane DFB laser and a
p-i-n PD. (b) Schematic of cross section at active and passive waveguide regions.
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Figure 5.18 Scanning electron microscopy image of a joint region of the DFB laser and the
passive waveguide.

first order grating with the period of 295 nm and the duty ratio of 0.43. The absorption
layer of the p-i-n PD is as same as that of the active region of the DFB laser. These devices
are connected by a 500-um-long passive waveguide. Figure 5.17(b) shows the cross-
sections at the active and passive regions. The coupling efficiency between the active and
passive section was calculated to be more than 98% in the chapter 3. The propagation loss
of the passive waveguide was measured to be more than 8 dB/cm by using the Fabry-
Perot resonance method performed for the waveguide with both cleaved facets.
According to the propagation loss of 8 dB/cm and the length of 500 um, the propagation
loss for a 500-um-long waveguide is at least 0.4dB. The output of the DFB laser on the
opposite side to the p-i-n PD was cleaved, for measuring the lasing characteristics. Figure
5.18 shows the scanning electron microscopy image of a joint region of the DFB laser
and the passive waveguide. As shown in the image, the surface grating pattern was
successfully formed on the InP cap layer. The electrical isolation resistance Riso between
the p-side electrodes of this device was measured, as shown in Figure 5.19(a). Figure
5.19(b) shows the obtained current—voltage characteristics. The isolation resistance Riso
between the p-side electrodes was measured to be approximately 479k Q within the
measured voltage range. The leakage current was therefore expected to be less than 10

LA in a device operation, which implied that sufficient electrical isolation was obtained
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Figure 5.19 Electrical isolation measurement. (a) Schematic of the measuring configuration. (b)
Current—voltage characteristics.

in the fabricated structure.
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5.4.1 Lasing characteristics of integrated laser

Prior to evaluate the fabricated optical link, the static characteristics of the integrated
membrane DFB laser were measured. The DFB laser was characterized by measuring the
light output from the cleaved facet formed on the side opposite to the p-i-n PD. The light
output was detected by a commercial GalnAs p-i-n PD (G8370-10, Hamamatsu
Photonics). Figure 5.20 shows I-L, I-V characteristics. The obtained threshold current /i
was 0.48 mA, and the corresponding threshold current density Jim was 667 A/cm? for the
5QW active layer. The external differential quantum efficiency 74 was 2.5 % (facet
output). It should be noted that even though the output efficiency from the facet was small,
the facet output was not used in the optical transmission measurement to be shown later.
Figure 5.21 shows the lasing spectrum measured at a bias current of 2.5 mA. The lasing
wavelength was 1525 nm and the sub-mode suppression-ratio was 34dB. The stopband

widthwas 43 nm, corresponding

= 50 5
= RT-CW, 5QWs

degre = 270 nm,
40 | Lppp= 80 pum, 14 —
D W.=09 um E.
& 30 - 3
g 20 - 4 2 *%D
e 2
& 10 Iy = 0.48 mA 11
= L —1s=25%
E O ! ! | \ O
Eﬁ 0.0 1.0 2.0 3.0 4.0

Injection current /i [mA]

Figure 5.20 Light output versus current characteristics of the membrane DFB laser integrated in

an optical link.
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Figure 5.21 Lasing spectrum of the integrated DFB laser at a bias current of 2.5 mA.
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Figure 5.22 Input power versus lasing wavelength characteristics.

to an index-coupling coefficient of 2000 cm™'. The same values of stopband width were

observed for the different devices on a same chip. The slight difference of Bragg

wavelength was observed between the devices, which was attributed to the variation of

stripe width or non-uniformity of regrowth thickness. Figure 5.22 shows input power

versus lasing wavelength characteristics. The slope A4/APi» was 0.226 nm/mW. By



Chapter 5 277
Integration of membrane DFB laser and p-i-n photodiode

approximating the input power as the dissipated power, and using wavelength shift due
to the temperature of AA//AT = 0.01 nm, the thermal resistance of the DFB laser was
calculated to be 2260 K/W.

5.4.2 Static optical transmission characteristics

The membrane optical link was statically characterized, by measuring the optical
transmission properties between the DFB laser and the p-i-n PD. The light output of the
DFB laser into the passive waveguide section was detected by the integrated p-i-n PD.
The obtained photocurrent of the p-i-n PD, /pp, as a function of the current injected into
the DFB laser, /1p is shown in Figure 5.23. The light output from the cleaved facet (the
same curve shown in Figure 5.20) is also shown, for comparison. The threshold current
of the DFB laser observed from the photocurrent characteristic was 0.48 mA, which was
the same value measured using the external p-i-n PD. The slope of ILp-/pp characteristics

was 68.4 uA/mA. The 54 for the p-i-n PD side output can be calculated by assuming the

%_ 50 RT-CW
': doore = 270 nm, 1 150 € Z
40 FLppe= 80 um, 1 125 2 3
° W,=0.9 um 3 —
q% 30 + — Laser output 100 S NE
detected by o) -
g external PD 1 75 ﬁ o
g 20 1 — 9 o
5 —— Photocurrent { 50 2L .M
o 10 + detected by 3 &,
= integrated PD{ 25 © 95
S} Vep=-1V A
= 1 1 1 b 1
< 0 0
200 10 20 30 40

Injection current to the laser /| , [mA]

Figure 5.23 Photocurrent of the integrated p-i-n PD and light output power of the laser

(measured by the external PD) as functions of the laser injection current.
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Output ratio = P,/ P
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Waveguide output P,
Facet output Py, =

Figure 5.24 Definition of the output ratio of the DFB laser.

Table 5.2 Isolation characteristics in p-side electrodes

Waveguide
Laser bias Facet output Photocurrent output Pywg Output ratio
CuI'I'el’lt ILD Pfacet Iph Calculated ng/Pfacet
from Ipn
1.0 mA 11.6 uW 31.5 A 252 yW 2.2
1.5 mA 22.4 yW 66.7 nA 53.4 uW 24
2.0 mA 32.5 uW 96.7 uA 77.4 pW 24
2.5mA 403 uW 126 pA 101 pW 2.5

internal quantum efficiency of p-i-n PD of 100% and incorporating the propagation loss
of 500-um-long waveguide of 0.4dB. The 74 of the DFB laser was calculated to be 7.5%
from the slope of the photocurrent by assuming the p-i-n PD responsivity of 1.25 A/W.
The asymmetry in output power of the DFB laser is analyzed. Figure 5.24 shows the
definition of an output ratio of the DFB laser in this time. Given that the photocurrent
values of /pp at each laser bias current /1p, the output power of the DFB laser into the
integrated waveguide Pwg was estimated as shown in Table 5.2. The waveguide output

power was calculated using following relation;

p e (5.1)
W& 1.25A/W

The output ratio was in the range from 2.2-2.5 at each bias current. As one of the reasons

for this asymmetry in the output ratio, the facet phase of the grating was considered.
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Figure 5.25 Output ratio between the facet and waveguide output power as a function of facet

phase. The facet reflectivity of 21% was used.

Figure 5.25 shows the output ratio between the facet and waveguide output power. The
facet reflectivity of 21% was used in this calculation. It can be seen from the graph that
the maximum output ratio of 2.7 is possible. The facet phase is consistent for the
explanation of obtained output asymmetry.

Figure 5.26 shows the current—voltage characteristics of the integrated p-i-n PD for
various laser bias currents, from 0 to 2.5 mA. To avoid a leakage current between the
DFB laser and the p-i-n PD, only the curve at a laser current of 0 mA was obtained with
opened electrode pads at the DFB laser. As shown, the p-i-n PD dark current was 0.2 pA
at a bias voltage of -1 V. The dark current normalized by the absorption area was 0.1
A/cm?. This unremarkable dark current density was due either to surface leakage or
leakage at the waveguide region. The absorption of p-i-n PD did not reach the saturation
region, as can be seen from the fact that the p-i-n PD current in reverse bias conditions

was almost independent of the bias voltage.
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Figure 5.26 Current—voltage characteristics of the integrated p-i-n PD, for various injection

currents in the DFB laser.
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5.4.3 Dynamic optical transmission characteristics

The small-signal frequency response S»1 of the full-optical link was measured with a
vector network analyzer (VNA; Anritsu, 37397C). The setup for small-signal
measurement is depicted in Figure 5.27. The ports 1 and 2 of the VNA were connected to

bias-

portl Vector port2
Network

Analyzer

DC Current || DC Voltage

Source Source
> Bias Tee Bias Tee
RF Probe || RF Probe ||
Calibration | [——] TTTAT
DUT |
planel !

A
Optlcal 51gnal IH” ’i’f?h,* o

Figure 5.27 Setup used to measure the small-signal response of the optical link. The left side
image shows the block diagram of the measurement setup. The right side image shows an
optical microscopy image of the device under test.



282 Chapter 5
Integration of membrane DFB laser and p-i-n photodiode

dB]
Ill—'lll—‘| e
hnh O O Lh O O

1
[\

Response S, [

1
[\

o
S

0 2 4 6 8 1012 14 16 18 20
Frequency f[GHz]

Figure 5.28 Small-signal response of the fabricated optical link. (a) Bias current dependence

measured at a -3 V PD bias voltage.

tees. A DC source was supplied to each bias-tee. A DC-coupled modulation signal was
applied to the DFB laser via a 100-um-pitch ground-signal (GS) RF probe (Cascade
Microtech ACP40). The modulated optical signals were then transmitted via the optical
link. The p-i-n PD electrical output was received by a signal-ground probe. The RF
component of the detected signal was separated by a bias-tee, and input to Port 2 of the
VNA. The measured device chip was put on a heat sink, whose temperature was
controlled at 20 °C. In advance of measuring the device, a calibration up to the RF probe
tips was performed with an impedance standard substrate (Cascade Microtech, 103-726,
GS/SG, up to 67 GHz, pitch : 100 um-250 pm). Therefore, the contribution of
measurement system was excluded from the results.

Figure 5.28 shows the small-signal frequency response (40 MHz to 20 GHz) of the
optical link for various bias currents, with a fixed p-i-n PD bias voltage of -3 V. A clear
relaxation oscillation behavior was observed. In addition, the peak frequency increased

with the increase in the DFB laser bias current. Therefore, these responses were not
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Figure 5.29 Small-signal response of the fabricated optical link. Bias voltage dependence
measured at a 2.5 mA DFB laser bias current.

electrical crosstalk between probes, but indeed the transmitted optical signal. The 3-dB
bandwidth of the optical link was 11.3 GHz at a DFB laser bias current of 2.73 mA. Figure
5.29 shows the small-signal response for various p-i-n PD bias voltages, for a fixed DFB
laser current of 2.5 mA. Increasing the bias voltage enhanced the 3-dB bandwidth,
because the electrical field assisted in charge carrier extraction. The maximum bandwidth
was obtained at a bias voltage of -3 V. We also determined the modulation efficiency of
the integrated membrane DFB laser from the small-signal frequency response of the

optical link.
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Figure 5.30 Relaxation oscillation frequency f; and 3-dB bandwidth f34s as a function of the
square root of the bias current above threshold.

Figure 5.30 shows the 3 dB bandwidth f348 and the relaxation oscillation frequency f; as
functions of the square root of the bias current above threshold. Because the
measurements were performed using on-chip p-i-n PD, f34s represents bandwidth of the
optical link. Modulation efficiencies of 10.8 GHz/mA'? and 7.6 GHz/mA'? were
obtained for f3as and f:, respectively; the latter was smaller than that of the DFB laser
described in the chapter 4 (9.9—12 GHz/mA!?) . However, the active volume of this DFB
laser was 2.16 pm?®, which was larger than that of previous ones (1.68-0.77 um?). Given
that the modulation efficiency is proportional to the square root of the active volume, the
value of 7.6 GHz/mA"? for an active volume of 2.16 um?® is in good agreement with the
previous result. In measured small signal responses, there were bias-current independent
peaks near the 16 and 19 GHz frequencies. To confirm the origin of these peaks, Figure
5.31 shows the frequency response of S»1 and S12. The response Sz (from the laser to the
PD) contains the contribution from both optical signal and electrical cross talk signal. In
contrast, the response Si2 (from the PD to the laser) contains the contribution from only
electrical signal directly propagating the device. The Si2 had peaks near the 16 and 19

GHz frequencies, which implied these peaks were due to the electrical signal. Although
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Figure 5.31 Frequency responses of S»; and Si».

these peaks were due to the electrical signal being transmitted between the RF probes, it
was believed that the peaks had little effect on the modulation measurement, because the

response magnitude was small compared with that of the optical signal.
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Figure 5.32 Measurement setup for evaluation of large-signal transmission through the optical
link.

Data transmission via the membrane optical link was performed by large-signal direct
modulation of the DFB laser. Figure 5.32 shows an experimental setup for data-
transmission measurements. The electrical modulating signals were generated by a pulse-
pattern generator (Anritsu MP1800A implementing MU181020B, and MU182021A).
Electrical signals were sent to the DFB laser via a bias-tee and a GS probe. The optical
signal from the DFB laser was transmitted through the passive waveguide, and detected
by the p-i-n PD. The electrical output signal of the p-i-n PD was amplified by a 38 GHz
electrical amplifier with a 26-dB gain (SHF Communication Technologies, SHFS806E).
The signals were recorded with a sampling oscilloscope (Agilent, 86109B) or analyzed
with an error detector (Anritsu, MP1800A implementing MUI181040B, and
MU182041A). In this measurement setup, AC components of the p-i-n PD output signals
were separated from the signals at a bias-tee. Therefore, an extinction ratio of transmitted
signal was not obtained. The input electrical signal to the DFB laser was a non-return-to-
zero (NRZ) pseudorandom binary sequence (PRBS) of 23!-1 signals, with a voltage swing
0f 0.75 Vpp. Figure 5.33 shows transmitted 10 Gbit/s eye diagrams at a 2.5 mA DFB laser
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Figure 5.33 10 Gbit/s eye diagrams transmitted through the optical-link for various p-i-n PD
bias voltages (0 to -3V). The DFB laser was biased at 2.5 mA, and driven by an NRZ, PRBS
(2%!-1 signals) electrical modulating signal with a voltage swing of 0.75 V.

bias current, recorded for various p-i-n PD bias voltages. As the bias voltage of the p-i-n
PD increased, larger eye openings were observed, which was consistent with the results
of the small-signal measurements as shown in Figure 5.29. Figure 5.34(a) shows the
measured bit-error-rate (BER) versus the data-rate and the energy consumption in the
laser at each data-rate. All plots were obtained in the same operating conditions (except
for the data-rate). A BER in the order of 107" was obtained up to a data rate of 10 Gbit/s.
An energy consumption of the laser at 10 Gbit/s was 825 fJ/bit. Above 10 Gbit/s, the BER
rapidly degraded. The
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Figure 5.34 (a) Bit-error-rate characteristics and energy consumption in the laser of NRZ
signal transmission through the membrane optical link; with the laser bias current of 2.5 mA,
and the p-i-n PD bias voltage of -3 V. (b) Eye diagrams for various data rates.

eye diagrams corresponding to the measured BER plots are shown in Figure 5.34(b); as
shown, the eye diagrams for 12 and 14 Gbit/s were more closed because of signal

distortion.
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5.5 Conclusion

This chapter described the integrated membrane optical link consisting of DFB laser,
passive waveguide and p-i-n PD. In section 5.2, the device structure and fabrication
process of optical link device were explained. The electrical isolation process is
introduced for the fabrication. Section 5.3 described the electrical isolation characteristics
of the membrane optical link. The additional isolation process was successfully
performed. The introduced process enhance the isolation resistance between the p-side
electrodes to one-order of magnitude. The expected leakage current was less than 10 pA
in device operation condition. From the laser current versus photocurrent characteristics,
significant suppression of leakage current was confirmed. Section 5.4 described the static
and dynamic characteristics of the fabricated membrane optical link device. The
integrated DFB laser showed a threshold current of 0.48 mA, with a sub-mode
suppression ratio of 34 dB at a bias current of 2.5 mA. The detection of the transmitted
light output of the DFB laser by integrated p-i-n PD was confirmed from static
measurements of the optical link. The dynamic characteristics of the membrane optical
link were measured for both small-signal and large-signal modulations. For a DFB laser
bias current of 2.73 mA and a p-i-n PD bias voltage of -3V, the 3 dB bandwidth of the
optical link was 11.3 GHz. Data-transmission with NRZ PRBS of 23!-1 signals was
performed. 10 Gbit/s transmission with a BER of 6x107 was achieved at a DFB laser bias

current of 2.5 mA.
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6.1 Introduction

This chapter describes future prospects expected from the achievements in this
research. Low-threshold and high-speed direct modulation of membrane DFB lasers were
realized in the chapter 4. A fundamental integrated optical link device using membrane-
based DFB laser and p-i-n PD was fabricated in the chapter 5. As a further approach, an
extending the connection length of the optical link and enhancing the efficiency of
membrane DFB laser are essential to exhibit the capability of membrane optical link as
an on-chip interconnection. The section 6.2 describes the low-loss InP waveguide for the
integration with membrane DFB laser and p-i-n PD. The current device has a waveguide
with highly doped InP cladding layers. To realize low-loss waveguide having around 1
dB/cm waveguide loss, the doped cladding layers should be removed. The fundamental
mode characterizes and fabrication results are described. In section 6.3, membrane

distributed-reflector (DR) lasers are described. The uniform grating DFB laser has the
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equal output power for two output ports. The DR laser structure, which consists of

integrated DFB laser and DBR, enhances the single directional output power.

6.2 Integration of low-loss waveguide

The origins of waveguide loss are the absorption of material, radiation and scattering loss.
The former two factor can be avoid by choosing material and waveguide design. However,
scattering loss strongly depends on fabrication process as well as the waveguide structure.
For the high density integration of an optical circuits, strongly confined waveguide can
be bend by the radius of less than 10 pm. In strongly confined waveguide, however,
optical field interact with the roughness of the core and results in high waveguide loss.
As the report for the low waveguide loss of silicon photonics waveguide, the loss was
0.27 dB/cm using the shallow-rib structure as shown in Figure 6.1 [1]. In the shallow-rib
structure, scattering loss is significantly small because the small fraction of the electric
field distribution overlapped on a sidewall. However, since such weak confinement
waveguide has the minimum bending radius around several tens um. A deeply etched
waveguide should be introduced in bending section. Here, consideration of low-loss rib

waveguide into a membrane optical link will be presented.

Not available due to

copyright
Not available due to
copyright
Not available due to
copyright
(a) (b)

Figure 6.1 (a) Mode-profile and cross sectional SEM image of silicon shallow rib-waveguide.
(b) Plots for insertion loss versus waveguide length [1].
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6.2.1 Properties of membrane rib-waveguide

Figure 6.2 shows the comparison of the waveguide structure for conventional buried
structure and shallow rib structure. The passive waveguide in chapter 4 and 5 has highly
doped InP side cladding layers, which causes the high propagation loss due to the
absorption by free-carrier and intervalence absorption. The rib-waveguide in this chapter
consists of only undoped InP and SiO> cladding layer. It is expected that this structure
avoids both absorption loss and scattering at sidewall by roughness. The optical
confinement is realized by equivalent refractive index different created by slightly etching
the surface InP. The characteristic comparison is shown in Table 6.1. The GalnAsP/InP
buried waveguide has extremly low coupling loss but propagation loss is relatively high.
This waveguide is preferred to be used in short distance connection or integrated DBR.
The undoped InP rib waveguide has low propagation loss despite of higher coupling loss.
This waveguide structure is suited to long distance connection. Figure 6.3 shows the
schematic structure of membrane optical link utilizing the undoped InP rib waveguide.
The undoped InP layer can be formed by the same BJB regrowth method as GalnAsP
layer described in chapter 3. The optical confinement structure in a passive waveguide is
obtained by slight etching of surface layer. Figure 6.4 shows the optical mode profile of
TE-Oth mode in the rib waveguide. The rib height is 70 nm in this calculation. The
waveguide width of 0.8 um satisfies the single mode condition. It can be confirmed that

the only small portion of the optical field is overlapped on the sidewall.

Passive GalnAsP
~
Si0, Si0,
BCB BCB
Si sub. Si sub.

(a) (b)
Figure 6.2 Comparison of waveguide structure (a) buried structure waveguide (b) shallow rib

waveguide.
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Table 6.1 Characteristic comparison of two waveguide structures

Propagation loss Coupling loss Application
Figure 6.2(a) High Extremely Low Integrated DBR, short
GalnAsP/InP (~10 dB/cm) (<0.09dB) distance connection
Figure 6.2(b) Low Low Long distance
Undoped InP | (<1 dB/cm possible) (~0.5dB) connection

Si sub.

GalnAsP/InP
buried waveguide

Figure 6.3 Schematic structure of membrane optical link with undoped InP rib waveguide.

Si0, , Si0,
Width 0.8 um g Width 0.8 pm
InP 270 nm  Rib height 70 nm InP 270 nm
Si0, e
(a) (b)

Figure 6.4 Schematic structure of membrane optical link using DFB laser and p-i-n photodiode.
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6.2.2 Preliminary experimental results

The initial wafer consists of etch stop layers and 270-nm-thick undoped InP layer. The
the whole fabrication process flow of undoped InP membrane rib-waveguide (Figure 6.5)
1s described as follows;
(1) Wafer bonding and formation of undoped InP layer
The process is performed by the procedure given in section 4.3.2.
(2) SiO2 mask deposition
The 50-nm-thick SiO» layer is deposited by PECVD.
(4) ZEP resist coating
As an EB lithography resist, 700-nm-thick ZEP 520 is spin coated.
(5) SiO; etching
The resists patterns are transferred onto SiO2 layer by using CF4/SF¢ ICP-RIE.
(6) Removing resist
The ZEP 520 is removed by resist remover (ZDMAC) and O; plasma reactor.
(7) InP etching
The InP layer is etched by wet chemical solution of HCI:H2SO4:H202 = 1:1:8 at
20°C. This etchant has etching rate of approximately 1 nm/sec.
(8) SiO; cladding layer deposition
A 1-um-thick SiO> cladding layer is deposited onto the substrate by PECVD.

The processed substrate is cleaved so as to form the output facets because a measurement

is performed by butt-coupling the spherical lensed fiber to the facets.
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(1) Wafer bonding (2) 510, mask deposition
u-InP 270 nm S10, 50 nm

(3) ZEP resist coating (4) EB lithography
ZEP 520 700 nm

(5) S10, etching (6) Removing resist
(CF,+SF, ICP-RIE)

(7) InP etching (8) Cladding deposition
(HCI:H,S0O,:H,0,=1:1:8)

S10, 1 pm

Depth 30 nm

Figure 6.5 The whole fabrication process flow of undoped InP membrane rib-waveguide.
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270 nm Undoped InP

Si0,

Figure 6.6 SEM image of cross sectional view of the InP membrane rib waveguide.
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Figure 6.7 Light transmission intensity versus waveguide length characteristics.

Figure 6.6 shows the SEM image of cross sectional view of the InP membrane rib
waveguide after InP wet etching process. The top SiO2 mask was to be removed next
process. The smoothly etched surface was confirmed. The rib height was precisely
controlled thanks to the low etching rate of used chemical solution 1 nm/sec. To
characterize the propagation loss of the waveguide, the devices with three different
waveguide length of 0.8, 1.4 and 2 cm were prepared. Figure 6.7 shows the light
transmission intensity versus waveguide length characteristics. From the slope of the
linear fitting for these plots, the propagation loss was measured to be 8.2 dB/cm. This

propagation loss is very high value expected for the weak confiment rib-waveguide.
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Although the reason is not specified yet, it seems that the surface of the InP may has the
problem such as having residual absorption layer. If the remaining problem is solved, a
propagation loss of approximately 1 dB/cm can be expected as demonstrated in a silicon

rib-waveguide.

6.3 Integration of membrane distributed-reflector laser

The distributed-reflector laser is the DFB laser integrated with DBR at the one or both
output. Single directional output is obtained without any optical coating technique. Figure
6.8 shows the schematic structure of membrane DR laser. The DFB region is the same
structure as the device in chapter4. The DBR is formed on a one side of passive waveguide.
The integrated DRB modifies the standing-wave profile in the cavity, then optical power
strongly output only from one side.

Recently, our group realize the highly efficient membrane DR lasers. I briefly introduce

these works.

DBR section

DFB section
n-electrode ——

n-InP

p-electrode

pt-GalnAs

p-InP

(N,=5%10" cm™)
GalnAsP 5QWs

SiO, BCB Si substrate

Figure 6.8 Schematic structure of membrane DR laser.
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Membrane DR laser with reduced doping concentration of side p-InP [2]

The current membrane laser has waveguide loss of 42 cm™ [3]. This loss was reduced to
be 22 cm™! by changing the doping concentration of p-InP from 4 x 10'® cm™ to 5 x 10'7
cm’'[4]. By incorporating the reduced doping design, the membrane DR laser with low-
doped (5 x 10'7 cm™) p-InP showed higher external differential quantum efficiency. Figure
6.9 shows the light output and voltage characteristics of the membrane DR laser with
reduced p-doping concentration. The length of DFB and DBR region are 32 um and 50
um, respectively. The periods of both the DFB and DBR gratings are same value of 298
nm. The index coupling coefficient was 1800 cm™', measured from the stopband width in
emission spectrum. The BCB adhesive layer of this device was 0.5 pm reduced from 2
um to improve the thermal impedance characteristics. The threshold current /1, was 0.21
mA, corresponding to a threshold current density, Ji, of 820 A/cm?. The external
differential quantum efficiency, naf, was 32% for the front-side output. In addition to the

high 74, the maximum power conversion efficiency of 12 % was obtained.

5
500 L RT-CW 5QWs

E deore = 270 nm, 4
| L pps= 32 pum, | —
3400 L ppr= 50 pm, >
- W,=08 ym  +— 3 —
2300 | o
E ng = 32%(front) 1y s
2200 S
= >

=20 11

1 100 I, = 0.21 mA
(Jy = 820 A/cm?)
0 / ! ! | ! 0

00 05 1.0 15 20 25 30
Injection current [mA]

Figure 6.9 Light output and voltage characteristics of the membrane DR laser with reduced
doping concentration of p-InP.
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Membrane DR laser with reduced index coupling coefficient »

Deep surface grating is required to obtained strong index coupling coefficient. However,
there is concerns for deeply etched grating cause scattering loss in a cavity. The membrane
DR laser with shallow grating depth of 25 nm was fabricated. According to Figure. 2.8,
the 25-nm-depth grating corresponds to the index coupling coefficient of 800 cm™. Figure
6.10 shows the light output and voltage characteristics of the membrane DR laser with
reduced index coupling coefficient. The threshold current /i, was 0.44 mA, corresponding
to threshold current density Jm of 1570 A/cm? The external differential quantum
efficiency from front facet #4r was 36%. The maximum power conversion efficiency was
14.6%. In this work, the high efficiency operation was realized experimental
demonstration. It is valuable to analytically clarify the relation between the grating depth

and scattering loss in future work.

700 4
RT-CW 5QWs
— 600 Fd.e=270 nm,
B L ppp= 40 pm, 13
= 500 FLpgp= 50 um, ~
W,=0.7 um -
= 300 M= 36%(front) 2 ép
= dv/dr =380 Q =
= >
5 200 11
— 100 I, =044 mA
(Jy = 1570 A/em?)
0 4/\ | | | \ \ 0

0.0 05 1.0 15 20 25 3.0 35 4.0
Injection current [mA]

Figure 6.10 Light output and voltage characteristics of the membrane DR laser with reduced
index coupling coefficient.

Direct modulation of membrane DR laser
The modulation characteristics were also evaluated. Figure 6.11 shows the large-signal

modulation measurement setup for membrane DR laser. Comparing setup shown in
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Figure 4.62 the total system bandwidth was improved to perform better modulation
measurement. Arbitrary waveform generator (AWG; Keysight, M8196A) was used as
signal source. The AWG can compensate attenuation and group-delay in RF components
by using feed-forward-equalization (FFE). Before measuring the device, S»i
characteristics of the connection cables from AWG to the device were measured and input
to the AWG. As another improved point, the length of RF cable connecting photoreciever
and error-detector was shorten from 1 m to 0.3 m. Figure 6.12 shows the 20 Gbit/s eye

diagram of membrane DR laser biased at 1.06 mA using NRZ and PRBS pattern of 2!!-1.

....... Optical fiber cable

—— FElectrical cable

bcCecurrent|

source , -
211 PRBS l At ; i Sampling .
S < enuation ; ill i
- . RF K-cable 0.3 m, ! oscitloscope '
Arbitrary waveform Bias Tee 1 and group-delay . .
generator (AWG)  |_ D :l Eong;]]gated 20 Gl . or .
y -i-n PD A . ?
RF K-cable I m—4 - p-i-n t [2 x| 14GbivsED |
RF Probe TIA receiver |3 E '
Bandpass filter ‘ 2 E 14 Gbit/s ED :
| (bandwidth 0.8 nm) e

DUT - >- ». ----- > VOA """"""""""""""
EDFA
Clock

Figure 6.11 Measurement setup for large-signal modulation of membrane DR laser.

BER = 6.4 X 101

; A
10.2 mV ‘
A4

Figure 6.12 Eye diagram of membrane DR laser biased at 1.06 mA for 20 Gbit/s NRZ

signal using a 2'!-1 pattern.
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The minimum bit-error-rate (BER) was 6.4x107'° The energy cost per bit for this data
transmission can be calculated by the product of the bias current and the voltage divided

by the data rate as same as calculated in section 4.5.3.

LV

E t=———— 6.1
nergy €os Data — rate 1)
_1.06mA X176V 62
~ 20 Gbit/s ©.2)
= 93 f] /bit (6.3)

The obtained energy cost was 93 fJ/bit. This value was lower than the target energy
cost of 100 fJ/bit. And the lowest energy cost among the DFB or DR laser was
successfully achieved to the best of our knowledge [5]. Further energy cost reduction can

be achieved by improving following points.

BER measurement system

When BER measurement was performed without using EDFA, data-transmission with
2dB penalty to the sensitivity curve of used photoreciever was obtained. For the device
which can emit sufficient light output power, improvement of BER characteristics is
expected by eliminating EDFA from measurement system.
Active region volume Va

The reason for the bias current used for modulation could not be reduced further is the
relaxation oscillation and the relative intensity noise. Reduction of active volume results
in increment of current density at a same bias current. The modulation characteristic at
low bias current will be improved by a stronger damping and flat frequency response
characteristics obtained by increasing bias current density.
Differential resistance R qifr

In order to reduce the operating voltage, it is necessary to reduce the differential
resistance with maintaining low-threshold current operation. The differential resistance
increases as a cavity length shortened. By decreasing the active layer volume with a long
cavity length by reducing the stripe width or the number of quantum wells, it is considered

possible to avoid increasing the differential resistance for short cavity length device.
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6.4 Conclusion

Membrane p-i-n photodiode

Membrane undoped-InP
rib waveguide
\ T

Membrane DR laser

Figure 6.13 Membrane optical link incorporating the low-loss undoped-InP rib waveguide and
membrane DR laser.

This chapter discussed future prospects of membrane optical link. To extend the
connection length of the link, a waveguide structure to achieve low propagation loss was
presented. The shallow rib-structure avoid the optical field overlapped on side wall of the
waveguide. As a preliminary experimental results, optical transmission through the
undoped InP membrane rib-waveguide was confirmed. For the high efficiency operation
of a membrane laser, our group fabricated membrane DR lasers, which consists of DFB
section and integrated DBR. The membrane DR laser with reduced doping concentration
of p-InP side cladding showed an external differential quantum efficiency #4r and power
conversion efficiency x#pc of 32% and 12%, respectively. By adopting shallow grating
depth of approximately 25 nm, the membrane DR laser with relatively small refractive
index coupling coefficient of 800 cm™! was realized. This device showed also high #4r and
nec of 36% and 14.6%, respectively. Prior to the further cavity design, the relation

between the grating depth and scattering loss should be clarified by analytical way. By
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combining these two approaches of reduced doping concentration and shallow grating
structure, higher efficiency can be expected for the membrane lasers. As a result of direct
modulation of membrane DR laser, the energy cost of 93 fJ/bit was obtained at a bias
current of 1.06 mA for 20 Gbit/s NRZ signal. Figure 6.13 shows membrane optical link
incorporating low-loss waveguide and DR structure. Ultra-low energy consumption

operation as an on-chip optical interconnection will be realized this structure.
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Conclusion

The main objective of this thesis is to realize the integration and high speed operation of
membrane optical devices. An on-chip optical interconnection has possibility to surpass the
performance of state-of-art on-chip electrical wirings. For this purpose, ultra-low power
consumption and highly efficient optical devices as well as integrated structure are essential
property. The membrane DFB laser is the key device for the membrane optical
interconnection because the total energy consumption significantly depending on the directly
modulated light source. Our group has achieved successful room-temperature continuous-
wave operation of lateral-current-injection membrane Fabry-Perot laser. However, there were
still problems to be solved to demonstrate the advantage of membrane optical devices. First
one is that the integration method of membrane optical devices need to be developed. Second
one is that the low-threshold and high-speed properties are not achieved in an experimental
way.

The realization of the integrated structure for the membrane devices and high performance
integrated membrane laser is needed. Therefore, in order to investigate the characteristics of
integrated membrane optical devices following issues were studied and demonstrated in this

thesis.

[Object 1] To establish design and fabrication of integration structure for membrane
optical devices.
(a) Calculation of coupling efficiency and back reflection

(b) Fabrication of membrane butt-jointed built-in (BJB) structure

[Object 2] To realized low-threshold and high-speed direct modulation of membrane
DFB laser

(a) Investigation of fabrication process
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(b) Characterization of static and dynamic properties

[Object 3] To realize data-transmission through optical link using membrane DFB laser.
(a) Investigation of electrical isolation process

(b) Characterization of static and dynamic properties

The summaries of each chapter are described as follows;

In chapter 1, the role of on-chip optical interconnection in a LSI was mentioned.
According to the history of performance improvements of microprocessors, the power
dissipation for interconnection became a serious problem. To overcome this problem,
power reduction techniques such as novel circuit design and newly on-chip electrical
wiring have been developed. However, the electrical wiring is intrinsically difficult to
operate with high-speed and low-energy consumption for a long distant interconnection.
On-chip optical interconnection is thought as a candidate for breakthrough technology in
the field of on-chip wiring. Ultra-low power consumption semiconductor laser is a key
device to realize this. Our group proposed membrane DFB laser for a directly modulated
light source of on-chip optical interconnection. The properties of DFB type cavity will
provide desired characteristics of low-energy consumption and high efficiency. After
brief introduction of our research history, the problems still remaining were clarified and

the objectives of this thesis were given.

Chapter 2 described the theoretical analysis of performances of membrane optical
devices and their integration properties. The link loss in on-chip interconnection decides
the required output power of a light source. The link loss can be divided into the coupling
loss and propagation loss. The amount of coupling loss is independent on wiring length.
Therefore, in a structure in which has low coupling efficiency, the increase in required

power is caused even in a short interconnect length. In contrast, the propagation loss is
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exponentially increased as the wiring length becomes long. In this sense, small
propagation loss is essential factor for the waveguide. For the order of cm-long
interconnect, a propagation loss of approximately 1 dB/cm is strongly desired. If a
propagation loss of 1 dB/cm and a coupling loss of 0.1dB/coupling as an example of
efficient optical link are obtained, the output power required for a light source for the
wiring length of 2 cm becomes 83 uW.

Threshold current and modulation efficiency of membrane DFB laser were calculated.
The relation between the surface grating depth and the refractive index coupling
coefficient was shown. The 60-nm-depth grating created a coupling coefficient of 2000
cm’!. For the membrane DFB laser with a uniform grating with a coupling coefficient of
2000 cm!, the minimum threshold current of 0.17 mA was obtained at a cavity length of
60 um. By introducing a 4/4-shifted into the center of the cavity, the minimum threshold
current became 0.08 mA at a cavity length of 35 pm. The modulation efficiency, which
has a significant meaning to achieve high speed operation with low bias current, was also
theoretically investigated. It was considered that the design to obtain the 3dB bandwidth
of 7.7 GHz necessary for 10 Gbit/s operation at bias current of 1 mA for 100 fJ/bit energy
consumption. At this situation, the modulation efficiency must be at least 5 GHz/mA'"?
and for the 20 Gbit/s operation, 10 GHz/mA'? is needed. From the relationship between
the modulation efficiency and the active volume, the modulation efficiency of more than
5 GHz/mA"? and 10 GHz/mA'? are obtained for the active layer volume of less than 2.25
pum? and 0.56 pm?, respectively. When the cavity length was 35 pm with the threshold
current and the modulation efficiency of 0.24 mA and 8.7 GHz/mA'"?, the bias current
required for 10 Gbit/s operation was as low as 0.57 mA. This bias current corresponded
to a value that can realize an energy cost of 57 fJ/bit when assuming a data-rate of 10
Gbit/s and a driving voltage of 1 V. By using the possible extreme design to realize ultra-
low energy consumption, the bias current required for 10 Gbit/s operation was calculated
to be 0.38 mA, which was not determined by the value of f; but a required optical output
power. The prospect for realizing the 38 fJ/bit energy consumption operation in a

membrane DFB laser was obtained. As a conclusion of this chapter, the need for high
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efficient link structure and laser performance with respect to the threshold current and

modulation efficiency were mentioned.

As the answers for the objective 1, chapter 3 described calculation and experimental
results of a membrane BJB structure for the integration of membrane optical devices.
First, monolithic photonic integration methods were introduced. In a membrane structure,
BJB integration structure fabricated through butt-joint regrowth was thought to be most
compatible approach. The membrane BJB structure was numerically investigated from
the view point of coupling loss and back reflection ratio. The numerical calculations based
on the finite difference method (FDM) and eigenmode expansion (EME) method were
performed. As a result, low-coupling loss of 0.09dB (2%) and small back reflection of
below -42dB can be simultaneously achieved in the growth thickness deviation in the
range of +20 nm. This fact was thanks to the mode matching between the active and
passive waveguide region. The experimental investigation for the membrane BJB
structure was conducted. The undercut etching condition with a depth of 165 nm and a
mesa angle of 50° resulted in a good growth structure. The regrown GalnAsP layer was
evaluated by micro photoluminescence measurement. There was no distinguished
degradation in pholuminescence intensity around the active region confirmed by mapping
measurement. The emission wavelength of regrown layer was same as that of grown on
a bulk InP substrate. The full-width at half-maximum (FWHM) of the regrown layer was
58 meV, which was comparable to the typical FWHM of GalnAsP at room-temperature.
As a conclusion of this chapter, the efficient coupling characteristics of membrane BJB

structure was realized for numerical and experimental approaches.

As the answers for the objective 2, chapter 4 described the development of
fabrication process and characterization of membrane DFB laser integrated with BJB
passive waveguide. Surface grating formed by CH4/H> RIE had rough surface. It was
afraid that the increment of non-radiative recombination at damaged surface. By adopting

wet chemical solution of HC1 : CH;COOH : H>0; : H»O, the grating formation process
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was improved to obtain smooth etched profiles. Subsequently, membrane DFB laser was
fabricated using the obtained fabrication process of a BJB structure and a surface grating.
First, the static characteristics of the fabricated devices were measured. The device with
the cavity length of 50 um showed a record low-threshold current of 0.23 mA under RT-
CW condition. Preliminary reliability test of membrane DFB laser was performed. The
device with a p-side alloyed Au/Zn/Au electrode had better voltage characteristics than
the device with a p-side non-alloyed Ti/Au electrode device. The device with Au/Zn/Au
electrode showed reliable operation up to 310 hours. The dynamic characteristics of
membrane DFB lasers were investigated. From the small-signal modulation
measurements, 3dB bandwidth of 12.8 GHz was obtained at the bias current of 0.98 mA.
This result indicated that the membrane DFB laser had a capability to operate higher than
10Gbit/s at below 1 mA bias current. The highest modulation efficiency of f; was 12
GHz/mA'?, which was a record value among the DFB laser. Large-signal direct
modulation at 10 Gbit/s was performed using a non-return-to-zero (NRZ) signal with
pseudo-random-bit-sequence (PRBS) of 2°!-1. The minimum bit-error-rate (BER) less
than 1x10” was achieved at a bias current of ImA. The energy cost for this modulation
was calculated to be 230 fJ/bit. The low-threshold and high-speed characteristics of

membrane DFB laser was successfully realized.

As the answers for the objective 3, chapter 5 described the experimental results of
integrated membrane optical link consisting of a DFB laser, a passive waveguide and a p-
i-n PD. For the operation of integrated device as an optical link, sufficient electrical
isolation between each integrated device was needed. The introduced isolating process
resulted in successful enhancement of isolation resistance. The static and dynamic
characteristics of the fabricated membrane integrated optical link device were evaluated.
The DFB laser integrated in the optical link showed the threshold current of 0.48 mA.
The integrated p-i-n PD successfully detected the transmitted light output from the DFB
laser. The dynamic characteristics of the membrane optical link were measured. From the

small-signal modulation measurement, the 3dB bandwidth of the optical link was 11.3
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GHz at a DFB laser bias current of 2.73 mA and a p-i-n PD bias voltage of -3 V, which
was sufficient bandwidth for a 10 Gbit/s data-transmission. Next, Large-signal data-
transmission experiment using NRZ, PRBS of 23!-1 signals was performed. 10 Gbit/s
transmission through the optical link was achieved with the BER of 6x107 at a DFB laser
bias current of 2.5 mA and a p-i-n PD bias voltage of -3 V. The high speed data-

transmission though the membrane optical link was realized in this chapter.

Chapter 6 discussed brief future prospects of membrane optical link. As a low-
propagation loss waveguide for the membrane optical link, InP membrane rib waveguide
was considered. For the higher efficiency operation of a membrane laser, our group
fabricated membrane distributed-reflector (DR) lasers. By adopting different two
approaches that the low-doped p-InP side cladding structure or shallow grating depth
structure, the external differential quantum efficiencies of 32% and 36% were realized,
respectively. For the direct modulation results of membrane DR laser, a 93 fJ/bit 20 Gbit/s
operation was obtained at the bias current of 1.06 mA. If these low-loss waveguide and
high efficiency membrane DR laser are incorporated into a membrane optical link, I

believe an ultra-low energy consumption on-chip optical wiring will be realized.

Through this thesis, the design and device structure of low-threshold and high-speed
membrane integrated DFB laser were established. High-speed direct modulation at low-
bias current of membrane integrated DFB laser was experimentally performed. The
preliminary optical link structure using membrane DFB laser realized the data-
transmission through the membrane optical link. The obtained results showed that optical
link platform using a membrane laser and related membrane optical devices are attractive

candidates for on-chip optical interconnections.
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