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CHAPTER I 

INTRODUCTION AND OVERVIEW 

1.1    Forward 

Multimedia services, cable and antenna television (CATV), high definition tele- 

vision (HDTV), and computer links have ushered into every aspect of our lives and 

have become virtually indispensible. Large amounts of data transmission through 

the information highway have and will indoubtedly continue to benefit us by improv- 

ing the way of life. The demands on a network which can accommodate the entire 

communication traffic in a cost effective manner have drawn considerable attention 

and tremendous effort has been exerted on this issue. Single-mode optical fibers 

widely deployed in today's telecommunication networks have the potential to carry 

30 Tb/s. However, it is largely underutilized by even the most dense telecommuni- 

cation system (2.5 Gb/s) commercially available at the present time [1],[2]. Unlike 

traditional time-division-multiplexing (TDM) techniques, wavelength division mul- 

tiplexing (WDM) techniques offer a cost effective utilization of the fiber bandwidth 

directly in the wavelength domain, rather than in the time domain. Furthermore, 

the wavelengths can be used to perform functions as routing and switching [3], which 

are attractive for realization of all-optical transparent network layers in the future 

networks [4]. 
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Figure 1.1: Optical communication systems architecture. 

At this stage, there are still a lot of obstacles to be overcome before all-optical 

WDM networks can be put into practical applications. On the other hand, due to 

the maturity of present electronics and optoelectronics technology, WDM realized by 

wavelength (0/E-E/O) conversion, potentially with < 100 Gb/s bandwidth, is still 

feasible and is being investigated for immediate deployment [2]. 

This thesis is concerned primarily with the development of high performance 

light sources and integrated transmitters suitable for WDM applications. A typi- 

cal transmitter in a modern communication system, shown in Fig. 1.1, consists of 

a light source, such as light-emitting diode ( LED ) or laser diode ( LD ), modu- 

lation switches , e.g. modulators, and peripheral driving and control circuits. For 

long distance communication apllications, laser diodes are required to overcome fiber 

dispersion. The monolithical integration of a laser, modulator, and driving circuits 

on the same chip is a compact and cost-effective method of realizing an effective 

transmitter. 



1.2    Wavelengths of Interest 

Single-mode optical fibers have become the most important propagation medium 

to transmit information in the modern communication systems. Information carrying 

capability of a communication link is characterized by (1) the transmission rate 

and (2) the maximum transmission distance. The bandwidth-distance product is 

therefore used as a figure of merit to evaluate the performance of a communication 

link [5]. 

In general, there is a trade-off between bandwidth and distance in designing a 

system and this relation can be approximately expressed as 

DLAX  < JL (i.i) 

W/V.) 

where D is the dispersion parameter, L is the transmission distance, AA is the light 

source linewidth, / is the transmission rate, vg is the group velocity, and A is the light 

source wavelength. Fig. 1.2 [7] shows a typical fiber loss curve and the dispersion 

spectrum of typical fibers is shown in Fig. 1.3 [8]. It may be noted that there are 

windows at 1.3/zm and 1.5/mi in which the lowest losses are located and, hence, 

those are the regions where the highest performance systems operate. In addition, 

as the erbium-doped fiber amplifier (EDFA) becomes practical [6], pumping lasers 

at 0.98/jm have emerged as important devices. Light sources at these wavelengths 

constitue the essential elements in modern long-haul optical communication systems. 
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Figure 1.2: Measured loss spectrum of a typical single-mode silica fiber. 
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1.3    Distributed Feedback (DFB) or Distributed Bragg Re- 
flector (DBR) Lasers 

As mentioned above, the information transmission rate is mainly limited by chro- 

matic dispersion in the fibers, which results from the broadening of optical pulses 

during propagation inside a single-mode fiber. Therefore, a single frequency light 

source is essential and necessary for high data rate transmitters. Distributed Feed- 

back (DFB) lasers, first demonstrated by Kogelnik and Shank in 1971 [9], provide 

a good solution in producing single frequency light by introducing periodic pertur- 

bation of refractive index (known as index coupled mechanism), gain (gain coupled 

mechanism), or combination of both refractive index and gain (complex coupled 

mechanism). This periodic structure functions like a filter and selects only the mode 

which satisfys the Bragg condition. InP-based multiwavelength DFB laser arrays 

[10], which provide the ability to generate well-defined single-mode optical signals 

for WDM systems, have therefore emerged as important components in transmitter 

design. 

Distributed Bragg reflector (DBR) lasers, in contrast to DFB lasers, have the 

gratings etched outside the active region. The grating region, together with the 

facet, forms an effective mirror reflectivity which varies with wavelength and, thus, 

selects the lasing mode at its maximum gain region. 

An important objective of this work was to investigate the design, fabrication, and 

characterization of 0.98/um GaAs-based and 1.55/mi InP-based tunneling injection 

multiple quantum well (MQW) DBR and DFB lasers. 



1.4    External Intensity Modulators 

Direct modulation of semiconductor lasers gives rise to a serious chirp problem 

which limits its application in high-bit-rate transmission in single-mode fiber systems. 

In addition, the damping peak incurred in direct modulation is not suitable for 

real applications, which requires relatively flat response. At the present time, the 

direct modulation scheme has only been adapted commercially in SONET/SDH OC- 

48 systems at 2.5Gb/s or other systems below this transmission rate, while OC- 

192 systems at 10Gb/s or other systems beyond 10Gb/s [1] tend to use external 

modulation techniques. Figure 1.4 shows several different types of external intensity 

modulators which are either in a development stage or are commonly used [11]. 

The principle of a total internal reflection type modulator [12] is that a reflected 

light or transmitted light is modulated by varying the amplitude reflectivity at the 

boundary due to the refractive index change in different regions. Mach-Zehnder 

interferometer modulators [13] have been widely used in various appilcations because 

of their superior chirp performance (they have zero or negative chirp parameters). 

Here chirp parameter a is defined as: 

An' 
a — (1.3) An" 

and An' is the relative change of real part of the refractive index and An" is the 

relative change of imaginary part of the refractive index. The incoming light is 

separated equally in a "Y waveguide" and then recombined together at the output 

port. The light is modulated according to the net phase-shift difference between 

the two arms, which are under different bias. An optical wave can be switched in 

a directional-coupler [14] from the straight-through state to the crossover state by 

applying electric fields to the waveguides.   Their detailed switching characteristi 1CS 
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Figure 1.4: Schematic strucutures of external intensity modulators. 



can be analyzed by using coupled mode theory. A loss modulator operates with a 

variable loss (or gain) to laser light passing through the core region. Their operation 

is based on the Franz-Keldysh effect (FKE) [15] for the bulk materials, or quantum 

Confined Stark effect (QCSE) for quantum wells [16], and are also called electroab- 

sorption modulators. This type of modulator has many advantages, such as small 

size, costly effectiveness, high modulation bandwidth (> 50Gb/s), low chirp param- 

eter (0.3 ~ 0.6) if the appropriate bias condition is chosen and properly designed 

structure is used, and has thus become a promising candidate for WDM networks 

applications in the near future [2]. 

In this work, only GaAs and InP-based QCSE multiple quantum well (MQW) 

modulators were considered and studied. 

1.5    Integrated Laser and Modulator 

A typical transmitter used in the external modulation mode usually suffers a 

severe insertion loss (> lOdB) [17] if discrete components are used. Even with a 

carefully designed waveguide structure and fiber tip, there is still a 6-8dB loss [18]. 

In addition, from the packaging point of view, it takes enormous labor cost and 

delicate equipment to achieve an acceptable optical alignment. To avoid the above 

shortcomings, monolithic integration of laser and semiconductor external modulator 

provides an effective and promising solution. Several different integration schemes 

have been proposed and successfully demonstrated, as illustrated in Fig.1.5 [19]. 

The integrated coupled-cavity laser/modulator [20] is the simplest approach and 

can be realized by one-step epitaxy. The different cavities with the same active region 

are separated by dry etching techniques to form the coupling facets. Lasing and 

modulation can be achieved by choosing appropriate bias conditions in the different 
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Figure 1.5: Different approaches for realizing laser/modulator integration. 
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cavities through amplification and absorption, respectively. The gap distance and the 

bias conditions can also determine mode selectivity as well as wavelength tunability. 

In reality, the laser linewidth generated in this scheme is too broad compared with 

that generated from DFB lasers and often a forward bias has to be applied to the 

modulator to obtain an adequate extinction ratio. These drawbacks ,which not only 

cause a large power consumption problem, but degrade the chirp performance, make 

it impossible to meet the requirements of modern communication systems. As the 

materials growth technology progresses and the single frequency operation required 

in long-haul transmission systems becomes more stringent, the DFB laser has become 

an essential component in the integrated laser-modulator transmitter. Owing to the 

intrinsic feedback characteristics of the DFB gratings, no additional feedback facet 

is needed for laser operation in this integration scheme. 

Selective Area Growth (SAG) technique [21] takes advantages of the variation 

of the bandgap of MQW material in the same plane with a single growth step by 

metal-organic vapor phase epitaxy (MOVPE) over a plasma enhanced chemical vapor 

deposited (PECVD) SiO^ masked substrate. The bandgap variation results from a 

local growth rate enhancement where the source material does not nucleate on the 

masked area and is deposited in the unmasked trenches. High performance integrated 

devices have been demonstrated and obviously, it has the advantage of processing 

simplicity. One potential drawback of this scheme is the difficulty of independent 

optimization of each component. 

The butt-coupling scheme [22] is a promising approach which generally requires 

multiple epitaxial growth steps for the individual active regions of the two devices. 

Usually the laser structure is first grown on the entire wafer and is selectively etched 

away in selected regions.   The modulator structure is next grown.   This approach 
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provides the flexibility to optimize each device separately. However, critical etching 

and regrowth steps are required to achieve efficient optical coupling. 

Another simple approach to achieve the integration is to grow the same active 

MQW active region with wider bandgap (suitable for the modulator) and tune the 

laser emission wavelength by the DFB grating period [23]. Such design, however, has 

to compromise the laser gain spectra and, thus, suffers from a higher laser threshold 

current and insufficient modulator extinction ratio. 

Recently, a novel yet relatively simple approach that has been proposed employs 

the quantum well intermixing method to realize the integration. An identical active 

region is used [24]. By selectively patterning the laser heterostructure with PECVD 

SiOx:P and rapid thermal annealing at a high temperature (~800°C for 5-10sec), 

selective-area interdiffusion of the P-dopants between the well and barrier materials 

is induced. This results in a blue shift of the absorption edge in the dielectric 

encapsulated area. Further investigation of the device reproducibility and reliablity, 

made by this technique, is needed. 

This work is primarily focused on the coupled-cavity and butt-coupling schemes. 

1.6    Lightwave-Communication Integrated Circuits 

Very-high-speed optical-fiber transmission experiments have currently been con- 

ducted with speeds > 100Gb/s [25]. Such high transmission speeds result mainly 

from all-optical switches (MUX/DEMUX) and these technologies are still in their 

infancy. Electronic devices, on the other hand, have some advantages over optical 

devices: high functionality, small size, low cost, and high reliability. Figure 1.6 shows 

the performance of state-of-the-art lightwave communication integrated circuits (IC) 

[26] used in transmitters. From the current results, Si technology seems to demon- 
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Figure 1.6: State-of-the-art lightwave communication transmitter IC performance. 

strate comparable or superior performance to their III-V counterparts in multiplex- 

ers. For the driver circuits, III-V devices obviously have better performance. Among 

the III-V technologies, heterojunction bipolar transistors (HBT) have some advan- 

tages over metal semiconductor field effect transistors (MESFET) or high electron 

mobility transistors (HEMT) in power handling as well as current driving capability 

and linearity. For operation under 20 GHz, HBTs also shows lower 1/f noise. These 

are the major concerns in designing the driving circuits. InP-based electronic devices 

can be further integrated with other optoelectronic devices at 1.3-1.5/zm range to 

make the systems very compact. In the present study driver circuits with HBTs were 

investigated. 

1.7    Organization of This Thesis 

The work presented in this dissertation is organized into three major components: 

optical sources, modulation devices, and integrated transmitters. 

Chapter II describes the design and fabrication of a novel 0.98/rai short-cavity 
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semiconductor/air DBR laser.  The extremely impressive results obtained from the 

devices are reported and discussed. 

Chapter III focuses on the design and fabrication of a 1.55^m tunneling injec- 

tion DFB laser. The tunneling injection mechanism, conceived at the University 

of Michigan, has been incorporated in a DFB laser for the first time. The device 

characteristics are described and discussed. 

Chapter IV describes the design and characterization of InP-based InAlAs/InGaAs 

QCSE MQW modulator. Specific considerations for designing the modulator are ad- 

dressed. A dramatic reduction in photoresponsivity of the device, which is a serious 

problem, is demonstrated with selective Er-doping of the quantum wells for the first 

time. 

Chapter V demonstrates a coupled-cavity integrated laser/modulator. Detailed 

device fabrication procedures and analysis of device performance are described. 

Chapter VI presents my design of integrated transmitters. Two simple HBT 

circuits designed for driving the laser and modulator will be discussed. The design 

and analysis of monolithical integration of laser, modulator, and HBT driver circuits 

are addressed as well. 

Finally, in Chapter VII, I summarize the current work and provide suggestions 

on future directions for the continuation of this work. 



CHAPTER II 

EDGE-EMITTING LASERS WITH 
SHORT-PERIOD SEMICONDUCTOR/AIR 

DISTRIBUTED BRAGG REFLECTOR 
MIRRORS 

2.1    Background and Motivation 

Large-bandwidth tunable semiconductor diode lasers, with the possiblity of near- 

zero bias small-signal modulation [27], are attractive for long-distance wavelength 

division multiplexed (WDM) transmission, short-distance optical interconnection, 

and other optoelectronic applications. It is also becoming increasingly important 

to make these lasers integrable with other optical and opto-electronic components. 

Such coupling necessitates devices with non-cleaved mirrors. Large bandwidths are 

obtained under very high level injection conditions, or a large photon density, and 

the common wisdom is to make the cavity length of the edge-emitting device as 

small as possible. A small cavity length will also ensure a low threshold current \th 

[28]. From the point of view of manufacturability, cavity lengths smaller than 200/rai, 

unless realized by dry etching techniques, such as reactive ion etching (RIE), reactive 

ion beam etching (RIBE), chemically-assisted ion beam etching (CAIBE) [29],[30], 

etc., are impractical. These problems can be addressed and solved in a simple and 

15 
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ridge waveguide structure 

air/semiconductor 
DBR mirrors 

MQW active region 

Figure 2.1: Schematics and photomicrograph of edge-emitting laser with air / semi- 
conductor DBR mirror delineated by RIE. 

elegant manner. 

In this chapter a new technique of realizing a short-cavity edge-emitting semi- 

conductor/air distributed Bragg reflector (DBR) laser is described. State-of-the-art 

device performance is demonstrated. The laser structure is schematically shown in 

Fig.2.1. 

The DBR mirrors are fabricated by RIE from the laser heterostructure. Instead of 

using high-reflectivity (HR) coatings on the laser facet, this laser incorporates deeply 

etched DBR gratings to increase the mirror reflectivity and the device fabrication 

does not involve epitaxial regrowth or dielectric deposition steps. In addition, the 

DBR mirrors make the realization of short cavity lengths possible. Preliminary 

results (Jth ~ 5 kA/cm2) of a broad area laser based on the same concept have been 

recently reported by Baba et al [31]. A low threshold current and reasonably high 

small signal modulation bandwidth 100/rni long device is demonstrated in this work. 
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Figure 2.2: Calculated DBR reflectivity spectrum. 

Much smaller cavities can be delineated, leading to the possiblity of realizing true 

gain-compression limited bandwidth (~ 80GHz) in semiconductor lasers [32]. 

2.2    Design of Distributed Bragg Reflectors 

2.2.1    Mirror Reflectivity 

Distributed Bragg Reflectors, which consists of a number of periodic quarter- 

wavelength stacks with different refractive indices, are widely used in producing 

single-mode semiconductor lasers, vertical cavity surface emitting lasers (VCSELs), 

and optical filters, etc. By solving the Maxwell's equations and applying the appro- 

priate boundary conditions, the DBR reflectivity can be calculated [33] for a given 

number of period at a particular wavelength. Fig.2.2 depicts the calculated reflec- 

tivity spectrum for a 20 periods GaAs/AIAs (ra=3.54/2.95) DBR and a 3 periods 

air/semiconductor (n=l/3.31) DBR. Here we assume plane waves propagating in- 

side the periodic medium.  Due to the large difference of refractive index between 
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air (not>=l) and semiconductor {nsemiconductOT ^ 3.5), the DBR reflectivity spectrum 

shows a very wide high reflectivity band (~ 1000A), which allows us to have higher 

tolerance to lithographical error, imperfect etching, and off-design wavelength lasing. 

On the other hand, the mode-selectivity would be very poor in such a wide passband. 

In this structure the lengths corresponding to A/4 in the semiconductor and in the 

air are about 740 Ä and 2460 Ä, respectively. 

2.2.2    Experimental Considerations 

In reality, the mechanical strength or stability of the ~ 700A wide and ~ 2/mi 

high semiconductor material, needed for a first-order grating, would be very fragile. 

In addition, the loading effect during etching these deep trenches will be very se- 

vere. In other words, the etched byproducts during dry etching cannot be removed 

efficiently. Hence, a 5A/4 grating has been used in this laser. However, there are 

some tradeoffs with this design. From modeling studies [34] the reflectivity tends to 

saturate beyond 2 periods of the DBR and the maximum reflectivity decreases from 

0.93 for the 2-period A/4 DBR to 0.66 for the 2-period 5A/4 DBR. This reduction 

in reflectivity is mainly due to the divergence of the propagating optical wave. Be- 

sides, the absorption will increase as the semiconductor thickness increases and this 

absorption leads to further reduction in effective reflectivity. 

2.3    Devices Structure and Fabrication 

2.3.1    Structure 

The laser heterostructure, shown in Fig.2.3, was grown by atmospheric pressure 

metal-organic vapor phase epitaxy (AP-MOVPE) on (OOl)-GaAs substrate. It is a 

tunneling injection multiquantum well structure [35], which is known to minimize 

hot-carrier effects in high-speed lasers. This is because by designing a thin tunneling 
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Figure 2.3: Device heterostructure grown by atmospheric pressure MOVPE. 
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barrier for electrons to be injected into the laser quantum well active region, the 

carrier capture time becomes shorter and the escape time becomes longer, as opposed 

to the conventional separate confinement heterojunction (SCH) laser structures. 

2.3.2 Formation of DBR gratings 

The DBR gratings are defined by direct electron beam writing with ~ 250nm 

thick polymethymethacrylate (PMMA) resist coated on the sample. After e-beam 

lithography, a 1000Ä Ni was evaporated on the sample as an RIE etch mask. 

The gases chosen to etch this structure (GaAs/InGaAs/AlGaAs) are BC13 and 

Ar mixtures in the RIE chamber. In order to achieve nearly vertical walls in such a 

narrow trenches (~ 1/xm), a high rf power (180-200W) and proper gases flow ratio 

(BCI3 : Ar = 21 : 25) are required. The chamber pressure is maintained at 10-20mT. 

The DC bias generated in this condition is —450  ~  470 V. 

One can imagine that under this high bias voltage, a durable etching mask is 

necessary to provide good protection during etching and, in addition, it must be able 

to be removed easily for the subsequent laser process. Experimental results indicates 

that SixNy is an effective etching mask and can be removed by buffered HF (BHF) 

without attacking the epilayers of the structure. 

2.3.3 Devices Fabrication 

Devices are fabricated as follows: first, the p-ohmic contact metal ( Pd/ Zn/ 

Pd/ Au/ Ni ) is deposited on the wafer. A thick plasma enhanced chemical vapor 

deposited ( PECVD ) SixNy (~ 8000Ä) layer is then deposited and patterned on 

the laser regions. The 5A/4 air/semiconductor (1.23^m/0.37^m) is defined by direct 

e-beam writing and is followed by evaporation of ~ 1000Ä Ni on the sample as an 

etch mask. Fig.2.4 illustrates the e-beam lithography alignment marks and Fig.2.5 
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Figure 2.4: Alignment mark for e-beam lithography. 

indicates the device layout design. The gratings are formed by reactive ion etching 

(RIE) using the recipe mentioned above and the etch depth is about 2/xm. After 

the formation of the gratings, the single mode ridge waveguide is etched by the 

combination of RIE (BCl3 : Ar=U:21, 15mT, 50W) and wet etching (H3P04 : 

H202). The n-contact metal ( Ni /Ge /Au /Ti /Au ) and interconnection metal 

are finally deposited. High-speed lasers for small-signal modulation experiments are 

formed in a coplanar ground-signal-ground contact geometry. The lasers are then 

cleaved into lengths of 100-400/xm for testing. A photomicrograph of the DBR mirror 

region of a lOO/zm long device is also shown in Fig.2.1 and an overview of a fabricated 

device is shown in Fig.2.6. The complete process flow in Fig.2.7 . 

2.4    DC Characteristics 

The measured light-current (L-I) characteristics of the laser for different cavity 

(active region) lengths are shown in Fig.2.8. The emission wavelength is 0.98/mi. 

The lasers have a cleaved mirror at one end and the DBR at the other. The output 

is taken from the cleaved end. These lasers had 2-4 periods of DBR and an effective 

reflectivity of ~0.6 is obtained from the measured slope of threshold current density 

versus inverse cavity length, shown in Fig.2.9. The slightly lower effective reflectivity, 
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Figure 2.5: Device layout design and micrograph picture. 
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Figure 2.6: Overview of a fabricated device. 

compared to the calculated value, is believed to be due to imperfect processing and 

surface scattering. Also there is no significant variation in the threshold current, for 

a given cavity length, with different DBR periods. The data of Fig.2.8 also depict the 

expected increase of slope efficiency with decrease of length. The threshold current 

Ith for the lOOjum long device is 4.5mA and J^=1.324 kA/cm2. The slope efficiency is 

0.28 W/A. The cavity loss coefficient a,- is obtained to be 13.5 cm-1 and the quantum 

efficiency 77,- is 0.52. The transparency current is 370 A/cm2. The surface damage 

caused by RIE of the DBR enhances the value of a,- in these structures. 

2.5    Laser Far-Field Characteristics 

The DBR mirror is expected to have a small diffractive effect on the light output, 

thereby reducing the width of the output mode. However, since the DBR was not 

covered with any anti-reflective (AR) coating, multiple reflections and scattering 

between the etched DBR mirrors may also take place. To investigate these issues the 

near and far-field patterns from both the cleaved end and the DBR end have been 
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Figure 2.7: DBR laser process steps. 
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Figure 2.8: Measured L-I characteristics for devices with different cavity lengths and 
having a cleaved facet at one end and a DBR mirror at the other. The 
light output was taken from the cleaved side. 
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Figure 2.10: Measured far-field pattern in parallel direction. 

measured. The near field pattern at both ends from the IR camera shows single- 

mode characteristics (TE0o)- The measured lateral far-field patterns, at a distance 

of 5 cm from the mirrors, are shown in Fig.2.10. The parallel and perpendicular 

angular spread of the output from the cleaved facet is as expected, with 0|| ~ 8° and 

0x ~ 25°, as is shown in Fig.2.11. The output from the DBR in the perpendicular 

direction could not be measured since the mirrors terminated on the wafer at a 

distance of ~ 50/^m from the end. The parallel output shows two distinct features. 

The intensity is smaller than that from the cleaved end. Also, the angular spread 

is actually a little larger (0y ~ 12°) than that for the cleaved facet. The former is 

probably due to multiple reflections and defocusing and the latter is also probably 

due to reflections and scattering. However, the slight broadening in the transverse 

direction can actually make the output more symmetric (circular) and therefore more 

amenable to focusing and coupling with conventional optical fibers. 
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Figure 2.11: Measured far-field pattern in perpendicular direction. 

2.6    Small-Signal Modulation 

The small signal modulation characteristics of the lasers were measured under 

pulsed bias condition with an HP8350B sweep oscillator, bias Tee, wide bandwidth 

amplifiers, a 40 GHz New Focus detector and an HP8593A spectrum analyzer. The 

power of the microwave signal modulating the laser was set at -5 dBm. The curve 

in Fig.2.12 shows the fitted data of the modulation frequency response for differnt 

bias currents, using the optical modulation response equation [37]. The modulation 

response used to fit the experimental data is expressed as 

ft \M(f)\2 = \MPtt (2.1) 
(/2 - Pf + (7/2X)2/2 

where fT is the relaxation frequency, 7 is the damping rate, MPtt is a transfer function 

accounting for both device layout parasitics and carrier-transport-related effects and 

the second term explains the intrinsic frequency response. The relaxation frequency 

derived from small-signal analysis of the coupled rate equations for charge carriers 
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Figure 2.12: Small-signal current modulation response of a 100//m long laser at dif- 
ferent bias currents under pulsed conditions. 

and photons can be defined as: 

=  1 JTdg/dnvMI1^) 
27TV qLwdact 

(2.2) 

where T is the confinement factor, dg/dn is the differential gain, vg is the group 

velocity of the lasing mode in the laser cavity, rji is the internal differential quantum 

efficiency, Ith is the laser threshold current, and Lwdact is laser active region volume. 

The damping rate which is a function of the effective carrier lifetime in the laser 

active region TC and the relaxation frequency can be written as: 

7 = r + *7? (2.3) 

The damping factor K is a function of differential gain dg/dn and the photon lifetime 

in the active region. A measured 3 dB bandwidth of ~ 30GHz is reached at the 

highest driving current of 63 mA for a 100/mi long device under pulsed conditions 

(l//s pulses with 1% duty cycle). Higher bandwidths can easily be achieved in this 
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Figure 2.13: Relation of resonance frequency versus square root of output power. 

device with proper mounting and heat-sinking. 

From analysis of the data of Fig.2.12 and the relation of relaxation frequency ver- 

sus output power, plotted in Fig.2.13, the differential gain dg/dn= 1.79 x 10"15 cm2. 

From the slope of the plot in Fig.2.14, the K factor [36] is 0.19 ns, and {_3dB(max) 

= 22 7r/K=47 GHZ. The modulation response of this device will be very similar to 

that of a Fabry-Perot device [35]. There is no intrinsic reason for it to be better. 

However, the design of the DBR laser allows for much smaller cavity lengths, from 

which higher modulation bandwidths can be derived. 

2.7    Summary 

A novel short cavity edge-emitting 0.98//m GaAs-based laser with semiconduc- 

tor/air DBR mirrors made by reactive ion etching (RIE) has been demonstrated. The 

dc and small-signal modulation properties of 100//m long lasers have been measured 

and are characterized by 7^=4.5 mA and /_3dB=30 GHz under pulsed conditions 
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Figure 2.14: Damping factor versus resonance frequency square. 

respectively. The far-field pattern of light emanating from the DBR is also measured. 

From current results, it is clear that with proper DBR reflectivities at both ends, it 

is possible to shrink the length to < lOfxm. Thus, edge-emitting microcavity lasers 

can become feasible. In addition, the individual elements of the deeply etched DBR, 

functioning as a spatial filter can be reshaped, by lithography, to tailor the near-field 

pattern of the optical mode and, thus, to incorporate better focusing of the output 

light, Fig.2.15 or addressing the light toward certain directions, [38] Fig.2.16, which 

have great potentials in light multiplexing and demultiplexing applications. 
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Figure 2.15: Schematic of proposed spatial filter. 

Figure 2.16: Schematic of proposed beam director. 



CHAPTER III 

Tunneling Injection Distributed Feedback Laser 

3.1    Introduction 

Semiconductor Distributed Feedback (DFB) lasers have attracted considerable at- 

tention since the DFB mechanism was first demonstrated by Kogelink and Shank in 

1971. As the materials growth and lithography technologies progress, semiconductor 

DFB lasers have emerged as the most viable light sources in modern communication 

systems due to their unique characteristics, e.g., single frequency operation, narrow 

linewidth, and insensitivity to temperature variation [39]. Most importantly, the las- 

ing wavelength can be precisely determined by the period of the corrugation and this 

makes wavelength division multipexing (WDM) very attractive with these devices. 

In this chapter, only the index-guided DFB structure is considered. First, an 

overview of the coupled-mode theory is briefly described, including the fundamental 

principle of the DFB mechanism, threshold gain condition, and the coupling coeffi- 

cient. The design of 1.55/xm tunneling injection (TI) multiple quantum well (MQW) 

DFB lasers is next discussed. The device fabrication is described in detail. Finally, 

the device performance characteristics are described and discussed. This is the first 

time that the tunneling injection mechanism has been incorporated in a DFB laser. 
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Figure 3.1: Schematic of a typical index-guided DFB laser. 

3.2    Theory of DFB Lasers 

Unlike conventional Fabry-Perot (FP) lasers which require end facets to provide 

lasing feedback, the DFB lasers utilize periodic corrugation to achieve optical feed- 

back. The fundamental theory is based on the coupled-mode theory [5],[40], which 

solves the forward and backward propagating waves in the laser cavity. The lasing 

mode selected results from the Bragg condition, 

mX 

where A is the grating period, m is the order of Bragg diffraction, A is the operating 

wavelength, and neff is the effective-mode refractive index. The Bragg diffraction 

takes place when the forward and backward waves interact inside the cavity. The 

schematic of a typical index-guided DFB waveguide is illustrated in Fig.3.1. 
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3.2.1    Coupled Mode Theory 

The time-independent wave equation is 

V2E + e(x,y, z)k2E = 0 (3.2) 

Here k0 = 27r/A is the wave number and e can be written as 

e(x, y, z) = e0(x, y) + Ae(:r, y, z) (3.3) 

where e0(x, y) is the average value of e and Ae is the dielectric perturbation caused 

by the grating corrugation. To solve this problem, let us first consider the case of 

Ae=0, i.e., in the absence of perturbation. The general solution of Eq.(3.2) takes 

the form 

E(x, y, z) = xU(x, y)[Efexp{ißz) + Ebexp(-ißz)] (3.4) 

where U(x, y) can be obtained from solving 

^ + ^ + W*.»«-flP-0 (3.5) 

for a given device structure, and where ß is the mode-propagation constant. It can 

be expressed as 

ß = neffko - ia/2 (3.6) 

where a is the mode-gain coefficient given by 

a = Tg - dint (3.7) 

T is the confinement factor, g is the active-region gain, and a,nt accounts for the 

internal loss. 

In the presence of dielectric perturbation Ae, the amplitude of Ej and Eb of the 

forward and backward waves become z-dependent.  Assume the weak perturbation 
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Ae so that the spatial field distribution U(x,y) is not affected. Substitute Eq.(3.4) in 

Eq.(3.2) and allow for slow axial variations of Ej and Eb. Multiplying the resulting 

equation with U(x,y) and integrating over x and y, we obtain 

2 

~^exp(ißz) - -J-exp(-ißz) = ^ j J At(x,y,z)U2(x,y)x 

[Efexp(ißz) + Ebexp(-ißz)]dxdy (3.8) 

Since Ae is periodic in z with the grating period A, it can be expanded in a Fourier 

series to 

Ae(x, y,z) = Y, Aei(x> y)exp[i(2T:/A)lz] (3.9) 

Substitue Eq.(3.9) into Eq.(3.8) and equate the coefficient of exp(±i/?z) on both 

sides. Assume for simplicity that Ae is real and collect only the terms that are 

approximately phase-matched, we obtain 

- = inEbexp(—2iAßz) 
dz 

dEb 
= iK*Efexp(2iAßz) (3.10) 

dz 

and 

Aß = ß-rmr/A = ß-ß0 (3.11) 

is the phase mismatch and was assumed to be smallest for the term / = m in Eq.(3.9). 

The contribution of the rest of the terms can be neglected due to their large phase 

mismatch. The coupling coefficient K is defined as 

kl J f Aem(x,y)U2(x,y)dxdy 
K = (3.12) 2ß JfU*(x,y)dxdy 

This equation means that the Fourier component AeTO, for which the Bragg condition 

(ß = 7r/A) is approximately satisfied, couples the forward and backward propagating 
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waves. It is called index-guided DFB if « is real or gain-guided DFB if « is imaginary. 

Otherwise, it is complex-guided DFB if « is complex. 

Instead of using complex ß as the propagation constant in Eq.(3.2), it is easier 

to write the axially varying field in terms of the Bragg number ß0 = mi /A. 

E(z) = A{z)exp(iß0z) + B(z)exp(-iß0z) (3.13) 

where 

A(z) = Efexp(iAßz) 

B{z) = Ebexp(-iAßz) (3.14) 

Then the coupled-wave equations in Eq.(3.10) become 

^ = iAßA + %KB 
dz 

-^ = iAßB + i*A (3.15) 
dz 

A general solution of these equations can be expressed as 

A(z) = Aiexp(iqz) + A2exp(—iqz) 

B(z) = Biexp(iqz) + B2exp(—iqz) (3.16) 

where q is the complex wave number to be determined from the boundary condi- 

tions. The constants Ai, A2, J5i, and B2 are interdependent. Substitue these general 

solutions to Eq.(3.15) and equate the coefficients of exp(±qz), we obtain 

(q - Aß) A! = K£I 

(q + Aß)Br = -«Ai 

(q - Aß)B2 = «A2 
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(q + Aß)A2 = -nB2 (3.17) 

To obtain nontrivial solutions, a dispersion relation has to be satisfied. 

q = ±[(Aß)2 - K
2
]
1/2 (3.18) 

The plus and minus signs correspond to forward and backward propagating waves, 

respectively. The DFB reflection coefficient can be defined as 

, N      Bi      q-Aß K t r{q) = — = 2 £ =  3.19 
Ai        K q + Aß 

Here the DFB reflection coefficient r(q) is equivalent to the mirror reflection coef- 

ficient in F-P lasers. It is evident that the feedback mechanism is determined by 

the coupling coefficient K. The general solution of the coupled-wave equations in 

Eq.(3.16) can be rewritten as 

A(z) = Aiexp(iqz) + r(q)B2exp(—iqz) 

B(z) = B2exp(-iqz) + r(q)Aiexp(iqz) (3.20) 

Therefore, the solution for an infinite DFB structure can be obtained as follows after 

substituting these equations into Eq.(3.13). 

E(z) - Ai[exp(iß0z) + r(q)exp(-iß0z)]exp(iqz) 

+ B2[exp(-iß0z) + r(q)exp(iß0z)]exp(-iqz) (3.21) 

3.2.2    Threshold Condition 

In reality, the finite-length laser cavity and the end-facets will alter the boundary 

conditions and thus, affect the laser characteristics. Consider a laser of length L. 

Since L is not necessarily an exact multiple of the grating period A, the last period 

of the grating close to the facet is generally not complete.  The phase shift in this 
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region plays an important role in determining the laser performance and should be 

properly accounted for. Now assume the effective facet reflection coefficient can be 

written as 

rj = Rj   exp(i4>j) 

i = 1,2 (3.22) 

where Rj is the facet reflectivity and (f>j accounts for the round-trip phase s shift in 

the last incomplete grating period. The boundary condition at the two facet 3 are 

A(0) = n5(0) 

B(L) = r2A{L) (3.23) 

Applying these equations to Eq.(3.20) and we can obtain the following equat ions : 

{n - r)B2 - {1 - rnWt = 0 

(r2 - r)exp{2iqL)Ai - (1 - rr2)B2 = 0 (3.24) 

These equations have a consistent nontrivial solution only for values of q satisfying 

the eigenvalue equation 

(f^Xn^H2^-1 <3-25> 
This is the threshold condition for DFB lasers. Given a coupling coefficient K and 

facet reflectivities 7*1,2, a self-consistent solution q can be calculated along with 

Aß = ±(q2 + K
2
)

1
'
2 (3.26) 

For a uniform DFB gratings, there are always two stable modes in the cavity as 

inferred in the above equations (±). An alternative, which can eliminate this double 

modes and excite only one stable mode, is to created a phase shift grating in the 
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center. The optimum phase shift is 7r/2. This can be understood as combining 

two uniform grating DFB together with an abrupt phase change in the center (180° 

in this caase). The net coupling coefficient K is zero (K++AC_=0) and thus, only a 

single solution (q = Aß) can exist in the cavity from Eq.(3.26). This idea was first 

proposed by Haus and Shank [41] and is well-known as A/4-shifted DFB lasers. The 

DFB threshold condition together with the material threshold gain 

9th =       r (3.27) 

decides the overall laser threshold condition. 

3.2.3    Calculation of the Coupling Coefficient 

Refer to Eq.(3.12) and the notation in Fig.3.1, and assume the grating is laterally 

uniform so that the dielectric perturbation Aem is independent of x. The /c can be 

rewritten as 

fco   S^0^em(ymy)dy 
2ne//       jr^(y)dy (3"28) 

here <f>(y) is the field distribution in transverse direction.   The Fourier component 

Aem for the mth-order Bragg diffraction can be calculated as 

Atm^ = jJ0  &<y,z)exp{ )dz (3.29) 

Hence, we can deduce several considerations to increase K. Square gratings generally 

give the largest Fourier coefficient [42] and, therefore, are preferrable. This can only 

be produced by dry etching techniques. First order (m=l) gratings can significantly 

increase the K as well. This inevitably, of course, adds more difficulty in lithography. 

In addition, deeper gratings (larger dg) are an another way to improve the coupling 

coefficient. However, special care must be taken during the grating etching so that 

the defects generated during etching gratings will not affect the laser active region 

too much. 
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3.3    Heterostructure Design 

The laser heterostructure , shown in Fig.3.2, was grown by metal-organic vapor 

phase epitaxy (MOVPE) on (100) semi-insulated InP substrate. Again, the tunneling 

injection structure is incorporated in the design and the corresponding conduction 

band diagram is shown in Fig.3.3. The 1000 Ä InGaAsP (\g = 1.40/xm) inner 

cladding, 30 Ä InP tunneling barrier, together with the 5 quantum wells form a close 

system, which is solved by the Schrodinger equation. The inner cladding layer and 

the quantum well barrier are chosen such that the energy separation of the tunneling 

eigenstate and the quantum well ground states is about 30 meV, which is roughly 

the optical phonon energy in InP. The tunneling injection mechanism is assisted 

through longitudinal optical (LO) phonon resonance [35]. The quantum well sizes 

are properly chosen so that the wavefunction are uniformly distributed over the entire 

active region. 

The active region consists of five 1 % strain-compensated quantum wells [80 A 

InGaAsP (with a strain of +1.0 %) wells and 70 Ä InGaAsP ( with a strain of -1 %) 

barriers] with a photoluminescence (PL) peak calibrated at 1.53-1.54 ^m. From the 

threshold gain point of view, 1 % strain-compensated quantum well is believed to 

be the optimum choice in 1.55/xm range according to some experimental results and 

theoretical calculations [43]-[45]. In the multiwavelength DFB laser arrays applica- 

tions, compressive-strained multiple quantum well active layers are more favorable 

since they have wider optical gain spectrum and thus, a wider wavelength span can 

be obtained [46]. 

For the real device, the depth of the ridge waveguide is targeted around 0.1- 

0.2 /xm above the 0.2 ^m InGaAsP (Xg = l.lO^m) buffer layer. The DFB gratings 
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Figure 3.2: TI-MQW DFB laser heterostructure grown by MOVPE. 
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Figure 3.4: Calculated transverse mode profile. 

are formed on this buffer layer. This ridge waveguide structure gives a propagation 

constant /?=13.11 and the corresponding effective refractive index ne/y=3.23. For the 

1.55 yum emission wavelength operation, the first-order grating period A is 240 nm. 

Figure 3.4 give the calculated mode profile in transverse direction. The goal is to 

achieve a low threshold gain in short cavity devices (~ 200//m long). Equivalently, 

the KL is shooting at 2-3. This means a very large K > 100 cm~l is needed. From the 

calculated transverse mode profile and the formula given above, the grating depth is 

around 800 Ä deep. This would give a K about 150 cm'1. In reality, the regrowth 

roundoff and imperfection etching on the DFB grating will cause at least a 60-70 % 

degradation on K [42]. Therefore, the actual coupling coefficient K is estimated to 

be around 100 cm'1. However, special care should be taken to assure that this 

relatively deep etch will not cause severe damages to the active region.  To assure 
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a high performance working device, a low surface damage or damage-free etching 

technique is essential. 

3.4    Device Fabrication 

The entire DFB laser processing procedure is almost identical to the ridge waveg- 

uide laser except for some key steps: electron-beam lithography, low damage or 

damage-free etching, and regrowth. First, the sample was grown up to the InGaAsP 

(Xg = 1.10/mi) buffer layer. Then, the DFB gratings were formed on this buffer layer. 

In this work a direct e-beam writng and RIE etching were performed to generate the 

gratings. Next, an InP upper cladding layer and InGaAs cap layer are regrown on 

the sample. Finally, the standard ridge waveguide laser processing procedure was 

carried out to fabricate the device. 

3.4.1    Electron Beam Lithography 

There are several different techniques to generate the grating patterns: 1) step- 

ping the window mask during multiple holographic exposures [47], 2) e-beam direct 

writing [48], 3) exposing an e-beam-generated grating mask with X-ray [49]], and 

4) exposing an e-beam-generated phase mask with UV light (near-field holographic 

printing) [50]. In this work, direct e-beam writing technique was adopted since it 

provides more flexibility to vary the pitch distance. On the other hand, it is time- 

consuming and is not suitable for low-cost production. The direct electron beam 

writing technique was used in this work to generate grating patterns. 

Electron Beam Lithography utilizing a single layer of 2% 950K polymethyl- 

methacrylate (PMMA) was used to direct write the DFB grating structure. Since 

PMMA has relatively poor dry etch resistance, a lift-off mask was employed. After 

exposures and development in a solution of methylisobutylketone and isopropanol 
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(1:3) 30nm of titanium (Ti) was deposited and lifted off. Several factors related to 

the fabrication of a first-order grating structure were investigated in order to realize 

exact line/space relationship and grating uniformity. Parameters especially criti- 

cal to the fabrication of this device concern electron beam diameter, off-axis scan 

distortions, field scaling errors and thermal instabilities. 

Exposures of the resist were done with a JEOL JBX 5DII-U Electron Beam 

Lithography System in 4th lens mode. The grating lines were aligned in the < Oil > 

direction so that the waveguides can be formed in the < Oil > on the grown wafer. 

Electron beam diameter is determined by accelerating voltage, beam current and 

final aperture size. Final parameters established were at 50KeV, 25pA and 180//m, 

respectively. Field scaling errors were reduced by scaling to a larger field size (800//m) 

and then limiting the writing area to 500/im. Each DFB structure was limited to 

a maximum 500/mi cavity length to eliminate associated errors and to also obtain 

the best line width uniformity. Thermal instabilities induce positional beam drift 

that can be detrimental to DFB performance. As little as a 2 degree difference 

in temperature between the substrate and the E-beam System stage will result in 

significant pitch errors primarily due to positional beam drift. This problem can 

easily be corrected by implementing a delay that will allow the sample temperature to 

stabilize. Figure 3.5 shows a microphotograph of an e-beam written grating pattern. 

The quarter wavelength phase shifted position is also labeled. 

3.4.2    Etching of Gratings 

Etching the gratings is the most critical step in the DFB laser process. The surface 

damage due to the etching is always a concern for making a laser. In the early time 

people sometimes use chemical wet etch to form the gratings [42].   Wet etch has 
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Figure 3.5: E-beam written gratings. 
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been a favorable choice for producing a damage-free surface. However, the inevitable 

undercut profile reduces the coupling coefficient dramatically. Furthermore, it can 

only be used in the higher-order grating cases. For the first-order DFB gratings 

cases, wet etch will smear out the corrugation features unless dry etch techniques are 

performed. 

In this work reactive ion etching (RIE) is adopted in generating the first-order 

gratings due to its anisotropic property. Noncorrosive methane-hydrogen mixture 

[51],[52] has been widely reported to be an effective etchant to InP-based compounds 

in the plasma chamber. Normally a higher etch rate can be obtained by adding argon 

to the mix. The addition of argon, however, will increase the surface damage, which 

is prohibited in this application. The chemical reations taking place in the RF excited 

plasma are thought to be: 

CHA -->  xCH; + yCH; + zCH* + ions 

H2  -->  x'H+ + y'H*+protons (3.30) 

The methane and hydrogen split apart to form methyl and hydrogen groups. When 

reacted with the InP-based materials, the end products are methyl-indium or methyl- 

gallium compounds and hydrides such as phosphine or arsine, reversing the OMVPE 

process. 

In + SCH; --> In{CH3)3 

P + SH* --> PH3 (3.31) 

Several test runs were conducted to determine the optimum etching condition. The 

gas mixture employed in these test are 15% methane and 85% hydrogen with the 

chamber pressure maintained at 15-20 mT. An InGaAsP (A5 = l.lfim) layer on InP 

substrate was etched by the RF powers of 150 W, 100 W, and 50 W, respectively. 
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An 0.5/xm InP cap layer is then regrown on the etched sample. Compared with the 

original unetched InGaAsP (Afl = 1.1/im) sample, the PL intensity of the regrown 

sample drops to 1/20 and 1/12 of the original intensity for the 150 W case and 100 W 

case, respectively. The 50 W case followed by a short wet etch sample preserves about 

the sampe order of PL intensity and is believed to be applicable in fabricating the 

lasers. 

In order to minimize the surface damages, a combination of dry etch (RIE) and 

wet etch was adopted for the real device fabrication. A InGaAsP (Xg = 1.1/rai) 

layer was first etched 600Ä thick by RIE (CH4 : H2 = 6 : 34, 20mT, and RF power 

is 50 W) and followed by a wet chemical etch (saturated bromine water : HBr : 

D.I. water ) to remove another ~ 400Ä. The regrowth during heating the sample 

then rounds off about 200Ä, leaving the total grating depth about 700-800Ä deep. 

It is believed that the damage will also be self-healed a little bit during MOCVD 

regrowth. Figure 3.6 illustrates a micrograph of the etched gratings. 

3.4.3    Preparation for Regrowth 

After forming the DFB gratings, the p-doped InP upper cladding layer and p+ 

InGaAs contact layer are regrown by OMVPE. In order to ensure a good quality of 

regrowth interface without creating too many dislocations, special attention has to 

be paid in preparing the sample for regrowth. 

The sample was regrown at Bellcore and the sample preparation procedures are as 

follows: soak the sample in boiling solvents (isopropanol, trichlorethylene, acetone, 

methanol), then rinse it and soak it in sulfuric acid for about 40 seconds, then rinse 

for a long time. Sulfuric acid does not etch, but has some kind of cleaning effect. In 

the case when the samples have been submitted to damaging processing (plasma for 
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Figure 3.6: RIE and wet etched DFB gratings. 

mask deposition or etching, ion beam, etc.), it is very beneficial to do 1/2 hour to 1 

hour of Ultra-Violet Ozone cleaning before the sulfuric acid soaking. 

3.4.4    Ridge Waveguide Laser Processing 

After regrowing the top cladding layer and cap layer, the area where the grat- 

ings were formed can vaguely be seen. The waveguides were aligned on top of the 

grating areas, as shown in Fig.3.7 and the p-contact metal (Pt/Ti/Pt/Au) was then 

deposited. The ridge was formed by RIE (CH4:H2:Ar=6:56:4, 15mT, 150 W) and 

wet chemical (HC1:H3P04) etching. After the etching, the sample was annealed at 

430-450° C for 60 seconds to form a good ohmic contact as well as to drive off the 

residue hydrogen level during the RIE etching, which can degrade the device optical 

performance seriously. A mesa, down to the the bottom contact layer is formed by 

wet chemical etching and this is followed by evaporation of Ni/Ge/Au/Ti/Au as the 

n-contact metal. The ohmic contact is formed by annealing at ~ 400°C. Finally, thick 
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Figure 3.7: Formed ridge waveguide on top of the etched grating area. Note that the 
A/4-shifted position is located at the center of the waveguide. 

interconnection metal pads (Ti/Al/Ti/Au) are deposited for measurement probing. 

3.5    Device Performance 

The un-coated lasers have threshold currents of 20-27mA for 200//m long devices, 

22-30mA for 300/mi long devices, and 28-34mA for 600//m long devices. The rela- 

tively high threshold current and poor slope efficiency is believed mainly due to the 

surface damage caused during grating formation. These wide ranges of \th are due to 

the ambigious phase factors at the cleaved facets. A measured temperature depen- 

dent L-I characteristics for a 300/xm long device is shown in Fig.3.8. The device can 

still läse up to 50°C. The relation between temperature and threshold current density 

is also depicted in Fig.3.9. From analyzing the data, the characteristic temperature 

To, obtained by fitting with the empirical relation: 

Ith = I0exp(T/TQ) (3.32) 

is estimated to be 70-120K at room temperature. This is higher than most 1.55/zm 

lasers and is believed to result from the tunneling injection mechanism. 
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Figure 3.9: Measured TI-DFB laser threshold current density as a function of tem- 
perature. 



53 

- To ensure that lasing is from the DFB mode, the temperature dependent spectral 

output is studied. Figure 3.10 shows the data taken from the spectrometer. The laser 

maintains the same single longitudinal mode while its wavelength shifts continuously 

at a rate of ~1Ä/°C, which is a typical value for DFB lasers. In the F-P laser, this 

number is > 5Ä [42]. This lasing wavelength shift is because the mode effective index 

varies with temperature. In the other words, the material effective bandgap shrinks 

as the temperature increases leading to this red-shift in lasing modes. 

The laser shows a sidemode suppression ratio (SSR) of ~ 30dB, from the output 

spectra shown in Fig.3.11. The device preserves single mode characteristics even up 

to 120mA as shown in Fig. 3.12. The red-shift in wavelength results from the carrier- 

induced bandgap narrowing effect. Another lasing spectrum taken from a uniform 

grating device, shown in Fig.3.13, indicates 2 stable DFB modes with ~2 nm in 

separation, co-existing in the cavity beyond the threshold current. This phenomenon 

matches with the theoretical calculation for the uniform grating case. That is why 

for most practical applications, A/4-shifted DFB laser is preferred to provide single 

mode operations [45]-[47]. However, the drawback is the severe spatial-hole burning 

under high level injection, which will generate multimode characteristics [53],[54]. 

This is because the mode intensity in A/4 is highly non-uniform and peaks in the 

center of the cavity where the phase-shift region is located. Because of enhanced 

stimulated emission occurring near the cavity center, the gain, or equivalently the 

carrier density, is depleted more near the center than near the cavity ends. 

The small-signal modulation of the lasers is characterized by a HF8510 network 

analyzer with a microwave signal supplied from HP8340B synthesized sweeper and 

the laser optical light output pigtailed into HP83420A lightwave test set. A 300//m 

long DFB laser diode small-signal modulation response at different bias levels under 
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CW operation is shown in Fig.3.14. A maximum small signal modulation bandwidth 

of 7.5 GHz was obtained at a bias current of 90 mA. This relatively poor bandwidth 

is believed mainly due to the poor differential gain, which is caused by severe surface 

damage during grating formation. 

The device microwave impedance characteristics are important parameters for 

the design of the driver circuits, to be discussed in Chapter 6. The measured device 

impedance characteristics, shown in Fig.3.15, indicate an equivalent resistance of 

~ 7Ü when the laser is biased above threshold. 

3.6    Summary 

A tunneling injection DFB laser at 1.55/jm is demonstrated for the first time. 

Perliminary results were characterized and analyzed. An effective device fabrication 
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Figure 3.14: Measured DFB laser small-signal modulation response under CW oper- 
ation. 

processing procedure has been developed. Typical threshold currents are between 

25-35mA for 200-400/im long uncoated devices. Stable single longitudinal modes 

have been observed and can be preserved up to 120mA in A/4-shifted DFB lasers. 

The laser shows a temperature tunability of 1Ä/°C. The relatively high threshold 

current and poor modulation bandwidth are believed due to the surface damage 

during etching the gratings. Also, the lasing linewidth appears to be a little bit wider 

and is believed primarily to be due to slight-nonuniformity in the gratings. Due to 

limited resolution (~ 0.2Ä) of our optical spectrum analyzer, the laser linewidth 

cannot be determined precisely, as an accurate measurement of the linewidth has 

to be done by interferometric techniques. Nonetheless, the laser characteristics are 

suitable for short-haul (< 100km) WDM links. 

Further investigation in fabrication techniques, such as development of an low 
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surface damage or damage-free dry etching recipes for generating the DFB gratings, 

and improvement of e-beam lithographic technology to produce high throughput and 

large area uniform grating patterns, is needed to improve the device performance. 

Besides, effective measurement techniques are necessary to carefully characterize 

the device performance. These include laser linewidth, coupling coefficient, chirp 

parameters, and large signal modulation in long distance transmission. 

Recently, the research trends have been shifting towards complex-guided [55], 

chirped grating [56], or multi-section DFB lasers [57],[58], which have been experi- 

mentally and theoretically demonstrated to have great potential in producing nar- 

rower linewidth, high yield of single frequecy operation, and wider tunable range in 

lasing wavelengths. 



CHAPTER IV 

InAlAs/InGaAs Quantum Confined Stark Effect 
Modulators 

4.1    Introduction 

External modulation of light sources at high frequencies, or bit rates, is being 

investigated as a viable alternative to internal (current) modulation of lasers, where 

chirp can be quite severe. The electroabsorption-type semiconductor modulator, 

particularly a multiple quantum well (MQW) structure, using the change of bandgap 

energy due to an applied electric field have advantages over electro-optical modulators 

(e.g., LiNb(>3 or Nd:YAG) [59] because they can achieve high-speed modulation and 

large extinction ratio under a relatively low driving voltage and have much smaller 

size. Furthermore, they can be monolithically integrated with laser diodes. MQW 

modulators, known also as quantum confined Stark effect (QCSE) modulators, show 

promising performance and have become the most important candidate for use in 

the next generation lightwave communication systems. 

Compared with other material systems compatible with InP, suitable in the 1.5yum 

regime, InAlAs/InGaAs heterostructures have a large conduction band offset and a 

small valence band offset (AEC : AEV = 0.5eV : 0.2eV). These properties allow the 

incorporation of wider well widths than with InGaAsP/InP heterostructure systems 

60 
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(AEC : AEV ~ 0.35eV : 0.65eV) [60]-[63], while maintaining a strong exciton binding 

energy and quantum confined Stark effect (QCSE). Furthermore, the carrier pile-up 

effects [64],[65], which have a significant influence on the modulation bandwidth and 

power handling capability, can be expected to be small because of the smaller valence 

band offset. 

In this chapter, the physics of QCSE is briefly reviewed first, followed by discus- 

sion of some of the considerations in designing modulators. Next, the design and 

fabrication of InAlAs/InGaAs waveguide modulators are described along with some 

of the device performance. Finally, a novel technique to reduce photocurrent respon- 

sivity by doping the quantum wells with erbium is demonstrated with a GaAs-based 

device. This device has a photocurrent responsivity (0.005 A/W) two orders of mag- 

nitude lower than conventional devices and solves a serious system problem. The 

large photoresponsivity of QCSE modulators translates to a large power drain in 

systems using these devices. The Er-doped modulator demonstrated here solves this 

problem effectively for the first time [62]. 

4.2    Physics of QCSE 

In semiconductors, some very important properties are modified by carrier inter- 

actions. The electron-hole interaction is important for optical properties of semicon- 

ductors and devices with strong charge injection. This electron-hole system, coupled 

through Columbic interaction, is called exciton. The exciton binding energy Eex can 

be calculated by employing an analogy with the Bohr hydrogen atom model [66]. 

&  =      ~m*q4     1 /„ n 
ex     32TT*(ere0hy P ^ 

where m* is the reduced effective mass of the exciton and / is an integer (/=1,2,3,...). 

The appearance of electron-hole pairs, or excitons, modifies the original unperturbed 
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bandstructures, and thus alters the material optical transition characteristics. The 

optical excitation and formation of excitons generally manifest themselves as a series 

of sharp resonances (peaks) at the low energy side of the band edge. 

In bulk materials, these excitonic peaks can only be observed in very pure samples 

at low temperature due to their rather small binding energy. The excitonic state can 

be ionized by applying an electric field or increasing the temperature causing the 

excitonic peaks to merge with band-to-band transition [67]. 

In the past few years, however, advances in material growth and processing tech- 

niques have made it possible to fabricate smeiconductor layers, like quantum wells, 

with unprecedented precision. For example, molecular beam expitaxy (MBE) [68] 

and metalorganic chemical vapor deposition (MOCVD) [69] have demonstrated the 

capability to grow high quality semiconductor heterostructures with nearly atom- 

ically smooth interfaces. In quantum wells, electrons and holes behave in a two 

dimensional fashion and they are tended to become localized or confined in the state 

where their potential energies are the lowest. Unlike in the bulk materials, this con- 

finement of electrons and holes in the quantum wells greatly increases the exciton 

binding energy along with the oscillator strength. Thus, the excitonic transition 

can be preserved up to a high temperature without merging into the band-to-band 

transitions [67]. 

Now focus our attention to the cases of quantum wells in presence of an electric 

field. The electric field can ionize the exciton states by pulling apart the electron hole 

pair and causes a broadening of the exciton peak as well as peaks shifting. In general, 

the electric field can be either longitudinal (in the plane of the well) or transverse 

(in the growth direction). The logitudinal field case is similar to the bulk case and 

the excitonic transition essentially disappears at a fairly low field (< 10kV/cm). The 
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transverse case, on the other hand, is of great interest since the exciton will not easily 

be ionized since the electron and hole states are well confined in the quantum well. 

As a result, this exciton transition peaks can persist to electric fields of greater than 

100kV/cm. This effect is known as Quantum Confined Stark Effect (QCSE). 

When electric fields are applied to quantum wells, the energy term eEz should 

be added to the exciton Hamiltonian, which can be written as 

H = H0 + eEz (4.2) 

where Ho is the usual quantum well Hamiltonian under no bias, E is the electric field 

applied in the quantum well region. To simplify the problem, here we only consider 

one dimensional case. The eigenfunctions of Ho are tpn and in the square quantum 

well, the ground state function ip\ has an even parity so that the first order correction 

to the subband energy 

A£W = (V>i|e£z|V>i) (4.3) 

is zero. The second order correction then becomes the dominant term in this problem. 

For an infinite barrier quantum well and small field case, i.e., 

^ « 2^ <4'4> 

where W is the well width, the second correction can be calculated as 

AEl(2)        1     /15       \m*e2£2W4 ,     N AE'   = 24^ b " V ~^— <4"5> 

It shows that the energy shift of an exciton resonance peak is proportional to the 

fourth power of the well width.   This suggests that a wider well size is preferred 

to obtain a better modulation.   However, as the well width increases, the exciton 

absorption decreases.   The optimum well sizes are around 90-120Ä for InP-based 

materials [67]. In addition, the exciton effective mass m* plays an important role. 
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Introducing some strain in the quantum wells is an another option in engineering the 

device performance [71],[72]. 

4.3    Design Issues 

There are several figures of merit commonly used to evaluate the modulator 

performance. These figures of merit are strongly affected by some factors which are 

important considerations in designing a modulator. Tradeoffs are therefore needed, to 

meet certain requirements, in designing a modulator. The following sections discuss 

some of these figures of merit [73],[70]. 

4.3.1    ON/OFF Ratio 

ON/OFF ratio is the most important characteristics for the intensity modulators 

and is given by the relation below: 

R = exp(TAaL) (4.6) 

where T is the light confinement factor, Aa is the change in the absorption coeffi- 

cient, and L is the interaction length between the light and the electroabsorption 

materials. For the transverse type (normal incident) modulators, T=l. Obviously, 

a longer interaction length L is needed to achieve a larger ON/OFF ratio R. The 

most intuitive approach is to increase the number of quantum wells. However, this 

is undesirable in most of the cases. First, as the thickness of the MQW active region 

increases, the applied voltage increases correspondingly. Second, from the material 

growth point of view, it is very difficult to control the material quality if too many 

periods of quantum wells are deployed. Typically, 50 or even more periods of MQW's 

are required to achieve sufficient ON/OFF ratio in the transverse type QCSE elec- 

troabsorption modulators, whereas the interaction length is only about l^m.   To 
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overcome this problem, waveguide modulators are proposed since they provide much 

longer interaction length (L could be ~ 100/mi long). Thus, even though the con- 

finement factor in the quantum well active region is very small (~ 0.1-0.01), 10-20 

periods of quantum wells are adequate to achieve a ON/OFF ratio of 10-20dB eas- 

ily. In addition, larger Ao is preferrable to increase ON/OFF ratio. This needs a 

high quality material which has sharper excitonic resonance peaks. 

4.3.2    Insertion Loss 

Insertion loss, normally defined as the ratio of the optical power at the output 

of the device to the power at its input, is another key parameter for any modulator. 

There are many sources of insertion loss and the main components associated with 

QCSE electroabsorption modulators we are interested in are mirror reflection loss, 

residual absorption loss, waveguide loss, and coupling loss. Mirror reflection loss can 

be eliminated by employing anti-reflection (AR) coatings on both facets to obtain a 

3dB reduction in insertion loss. Residual absorption arises from the absorption of 

band tails of the quantum wells and free carrier absorption in the doped cladding 

layers. The former factor can be minimized by operating the device at a wavelength 

significantly longer than the zero-field bandgap. However, this would decrease AQ 

and maximum ON/OFF ratio. The optimum choice is to design the zero-field 

bandgap 30-50meV larger than the photon energy. Free carrier absorption can be 

reduced by lowering the doping density in the cladding layers. Besides, a shorter 

length can reduce the loss somewhat. Coupling losses between optical fibers and 

semiconductor waveguides, in general, account for most of the the insertion loss. 

The reason is the mismatch of mode profiles in fibers and waveguides. Typically, the 

tapered or microlensed fiber, used in coupling light into and out of the waveguide, 
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has a numerial aperture (N.A.) around 0.1-0.3. However, the typical N.A. for a 

semiconductor waveguide is greater than 0.3. Therefore, careful control of the mode 

profile in the waveguide design is essential to reduce the loss from mode mismatch. 

Increasing the thickness of the waveguide core region reduces the coupling loss, too. 

Currently, the state-of-the-art waveguide modulators reported have the insertion loss 

as low as 6-8dB for a cavity length around 100// long. 

4.3.3 Modulation Bandwidth 

The electroabsorption modulator is generally operated in reverse bias region and 

can be best represented as a capacitor in series with a 50fi source impedance (R). 

The modulation bandwidth is basically limited by the equivalent circuit electrical 

bandwidth and this is given as f-3dB = l/(2wRC). In some cases, it becomes 

1/(TTRC) when the modulator is shunted with a 50O load resistor. Therefore, the 

limiting factor is the modulator equivalent capacitance C. Here C = tA/di, where 

di is intrinsic region, or MQW, thickness and A is the device area. To achieve high 

modulation bandwidths, a shorter or smaller device is necessary. 

4.3.4 Power Dissipation 

The modulator DC power dissipation is defined by the product of the DC bias 

voltage and photogenerated current. In the latter part of this chapter, a novel ap- 

proach to reduce the photocurrent responsivity will be discussed. The RF drive power 

is given by Pac=Vp
2

p/$RL and Vpp is the peak-to-peak voltage swing. Obviously, from 

the above definitions, operating a modulator at a low bias voltage is a, goal for low 

power consumption applications. Since energy shift of the exciton resonance peak 

is proportional to the fourth power of the well thickness, a wider well is preferred 

in the design. A thinner intrinsic region also benefits in reducing the drive voltage 
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since a larger electric field can be obtained at the same bias voltage based on the 

relation E = V/di. 

4.3.5 Optical Power Handling Capability 

In the communication systems, it is desirable to have an optical switch, or modu- 

lator, which can handle higher optical input power (i.e, larger input dynamic range) 

so that a lower bit error rate (BER) could be obtained at the receiving end due to a 

better signal-to-noise (S/N) ratio. However, both bulk and MQW electroabsorption 

modulators exhibit absorption saturation, which limits their ON/OFF ratio at high 

optical input intensities. In addition, at high intensities devices suffer a degradation 

in modulation bandwidth. In the absence of an electric field [74], this absorption 

saturation arises primarily from phase-space filling by photogenerated electrons and 

holes. In the presence of an electric field [110], on the other hand, this saturation 

results from screening of the applied electric field by trapped carriers through photo- 

generation, especially holes because of their larger effective mass and slower speed. 

The solution is to design the quantum wells with a smaller valence band discon- 

tinuity (AEV) at the heterojunction interface (typically, AEV < 0.2eV) such that 

the holes can escape from the quantum wells more efficiently [75]. 

4.3.6 Polarization Sensitivity 

Today applications for MQW electroabsorption modulators range from multigiga- 

bit WDM and TDM, long-haul terrestrial and submarine fiber transmission systems 

to optical demultiplexing stages. Most of these applications, especially demultiplex- 

ing applications, require the modulator transmission to be insensitive to polarization 

because optical polarization control is very difficult to control in fiber transmission 

lines. 
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The solution to achieve polarization-independent modulation is to introduce ten- 

sile strain into the wells, taking advantage of the degeneracy of a heavy-hole and 

light-hole exciton peak of the MQW materials [76],[77]. To assure the material qual- 

ity after introducing the tensile strain, however, the compressive barriers are preferred 

to obtain a net zero-strain in the active region. That is why most of the state-of-the 

art modulators adopt strain-compensation design. Several examples have been suc- 

cessfully demonstrated both in InAlAs/InGaAs and InGaAsP/InP MQW systems. 

4.4    Waveguide of InGaAs/InAlAs Waveguide QCSE EA Mod- 
ulators 

4.4.1 Design 

Based on the previous design issues and the advantages mentioned in the begin- 

ning, a InAlAs/InGaAs QCSE modulator with 0.5% strained-compensated MQW 

was designed and the heterostructure grown by MBE on the n+ (100) InP substrate 

is shown in Fig.4.1. The calculated fundamental mode profile supported in the 

waveguide along the transverse direction is given in Fig.4.2. The designed waveguide 

cross section is also shown in Fig.4.3. The quantum well is designed and calibrated 

with an effective bandgap \PL = 1.49/mi, which is about 32meV higher than the 

operating wavelength A = 1.55^m. 

4.4.2 Fabrication 

The device processing procedure is as follows: first, a 3//m wide p contact metal 

(Pd/Zn/Pd/Au/Ni) was deposited on the wafer. The top Ni layer is used as an RIE 

etch mask while forming the ridge waveguide. The waveguide is formed by etching 

through the MQW active region to the lower In Al As cladding layer with reactive ion 

etching (BCI3 : Ar =40 : 40, chamber pressure is maintained at 40mT, RF power is 
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erostructure. 
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Figure 4.4: Measured InAlAs/InGaAs QCSE electroabsorption modulator photocur- 
rent spectra. 

set at 200W). Here note that most of the waveguide structure layers have Al content 

and the RIE etching gases used are BC13 and Ar mixtures. It is expected that Cl2 

instead of BC13 will produce similar or even better results. The n contact metal is 

deposited on the n+ substrate and then annealed at 400° C for 60 seconds. A thick 

PECVD SiOx (~ 0.8-lfim) is deposited as the passivation. The contact pad metal 

(Ti/Al/Ti/Au) is finally evaporated on the sample. The deivce is then cleaved into 

400/zm long for samples testing. 

4.4.3    Device Characterization 

The photocurrent spectra, shown in Fig.4.4, is measured by YAG pumped color 

center laser with the wavelength varying from 1.46/im to 1.58/mi. The photocurrent 

peak position at zero-bias is around 1.49//m, which verifies the previous design. As 

the bias increases, the absorption peaks become broader and shift towards longer 

wavelength illustrating the Stark effect. 
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Figure 4.6: Experimental setup for measuring the waveguide modulators. 

The device is mounted on a microwave carrier and wired bonded for DC and RF 

measurement. A fiber-in-fiber-out scheme, schematically shown in Fig.4.5, is adopted 

in this measurement. The entire experimental measurement setup is illustrated in 

Fig.4.6. A standard single-mode tapered fiber, see Fig.4.7, is used to couple the light 

into waveguide as well as out of the waveguide. 

Since the waveguide core region is very small (3//m wide and 0.2//m thick), it is 

very difficult to couple the light into the waveguide. The technique used here is to 

bias the modulator into forward bias region first. Then to optimize the position of the 

fiber at input end through spontaneous emission light. This end is then pigtailed to a 

1.55/rai DFB laser. The fiber at the output end is then aligned through maximizing 
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Figure 4.7: Enlarged picture showing the tip of a tapered fiber. 

the detector output signal. Here the lock-in amplifier is used to enhance the signal- 

to-noise (S/N) ratio. A typical measured input modulation signal and modulated 

output signal are shown in Fig.4.8. 

A measured optical transmission characteristics is shown in Fig.4.9. The input 

optical power is about 2mW and the insertion loss is typically between 13-15dB for 

an uncoated 400//m long modulator. The result in this measurement indicates that 

a serious background stray light affects the extinction ratio. This problem could 

be alleviated by using micropositioners in fiber alignment. A thick non-transparent 

passivation, such as polyimide film, would also help. 

The measured RF modulation bandwidth for a 400/zm long device, shown in 

Fig.4.10, indicated a f_3dS ~ 9GHz. Much higher modulation bandwidth can be 

obtained if a shorter device is used since the device equivalent capacitance is smaller. 

Here a 50ft termination resistor is wire-bonded in parallel and the RF power is 

set at 5dBm. The equivalent circuit, depicted in Fig.4.11, with the lumped elements 
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Figure 4.8: A typical measured input modulation signal and modulated output sig- 
nal. 
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Figure 4.9: Measured optical transmission characteristics for a 400/J long modulator. 
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Figure 4.10: Measured small-signal modulation bandwidth for a 400ft long modula- 
tor. 

extracted from S-parameter measurement indicates that the modulator has an equiv- 

alent capacitance around 0.56pF at a reverse bias voltage of 2V. This value gives a 

modulation bandwidth f_3db = ^ about 10-11GHz, which is in quite good agree- 

ment with the direct measurement. A fitted curve based on Sn is also shown in the 

figure. 

4.5    Erbium-Doped QCSE Modulator 

As mentioned before, power dissipation is a critical issue in designing electroab- 

sorption modulators, especially in the realization of large area two-dimensional arrays 

of devices operating with light perpendicular to the device plane. These devices are 

attractive for potential use in highly-parallel optical interconnects and in spatial-light 

modulators. Generally, QCSE modulators have to sustain an intrinsic dissipation 

approximately equal to the absorbed optical power and an additional non-intrinsic 
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Figure 4.11: Equivalent circuit extracted from the S-parameter measurement of a 
400/i long modulator. The DC bias voltage is -2.5V. 
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power dissipation derived from the addressing electrical (bias) power. The latter, 

which often dominates the intrinsic dissipation, becomes the chief source of device 

heating. The high photocurrent collection efficiency in the QCSE modulators, due 

to the large radiative recombination time (0.6 - 1 ns), causes both intrinsic and 

non-intrinsic dissipation to derive from the photocurrent [78]. 

In this section, a novel technique by selectively doping quantum wells with erbium 

in the well region to reduce the non-intrinsic power dissipation will be described 

below. 

4.5.1    Theory 

QCSE MQW modulators are electrically-addressed devices whose operation re- 

quires control of the electric field in the intrinsic (MQW) region. Excitons are gen- 

erated by absorption of near-bandedge photons and subsequently ionize into con- 

stituent electrons and holes. The electron and hole may escape from the quantum 

wells and drift in the electric field of the diode to the contact regions. During the 

course of this motion, the carriers interact with the lattice, depositing vibrational 

(thermal) energy there. The potential through which the carrier travel is 

V = Vbi + Va (4.7) 

where Vbi is the built-in voltage of the diode determined by the band-gap and the 

doping, and Va is any externally-supplied potential. In this scenario even the intrinsic 

dissipation is electrical in nature and due to transport of photogenerated carriers 

through Vbi. The non-intrinsic part is due to the external applied bias Va. The 

current (iph) generated by illumination with optical power (P;nc) may be expressed 

as 

iPh = PincP (4.8) 
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where the responsivity (/>) is 

' - Al (4'9) 

%UJ is the photon energy, e is the electronic charge, J4=(l-exp(-al)) is the absorbance 

of the material assuming an active thickness L with an absorption coefficient a, 

and rj is the internal quantum efficiency, or the number of photogenerated carrier 

pairs collected per absorbed photon. For T/=1, the quantity T]e/hu has a value of 

0.686 A/W at 850 nm. To illustrate the relative contributions to dissipation we 

consider the example of 5 mW of 850 nm light incident on a short-circuit device with 

Vt.-1.45 V and A=0.865 (this value is obtained for a MQW with a typical absorption 

of o=20,000 cm-1 and L=lpm). Thus, the flow of photogenerated carriers will 

dissipate entire absorbed power of 4.3 mW intrinsically. If a 5 V bias is applied, the 

total electrical dissipation increases to 20 mW, of which 15 mW is non-intrinsic and 

extracted from the power supply. 

Fast recombination of the photogenerated carriers, of radiative or non-radiative 

nature, can provide an alternative to the photocurrent dissipation path. This can 

be understood as the suppression of p or 77 equivalently since the internal quantum 

efficiency is defined as a function of carrier lifetime. From the definition the shorter 

the lifetime is, the lower the internal quantum efficiency is. The resulting power 

dissipation, through photons or phonons, would be entirely non-electrical in nature. 

Hence, the limit is set by the intrinsic power dissipation due to the absorbed photons. 

Proton implantation of the quantum well region of QCSE modulators to reduce 

the carrier lifetime has been investigated [78], with some success. However, lack of 

control of the implant profile and the broadening and disappearance of the excitonic 

resonances at high implant doses can present problems. Furthermore, the series 

resistance of the diode, on the end from which the implantation is done, might 
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Figure 4.12: Dependence of carrier lifetime on Er doping concentrations. The lifetime 
was measured by electro-optic sampling. 

increase and the high speed modulation properties will be degraded. 

Recent studies have demonstrated the controlled and reproducible tuning of the 

carrier lifetime in GaAs in the range of 1.5 ps — 50 ps by co-doping with Er during 

molecular beam epitaxy [79]. Epitaxial layers of GaAs were doped in the range 

of 5 x 1016 - 5 x 1019 cm-3, as measured by secondary ion mass spectrometry 

(SIMS). Electro-optic sampling was used to obtain the carrier lifetimes from the 

transient photoconductive current induced by a short-pulse laser. The measured 

data is shown in Fig.4.12. The Er-doped material also exhibits high resistivity [80]. 

High resolution transmission electron microscopy (TEM) indicates the formation of 

ErAs precipitates in Er-doped GaAs [80],[81].   We believe that depletion caused 
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by the formation of ErAs-GaAs Schottky diodes and the presence of midgap states 

at the ErAs/GaAs interface induced by the ErAs precipitates account for the high 

resistivity and the ultrashort carrier lifetimes, respectively [80]-[83]. In the present 

study we have selectively doped the well regions of GaAs/AlGaAs QCSE modulators 

with Er and have achieved a reduction of two orders of magnitude in the photocurrent 

responsivity of the devices. 

4.5.2 Device Structure and Fabrication 

GaAs/Al0.3Gao.7As p-i(MQW)-n modulators structures, as shown in Fig.4.13, 

were grown by molecular beam epitaxy and only the 100 A well regions of 50 pe- 

riod MQW were selectively doped with Er. The Er doping level was varied in the 

range of 5xl017 to lxlO19 cm-3 in different samples and was confirmed by SIMS 

measurements. Low temperature (18 K) photoluminescence (PL) measurements in- 

dicate that the excitonic emission is present up to a doping of 1 x 1019 cm-3, as 

shown in Fig.4.14. At room temperature the excitonic emission is preserved up to a 

doping of 1 x 1018 cm-3. 250 fxra diameter mesa-shaped diodes were fabricated by 

standard photolithographic techniques and wet and dry etching. The n- and p-type 

contacts were formed by evaporated Ni/Ge/Au/Ti/Au and Ti/Au, respectively. A 

backside hole was formed by using a combination of non-selective (H3PO4 : H202 : 

methanol = 1 : 1 : 2) and selective (NH4OH : H202 = 1 : 24) etchants. 

4.5.3 Experimental Results 

To verify that the peak in the photocurrent versus voltage data arises from the 

excitonic resonance instead of the Fabry-Perot (FP) resonance, an undoped and un- 

thined sample is prepared at the same time. The measured photocurrent-voltage 

characteristics from an un-thinned sample (~ 400/mi thick) with 5 x 1017   cm-3 
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Figure 4.13: Epitaxial layer structure for QCSE modulator grown by MBE. The Er- 
doping level in the well regions are 5xl017, lxlO18, and lxlO19 cm-3. 
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Figure 4.15: Dependence of photocurrent on bias for p-i(MQW)-n diodes with un- 
doped and Er-doped (5xl017 cm-3) quantum wells. 

Er doping in the wells is compared to an undoped sample in Fig.4.15. A 855 nm 

GaAs/AlGaAs quantum well laser operated at 5 mW was used as the excitation 

source, which is approximately 15 nm above the heavy hole (HH) excitonic resonance. 

The peak due to the HH excitonic transitions is clearly observed in the photocurrent 

. The excitonic features are preserved even at higher doping levels. Figure 4.16 

shows the dependence of photocurrent responsivity on bias for different doping level 

at A=855 nm. In the doping range shown in the figure, the measured photocurrent 

exhibits a decrease of an order of magnitude, from 40 ^A to 3.5 ^A at a bias of 

5 V. Compared to the photocurrent in the undoped sample, the improvement is 

approximately two orders of magnitude. The photocurrent responsivity for the device 

with [Er]=lxl019 cm-3 was measured to be 0.005 A/W, in contrast to 0.3-0.4 A/W 
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Figure 4.16: Dependence of photocurrent responsivity on bias in QCSE modulators 
at A= 855 nm with different Er doping levels in the quantum wells. The 
incident light power is 5 mW. 

in the undoped devices, at a bias of 5 V. 

The dc modulation characteristics of the modulators were measured directly by 

illuminating the light on the top uncoated surface and collecting the transmitted 

light through the backside hole. A GaAs/GaAlAs laser diode (A = 884 nm) biased 

at 1 mW was used for photoexcitation. Figure 4.17 shows optical transmission data 

measured for the undoped device and the doped devices. An extinction ratio greater 

than 1:8 is obtained from these samples. It is obvious that the doped devices suffer 

larger absorption loss due to the exciton broadening and the red-shift of the excitonic 

peak as shown in Fig. 14.14. Note that the higher modulation contrast ratios exhib- 

ited in the Er-doped devices contrary to expectation, since the exciton resonance 
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Figure 4.17: Optical transmission characteristics of undoped and Er-doped QCSE 
modulator for different Er doping levels in the quantum wells. 
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is broadened.   It is believed that there may be some Fabry-Perot (FP) resonances 

existing in these transmission samples which apparently enhance the contrast ratios. 

4.5.4    Discussion 

The preliminary results presented here are by no means ideal, but indicate a 

simple and new technique of reducing carrier lifetimes and photocurrent dissipation 

in QCSE modulators. The doping is selectively done in the well regions during 

epitaxy and will therefore not degrade the external parasitics of high-speed devices. 

The doping parameters need to be optimized so that the optimum carrier lifetime is 

obtained. The latter involves a balance between responsivity and modulation index, 

determined by the exciton resonances. This work is in progress. 

4.6    Summary 

An InAlAs/InGaAs, with 0.5% strain-compensated MQW, waveguide modulator 

has been designed, fabricated, and characterized. The measured photocurrent spec- 

tra verifies the original design and the optical transmission characteristics demon- 

strate a good optical modulation. Further improvement in extinction ratio can be 

achieved by modifying the device fabrication and measurement techniques. The 

modulation bandwidth matches well with the extracted modulator equivalent circuit. 

Higher modulation bandwidth can be expected from a shorter device. However, it is 

very difficult to cleave or handle a very short device (~ 100>m) in reality. Etching 

a facet or integrating the active device with another passive waveguide might be an 

effective approach to solve this problem. Also, developing new technologies to bias 

and package the device become a very crucial challenge in the near future, especially 

as the modulation bandwidth reaches beyond 20GHz. Wire-bonding suffers a serious 

inductance problem and loss and is not suitable in the high frequency applications. 
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A new scheme of reducing the photocurrent of a quantum confined Stark effect 

multiple quantum well modulator is demonstrated. The GaAs well regions of the 50 

period GaAs/Al0.3Gao.7As multiple quantum well are selectively doped with Er dur- 

ing molecular beam epitaxy to reduce the carrier lifetime to the order of picoseconds. 

250 pm diameter mesa-shaped devices have been characterized. The photocurrent 

responsivity is as low as 0.005 A/W and an extinction ratio greater than 1:8 is 

achieved at a bias voltage of 8 V. 



CHAPTER V 

COUPLED-CAVITY INTEGRATED 
LASER/MODULATOR 

5.1    Introduction 

Optoelectronic integrated circuits (OEIC) have been drawing a great deal of at- 

tention recently because of compactness, low loss, and low cost. Integrated transmit- 

ters are very promising sources for long-haul and high-speed optical communication 

links at 1.5 pm. Monolithically integrated coupled-cavity transmitter (laser/modulator) 

have advantages over other types of integrated transmitters because it can be achieved 

in one-step epitaxy. In addition, several specific properties such as longitudinal-mode 

selectivity and optical bistability can be realized by choosing appropriate bias points 

for different waveguides [84]-[86]. 

In this chapter, the study of a coupled cavity laser/active waveguide [87]-[89] 

fabricated with the same InP-based heterostructure grown by one-step epitaxy is 

described. This is the first step to successful laser-modulator integration. The ac- 

tive waveguide can operate as an electroabsorption modulator, or amplifier. This 

approach makes use of dry reactive ion etching (RIE) to achieve electrical isola- 

tion between these two waveguides as well as to form the high quality laser mirrors 

for feedback and coupling between the two devices. This study represents the first 
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Figure 5.1: Device schematic, 

investigation of such coupled-cavity systems. 

5.2    Determining the Coupling Coefficient 

The schematic of this coupled cavity laser/active waveguide studied here is shown 

in Fig.5.1. Two waveguides are aligned by optical lithography and separated by an 

air gap. Contrary to the single-cavity laser for which the facet reflectivity (loss) 

is wavelength-independent, in a coupled-cavity laser the effective facet reflectivity 

becomes different for different Fabry-Perot (FP) modes, i.e., it depends on the air 

gap distance. Hence, it is important to determine the coupling coefficient in this 

structure first. Two methods were considered in this work. 
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5.2.1    Scattering-matrix approach 

Referring to Fig.5.1 [90]-[92] and using the same notation, the electric fields in 

the coupled cavity are related by: 

E\ 
, \ 

E: 

I 

2  / 

SnS; 
\ 

12 

y  S21S22  J 

>E^ 

\E2 } 

(5.1) 

Here 

Sn = ri - 

^22 = r2 

S12 — S21 = 

ra(l ~ r\)tg 

1 - nr2tg 

(5.2) 

(5.3) 

(5.4) 

1 - rir2tg 

[*g(l-r?)(l-^)]1/a 

1 - rxr2tg 

where tg, which accounts for the phase shift and the loss experienced by the optical 

field during a round trip in the air gap, is given by 

tg — exp(2ik0Lg)exp(—agLg) (5.5) 

Here rlt2 are the reflectivities of the electric field at the single etched facet, k0 is the 

wave number in the air gap, Lg is the air gap length, and ag is the loss in the air 

gap. In this equation, we assume that there is no reflected wave from the other end 

of the coupled waveguide. In addition, we can assume there is no loss in the air gap, 

i.e., atg=0- Assuming ri,2 — 0.3 and from the dependence of Sn on Lfl, we can choose 

Lg  ~ 2//m to give a good Sn in considering the device fabrication feasibility. 

5.2.2    Finite-difference time domain (FDTD) approach 

Finite difference numerical techniques are well known and well established in the 

microwave domain [93] and, more recently, in the optical domain [94],[95]. Since finite 

difference techniques are simple to implement and can be coded efficiently, they are 
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suitable for waveguide structure designs and device performance evaluations. The 

detailed modeling has been done by R. Jambunathan and J. Singh [96], and is not 

described here. A wave with the mode profile shown in Fig.5.2(a) is launched in the 

laser section of the integrated structure, which is assumed to have the slab waveguide 

configuration. The optical mode profile is obtained by solving slowly-varying time 

dependent Maxwell equation. 

—Sy(x,z,t)=1-^- £y(x,z,t) + —2 J— + —\£^(xzt)].        (5.6) 
ot 2  i UQfioeonz(x,z)\dx2     dz2J J        v     ' 

As time evolves, the wave first impinges upon the first etched facet where some of the 

energy is reflected and the rest transmitted into the air gap. From the transmitted 

energy, a part is reflected at the second etched surface and the remainder propagates 

within the second guide. It is assumed that the scattering loss is small as long as the 

etched surface is smooth and vertical. Furthermore, since the distance between the 

two guides is very small (~2 /mi), most of the power is non-divergent. The summation 

of the incident and reflected waves from the two facets is shown in Fig.5.2(b). After 

sufficient time has elapsed we can clearly see the final reflected wave in the first 

guide as shown in Fig.5.2(c). From the simulation, the effective reflectivity obtained 

is 0.56. 

5.3    Device Design 

5.3.1    Layer Structure 

The laser heterostructure is grown by metal-organic vapor phase epitaxy (MOVPE) 

on a semi-insulating InP substrate. The active region consisting of 8 undoped strain- 

compensated quantum wells [ 80 Ä InGaAsP (with a strain of +0.38 %, A5=1.63 pm) 

wells and 100 Ä InGaAsP ( with a strain of -0.3 %, Aa=1.20 ftm) barriers ] is sand- 

wiched by 500 Ä undoped InGaAsP ( A5=1.20 urn.) inner cladding layers and 1.1 fim 
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Figure 5.2: Wavepacket propagation in the ridge waveguide laser cavity: (a)initial 
mode profile excited in the laser cavity; (b) mode profile of wave reflected 
from the coupling facets; (c) steady-state mode profile of light wave prop- 
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permission). 
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Figure 5.3: Epitaxial layer structure grown by MOVPE. 

InP ( p-doped and n-doped ) outer cladding layers on both sides. The top and bottom 

contact layers are formed with highly doped InGaAs layers. The multiple quantum 

well (MQW) is designed for emission at 1.54 fim. Fig.5.3 shows a schematic of the 

heterostructure. 

Here the strain-compensated structure was adapted because by introducing some 

strain in the quantum well regions, the reduction of the effective mass for the top 

heavy-hole subband leads to reduce the density of state and, therefore, lowers the 
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threshold carrier density as well as increase the differential gain. The relations can 

be derived from 

mcmv .     > 
9max «  ;  (5.7) 

mc + mv 

dg_ K ^Ä (5>g) 

dN     mc + mv 

here gmax is the modal gain and jfc is the differential gain. mc and m,, are the electron 

and hole effective mass, respectively [?].   Besides, the quasi-net zero strain in the 

whole active region improves materials quality without generating misfit dislocations. 

5.3.2    Electronic Properties and Absorption Spectra 

The absorption for an individual well in a MQW laser can be obtained by first 

calculating the bandstructure using a 4 x 4 k • p Hamiltonian [98] to describe the 

confined valence band states; the conduction band is described using the parabolic 

approximation with an electron of effective mass m*[99],[100]. The effect of strain 

due to lattice mismatch is included [100]. We also assume uniform charge injection 

into the MQW system. The Fermi Golden Rule is then applied and for an individual 

well the subband-to-subband optical absorption and spontaneous emission rates were 

obtained [101]: 

«-<*>=-^WEWfhP1 x p™(k)|2 x m - *»(k) -E)'(59) 

where anm(E) is the optical absorption at photon energy E in the well from the nth 

electron subband and mth hole subband, e is the electron charge, nQ is the refractive 

index of the active region, c is the vacuum speed of light, m0 is the free electron 

mass, W is the active region width, e is the polarization of the light, and P£TO is 

the optical matrix element coupling electrons and holes in the nth and mth subbands 

with momentum k and energies E„(k) and E^(k), respectively. 
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Figure 5.4: Calculated quantum well absorption spectra under different bias condi- 
tions (from R. Jambunathan with permission). 

To get the total absorption, a, we sum over all subbands n, m and convolve with 

a Lorentz broadening function, A(E), to account for collision broadening due to 

carrier-phonon, carrier-carrier, and carrier-alloy scattering. The result is 

a(E) = JdE'j:nmanrn(E')A(E-E'). (5.10) 

In these lasers the quantum well width is less than 2 orders of magnitude smaller 

than the lasing wavelength. Since the light experiences absorption only in the well 

regions, we characterize the laser optical absorption by an optical confinement factor 

per well, T. This excitonic absorption spectra of the MQW was calculated by my 

co-worker R. Jambunathan and the calculated results are reprinted in Fig.5.4. 

5.4    Device Fabrication 

The integrated device is fabricated as follows: a 3 ^m wide Pt/Ti/Pt/Au layer 

is first evaporated for p-contact formation. Since the mirror and coupling facet 

formation by RIE is a critical step for the ultimate success of this integration scheme, 
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it is described in the following in some detail. A 6000 Ä Si02 film is formed over the 

wafer by plasma enhanced chemical vapor deposition (PECVD) and then patterned 

by RIE ( using CHF3/CF4=1:1). In order to simultaneously achieve good isolation 

between the laser and the modulator and a high reflectivity mirror for the laser 

feedback, a vertical and smooth wall is required. The InP-based heterostructure is 

etched with a Ar/CH4/H2 mixture. The etch depth is approximately 3.5 fim, down 

to the semi-insulating substrate to ensure an electrical isolation between the two 

devices. The gap between the laser and modulator is 2 [im. To reduce the undercut 

introduced from the fast reaction of CH4 with In, the concentration of CH4 should 

be low and that of Ar should be high. Optimum results were achieved with a ACH4: 

56if2:8Ar mixture under conditions of low pressure ( lOmTorr ), high RF power ( 

180W ) and a highly depleted CH4 environment. These conditions ensured nearly 

vertical walls and good isolation between the two sections. A scanning electron 

micrograph image of the etched mirror is shown in Fig.5.5. A 6000 A thick high 

pressure PECVD conformal Si02 layer is next deposited to protect the facets from 

damage during the subsequent etching steps. Subsequently, the ridge waveguide is 

formed by the combination of RIE and wet chemical etching. A mesa, down to 

the bottom contact layer is formed by wet chemical etching and this is followed 

by evaporation of Ni/Ge/Au/Ti/Au as the n-contact metal. The ohmic contact is 

formed by annealing at ~ 400°C. Finally, a 3 /xm thick Au film is electroplated on 

a Ti/Au/Ti airbridge pillar for interconnection. Fig.5.6 is a microgragh showing the 

airbridge connected to the ridge waveguide. Here the reason to use airbridge contact 

pad is to reduce the parasitic capacitance. The fabricated device is shown in Fig.5.7 

and the overall process flow is illustrated in Fig.5.8. The wafer is then cleaved to 

400 fim. lengths having a laser 300 //m long and the active waveguide ~ 100 /mi long. 
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Figure 5.5: Scanning electron micrograph of RIE etched facet. 

5.5    Evaluation of the Etched Facets 

5.5.1    Deriving Effective Reflectivity 

The effective reflectivity of the coupling region is a function of the air gap distance, 

and moves from maximum to minimum as the gap distance changes by a quarter- 

wavelength. Based on the modeling study presented previously we plot reflectivity 

versus gap distance in Fig.5.9. Fine variation in the gap distance is generally not 

controllable by optical lithography and RIE etching processes. From SEM examina- 

tions, we measure a range for the gap size dg as dx < dg < d2, where di=2.05^m 

and d2=2.15fj,m. The effective reflectivity for this range in gap distance is found to 

be between 0.45 and 0.55, and is represented as the dashed portion of the effective 

reflectivity curve in Fig.5.9. 

To measure the reflectivity of the etched mirrors from experimental data, the 
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Figure 5.6: Scanning electron micrograph of airbridge contacted to the waveguide 
ridge. 
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Figure 5.7: Scanning electron micrograph of fabricated device overview. 
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logarithmic dependence of the laser gain on the threshold current density is utilized 

[102],[103]. Accordingly, 

Jtk = -±exp{-l-{ain + i/n( \     )]} (5.11) 
i}m IPJO /* ^cleave-Ketch 

where J0 is the transparency current density, r}in is the internal quantum efficiency, 

o,„ is the cavity loss, T is the confinement factor, ß is the gain coefficient near the 

transparency current density, / is laser cavity length, Rcieave is 0.32, and Retch is the 

effective reflectivity of the etched and coupled facets. Fig.5.10 shows a threshold cur- 

rent density versus inverse cavity length measured for a ridge waveguide lasers with 

both cleaved facets and one cleaved and one etched facet in the integrated structure. 

From the slope of the latter dependence, the effective reflectivity is estimated to be 

in the range 0.5 - 0.55, which is very close to the value obtained from the simulation 

described above. It is found that there is a range of cavity lengths, which is around 

200-250 fim, that can give a smaller threshold current density due to this reflectiv- 

ity improvement. The reflectivity of a single etched facet can be derived from the 

method mentioned in previous section and is governed by 

Ketch ~r l_r2t (5-12) 

Here Retch=0.5 is the value we obtain from the measurements and simulation of the 

coupled structure. By substitution of the appropriate values of these parameters 

we in the equations, we calculate the optical power reflectivity of the etched facet, 

Retched-facet = r2 ~ 0.3. This value is very close to the value of 0.32 measured for a 

cleaved facet and is further evidence of the high degree of perfection achieved during 

RIE. 
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Figure 5.10: Measured threshold current density versus inverse cavity length. 

5.6 Evaluation of Surface Damage 

We investigate the possibility of surface damage caused by RIE, by fitting the 

parameters in Eq.5.11 with the experimental data. The data reveals that the cavity 

loss is ~ 40cm-1 for both the double cleaved facet laser and the one RIE-etched facet 

and one cleaved facet laser. This implies that RIE did not significantly degrade the 

device performance. Therefore, we believe the high internal cavity loss measured 

is primarily due to the material quality instead of degradation introduced in the 

processing. 

5.7 DC Characteristics of Coupled Devices 

Figure 5.11 depicts the measured light versus current (L-I) characteristics of a 

300 /im long laser diode coupled to the waveguide with the light exiting from the 

cleaved facet of the laser. The laser has a threshold current of 24 mA and a slope 

efficiency of 0.22 mW/mA per uncoated facet, which is a bit low because of the wide 
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Figure 5.11: Measured L-I characteristics of a 300 /xm long integrated laser with 
cleaved and etched facets. 

wells used in the gain region. The extinction, or modulation, characteristics of a 

coupled waveguide 120 fim long are shown in Fig.5.12. The output power corresponds 

to light exiting from the cleaved facet of the modulator. The integrated laser is biased 

with a drive current of 40 mA. An extinction ratio (8 dB) is obtained for a bias swing 

of 4 V. In most integrated laser-modulator structures [105]-[109], the modulator is 

biased under reverse bias conditions. In our case, we use a modulating range that 

takes the diode to forward bias conditions as well as reverse bias conditions. The 

reason for the modulating voltage swing to positive values is obvious upon calculation 

of the quantum well absorption characteristics, shown in Fig.5.4. The absorption at 

room temperature and under zero bias is quite high. There are two reasons for this. 

First, for an ideal electroabsorption modulator, the heavy-hole excitonic absorption 
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Figure 5.12: Extinction characteristics of a 120 fim. long integrated waveguide oper- 
ated with forward and reverse bias. 

should be blue shifted from the energy of the incident photons by about 30 — 50 meV. 

This much of a shift is not obtained in using the same structure for both laser and 

modulator, in spite of the bandgap narrowing in the laser. Second, since the active 

region contains quarternary InGaAsP wells, the alloy broadening of the excitonic 

resonances is large. Therefore, with the application of any appreciable reverse bias, 

phase space filling and screening of the electric field by photoexcited carriers [110] 

will dominate the normal electroabsorption behavior. The positive bias reduces this 

effect and drives the waveguide towards transparency. However, this positive bias 

will increase the frequency chirp as well as the power consumption. Also, it should 

be pointed out that for better chirp performance, an antireflection (AR) coating on 

the output facet of the active waveguide is necessary to prevent the optical reflected 

back to the laser cavity. 
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5.8    Small-Signal Modulation Characteristics 

The high-frequency small-signal modulation characteristics of the integrated mod- 

ulator were measured by mounting the integrated devices on a microwave carrier with 

a 50 f) terminating resistor wire bonded in parallel with the modulator. The modula- 

tor is biased at a dc bias of -0.5 V with a 2 V peak-to-peak swing. The laser driving 

current is 70 mA, giving a coupled optical power of about 5 mW in the modulator 

waveguide. A microlensed fiber is used to couple light out of the cleaved modulator 

facet and is pigtailed to a high-speed 40 GHz InGaAs detector. The output signal 

from the detector is fed to a spectrum analyzer (HP 8593A). We have measured 

the direct modulation characteristics of 300 fim long discrete ridge waveguide lasers 

made with the same heterostructure. A value of f-MB = 11 GHz is measured and 

is shown in Fig.5.13. The measured modulation characteristics of a 120 fim coupled 

modulator with input from the integrated laser is shown in Fig.5.14. A bandwidth 

of fsdB > 14 GHz is obtained. This compares favorably with the best values of 

> 20GHz reported recently [19]. 

The equivalent circuit of the modulator, treating it as a discrete element, is shown 

in Fig.5.15. First, a lumped-element circuit model based on the device configuration 

was built, where r is the series resistance, Ct- is the capacitance of the undoped 

active and inner cladding regions, and Cp and L are the capacitance and inductance 

introduced from the wire bonding and airbridge interconnection pads, respectively. 

Ip represents the induced photocurrent from the absorption layer. The values of the 

circuit elements are determined by analyzing the measured S-parameters with the 

microwave circuit simulator, LIBRA, and then optimizing each element individually. 

The resistance r can be neglected compared to the impedance of C,- and Cp shows 
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Figure 5.13: Direct modulation response of a 300 //m long laser. 
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Figure 5.15: Equivalent lumped-element circuit model of the modulator. 

a high impedance in this operation frequency range. The electrical bandwidth of 

the circuit derived from the RC time constant is approximately 20 GHz, which is 

higher than the value obtained from the optical modulation measurements. The 

photocurrent, Ip, generated by the strong absorption is quite large and it causes the 

bias Vm to decrease due to the device impedance. Physically, the large number of 

photogenerated holes which accumulate in the quantum wells under high-frequency 

modulation are trapped and degrade the device high-frequency performance. It is 

also important to note that the high frequency performance will degrade since the 

diode is driven to a forward bias, where the diffusion capacitance becomes important. 

The device frequency response may be improved by designing shallower wells in the 

absorption region and patterning the substrate to optimize the energy difference 

between the laser light and the excitonic absorption peak. 

5.9    Summary 

The performance characteristics of a coupled cavity InGaAsP / InP MQW laser / 

active waveguide made by one step expitaxy and well-controlled reactive ion etching 

(RIE) have been studied. The calculated effective reflectivity of the coupling region 
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consisting of two facets and an air gap is between 0.45 and 0.55, which is in a 

good agreement with the experimentally measured value of 0.5. The reflectivity of a 

single etched mirror derived from this value is estimated to be 0.3. A 120 fim long 

monolithically integrated active waveguide when biased as a modulator and excited 

by the laser shows a maximum extinction ratio of 8 dB and a modulation bandwidth 

> 14 GHz at a dc bias of -0.5 V with a bias swing of 2 V. 



CHAPTER VI 

DESIGN AND ANALYSIS OF INTEGRATED 
TRANSMITTERS 

6.1    Introduction 

The InP-based optoelectronic devices are of great interest for operations at wave- 

lengths between 1.3-1.55^m. Monolithic integration of electronic and opto-electronic 

devices, forming optoelectronic integrated circuits (OEIC), to achieve high function- 

ality, low optical or electrical insertion loss, small size, and cost-effectiveness is always 

a goal for researchers to pursue. So far most of the works conducted on integrated 

optical transmitters are either the laser/modulator integration [19]-[24] or laser diode 

and driver circuits integration [111],[112]. 

In this work, the integration is extended to integrate laser diode, external modula- 

tor, and driver circuit monolithically. Contrary to producing discrete devices, which 

allows much more freedom to optimize the design of individual device, realizing in- 

tegration, however, encounters several constraints among the design and fabrication 

of different devices. Therefore, tradeoffs are necessary in general. This chapter 

starts with the fabrication and modeling of single heterojunction bipolar transistors 

(SHBT) followed by the design and characterization of two simple circuits for driving 

the laser and modulator. A coupled-cavity integrated laser/modulator with different 
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Figure 6.1: HBT epilayer structure grown by MBE. 

active regions grown in butt-coupling scheme is described later. Finally, a design of 

an integrated optical transmitter is addressed. 

6.2    Single Heterojunction Bipolar Transistors 

HBT's are known to have wide bandwidth, high current gain, and high output 

power [116] and are suitable for laser driver applications, whose operation generally 

requires a large amounts of current. In this work, the InAlAs/InGaAs SHBT is 

used and its heterostructure grown by MBE is shown in Fig.6.1. The transistors are 

fabricated by standard HBT processing procedures, shown in Fig.6.2. 

Since the device high frequency performance characteristics and the power han- 

dling capability are mainly determined by transistors' emitter sizes, the rule-of-thumb 
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1. Emitter metal (Ti/Pt/Au ) & 
RIE selectively etch InGaAs cap layer 
( CH4 : H2 = 6 : 34, @ 50 W, 15 mT ) 

InGaAs cap layer 
2. Wet etch down to base layer 

—       ( using selective etchant = H3PO4 : H2O2 
or nonselective etchant = HCI) 

& base metal ( Pt ffi /Pt/Au) + short RTA 
( 375 °C for 7 sec ) 

3. Cap emitter-base junction with photoresist 
& etch down to subcollector. 

photoresist 

ß ü 
4. Collector metal ( Ti/Pt/Au ) 

& isolation etch down to S.I. InP substrate 

^^ 

5. PECVD SiOx passivation + via hole Sl-lnP substrate 

& Ni/Cr resistor deposition 
( 25 Q/O, □ = 10nm x 10u.m ) 

resistor 

S.I. InP substrate 

6. Interconnection metal (Ti/AI/Ti/Au ) 

S.I. InP substrate 

Figure 6.2: HBT's circuits processing flow. 
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Figure 6.3: HBT's common-emitter configuration I-V characteristics. 

is to adopt different kinds of transistors for different applications. Two kinds of 

transistors with different emitter sizes are of interest here. Figure 6.3 shows the 

transistors' I-V characteristics. The small emitter size (5 fim x 5 fim) transistors 

are used for high-speed applications, while the large emitter size (4 fingers, with the 

finger size of 5 //m x 10 fim) transistors are used for high power applications. The 

typical DC current gain ß is around 50-60 and the ideality factor 77 is around 1.5-1.7. 

The offset voltage AVCE is 0.5V, BVCEO=4.5V, and BVCBO is around 7-9V. The 

fabricated devices are shown in Fig.6.5 and Fig.6.6, respectively. 

The high-frequency performances of small area devices are shown in Fig.6.7 and 

Fig.6.8, respectively. A untiy current gain cutoff frequency ij of 50GHz and a max- 

imum oscillation frequency imax were measured at a collector current of 18mA. 

The discrete transistor is modeled by an equivalent circuit shown in Fig.6.9 with 

the parameters extracted from the S-parameters measurement [116]. The SPICE 

parameters used in DC simulations are also provided. 
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Figure 6.4: HBT's Gummel-Poon plot. 

Figure 6.5: SEM picture of fabricated 5/xm x 5//m emitter HBT. 
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Figure 6.6: SEM picture of fabricated 4 fingers emitter HBT. 
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Figure 6.7: High frequency current gain and maximum available gain of a discrete 
5/xm x 5/xm emitter HBT. 
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Figure 6.8: Relation of fx and imax versus I<?. 

6.3    HBT's Circuits 

6.3.1    Driver Circuits for Laser Diodes 

Figure 6.10 illustrates the operation principle of the designed laser driver. The 

laser is biased at a constant DC bias point (DQ) plus a time-varying AC signal, which 

modulates the laser diode if the direct modulation is used. The laser operation point 

is chosen right above the threshold current so that the chirp problem will not be 

severe. However, it cannot be too close to the threshold current since it will cause 

serious chirp problem and the laser output power may change if considering the laser 

aging problem. Suppose the laser has a threshold current around 20-30mA, which 

is the case in Chapter 3, the optimum bias point is around 40-50mA. The designed 

driver circuit shown in Fig.6.11. It consists of a current mirror (Q5-Q8), which sets 

the bias point IQ, and a differential amplifier (Qa and Q2), which translates a small 

voltage signal to an amplified current signal for modulating the laser diode. The rest 
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Figure 6.9: 5 /xm x 5/xm HBT's equivalent circuit model. 
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Figure 6.10: The laser driver circuit operation principle. 

Vdd : 5 - 9 V 

Current Mirror 

Input bias & matching stage 

Vs = 2.4 V + small signal (fed in through bias tee 
and an 50ß termination resisitor in parallel). 

LD is in series with a 20Q thin film (Ni-Cr) resistor. 

Figure 6.11: Designed laser driver circuit. 
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Current mirror 

Figure 6.12: Fabricated laser diode driving circuit. 

of elements are biasing circuits. Since the current mirror provides the laser DC bias 

point large area (4 fingers) devices are used in this case. Meanwhile, the differential 

amplifier does not need to drive too much current but requires good high-frequency 

performance characteristics, the small area (5/xm x 5//m) devices are employed and 

the bias points are set around 12mA in this design. The laser diode (LD) is in series 

with a 2017 Ni-Cr thin film resistor for short-circuit protection. 

The fabricated circuit microphotograph is shown in Fig.6.12. The circuit DC 

driving capability with a 10 Ü surface mounting technology (SMT) thin film resistor, 

which is in place of a real laser diode, wire-bonded to the load is shown in Fig.6.13. 

The current level can be set either by the resistor R or by Vdd in this case. The 

circuit high-frequency modulation characteristics will not be measured until the laser 

is included in this integration. 
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Figure 6.13: Measured circuit driving capability with a 1012 load resistor. 

6.3.2    Feedback Amplifier Circuits 

The QCSE electroabsorption modulator is normally reversed biased at the point 

where the slope of APOU</V&,-OS is the largest, as depicted in Fig.6.14. From Chapter 

4, this biase point is around -1.5~3V. In this work, a series-shunt feedback amplifier 

circuit, shown in Fig.6.15, is designed to transform a small voltage signal into a large 

voltage swing (Vp_p ~ 1-1.5V). The first two stages (Q1? Q2) are the gain stages and 

the output stage (Q3) provides a small output impedance. The output DC level is set 

at -1.5V. The feedback resistor Rj offers a high input impedance and a flat output 

response. The amplifier gain is decided by Rf and REx, according to the relation: 

Vout       RE\ + Rf Av — 
RE\ 

(6.1) 

and is estimated to be 17dB in this design. 

Figure 6.16 shows a microphotograpg of a fabricated circuit.   To measure the 

circuit high-frequency characteristics, the RF signal is combined with a DC bias 
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Figure 6.14: QCSE electroabsorption modulator operation principle. 

Vdd: 5 V 

Cmod ~ 0.2pF 

Vs =1.25V + small signal (fed in through bias tee). 

Total power consumption = 210mW 

Figure 6.15: Designed Feedbak amplifier circuit for driving a modulator. 
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Figure 6.16: Fabricated feedback amplifier circuit. 

voltage through a bias-Tee. A 50H termination is in shunt with the input port. 

The measured bandwidth of this circuit without resistance or capacitance load is 

shown in Fig.6.17. The circuit shows a flat low frequency gain of 15dB and a -3dB 

bandwidth about 2.5-3GHz. The poor bandwidth performance is believed due to 

the mismatches at the input port and output port. The amplifier shows a linear 

gain from -lOdBm- +5dBm at the input port. The total power consumption of this 

amplifier is about 210mW. 

6.4    Coupled-Cavity Integrated Transmitters with Different 
Active Regions 

The results obtained in Chapter 5 indicates that the ON/OFF ratio (only ~ 

8dB) of a coupled-cavity integrated transmitter using the same active resgion is not 

large enough due to severe absorption loss. This is because the laser wavelength 

is too close to the MQW excitonic peak.   The solution is to use different active 
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Figure 6.17: Frequency response from the feedback amplifier circuit. 

regions for the laser gain region and modulator absorption region. In this work, the 

butt-coupling scheme is adopted to achieve the integration of a laser and modulator. 

First, a tunneling injection laser structure is grown on an InP substrate and the 

heterostructure grown by MOCVD is shown in Fig.6.18. The laser active region 

is then patterned with photoresist and the rest areas are selectively etched to the 

lower cladding layer, as pointed in Fig.6.18. The modulator heterostructure, shown 

in Fig.6.19, is regrown next on top of the entire wafer by MBE. The thickness of 

each layer is carefully controlled so that the laser active region is precisely aligned 

with the modulator active region. Figure 6.20 shows the cross section of the regrown 

sample. 

The device processing procedures are as follows: first, the redundant regrowth 

material on top of the laser active region has to be removed before the process. The 

3fim wide waveguide metal (Pd/Zn/Pd/Au/Ni) is then deposited to form the p+: 

contact. A thick SiOx (~ 6000Ä) is deposited and patterned as a RIE etching mask. 
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Figure 6.18: Tunneling injection laser heterostructure grown by MOCVD. 
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Figure 6.20: SEM picture showing the cross section of the regrown sample. 
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The coupling facets is formed by the RIE with Ar/CH4/H2 (8:6:56) mixture at 200W. 

Next, the ridge waveguides for the laser and modulator are separately formed by the 

combination of RIE etch and wet chemical etch. A mesa, down to the the bottom 

contact layer is formed by wet chemical etching and this is followed by evaporation 

of Ni/Ge/Au/Ti/Au as the n-contact metal. A thick SiO* (~ 8000Ä) is deposited 

as a passivation and a thick contact metal pad (Ti/Al/Ti/Au) is evaporated finally. 

The primary etching gases for the InGaAsP/InP systems are the CH4/H2 mix- 

tures, however, these gases are not a good choice for the InAlAs/InGaAs systems. 

Instead, the BCl3:Cl2:Ar mixtures are more appropriate. Since the coupling facets 

are located at the boundary of these two different material systems and the etching 

gases used here are the CH4/H2 mixtures, which cause serious etching problems in 

the modulator active regions, and the devices did not work at the first time. Further 

investigation is required to optimize this integration process. 

6.5    Integration Design 

Chirp performance is one of the most important figures-of-merit in evaluating 

the characteristics of a transmitter, especially for long-distance data transmissions. 

The light source in the coupled-cavity integrated transmitter is from a conventional 

F-P laser and the linewidth is in general too wide to satisfy the requirement in mod- 

ern communication systems. Incorporating a DFB laser in the integration becomes 

essential for the design. One thing has to be noticed is that a good electrical and 

optical isolation between the DFB laser and the modulator are indispensible for a 

high performance integrated laser/modulator transmitter. 

If the isolation resistance between the two devices is small, the injection current 

to the laser is decreased considerably as the bias voltage to the modulator increases. 
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Figure 6.21: Schematic of proposed integrated DFB laser and electroabsorption mod- 
ulator. 

This will result in an increase of the threshold current, a decrease of the laser output 

power, and a change of lasing wavelength [113]. The effective voltage applied to the 

modulator will also be reduced. In addition, the small isolation resistance creates 

a large capacitance between the forward-biased laser and reverse-biased modulator, 

which obviously will affect the transmitter's high frequency performance. 

The optical interaction bewteen the the two devices arises mainly from the re- 

flection light from the modulator output facet. This modulated light when feedback 

into the laser cavity will alter the lasing properties, such as increasing chirp, and the 

laser output power [114]-[115]. 

Figure 6.21 shows the schematic of the laser-modulator integration. In this case, 

Ro should be high-reflection (HR) coated to reduce the laser threshold current and 

Rmod should be anti-reflection (AR) coated to prevent the modulated light reflected 

back from the facet. Ino-implantation at the boundary between the two devices 

to provide a good electrical isolation is essential. The entire integrated transmitter 

layout design is also shown in Fig.6.22. This design includes a 600^m long waveguide 

for the laser, 100-200//m long waveguide for the modulator, and two HBT's driving 

circuits. Since the sample is subject to cleave once processed, the sizes of the circuits 

are limited by the laser cavity length. This limitation prohibits a complicate design 

in these circuits. 
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Figure 6.22: Integrated transmitter layout. 
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□ Process flow : Thermal budget consideration. 

Figure 6.23: Proposed processing flow for the integrated transmitter. 

The entire monolithically integrated transmitter processing flow is illustrated in 

Fig.6.23. Here the strategy is to fabricate the laser and modulator before HBT's 

circuits. The consideration is the process thermal budget. Usually, the laser and 

modualtor require higher anealing temperature to obtain good ohmic contacts. High 

anealing temperature might cause short circuits between HBT's base and collector 

(B-C) junctions. 

6.6    Summary 

High performance single heterojunction bipolar transistors (HBT's) have been 

characterized and modeled. A laser drivier circuit and a feedback amplifier circuit 
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based on these transistors are made. The laser driver shows a high current driving 

capability and the feedback amplifier shows 15dB gain at low frequency and a 3dB 

bandwidth of 2.5-3GHz. Incorporating the input and output matching circuits design 

is needed to improve the cirucit high frequency performance. 

A coupled-cavity integrated transmitter with different active regions is investi- 

gated. Further improvement in the entire process is required to realize this integra- 

tion. In addition, a design of a monolithic integration of a DFB laser, an electroab- 

sorption modulator, and HBT's driver circuits are discussed. Detailed layout design 

and process flows are provided as well. 



CHAPTER VII 

CONCLUSION AND FUTURE WORK 

7.1    Review of Current Work 

With the motivation of developing and producing high performance light sources 

and integrated transmitters that would be useful in the next generation telecommu- 

nication systems, I have investigated the modeling and design, fabrication and char- 

acterization of the individual components and the integration among these devices. 

Some new device concepts and designs are proven and some of the state-of-the-art 

performance characteristics are achieved. 

Short-cavity edge-emitting distributed Bragg reflector (DBR) lasers, realized by 

deep reactive ion etching (RIE) etched DBR mirrors, make ~ 10//m long devices 

feasible and lead to the possibility of realization of true gain-compression limited 

bandwidth. A reliable and reproducible device processing technique has been devel- 

oped. A low threshold current (4.5mA) and reasonable high modulation bandwidth 

(~ 30GHz) 100/rai long device is demonstrated for the first time. In addition, the 

far-field pattern emanating from these DBR mirrors shows a great potential in spatial 

filter applications. 

The tunneling injection mechanism in a quantum well laser, which is known 

to minimize hot-carrier effects, was incorporated into the design of a distributed 
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feedback (DFB) laser for the first time. A series of device processing techniques have 

also been developed. By fitting the experimental data with the empirical relation 

for temperature dependence of threshold current, a characteristic temperature T0 

of 70-120K is obtained at room temperature. This is the highest value obtained 

for a 1.55/im laser. Other characteristics of these lasers have also been measured. 

For a 300^m long device, the lowest threshold current is 22 mA and the highest 

small-signal modulation bandwidth is 7.5 GHz. The temperature tunability is about 

1A/°C. The A/4-shifted DFB laser preserves a single-mode operation up to 120mA. 

An InAlAs/InGaAs, with 0.5% strain-compensated MQW, waveguide modulator 

has been designed, fabricated, and characterized. The measured photocurrent spec- 

tra verifies the original design and the optical transmission characteristics demon- 

strate a good optical modulation. A 9GHz modulation bandwidth from a 400//m 

long device has been obtained. A new scheme of reducing the photocurrent of a 

quantum confined Stark effect multiple quantum well modulator is demonstrated. 

The GaAs well regions of the 50 period GaAs/Alo.3Gao.7As multiple quantum well 

are selectively doped with Er during molecular beam epitaxy to reduce the carrier 

lifetime to the order of picoseconds. 250 fim diameter mesa-shaped devices have 

been characterized. The photocurrent responsivity is as low as 0.005 A/W and an 

extinction ratio greater than 1:8 is achieved at a bias voltage of 8 V. 

Monolithic integration of laser/modulator by coupled-cavity scheme is carried out 

in the cases of identical and different active regions. This study represents the first 

detailed investigation of such a scheme. High performance HBT's (/?= 50-60, fr= 

50GHz, imax= 90GHz) has been characterized and successfully implemented in the 

driver circuits design. The design and analysis of monolithically integrated laser, 

modulator, and HBT driver circuits are described and discussed at the same time. 



132 

7.2    Suggestions for Future Work 

7.2.1 DFB Lasers 

The DFB lasers presented in Chpater 3, have demonstrated some promising re- 

sults, as it is the first attempt to make a DFB device here at the University of 

Michigan. However, the relatively higher threshold current and poorer modulation 

bandwidth indicate that further improvement in device structure design and pro- 

cessing techniques have to be performed. In real WDM applications, furthermore, 

the lasing wavelengths have to be precisely controlled within 2nm ~ 4nm. Many 

experimental results [1] concludes that it is almost impossible to uniformly control 

the lasing wavelengths throughout the entire wafer even though the device process 

is near perfect. This suggests that for the future WDM light sources, the DFB laser 

arrays with multielectrodes, which have a great controllability of lasing wavelengths 

in static and dynamic operations, are essential and worth being investigated. In 

addition, DFB lasers with chirped gratings attract considerable attention recently as 

they reveal higher single-longitudinal mode stability, higher output power, and nar- 

rower linewidth. A complete theoretical model is required to understand the physics 

and operation principles behind this concept. Developing an effective and a reliable 

process in achieving high quality DFB gratings is indispensible as well. 

7.2.2 Monolithically Integrated Transmitters 

In Chapter 6, I proposed a design to realize the integration of a DFB laser, mod- 

ulator, and the driver circuits. Several considerations have to be taken to ensure a 

successful integration. These include an effective and reliable DFB laser fabrication 

technique, an optimized modulator structure, and appropriate matching circuits be- 

tween the driving circuits and the laser diode or modulator.   In addition, a good 
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electrical and optical isolation between the laser and the modulator is important, as 

addressed previously. 

From the device application point of view, the device packaging technology has 

been becoming an important issue as the operation frequency reaches to 20GHz or 

even beyond. Conventional bonding wires cannot provide effective electrical connec- 

tions due to severe loss and serious inductance. Flip-chip bonding techniques along 

with properly designed microstrip lines appear to be a good approach to solve these 

problems. 
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