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Abstract

In future dense wavelength division multiplex (DWDM) systems, highly stable sources will be 

required. This thesis describes a 1.55 pm multichannel source for DWDM using InGaAsP/InP 

multiple quantum well (MQW) quantum confined Stark effect (QCSE) tuning and an 

investigation o f the use of InGaAsP/InP MQW QCSE frequency modulated (EM) lasers as 

potentially compact and low cost optical comb generators for DWDM applications.

Firstly, using quaternary InGaAsP MQW systems, large area and low parasitic capacitance fast 

QCSE air bridged modulators have been designed and demonstrated which could be used in a 

QCSE FM laser comb generator. The reverse breakdown voltage was over -2 0  V with a few nA 

leakage current. The refractive index change was measured as 1.25 % at 40 kV/cm electric field. 

The 3 dB cut off frequency of the air-bridged QCSE modulator was greater than 6 GHz.

Secondly, a multichannel source which has a frequency that can be selected from a wide range 

o f values and which uses an InGaAsP/InP MQW QCSE tuned external cavity structure has been 

demonstrated. The InGaAsP/InP gain laser is coupled to a MQW QCSE modulator including a 

distributed Bragg reflector (DBR) mirror. The selectable channel bandwidth was 32 nm with 

25 dB side mode suppression which can be reduced further by adjusting the external cavity 

condition, 1 dB gain flatness over the range, and 140 GHz channel spacing which can be 

changed to suit the 100 GHz ITU or other WDM grids by using a gain laser o f an appropriate 

length.

Thirdly, the first demonstration of comb line generation using InGaAsP MQW QCSE tuned 

semiconductor FM laser operation is described. For this demonstration a novel external cavity 

structure was used involving fast InGaAsP/InP MQW QCSE optical modulators and an 

anti-reflection coated gain laser. 20 significant comb lines can be achieved before multimode 

operation due to modulation frequency induced instability occurs.

Finally, dense wavelength division multiplex systems employing a semiconductor FM laser 

comb generator and injection locked techniques are discussed.
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Chapter 1

Introduction

Section 1.1 High-Capacity Optical Telecommunications

The rapid growth in demand for high-capacity telecommunication links and the speed limitation 

of single wavelength links has resulted in an extraordinary increase in the use o f wavelength 

division multiplex (WDM) in advanced lightwave networks [1][2][3]. WDM technology will 

dramatically improve the capabilities o f access networks and enhance the range and quality o f  

services. On the other hand, high-speed soliton techniques have been demonstrated to increase 

data rate per single channel, overcome dispersion o f silica optical fibre and achieve long haul 

transmission [4] [5] [6].

The use o f WDM in optical fibre systems offers two main advantages: flexibility in the system 

design and higher transmission capacity o f a single fibre. WDM can be used effectively in any 

fibre system. The flexibility advantage is very attractive in local subscriber loop applications or 

metropolitan applications where simultaneous transmission o f different signal formats both 

analog and digital is possible. Thus, a high degree o f integration o f multimedia data can be 

achieved. WDM can also be used for bi-directional transmission over a single fibre. Tb/s 

transmission capacity can be realized using WDM technique. The dramatic increase in 

lightwave systems capacity due to WDM has a very strong impact on lowering the cost o f long

distance transmission.

The reported lightwave transmission capacity has exponentially increased as shown in Figure 

1.1.1 [2]. In the mid 1980s, 10 Gb/s systems were demonstrated using single chaimel electronic 

time division multiplex (ETDM) and the new single mode fibre (SMF) technology operating at 

1550nm. Tb/s optical transmission systems using WDM techniques were first reported in 1996 

[7][8][9]. Bell Labs used 55 km o f nonzero-dispersion fibre (NZDSF) and transmitted 25 WDM 

channels that were polarization multiplexed to 50 independent channels with a data rate o f  

20 Gb/s each. Fujitsu used 150 km of conventional single mode fibre (SMF) with dispersion 

compensation and demonstrated transmission of 55 WDM channels with a data rate o f 20 Gb/s
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each. NTT used 40 km of dispersion-shifted fibre (DSF) and transmitted 10 WDM channels. 

The data rate of each channel was 100 Gb/s, which was achieved by optical time division 

multiplex (OTDM).
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Figure 1.1.1 Recent progress of lightwave transmission capacity [2].

Demonstrated high-speed WDM systems are summarized in Table 1.1.1 [10]-[24]. Recently, 

Lucent Technologies have reported a series of Tb/s WDM systems with increased transmission 

capacity and transmission distance [1][15]. Nielsen et al have demonstrated 3.28 Tb/s 

transmission over 300km of NZDSF [15]. The system incorporated for the first time dual C- and 

L-band transmission, distributed Raman amplification and non-return to zero (NRZ) 40 Gb/s per 

channel. The system used 40 independent lasers for C-band and 42 lasers for L-band with 

100 GHz channel spacing. The minimum worst-case quality-factor (Q-factor) for the 82 WDM 

channels was 16.14 dB corresponded to a maximum BER of 8x10'". Zhu et al have reported 

3.08Tb/s WDM transmission experiment over 1,200 km fibre [1]. The number of channels was 

77 at a data rate of 42.7 Gb/s per channel and 100 GHz channel spacing. In particular, this 

system involved 40 distributed-feedback (DFB) lasers in C-band, 37 DFB lasers in the L-band 

and two separate waveguide grating routers (WGRs) multiplexing WDM channels. Suzuki et al 

have demonstrated 1 Tb/s 100 channel WDM transmission of 10 Gb/s channels with 25 GHz 

channel spacing using DSF by employing distributed Raman amplification technology [18]. 

100 individual lasers were used as WDM channel sources. The transmission length of fibre was
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320 km with 80 km amplifier span. The overall Q-factor o f all channels was more than 11.6 dB. 

Lee et al have reported 32 channel WDM transmission with 80 Gb/s per channel using 

polarization-bit-interleaved technique [19]. Overall transmission speed was 2.56 Tb/s. The 

system had 32 individual WDM channel source lasers spaced by 0.8 nm. The overall Q-factor 

rate o f all channels was about 6 over 120 km DSF. Farbert et al have demonstrated 176 DWDM 

bi-directional interleaved transmission with 40 Gb/s channel rate and 50GHz channel spacing 

[21]. The overall speed o f the system was 7.04 Tb/s, the highest reported so far. The system had 

C- and L-band amplifiers and 176 individual DWDM channel laser sources. The fibre length 

was 50 km NZDSF. This DWDM system had higher crosstalk and Rayleigh backscattering.

Table 1.1.1 Summary of recently demonstrated high-speed WDM systems.
research

group
number of channel speed/

channel
channel
spacing

fibre
used

transmission
length

WDM channel 
source

AT&T
Lucent

Technologies

Garret et al [10] 16 
Garret et al [11] 16 
Srivastava et al [12] 100 
Collings etal [13] 1,021 
Knudsen et al [14] 42 
Nielsen etal [15] 82 
Z h u e ta lf l]  77

10 Gb/s 
20 Gb/s 
10 Gb/s 
74 Mb/s 
10 Gb/s 
40 Gb/s 
42.7 Gb/s

50 GHz 
50 GHz 
25 GHz 
9.5 GHz 
50 GHz 
100 GHz 
100 GHz

SMF
DSF
NZDSF
SMF
DSF
NZDSF
DSF

840 km 
400 km 
400 km 
60 km 
4,000 km 
300 km 
1,200 km

16 lasers 
16 lasers 
100 lasers 
chirped-pulse 
42 lasers 
42 lasers 
77 lasers

NTT
Murakami et al [16] 
Ogawara et al [17] 
Suzuki etal [18]

16
32

100

10 Gb/s 
310x20 Mb/s 
10 Gb/s

100 GHz 
100 GHz 
25 GHz

DSF
DSF
DSF

9,412 km 
20 km 
320 km

16 lasers 
32 WDM/SCM 
100 lasers

Nortel
Networks

Lee et all [19] 32 80 Gb/s 100 GHz DSF 120 km 32 lasers

Siemens Leisching et al [20] 
Farbert et al [21]

80
176

10 Gb/s 
40 Gb/s

50 GHz 
50 GHz

SMF
NZDSF

60 km 
50 km

80 lasers 
176 lasers

Alcatel Bigo et al [22][23] 32 10 Gb/s 100 GHz NZDSF 400 km 32 lasers

KDD Imai et al [24] 50 10.66 Gb/s 50 GHz DSF 4,036 km 50 lasers

SCM (subcarrier multiplexing)

The research trend is that the data rate o f each channel will be increased to 80 Gb/s and above in 

the near future for WDM systems and the number o f WDM channels will be increased 

dramatically. Furthermore, WDM, OTDM and optical code division multiplex (OCDM) could 

be mixed to produce higher system flexibility, higher speed and better performance [25][26][27].

Although many dense WDM (DWDM) solutions have been demonstrated for handling the 

dynamically increasing data traffic in long-haul networks by offering bit rate and protocol 

transparency along with capacity expansion, the technology has not been considered in detail 

for deployment in metropolitan networks that can interconnect businesses, campuses, service 

providers, and various regional and long-haul networks [28]. Presently, this rapid demand and 

growth for bandwidth is also being experienced in the lower cost local area networks and in 

computer interconnects. The Ethernet standards in recent years have increased in throughput:
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the 10 Gb/s throughput now considered. It is clear that substantially greater throughput will be 

required in the future. Such throughputs will inevitably have to be achieved despite using 

increasingly restrictive cost targets [28][29][30][31]. The hardware performance of data 

communication systems will be required to produce over 100 Gb/s, and later 1 Tb/s at low cost 

in the future. This will require new technologies, in many cases using a range of new material 

systems and construction using a different approach from that adopted previously. The skills 

required for such sub-system development will themselves have to be broad both theoretical and 

experimental, coupled closely with device and systems research.

Figure 1.1.2 illustrates a metro WDM network with interconnected ring structure. The 

challenges in developing these local area, computer and short metropolitan links will also 

require the study of new network topologies. Telecommunication network operators are 

deploying point-to-point WDM links as well as WDM rings to increase throughput at a 

reasonable cost.

STM
(OC)

yj o  SDH 
5 - P  (SONET)

access network

WDM ring network

IP router

I network 
' interconnection

WDM access node

backbone network

Figure 1.1.2 Metro WDM network with interconnected-ring structure.

The optical network will evolve into a more complex interconnection of optical nodes, possibly 

configured to rings and meshes in the metro region and trees in the access network. The huge 

bandwidth afforded by WDM is critically needed as access networks have become one of the
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chief bottlenecks in the delivery o f data services. Current access networks, based on 

conventional synchronous digital hierarchy (SDH) or synchronized optical network (SONET) 

technology, for example, do not allow users to take full advantage o f the huge transport pipes 

being deployed in long-haul backbone networks [32],

To maintain the inherent advantages o f a photonic implementation, signal paths between source 

and destination will therefore increasingly remain in the optical domain, encountering a larger 

cascade o f photonic devices in a typical transmission path [33][34]. WDM systems require the 

development o f new enabling technologies, including broadband high-gain optical amplifiers, 

guided-wave wavelength filters, multiplexers and WDM channel sources. They also require new 

systems and fibre techniques to counteract nonlinear effects caused by the large optical power 

due to the presence of many channels in the fibre. The dispersion management techniques 

invented for this purpose use system design that avoid zero dispersion locally, but provide near

zero dispersion globally. New fibres conceived for the same purpose were the nonzero 

dispersion fibre types [2] [3].

One o f the barriers to introducing new technology in a network is clearly cost. This is especially 

significant in an access network where the costs are shared by a much smaller customer base 

than in a backbone network. Thus, while WDM is currently dominating long-haul networks, it is 

only recently that the technology has sufficiently matured to justify its deployment in high-end 

access networks that serve large businesses, campuses, and service providers, etc. For the 

applications, developing frequency agile and highly dense WDM is required representing the 

most flexible o f architectures with respect to routing and supporting a large number o f closely 

spaced channels. This requires highly stable optical sources. Therefore, in this thesis an 

InGaAsP/InP multiple quantum well (MQW) quantum confined Stark effect (QCSE) tuned 

multichannel source and an FM laser comb generator are studied and demonstrated for low cost, 

low inventory, compact and flexible multichannel source and DWDM channel comb source 

applications.

Section 1.2 DWDM System

Figure 1.2.1 shows a typical point-to-point WDM link which has a WDM multiplexer, 

amplifiers, and demultiplexer involving a fibre physical layer. Designing WDM links and 

networks requires careful consideration of the system operating conditions. Among these are the
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link bandwidth, optical power requirements for a specific bit rate, crosstalk between WDM 

optical channels, and performance limitations due to the nonlinear effects o f the fibre.

tuneable
sources

optical fibre

post-amplifier in-line
amplifier pre-amplifier

amfdifier span

wavelength
multiplexer

wavelength
demultijdexer

Figure 1.2.1 A typical point-to-point WDM system.

If N  transmitters operate at bit rates o f Bj through Bn, respectively, then the total transmission

N
bit rate is B . When all the bit rates are equal, the system capacity is enhanced by a

i=l

factor N  compared to a single-channel link. For example, if  5 /= 1 0  Gb/s, then the total 

transmission bit rate o f the WDM link for 100 channels is 1 Tb/s. The total capacity o f a WDM 

link depends on how closely the channels can be spaced in the available low-loss transmission 

window which is about 15 THz for the third low-loss window o f optical fibre in the wavelength 

region near 1550 nm. The standard wavelength spacings are suggested to be 100 GHz or 

50 GHz by the ITU-T recommendation G.692.

The performance o f WDM network will be seriously degraded due to effects as follows [35]:

i) fibre chromatic dispersion, which limits the bit rate by temporally spreading a 

transmitted optical pulse,

ii) non-uniform gain across the desired wavelength range in EDFAs,

iii) inelastic scattering processes such as stimulated Raman scattering (SRS) and 

stimulated Brillouin scattering (SBS), which are interactions between optical 

signals and molecular or acoustic vibrations in a fibre,

iv) nonlinear processes in a fibre that arise from modulation o f the refractive
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index o f silica by intensity changes in the signal, thereby producing effects 

such as four-wave mixing (FWM), self-phase modulation (SPM) and cross

phase modulation (XPM),

v) polarization mode dispersion, which arises from orthogonal polarization 

modes travelling at slightly different speeds owing to fibre bifnngence, and

vi) reflections from splices and connectors that can cause instabilities in laser 

sources.

New fibre design, spectral dispersion-compensation techniques, and optical isolators can relax 

these limitations, and newly installed links are operating very well at 10 Gb/s rates per 

wavelength. However, a large portion of the older installed fibre base is limited to OC-48 rates 

(2.5 Gb/s) at given wavelength. Thus, a great interest has been established in using WDM, not 

only for older links but also to have new links very high capacity [35].

In an optically amplified link, the main noise source arises from the signal mixing with the 

amplified spontaneous emission (ASE) noise from the EDFA. For a given channel transmitted 

over a link containing several optical amplifiers, the signal to noise ratio (SNR) starts out at a 

high level. It then decreases at each amplifier as the ASE noise accumulates through the length 

o f the link.

The most important issue in the design of WDM lighwave systems is the crosstalk. Two forms 

o f crosstalk arise in WDM systems; interchannel crosstalk and intrachannel crosstalk. The first 

case is when the interfering signal is at a wavelength sufficiently different from the desired 

signal’s wavelength that the difference is larger than the optical bandwidth o f the channel. This 

form o f crosstalk is called interchannel crosstalk. Interchannel crosstalk can also occur through 

more indirect interactions. For example, if  one channel affects the gain seen by another channel, 

as with non-linearities. The intrachannel crosstalk is when the crosstalk signal is at the same 

wavelength as that o f the desired signal or sufficiently close to it that the difference in 

wavelengths is within the optical bandwidth o f the channel. For example, intrachannel crosstalk 

can occur in optical switches due to the non-ideal isolation o f one switch port from another. 

Both cases result in a power penalty. The system performance degrades whenever crosstalk 

leads to a transfer o f power from one channel to another. Such a transfer can occur because of 

the nonlinear effects in optical fibres, a phenomenon referred to as non-linear crosstalk as it 

depends on the non-linear nature o f the communication channel. However, some crosstalk

occurs even in a perfectly linear channel because o f the imperfect nature o f various WDM

components such as optical filters, demultiplexers and switches. If the average received

intrachannel crosstalk power is a fraction e  o f the average received signal power P, then the
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intrachannel power penalty in an amplified system is [35][36] 

Penalty / = -5  log(l -  2 VJ) ( 1.2 .1)

If there are N  interfering channels in a WDM system, each contributing an average crosstalk

r  ^power S i?  with . The interchannel crosstalk penalty is
i=\

Penalty X  = -5  log(l -  s) ( 1.2 .2)

N
where s=  ^  

i=\

Figure 1.2.2 illustrates the power penalties from crosstalk for WDM channels as a function of 

the individual crosstalk level when all channels have equal crosstalk power. To have less than 

1 dB power penalty from interchannel crosstalk the crosstalk level should be at least -15 dB 

when the number of WDM channel is 10. In the case of 100 channel WDM systems, the 

interchannel crosstalk level should be -25 dB to obtain 1 dB power penalty. Clearly, linear 

crosstalk is of primary concern in the design of WDM networks. Each WDM component must 

be designed to reduce the crosstalk as much as possible [37].
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Figure 1.2.2 The power penalties from crosstalk for WDM channels.
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The use o f narrow channel spacing and high bit-rates in future WDM networks will lead to 

signal distortion due to nonlinear effects in the fibre [3 8] [3 9] [40] [41] [42]. SPM leads to 

considerable spectral broadening o f pulses propagating inside the optical fibre. XPM can be a 

major power limiting factor. The phase due to XPM for large number o f channels N  is given 

approximately by

V «  y
CTpyfN (1.2.3)

where V ^   ̂ ”2 is the nonlinear index coefficient and Agff is the effective mode

cross section, a  is the fibre loss, typically C7p « 5 x lQ “^P^^, is the average channel

power, <jp is the variance o f power fluctuations, and N  is the number o f channel [3]. A

dominant effect is XPM, in which the intensity modulation o f neighboring WDM channels 

distorts the optical phase o f the signal. The fibre dispersion following XPM converts the phase 

distortion to intensity distortion. In the design of DWDM optical links, it is important to predict 

the penalty caused by XPM, and to isolate this effect from other sources o f distortions. The 

short pulse widths and increased optical launch power used in ultra-high bit-rate systems leads 

to increased signal distortion due to transmission fibre non-linearity.

Therefore, the design of DWDM communication systems requires careful consideration of fibre, 

transmitter and receiver characteristics. An important issue concerns the stability o f the carrier 

frequency (or wavelength) associated with each channel. The frequency o f light emitted from 

DFB or DBR semiconductor lasers can change considerably because o f changes in the operating 

temperature (10 GHz/°C). Similar changes can also occur with laser ageing. The ageing induced 

wavelength shifts o f DFB lasers were 0.1-0.4 nm/year [43]. Such frequency changes are 

generally not o f concern for single channel communication systems. In the case o f DWDM 

lightwave systems it is important that the carrier frequency o f each channel remain stable, at 

least relatively, to avoid interchannel crosstalk.
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Section 1.3 Multichannel Sources and Wavelength Comb 

Generators for DWDM Applications

Previously demonstrated WDM transmitters involved individual lasers for each WDM channel, 

such as DFB and DBR lasers or monolithically integrated laser arrays, resulting in high cost, 

unequal channel spacing, and complexity in DWDM system design [44] [45] [46].

In practice, many factors limit the use o f the entire low-loss fibre window extending over 

120 nm in the wavelength region near 1550 nm. For example, optical amplifiers are often used 

to avoid electronic regeneration o f the WDM signal. The number o f  channels is then limited by 

the bandwidth of EDFA, even with the use o f gain-flattening techniques. Among other factors 

that limit the number o f channels are

i) stability and tuneability o f source lasers,

ii) signal degradation during transmission because o f various nonlinear effects,

and

iii) interchannel crosstalk during demultiplexing.

The commercialization of DWDM fibre links requires the development o f many high- 

performance components, such as transmitters, optical comb generators integrated with multiple 

DFB or DBR lasers, channel multiplexers and demultiplexers with add-drop capability, and 

large-bandwidth constant-gain amplifiers. Realization o f an agile metropolitan or access WDM 

networks with uncooled sources requires electronic control o f source frequency to some 

supplied reference.

In recent years, there has been heightened interest in exploring optical frequency comb (OFC) 

generation for application in optical communications and precision measurements

[47] [48] [49] [50] [51 ]. Optical comb generators are key elements in many applications such as 

all-optical network channel generation and microwave signal synthesis. The large number of  

precisely spaced sidebands makes an OFC attractive for use in DWDM optical communications 

networks including reduced system cost. The comb can be broadcast to identify channel 

frequencies and to lock transmitter and multiwavelength light sources whose optical frequencies 

can be precisely controlled to desired values resulting in equal channel spacings, control o f the 

channel spacing and stability o f the DWDM system. Injection locking is a useful technique to 

select an arbitrary channel from an optical frequency comb generator [52]. To be fully 

compatible with the latest recommended WDM system, the reference frequency is 193.1 THz 

(1552.5 nm), the wavelength range is 1530 nm ~ 1565 nm, and spacings are 100 GHz or
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50 GHz [53]. However, the wavelength range and the spacing could be extended to a certain 

range for DWDM networks. In optical networks using EDFA, the available channel frequency 

band is limited by the EDFA’s flat gain bandwidth of ~2 THz (25 nm) centered at 193.1 THz 

(1552.5 nm). The absolute frequency of an optical path should be located on a few GHz spaced 

grid anchored at 193.1 THz. The requirements o f the comb generators for DWDM networks are 

as follows:

i) absolute frequency,

ii) exact spacing,

iii) narrow linewidth,

iv) wavelength tuneability,

v) good stability o f frequency comb, and

vi) uniform gain flatness.

Atomic or molecular resonances are commonly used to provide absolute frequency reference at 

a few particular frequencies, but are not available at each required channel frequency [54]. A 

Fabry-Perot (FP) interferometer or fibre ring resonator provides a regularly spaced frequency 

comb, but the frequency, accuracy and stability are limited by the unstable optical lengths o f the 

resonators. Precisely spaced frequency lines can be generated by phase modulation o f an optical 

source [49] [5 5] [5 6] [5 7] [5 8]. However, due to difficulties in realising phase modulation at high 

frequencies, both the number o f frequency lines and their spacing are severely limited. 

Approaches based on the use o f separate sources with periodic wavelength measurement and 

correction [59], are unwieldy where a large number of allocable channels are required to obtain 

routing flexibility. A further technique to realise a multiwavelength light source is to use an 

optical filter to slice the output spectrum o f a mode-locked laser [60]. In most earlier work, the 

comb spacing was limited by modulation methods used and is far too small for many 

applications. Also, tuneability o f the operating wavelength and the comb spacing is restricted.

This thesis studies extending the principle o f FM laser operation [61] to a semiconductor laser 

with intra-cavity MQW QCSE modulator to realize a compact comb generator with potential for 

low cost manufacture. In addition, the use o f coupled cavity MQW tuned lasers is studied to 

produce a simple, rapidly tuneable multichannel source.
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Section 1.4 Introduction to InGaAsP MQW QCSE Tuned Lasers 

and FM Lasers

Section 1.4.1 Quantum confined Stark effect

The Franz-Keldysh effect is a change in absorption in a bulk semiconductor in the presence o f a 

strong electric field due to the absorption o f photons with energies less than the bandgap o f the 

semiconductor [62]. In the presence o f an electric field, F, the band edges are tilted as shown in 

Figure 1.4.2. An electron, moving inside a band a distance z  away from the edge and 

maintaining a constant total energy, acquires a kinetic energy where q is the electron 

charge. The probability o f finding an electron in the energy gap is described by the wave

function of the electron in the gap, 0  = , here k is imaginary, which represents a damped

wave as shown in Figure 1.4.1(a). The valence electron must tunnel through a triangular barrier 

to appear in the conduction band. The height o f this barrier is E g  and its thickness has a value

d  = Eg  /  c fF . As the field is increased, the tunneling distance is reduced, and the overlap o f the

wave functions describing the probability o f finding an electron in the gap is increased making 

the tunneling transfer more probable [63]. The assistance o f a photon hv  is equivalent to 

reducing the barrier thickness to a value

(1.4.1)
q V

The Franz-Keldysh effect is dominated by a field induced absorption broadening effect rather 

than an actual shift o f the absorption edge.

The Stark effect refers to the energy shift upon the application o f an electric field. The electric 

field affects the higher-order, or outer, orbits o f the precessing electrons so that the centre o f 

gravity o f the elliptical orbit and the focus are displaced with respect to each other and linearly 

aligned in the direction of the electric field. As a result, there is a splitting o f the energy o f the 

outer 2s or 2p states, and the energy shift is simply given AE = q d V , where d  is the 

eccentricity o f the orbit [62].
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(a) Electron tunneling without change in energy, (b) Electron tunneling with photon absorption. 

Figure 1.4.1 The energy bands of a semiconductor due to the Franz-Keldysh effect.
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Figure 1.4.2 Absorption edge of a bulk semiconductor due to the Franz-Keldysh effect.

A stronger effect, which is termed the quantum confined Stark effect, occurs if the active region 

contains quantum wells. In a single quantum well (SQW) or MQW with thick barriers (> 100Â), 

electrons and holes are confined in the region defined by the well width, and the overlap of their 

wave functions is increased. This results in an increase in the oscillator strength of the interband 

transitions between the discrete electron and hole energy bound states, which are produced by
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the size quantization. Consequently, strong resonances corresponding to the heavy-hole and 

light-hole transitions occur. When the exciton absorption in a quantum well (QW) structure is 

considered in the presence o f a uniform applied electric field, the effective mass [64] [65] [66] 

can be described by

= (14.2)
g2 1

where the Hamiltonians describing the interaction between the photons and the electrons are

+ (14.3a)
2m^

and

H h = — ^ ' ^ l + V h ( r h ) -  (1.4.3b)
2/n/j

Eg  is the bandgap energy, e = -|g j. is the permittivity o f the semiconductor, are 

the position vectors of electron and hole, respectively. E  is the total energy level. 0  is the 

wave function, are the effective mass o f electron and hole. V is the differential

operator. The electron potential (r^) or the hole potential (/% ) include the effect o f the 

electric field. Because the quantum well is grown along the z axis and the uniform electric field 

is applied along the same direction, the potentials will be written as

Ve(re) = V^(Ze) (1.4.4a)

and

^hirh) = ^hi^h)'  (1.4.4b)

The effect o f an applied field can be understood qualitatively by referring to Figure 1.4.3, which 

shows energy bands of MQW and wave functions in the absence o f the electric field and the 

presence o f a transverse electric field. The wave functions for the electron and hole slightly 

separate, tending toward opposite sides o f the QW and lowering the oscillator strength, and the

Page 36



Chapter 1

energy levels also become closer together. Thus, the QCSE causes a shift of the resonance to a 

longer wavelength and a decrease in overall absorption. The electric field dependence of the 

absorption can be calculated from the quantum mechanical solution of particles in a sloping 

potential well.

Ihl Oa
h h l

h h 2

h h 3
l l i 2

I n G a A s P e l e c t r i c  f i e l d

(a) zero-field (b) applied field

Figure 1.4.3 Quaternary InGaAsP quantum well energy subbands and their wave functions 

without electric field (a) and with an applied electric field (b).

The complete absorption spectrum due to QCSE can be written as the sum of the bound-state 

and continuum-state contributions [66]

I ttR

dE
+ r _ L M ( £ ,) ç i^ ( 0 )

TV

y x=discrete

r
{Ê  -ticoŸ +r^

(1.4.5)

where is the wave function and the band-edge transition energy

^hm ~ ^hm (1.4.6)

for the electron subband n and the hole subband m in the presence of an applied electron field.
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The parameters and functions for Equation (1.4.5) are described in Table 1.4.1. The electric field 

dependence o f the absorption depends on wavelength at the exciton resonance.

Table 1.4.1 The parameters and functions o f Equation (1.4.5)

Co 2

L The period o f the wave function on a axis
The bulk momentum matrix element

^nm The overlap integral o f the conduction band and valence 

envelope functions, ( z ) - g ^{ z )d z

where /„  (z) and (z) are the fi-ee-electron and the 
ffee-hole wave functions in the absence o f any 
interactions.

ko
The wave vector, (hc o -E ^ )  

V A ®
Ry rrif-ê

2fi2(4;œ^)2

M q

Oq 7̂TS fi ̂  
The exciton Bohr radius, -----

m^e
r The band structure parameter
Ex The exciton transition energy

Et h ^ ( k l + k j )  A 2^2 

Inij. Inir
M (E t) The matrix element is defined as

M {E f) -M ^  = \e'Pcy\^.

where \e- Pcv\^ is the momentum matrix element due
to the transitions from the conduction band to heavy hole 
bands.

The absorption decreases with applied field, the exciton resonance moves to longer wavelengths, 

and the oscillator strength decreases at above exciton resonance. At operating wavelength longer 

than the zero-field exciton resonance, the absorption increases with applied voltage until the 

exciton resonance wavelength coincides with the operating wavelength, after which the 

absorption starts to decrease. At wavelengths far below the band edge, the absorption increases 

quadratically with field, with a coefficient that is an order o f magnitude larger than the Franz-
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Keldysh effect. The refractive index increases quadratically with field, sufficiently far below the 

band edge. The main difference of QCSE to the Franz-Keldysh effect is the presence of an 

excitonic absorption resonance.

Figure 1.4.4 shows measured excitonic absorption in a 7 layer InGaAsP MQW system due to 

QCSE. This absorption has been measured using the photocurrent measurement method 

described in Appendix A. At zero-field, the wavelength of the exciton peak was (1535 nm) 

with the highest absorption coefficient. The exciton peak shifted to the red side of wavelength, 

À2 (1550 nm), with decreased absorption coefficient at the exciton peak.

exciton  absorption peak (hh)

0 Vd

S
os(DOO
§

Br

W avelength (X)

Figure 1.4.4 QCSE on absorption edge of InGaAsP MQW (7 wells and 8 barriers).

The reduced dimensionality of excitons in QWs enhances their linear and non-linear optical 

properties near the fundamental absorption edge. Measurement of the dependence of the exciton 

absorption peak on the well width shows that wells of width 5 nm and more have a peak heavy- 

hole absorption a p  that depends inversely on well width such that a p  oc l/Z,^ [66].

Smaller well widths have peak absorption coefficients that depend less strongly on well width 

because of increased line-broadening mechanisms. The well-width dependence of QCSE was 

measured experimentally by observing that the largest contrast ratio comes from long 

wavelength operation of thinner wells [67]. A 4.7 nm well had twice the long wavelength 

transmission decrease of an 8.7 nm well.
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Section 1.4.2 InGaAsP MQW QCSE tuned lasers

Most of the early QCSE tuned lasers involved GaAs/AlGaAs for 800 nm operation wavelength

[68] [69] [70]. Theoretically, the switching time of the field-induced effect is limited only by the 

lattice thermalisation and relaxation time of the structural materials, which is normally less than 

lOps [71]. Therefore, a tuneable laser tuned by QCSE should have a much higher tuning speed 

than that by current-induced effect (CIE) and a flat FM response should be possible as no 

carriers are involved [70]. A tuneable twin-guide (TTG) laser has been demonstrated using 

QCSE as shown in Figure 1.4.5 [72]. The distributed feedback grating on the top layer was 

etched after the first metalorganic vapor phase epitaxy (MOVPE) growth and then a second 

MOVPE overgrowth process was performed.

p-contact

p+InGaAsP

p-lnP ridge guide

ac tiv e ....
layer

p-lnG aA sP D FB  layer 

n -con tact
n-lnP spacer

n-lnOaAsP contact layer

p-lnGaAsP

p-InP

 15 period  M QW
for Q C S E  tuning

p-contact

Figure 1.4.5 Schematic diagram of QCSE tuneable twin-guide laser 

with ridge waveguide structure.

The MQW tuning layer was designed to have the PL peak at 1380 nm wavelength when the 

active layer had a lasing wavelength at 1555 nm. The optical output power dropped from 5 mW 

to 3 mW when a 3 V reverse bias was applied to the tuning layer for a 600 /tm long. 

Consequently, the threshold current increased from 94 mA to 104 mA. It was found that the 

absorption in the MQW structure increased with the electric field, and this effect caused the 

increase in threshold current at the higher field. A tuning range of about 15 GHz with reverse 

bias variation from zero to 3 V was demonstrated. A flat FM response was obtained up to 2 GHz.
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Section 1.4.3 Gas and solid-state medium FM lasers

A laser containing a phase modulator or FM modulator can exhibit an interesting frequency- 

swept mode of operation which represents a different type of mode-coupled operation, quite 

distinct from the short-pulse operation which is mode-locked laser. This frequency-swept mode 

of operation, usually called FM laser operation, occurs when the FM modulation frequency, 

a>^, is detuned by a modest amount, approximately 1%, from the exact axial mode spacing

[73]. When , where co^  is the axial mode frequency, the laser is mode locked and

produces pulsed output. If the detuning frequency co^ is reduced by »  1% , it is then not 

mode locked, but simultaneously lases in many modes, spaced by <y^. As a result of FM laser 

operation, the spectral bandwidth of a FM laser is wider than that of a mode-locked laser.

E. O. Ammann et al have demonstrated He-Ne FM lasers experimentally, as illustrated in Figure 

1.4.6 [74]. A KDP crystal modulator is placed inside the He-Ne laser cavity.

laser
power

photo
multiplier

photo
multiplier

scann ing
in te r fe rom e te r

optical
spectrum

H e-N e  laser

zfEE
m odulator

I s o la to r

sam pling
oscilloscope

R F spectrum  
analyser

PIN 
p ho tod iode

Figure 1.4.6 He-Ne gas medium FM laser operation scheme [74].

Experiments were performed in both the mode-locked and the FM regions of operation at 

632 nm wavelength. In the mode-locked region, pulsed output of the FM laser was observed and 

in the FM region when the detuning frequency is approximately 20 kHz, measurements were 

made to study the laser power output, modulation index, and distortion as functions of the 

amplitude and frequency of the applied phase perturbation. Most of these experiments were 

performed under conditions of low laser excess gain, with relatively few modes above threshold 

for the free-running laser. The number of comb lines were about 12 before mode-locking 

operation. The mode spacing of the FM laser was about 300 kHz.
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A Nd:YAG laser FM oscillation was demonstrated by D. Kuizenga et al with an intracavity 

LiNbO] phase modulator at 1060 nm emitting wavelength [61]. The experimental results were 

in agreement with the theoretical results [75]. Modulation indices as large as A = 230 rad have 

been obtained; in those cases, the instantaneous laser frequency was swept over a full spectral 

range o f 2A • /^  = 120 GHz at a modulation frequency = 260 MHz.

FM laser operation of Ti: Sapphire lasers was studied experimentally with an internal phase 

modulator as shown in Figure 1.4.7 [76][77]. This experimental result showed extremely wide 

FM sidebands of maximum 8 THz span width whose phase modulation index was 25,000 rad at 

a modulation frequency o f 160 MHz. These results showed that FM laser operation was stable 

and free from nonlinear effects because the laser output amplitude was constant.

Ar ion laser

phase
modulator

detector

spectro
meter

B
A M P

reflector

0
synthesized

signal generator TI:Sapphlre Laser

Figure 1.4.7 Ti:Sapphire FM laser scheme [77].

Recently, FM laser operation in an erbium-doped fibre laser has been demonstrated by 

intracavity phase modulation at 3.3 GHz as shown in Figure 1.4.8 [78]. Continuous wave FM 

spectrum as wide as 726 GHz at 1560 nm was generated with a modulator phase modulation of 

3.02 rad and a cavity detuning of 24 kHz from the cavity mode spacing of 158 MHz, 

corresponding to an FM modulation index of 109. The effect o f detuning and modulator phase 

retardation on FM laser oscillation was investigated and compared with the theoretical results. 

S. Longhi and R Laporta et al have proposed a simple analytical model o f FM laser operation 

and showed simple experimental results of an erbium-doped fibre FM laser [79]. The simulation 

results shown how a wide span FM spectrum (400 GHz) could be generated.
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Figure 1.4.8 Erbium-doped fibre FM laser scheme [78].

Section 1.4.4 Semiconductor FM lasers

T. Mukai et al have reported FM laser operation in a directly-modulated extended cavity 

semiconductor laser. [80]. The experiments were performed using a 1520 nm InGaAsP buried 

heterostructure laser. The cavity length was 28 cm. The extended cavity laser used in this 

particular experiment exhibited a TM-polarized pure single-frequency operation over a wide 

injection current range o f up to 1.5 times fh, threshold current. When the laser was modulated 

by a small sinusoidal injection current at frequency close to the inverse round trip time 

f c , an FM output was achieved, while a weak spurious amplitude modulation (1-10 %) was 

superimposed due to direct current modulations. When the injection current was modulated, 

carrier density was modulated accordingly. This resulted in the modulation of gain as well as 

phase at due to the carrier-density dependent refractive index. Consequently, the laser

tends to be phase modulated and FM sidebands are created around the free-running mode / q .

These Bessel function components are then resonantly enhanced because o f the presence of 

cavity resonance, although weak amplitude modulation (AM) components are superimposed. 

Assuming that the laser is modulated at / m, (m = 2 ) , nonlinear interaction between the

free-running mode /q  and its sidebands (/q  ± f ^ l m )  takes place. These weak sideband 

waves act as probe beams in the nearly degenerate four-wave mixing. Population pulsation 

occurs at the frequency ! rn and combination-tone polarizations are created as a result of

third-order non-linearity. At this moment, however, only the electric-field components located at 

cavity resonance frequencies are considered to be resonantly enhanced. Consequently, the
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population pulsation component at becomes dominant and causes phase modulation in the 

laser at , giving rise to fundamental FM laser operations.

A. P. Willis et al have reported an external cavity structure laser involving a GaAs/AlGaAs gain 

laser and a LiNbOs modulator as shown in Figure 1.4.9 [81] [82]. In particular, A. P. Willis et al 

have demonstrated the RF induced coherence collapse [81] [82]. If the modulation frequency 

moves away from the axial mode frequency (differing by <1 %) the output becomes

chaotic and looses single mode operation; this is called RF induced coherence collapse. 

Recently, P. S. Spencer et al have established conditions for the occurrence o f a transition from 

FM operation to pulsed output in short external cavity FM semiconductor lasers. It is shown that 

there are dual operating points around which FM operation is possible. The position of the 

modulation frequency in relation to these two FM operating frequencies determines the type of 

behavior exhibited by the configuration. In particular, pulsed and mixed pulsed-FM behavior is 

observed when the modulation frequency is between the two possible FM operating frequencies 

[83].

GaAs/AlGaAs LiNb03 ^   ^  Measurement
laser m odula to r ^  I equ ipm en t

lens

M odulation
frequency

Figure 1.4.9 RF induced coherence collapse demonstration scheme.

Comparative description of the FM lasers using such criteria as operating wavelength, 

tuneability, comb spacing, comb span, number o f comb lines, and comb generator complexity 

are shown in Table 1.4.2. In the case of the Ti:Sapphire FM laser, the number of comb lines is 

large and the comb span is very wide, but the operating wavelength which is 600-800 nm and 

comb spacing, 160 MHz, are difficult to apply to 1550nm DWDM applications because of the 

wavelength and narrow spacing. The ITU recommendation o f 50GHz is much larger than the 

comb spacing of 160 MHz. Erbium-doped fibre FM lasers operate at 1500 nm wavelength, but 

the comb spacing, 3 GHz, is small to use for DWDM applications. Erbium-doped fibre FM 

lasers are not tuneable. In contrast, semiconductor FM lasers are tuneable and simple, but 

demonstrated semiconductor FM lasers have a limited comb span and number of comb lines.
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Table 1.4.2 Comparative table o f  FM  lasers

Operating
wavelength

(nm)

Comb
spacing
(GHz)

Number of 
comb lines

Comb span 
(Hz)

Tuneability Comb
generator

complexity
Nd:YAG FM 

laser 
[74]

1060 nm 260 MHz 500 120 GHz Not
tuneable

Conçlex

Ti: Sapphire 
FM Laser 

[77]
600~800 nm 160 MHz 1000 8THz Not

tuneable
Conq)lex

Erbium-doped 
fibre FM laser 

[78]
1500 nm 3 GHz 120 400 GHz Not

tuneable
Conplex

Semiconductor 
FM laser 

demonstrated 
so far [81]

1300 nm 4 GHz 6 20 GHz Tuneable Single

Section 1.5 Aims and Novei Achievements of the Thesis

The aims o f this Thesis are as follows:

1) To investigate low cost DWDM channel comb source for metropolitan or access WDM 

network applications;

2) To reduce DWDM system complexity;

3) To develop high performance DWDM comb generator to give exact comb line spacing 

and stability for metropolitan DWDM networks involving uncooled laser sources of 

limited stability;

4) To realize an external cavity semiconductor FM laser comb generator;

5) To develop a rapidly selectable MQW QCSE multichannel source;

6) To investigate an InGaAsP/InP MQW QCSE monolithically integrated frequency agile 

FM laser comb generator capable o f generating in excess o f 50 significant comb lines at 

25 GHz spacing.

The Thesis contains a number o f achievements, including

1) Design and fabrication of a fast low-parasitic capacitance InGaAsP/InP MQW QCSE 

modulator having a 3 dB cutoff frequency o f over 6 GHz which is the highest QCSE
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FM response o f an InGaAsP/LiP MQW QCSE FM laser, a reverse breakdown voltage 

over 20 V and 0.5 nA leakage current at -20  V;

2) The high refractive index change o f 1.25 % produced by an InGaAsP/InP MQW QCSE;

3) The 32 nm bandwidth InGaAsP/InP multichannel laser generation with <1 dB gain 

flatness using QCSE tuning and 4 step temperature tuning;

4) Fast channel selection speed o f less than 10 ns;

5) Demonstration of the InGaAsP/InP QCSE FM laser operation;

6) 20-30 significant optical frequency comb line generation using InGaAsP/InP MQW 

QCSE FM laser producing exact comb line spacing.

Section 1.6 Outline of the Thesis

The thesis describes the design and fabrication of fast InGaAsP/InP MQW QCSE modulators, 

multichannel generation using QCSE tuning, and optical frequency comb generation using 

MQW QCSE FM laser for DWDM applications.

In Chapter 2, optical frequency comb generation techniques will be reviewed, considering cost, 

system complexity, and performance, to provide background information. The state o f the art in 

optical frequency comb generators for DWDM applications will be described.

In Chapter 3, the theoretical background of the QCSE tuned multichannel source and 

semiconductor QCSE FM laser operation, including FM laser operation theory will be described.

In Chapter 4, details o f the design and fabrication of the InGaAsP/InP MQW QCSE modulators 

are given for the MQW QCSE DWDM channel source and the MQW QCSE FM laser using a 

FP cavity laser.

Chapter 5 presents the results o f the quaternary/quaternary InGaAsP/InGaAsP MQW QCSE 

tuned multichannel source for DWDM networks. Analysis o f the specific laser will be described. 

The static characteristics and results of multichannel generation will be described.

In Chapter 6, results o f the external cavity InGaAsP/InP MQW QCSE FM laser will be 

described. The experimental arrangement, optimization and results are presented.

Page 46



Chapter 1

Chapter 7 describes an approach to all optical DWDM systems using an optical comb generator 

and injection locking techniques. A monolithically integrated DWDM system involving an FM 

laser comb generator and injection locking will be discussed.

In Chapter 8, a conclusion will be given and future work suggested.
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Chapter 2

Review of Optical Frequency Comb Generation 

Techniques for DWDM Networks

In this chapter optical frequency comb (OFC) generators for DWDM applications will be 

described. The review will concentrate on the following issues: operating wavelength, number 

of comb lines, comb spacing, comb span, tuneability, and construction feasibility for DWDM 

networks.

Most WDM systems have been developed using a source laser for each wavelength, which 

means that N  source lasers are required for W WDM channels [1][2]. Recently, the key issue is 

the development o f OFC generators for DWDM systems in the EDFA optical window. One of  

the main characteristics o f OFC generators is a large number o f comb lines with exact comb 

spacing for the DWDM application. Furthermore, OFC generators can be used over the EDFA 

wavelength range. Frequency stability is also an important characteristic. As many 

implementations make use o f interferometric properties, polarization and phase noise should be 

carefully treated for good power stability. The tuneability will determinate the flexibility o f the 

OFC generators. Also, simplicity, small dimensions, and low power consumption are 

fundamentally required for telecommunication systems [3] [4]. There are several types o f OFC 

generation techniques: absolute frequency reference, FP interferometeric OFC generators, fibre 

ring resonator frequency comb generators, and large index phase modulation comb generators

[5][6][7][8].

In Section 2.1, multifrequency laser and parametric oscillator frequency divider OFC generators 

will be described. Section 2.2 reviews FP interferometric OFC generators. In Section 2.3, fibre 

based OFC generators will be reviewed. Mode-locked semiconductor laser OFC generators will 

be described in Section 2.4. Finally, the conclusion will follow in Section 2.5.
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Section 2.1 Parametric Oscillator Frequency Divider Optical 
Frequency Comb Generator and Multifrequency Laser

Figure 2.1.1 shows an optical parametric oscillator (OPO) frequency divider OFC generator, 

which has been proposed by N. C. Wong et al [9]. A single laser pumps a set o f OPOs whose 

evenly spaced outputs form the major frequency markers o f the comb. An OPO converts with 

high efficiency an input pump frequency f p  into two coherent subharmonic outputs, a signal,

f \ , and an idler, / 2 , whose sum equals the pump frequency, f p = f \ + f 2 -  If the difference

^ = f \ -  f l  is phase locked to a microwave frequency source, so that the known input pump

frequency f p  can be divided into two precise known frequencies f \ 2  = /  / 2 ± A / 2 .  The

OPO outputs are then strongly frequency modulated at ~20 GHz to generate fine combs of 

modulation sidebands. For ~24 sidebands per comb, each modulation comb covers a span of 

500 GHz at 20 GHz spacing so that the sidebands fill the frequency space between the major 

makers o f primary comb and serve as minor frequency makers.

(10)

major markers modulation combs

Figure 2.1.1 A parallel-configured optical parametric oscillator frequency divider OFC

generator ((|): modulator).

The frequency precision of the optical frequency comb is limited mainly by the pump laser 

which can easily achieve kilohertz precision [10]. Since OPO system employs a single pump 

laser only one laser frequency stabilization loop is required. An experimental demonstration of  

the proposed OFC generator has not yet been reported.
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The multi frequency laser (MFL) OFC generator shown in Figure 2.1.2, operates simultaneously 

continuous wave (CW) on 18 channels spaced by 103 GHz using an intracavity waveguide 

grating router (WGR) [5]. The amplifier sections are 1 mm long. The transition between the 

amplifiers and passive waveguides is laterally tapered to avoid reflections. The filter bandwidth 

of the intracavity WGR, the free spectral range, and the resolution of the WGR are design trade

offs for the MFL. Spontaneous emission of the amplifier on the left side is demultiplexed into 

18 spectral bands by the WGR through spectral slicing. The signal travels through the 

waveguide grating, experiencing a different phase shift in each waveguide depending on the 

length of the waveguides and the wavelength of the signal. The amplifier array on the right side 

selectively amplifies the set of 18 wavelengths, resulting in a laser emitting at all wavelength 

simultaneously. The optical channel spacing in frequency is given by FSR/N, where N  is the 

number of channels.

Facet

Fibre

Amplifier
ArrayAmplifier

Figure 2.1.2 Multifrequency laser [5].

The main advantage is reproduceability. However, there will always be some channels, where 

the gain difference in different passbands is too small to clearly favour one passband over the 

other. The measured power was -14.6 dBm per wavelength channel coupled into single mode 

fibre. The channel spacing is limited by the geometrical separation of the output waveguides on 

the router. To make the MFL high performance, the photonic integration has to produce a low 

loss passive waveguide, a high-gain amplifier that is single mode in the transverse direction, and 

a smooth, reflection-free transition between the amplifier and the passive waveguide. The 

device is not tuneable; the operating wavelength is determined by the length of the waveguide.
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Section 2.2 Fabry-Perot Interferometric Optical Frequency 

Comb Generators

Figure 2.2.1 shows a simple external electro-optic modulator (EOM) OFC generator [11]. To 

increase the number of comb lines the EOM is placed in an optical cavity that is resonant for 

both the carrier and the sidebands.

laser
S . EOM

output 
 ►

osclllator(fm)

Figure 2.2.1 Schematic diagram of external electro-optic modulator OFC generator.

Different kinds of FP interferometric electro-optic modulator OFC generators have been 

reported. J. L. Hall et al have suggested improvement of the comb generator by replacing one of 

the cavity mirrors with a short filter cavity for resonant output of an individual sideband from 

the comb [12]. If the FSR of the filter cavity is larger than the comb span, the filter will then be 

resonance free until one reaches the desired sideband. Therefore, the filter cavity will not alter 

the comb generation process until a good match occurs between its resonance and a sideband, 

beyond which the comb spectrum will be cutoff sharply.

M. Kourogi et al have demonstrated a monolithic integrated LiNbO] electro-optic OFC 

generator as shown in Figure 2.2.2(a) [11] [13]-[17]. It was realized by coating high reflection 

films on the facets of a LiNbOs crystal used as an electro-optic phase modulator. This OFC 

generator is composed of an anti-reflection coated EOM and high reflection coated mirrors and 

can be made to give a lower optical round-trip loss. This OFC generator is composed of an anti- 

reflection coated EOM and high reflection coated mirrors. The EOM was installed in a 

microwave waveguide resonator to increase the microwave electric field intensity for highly 

efficient electro-optic modulation. Two conditions must be satisfied to realize efficient OFC 

generation: (i) The microwave phase velocity in the direction of z-axis must be equal to the 

optical group velocity in the electro-optic crystal, and (ii) The resonant frequency of the 

microwave resonator, which will be a modulation frequency, must be an integral harmonic of
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the free spectral range (FSR) of the FP cavity. The power of the nth sideband of the OFC 

generator is approximately expressed by [14]

Pn = riFP \2m F  J
•exp Pin ’ (2 .2 . 1)

where m, F  and 7?̂  are the efficiency of the Fabry-Perot cavity, the single pass

modulation index, the finesse of the optical cavity and input laser power, respectively.

High reOection coating

Input

LiNbO )

W .

W .

J H ,

(a) Monolithic integrated LiNbO] electro-optic modulator OFC generator [12].

SMA connector
Micro-strip line

□

High reflection filmsSeifoc micro lens

Laser

(b) Waveguide type electro-optic modulator OFC generator [16].

Figure 2.2.2 Single external resonant cavity electro-optic modulator OFC generator.
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The advantage of this comb generator is that the envelope extends to a span as wide as 48 nm 

(6.1 THz) at 50 dB. Also, the monolithic OFC generator is compact. However, each sideband 

component of the OFC generator was not observed separately and the comb spacing was not 

measured. Since the measurement of the optical beat signal is more sensitive than the 

measurements by using an optical spectrum analyzer, it is possible to detect and use higher 

order sidebands which have not been observed with the optical spectrum analyzer. In addition, 

the precise control of the length and temperature of the device is required to maintain frequency 

tuning. This method is simple but has the following two main disadvantages: (i) The intensity of 

each modulation sideband is weak and decreases significantly with offset frequency increase, 

and (ii) The extraction of the desired sideband requires sophisticated techniques.

T. Saitoh et al demonstrated a waveguide type EOM OFC generator like Figure 2.2.2(b)

[18]-[22]. This comb generator is composed of two elements, a phase modulator and an optical 

resonator. An optical waveguide working at 1500 nm is used as a phase modulator and an 

optical resonator formed by coating high reflection films on the two end facets of the waveguide. 

The waveguide was made by diffusing Ti into 40 mm long LiNbOg. The FSR and the finesse of 

the optical resonator were measured to be 1.70 GHz and 12, respectively. A micro-strip line was 

formed on the upper surface of the waveguide. By feeding the microwave drive signal to the 

microstrip line, the phase of the light was modulated. By controlling the thickness of the 

microstrip line, the microwave velocity was matched to the velocity of propagation of light. 

This phase modulator was a travelling wave type because only the light co-propagating with the 

microwave signal is modulated. The microwave voltage V for n radian phase modulation was 

7 V. Laser light output from a distributed feedback laser diode with linewidth narrower than 

10 MHz was focused onto the waveguide using two selfoc micro lenses as shown in Figure 

2.2.2(b). The output light was connected to an optical spectrum analyzer to observe the spectral 

profile of the envelope of the generated modulation sidebands. The span of the envelope 

increased with increasing modulation frequency, which was due to the increase of the spacing 

between the modulation sidebands. However, under the condition of constant microwave power, 

further increases in modulation frequency increase the transmission loss and velocity mismatch, 

by which the modulation index and span are decreased. The measured frequency span of the 

envelope, limited by the noise level of the optical spectrum analyzer, was 2.7 THz. One of the 

advantageous properties of this method was that the resonator length did not have to be 

controlled precisely because the modulation index was larger than 2n. Due to this large 

tolerance in a resonator length control, this OFC generator was operated without an active 

temperature control. However, sensitive matching condition between microwave and optical 

wave is a disadvantage.
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A. S. Bell et al have demonstrated a method whereby a second cavity is used to ensure that most 

of the incident laser power is coupled into the OFC generator without degrading the finesse of 

the optical cavity [23]. However, the carrier fi-equency for the OFC generator was provided by a 

single-ffequency Ti:sapphire laser with a short output wavelength of 780 nm. Use of a high- 

finesse cavity and a highly efficient modulator reduced the coupling efficiency of the laser to the 

OFC cavity and then reduced the total power of the generated sidebands, even if the relative 

power transferred to the high-order sidebands is increased in the monolithic OFC generator [13].

J. Ye et al have demonstrated an OFC generator with a span wider than 3 THz using 10.5 GHz 

resonant electro-optic modulator placed inside a resonant optical cavity [24]. The optical 

resonator consisted of three mirrors. Tuning this filter cavity into resonance with a particular 

high-order sideband permits efficient output coupling of the desired sideband power from the 

comb generator, while keeping all other sidebands inside for continued comb generation. 

However, the wavelength, 1.25THz, is not applicable to the third low loss optical window, 

1550 nm wavelength, DWDM networks, and the system is physically large and complex.

Section 2.3 Fibre Based Opticai Frequency Comb Generators

With the rapid development of the doped fibre amplifier, there has been continuous interest in 

various types of doped fibre lasers. Different designs, which have been demonstrated with 

different characteristics and varying results in multiwavelength sources, may find uses in 

component testing and WDM systems [25][26][27][28]. Requirements for this type of source 

include dense line spacing, broad bandwidth, and a flat power spectrum.

Section 2.3.1 Fibre ring acousto-optic modulator OFC generator

A fibre ring acousto-optic modulator (AOM) comb generator shown in Figure 2.3.1, and is 

simply a tapped optical loop containing both amplification and fi-equency translation

[25][29] [30]. The output power from the single master laser source is coupled into the loop, and 

with each round trip is fi*equency-translated by 4^, generating an additional comb line at the 

output. Coupler and other loop losses attenuate the amplitude o f each successive comb line 

generated, so an optical amplifier is used in the loop to recover the amplitude to a level similar 

to that of the preceding comb line allowing the process to be repeated many times to evolve a

Page 60



Chapter 2

comb of optical frequencies separated by Af. The number of comb lines generated is limited 

either by effective loop loss or ultimately by loop bandwidth. For low loop loss the number of 

comb lines can be set by placing an optical filter in the loop.

The synthesizer operation described so far is essentially for cw operation, but it also offers the 

option of a pulsed operation, which is achieved by inserting a delay in the loop and gating the 

input signal with pulse waveform having a pulse width less than or equal to the loop delay. The 

master laser was a long-extemal-cavity semiconductor laser operating at 1500 nm, the optical 

amplifier was a near-travelling-wave semiconductor amplifier, and the frequency translator was 

a 110 MHz AOM. Heterodyne detection was easily achieved by using a 10:1 coupler in the 

frequency synthesizer. Because of the laser amplifiers’ sensitivity to input polarisation, manual 

polarisation controllers PCI and PC2 were used to set the input polarisation states of the first 

and subsequent comb lines, respectively. The number of comb lines depends on the net loop loss. 

With the minimum loop loss of 1.5 dB, at least 25 comb lines have been observed with 3 GHz 

span. Ideally, the amplifier gain should be set to give near-zero loop loss, and then the comb 

spacing would ultimately be set by the optical bandwidth of the feedback loop.

Master Laser

fib r e
combiner

PC,

O p tica l
isoUâorFrequency

translator

PC,

Freq f ,

O p tica l
amplifier

Figure 2.3.1 Fibre ring acousto-optic modulator OFC generator.

In practice, zero loop loss was not experimentally possible, as the amplifier gain was 

insufficient with the bulk optical AOM. In addition to the build-up of spontaneous noise power 

within the feedback loop, unity gain feedback and build-up of signal power could present a 

potential instability problem. The number of comb lines is limited and uniformity of the comb
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lines is poor. Because of the limited frequency shift produced by acousto-optic modulators, the 

main disadvantage is that this comb generator yields a frequency spacing, 110 MHz, that is too 

small for practical DWDM applications.

Section 2.3.2 Fibre ring laser OFC generator

N. K. Park et al have demonstrated simultaneous lasing at up to 24 wavelength in an erbium- 

doped fibre-ring laser using a simple design as shown in Figure 2.3.2 [31]. A polarizer and 

polarization controller (PC) were placed before 4 m of polarization maintaining fibre (PMF), to 

align the incoming wave at a 45° angle with respect to the main axes of the PMF. The erbium- 

doped fibre (EDF) and WDM for the 980 nm pump complete the ring cavity. The cavity of the 

fibre ring laser has a Lyot filtering effect [31] with an FSR of l.lnm . Polarization evolution in 

the loop, in conjunction with the polarizer, is such that lasing at Àq ± N A À , where AÀ is

l.lnm , and Aqand NAÀ are adjusted using the polarization controller. The authors state that

interactions between channels through polarization hole burning [42] in the EDF allow an 

increase in the number of comb lines [31]. However, if the polarization hole burning mechanism 

is to be so exploited the EDF must be cooled to liquid nitrogen temperature. In this 

demonstration, the length of the EDF (19 m of fibre with 2 dB/m peak gain) was chosen for the 

flattest multiwavelength spectrum at this saturation level and operating temperature. The cavity 

loss of the ring was less than 3.5 dB, so that the erbium-doped fibre-ring laser operated in deep 

saturation with increased inhomogeneity. A narrow linewidth of 0.15 nm and SNR more than 

30 dB were achieved over most of the erbium bandwidth. The comb spectrum wavelength and 

spacing were adjustable by changing and adjusting cavity components.

Output

PumpOptical

Polarizer

PC

Figure 2.3.2 Erbium-doped fibre ring laser OFC generator.
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However, this laser uses liquid nitrogen to enhance hole-burning and polarization selectivity, 

which is a disadvantage for WDM applications, since it results in the limitation of the number of 

comb lines. In producing less saturation and less hole burning effect in the EDF, more crosstalk 

between lasing lines will occur. For this reason, it is difficult to produce more than 

11 wavelengths lasing simultaneously.

G. J. Cowle et al have demonstrated a 30 channel comb generation fi-om a multiline 

Brillouin/erbium fibre laser (BEFL) [32][33]. The comb generator as shown in Figure 2.3.3 can 

be operated as a distinctive multiwavelength version of the BEFL which overcomes some of the 

limitations of cascade schemes and produces a 10 GHz spaced comb of over 30 lines. The 

resonator of a BEFL produced a single wavelength when the 200 m SMF, the circulator, the 

reflector, and the 20 m EDF are ignoring and coupled as shown by the dashed line in 

Figure 2.3.3.

980nm
pump

,PumpA/. . .

200m
SM F

Reflector
20m
SM F

BEFL
comb Sm

EDF

directions

CDBrilhuin
pump

50% coupler

Figure 2.3.3 Multiline Brillouin/erbium fibre ring laser OFC generator. 

(SMF: single mode fibre, EDF: erbium-doped fibre, 1,2 and 3: 

circulator ports, P: output).

The SMF section and the mirror made this BEFL operation intrinsically multiwavelength when 

the dashed line ignored. Brillouin gain was generated by each BEFL line in both directions 

which are clockwise and counter clockwise. The configuration gives the advantage of efficient 

utilization of the SMF, which is passed twice by each BEFL line, being both amplified and used 

to pump a next line in both directions, except for the first line, which is generated in the section
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of SMF in the ring. This laser line used to seed the optical comb in the SMF attached to the 

circulator was locked to the laser cavity, with the Brillouin pump being removed in the 

circulator to avoid injection locking. When pumped with both 980 nm and Brillouin pumps, the 

BEFL produced a robust comb of over 30 laser lines separated by approximately 10 GHz at 

1550 nm. The disadvantage of the cascaded BEFL comb generator is the requirement for cavity 

matching to the Brillouin pump frequency for stable operation. Also, the number of comb lines 

is very limited.

S. Yamashita et al have demonstrated bidirectional 10 GHz optical comb generation with an 

intracavity fibre DFB pumped Brillouin/erbium fibre laser as shown in Figure 2.3.4 [34]. An 

Er3+:Yb3+ fibre DFB laser was used as the Brillouin pump, and the DFB laser was integrated 

into the resonator. As a result, a single 980 nm pump source was required to produce the 

Brillouin pump and the BEFL lines. Clockwise and counterclockwise signals from the DFB 

laser generated Brillouin gain at the Stokes frequency, 10.6 GHz, in a SMF in both directions. If 

the Brillouin gain and gain in the EDF overcome the cavity losses, the BEFL operation at the 

Stokes frequency is initiated in both directions. The bidirectional BEFL modes can in turn 

cascade Brillouin gain in both directions, hence multiwavelength and bidirectional lasing can be 

realized. The disadvantage of this comb generator is that the number of comb line is limited to 

10. Adjustment of the centre frequency is not easy. Comb span bandwidth and comb spacing are 

not useful for DWDM applications.

E /\Y b '*  fibre 
DFB laser

coupler

Output
coupler

Figure 2.3.4 Fibre DFB laser pumped Brillouin/erbium fibre ring laser OFC generator 

(CW: clockwise, CCW: counter clockwise).
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Section 2.3.3 Dispersion shifted fibre Mach-Zehnder modulator OFC 

generator

A dispersion shifted fibre Mach-Zehnder modulator OFC generator has been demonstrated as 

shown in Figure 2.3.5 [35][36][37]. Figure 2.3.5 shows an external Mach-Zehnder modulator 

OFC generator which consists of a DFB laser, a Mach-Zehnder modulator, and a length of zero- 

dispersion optical fibre. A lithium niobate Mach-Zehnder modulator was used to generate the 

periodic intensity modulation on the CW light from a DFB laser. The power of intensity 

modulated light was amplified to 60 mW using an EDFA and the light was then coupled to 

31 km of dispersion-shifted fibre. The total output comb span bandwidth was 1.8 THz. However, 

the spectrum is not uniform and the number of comb lines is restricted. Generation of comb 

lines with exact spacing will be unstable as the spectral shape is largely independent of the 

repetition rate. A similar configuration has been used by K. Kitayama et al [36] and G. Sefler 

et al [37] to generate optical pulse trains.

Mach-Zehnder
DFB laser modulator

EDFA

Microwave frequency

Output

Dispersion
shifted
fib re

Figure 2.3.5 Dispersion shifted fibre Mach-Zehnder modulator OFC generator.

Section 2.3.4 Electro-optic modulator fibre ring structure OFC generator

K. S. Abedin et al have demonstrated repetition-rate multiplication in actively mode-locked ring 

structure fibre lasers by higher-order FM mode locking using a high-finesse Fabry-Perot filter as 

shown Figure 2.3.6 [38]. The fibre ring laser consisted of an erbium fibre, a phase modulator, a 

high finesse FP filter, an isolator, and an output coupler. The repetition rate of the output pulses 

from active mode-locked lasers is equal to the frequency at which modulation is performed, and 

is therefore practically limited by the highest frequency of modulators. The mode-locking 

scheme is based on the generation of higher-order FM sidebands by an intracavity phase 

modulator and periodic selection of the sidebands at spacings determined by the FSR of an 

intracavity FP filter, which is a harmonic of the modulation frequency. This fibre ring laser 

showed the generation of an equal amplitude, equally spaced, pulse train at repetition
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frequencies several times of the RF frequency. An integral multiple of the modulation frequency 

/%,, which is also a harmonic of the longitudinal cavity mode spacing, was chosen as the FSR

of the FP filter. This fibre ring laser generated pulse trains as well as comb lines, with spacing of 

a few hundred megahertz or a few gigahertz. However, the number of comb lines was limited 

and repetition-rate multiplication was a sophisticated operation as well as changing the comb 

spacing.

Iso la to r  Iso la tor

B a n d p a ss  F ilte r

F abry-P ero t F ilter

^  A 1
m m m I

#3
FSR--

C on tro ller

— #-

P olariza tion
C on tro ller

c
c

O scilla tor R F  A m p lifie r  

fm C ou p le r

C om b
O u tp u t

#2  ------1------ n \

P hase M o d u la to r

Figure 2.3.6 Repetition-rate multiplication mode-locked fibre laser 

electro-optic modulator OFC generator.

K. Ho and J. Kahn have proposed a model of an EOM fibre ring structure OFC generator as 

shown in Figure 2.3.7(a) [39]. The basic concept is to place a phase modulator within a 

circulating loop, so that the phase modulation is enhanced by multiple passes of light through 

the modulator. The loop includes an optical amplifier to very nearly compensate for the round- 

trip loss. The number of comb frequencies also depends on the accuracy with which the loop is 

locked in resonance with the input light. This scheme could generate a comb with more than 

500 frequencies. However, in this model, accurate optical injection frequency, phase modulation 

frequency, and infinitely flat gain spectrum were assumed. Both gain spectral shape and spectral 

hole burning were not taken into account.

This scheme was first demonstrated practically by S. Bennett et al using a fibre ring structure 

with an EOM phase modulator at UCL as shown Figure 2.3.7(b) [28]. This OFC generator was 

all fibre, offering exact referencing to an arbitrary supplied reference frequency and tuneable
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microwave frequency comb line spacing. Comb generation was achieved by successive phase 

modulation of the laser reference line in an amplified re-circulating loop. The resulting optical 

comb had a spacing determined by the frequency applied to the phase modulator and absolute 

frequencies determined by the reference laser. For precise channel definition the reference laser 

could be stabilised to an atomic or molecular line using the optogalvanic effect.

Frequency Comb Output

Input (W j

(a)

980nm  
Pum p

E r
D oped
Fibre

Polarisation
Controller

Isolator

Phase M odulatorR F  Source

3dB  Coupler

C om b O utputR eference Laser In pu t

(b)

Figure 2.3.7 Electro-optic modulator fibre ring OFC generator (a) Schematic diagram of EOM 

fibre ring OFC structure (b) Demonstrated structure o f EOM fibre ring OFC generator 

(LD: laser diode, RTF: reference, OA: optical amplifier, PD: photo-detector).

The centre wavelength was set using an external cavity tuneable laser diode. The erbium doped 

fibre had a length of approximately 3 m and was pumped at 980 nm. The total length of the loop
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was about 10 m. The comb line spacing was set using a low phase noise synthesised microwave 

source via a power amplifier giving an output power o f 24 dBm. This drove a high-speed 

LiNbOa travelling-wave phase modulator with a o f around 4.7 V. For output spectra 

measurement the modulation frequency applied to the phase modulator and hence the comb-line 

spacing was ~18 GHz, chosen to enable resolution on an optical spectrum analyser. An optical 

comb was observed for all reference wavelengths within the erbium gain bandwidth.

To generate the maximum number o f comb-lines, the modulation fi-equency applied to the phase 

modulator should be a harmonic o f the round trip frequency o f the fibre loop, ~10 MHz. As the 

reference laser approached the longer wavelength side o f the 1530 nm erbium gain peak there 

was also an increase in the number of comb-lines generated. With a reference laser wavelength 

o f 1532 nm, 71 comb lines were observed within a 40 dB envelope, corresponding to a comb 

spectrum width of 1.28 THz. To measure accurately the comb-line spacing, the output o f the 

comb generator was detected using a high-speed photodetector and the resulting beat signal 

observed using a microwave spectrum corresponding exactly with the fi-equency o f modulation 

applied to the phase modulator. Optical and electrical beat spectra were also measured for 

comb-line spacings from 2 to 25 GHz, with the upper fi-equency limited by the bandwidth o f the 

phase modulator. The main disadvantage is that this comb generator has limited comb-line 

number and comb span because o f dependence on the round-trip time in practice. In addition, 

the SNR is much higher than in a non-fibre ring structure due to the added noise in every round 

trip.

Section 2.4 Mode-Locked Semiconductor Laser Optical 
Frequency Comb Generators

The active mode-locked laser applied to the generation o f ultrashort pulses also has potential 

use as an OFC generator [40][41]. M. Teshima et al demonstrated an accurate frequency control 

scheme for active mode-locked laser diodes (ML-LD) that uses injection locking, and absolute 

frequency measurement of a stabilized laser locked to molecular absorption lines by using an 

injection-locked mode-locked laser as shown in Figure 2.4.1 [40]. The ML-LD was a monolithic 

strained InGaAsP MQW laser with an electro-absorption modulator and an active section. The 

total length of the ML-LD, including the electro-absorption modulator length o f 75 |Lun, was 

1656 pm, so the FSR of the laser was 25 GHz. The facet o f the modulation section was coated 

with a high-reflection film (reflectivity, R=95 %), and that o f  the gain section was cleaved
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(R=30 %). The reference light from the tuneable laser was injected into the ML-LD via a 

polarization-maintaining optical circulator. The reference light used for the master laser was 

produced by a CW tuneable laser source with ~100 kHz spectrum linewidth and less than 

± 100 MHz stability over at a multiple o f the FSR of 25 GHz, by a wavelength meter with 

± 3 0  MHz accuracy. The RF signal, a sinusoidal voltage at exactly 25 GHz, was superimposed 

upon the reverse bias voltage via a bias-T and applied to the electro-absorption modulator 

region. The circulator output was used in a subsequent experiment. This comb generator 

produced 121 comb lines over a 3 THz comb span bandwidth. The power level o f each line in 

the EDFA flat gain range, typically 192.1-194.1 THz, was above -33 dBm. The envelope 

profile slope was -28  dB/THz. Narrow linewidth light injection can reduce the phase noise and 

control the absolute frequency of the injected comb lines o f the ML-LD. The individual comb 

lines of the injected mode-locked laser were exact multiples o f the modulation frequency of 

25 GHz anchored at 193.1 THz, and their linewidth and phase noise were reduced to those of 

the injection light. One of the disadvantages o f this comb generator is that the number of comb 

lines and comb span are limited due to the fixed round-trip time o f  the laser cavity. Due to the 

mode-locking characteristics, tuning of the comb spacing is limited.

ML-LD
CirculatorBias-T

Output

-26 dBm

20.7 dBm

25 GHz

ATT

Voiatge Source
Synthesizer

Tunable laser

Figure 2.4.1 Injection mode-locked semiconductor laser OFC generator

(ATT: attenuator).

A multiwavelength light source with precise optical frequency spacing created by extracting an 

individual mode of active mode-locked laser and an arrayed waveguide grating (AWG) filter 

was demonstrated by H. Sanjoh et al. as shown in Figure 2.4.2 [41]. The wavelength standard 

light source was realized by offset locking a DFB laser to a '^C2H2 absorption line. The 

feedback system comprised an acetylene ('^C2H2) gas cell, photodetector, lock-in amplifier and
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an electrical oscillator for the amplitude modulation of the DFB laser. The optical frequency of 

the standard light source was 193.4 THz which was in one o f the WDM grids. '^C2H2 gas has an 

absorption line at the wavelength of 193.3924 THz, which is different from the standard by

7.6 GHz. The optical frequency of the DFB laser was set to the standard by locking the intensity 

modulation sideband to the absorption line, where the DFB laser was frequency modulated at

7.6 GHz.

Lock-in ompUJier D C  current

" C ,H , Gas cet! D FB taser

(a)

DC

J l

semiconductor  
mode-locked  laser (a)

►

A W G  fi lter

mul t ichannel
optical

f requency
output

(b)

Figure 2.4.2 Mode-locked semiconductor and array wave grating filter OFC generator

(a) Experimental setup for the semiconductor mode-locked laser (b) Schematic diagram of the

multiwavelength light source.

The frequency of the intensity modulation of the DFB laser was 20 kHz (its frequency deviation 

is 4-/120 MHz) to detect the deviation of the sideband frequency from the absorption line using 

the lock-in amplifier. The detected error frequency deviation was fed back negatively to the 

DFB laser to stabilize the laser frequency. The cavity resonance frequency was set to 50 GHz by 

careful adjustment of the cavity length. A 25 GHz electrical sinusoidal signal was added to the 

modulator region. The optical frequencies of the outputs were precisely spaced by 100 GHz, 

corresponding to the WDM optical frequency grids. The output light from each channel of the
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AWG filter had single-mode spectra, and the side mode suppression ratio is larger than 17 dB 

for 11 channels. However, the mode-locked laser had the inherent difficulty o f the fixed round 

trip time due to the fixed cavity length. Also, comb spacing could not be adjusted. Channel 

selection was also difficult because o f the physical AWG filter.

Table 2.4.1 shows a comparison o f long wavelength OFC generators made in terms o f centre 

wavelength, comb span, number o f comb lines, comb spectrum flatness, tuneability, and system 

complexity including peak power values. The centre operating wavelength o f all comb 

generators described in Table 2.4.1 is approximately 1550 nm, which is useful for 1550nm 

DWDM applications. FP interferometric OFC generators [12][16] produce large number of 

comb lines with a few THz comb span, but comb spacing is not adjustable. The comb generator 

is not tuneable. Fibre ring laser OFC generators [31][32][33][34] [35][36][37] generate 

10-64 GHz comb spacings, but the number of comb lines is limited to -3 0  lines. Tuning of 

wavelength and comb spacing is difficult due to the fixed fibre length. Also, fibre ring laser 

OFC generator systems are very complex and high cost. The EOM fibre ring OFC generator 

[28], which produces approximately 100 lines with -1 9  GHz comb spacings, is useful for 

DWDM applications. However, tuning o f the comb generator requires changing the length of 

fibre ring and the total comb bandwidth is limited by EDFA bandwidth. In addition, the EOM 

fibre ring OFC generator is complex to develop. Mode-locked laser OFC generators [3 8 ] [39] 

are tuneable, and produce large number of comb lines with a few THz comb span. Comb 

spacings o f 25 GHz are applicable for DWDM applications, but the number o f  comb lines is 

inherently limited due to the mode locking technique used and very difficult to fabricate 

monolithically integrated structure.

Therefore, the InGaAsP MQW QCSE FM laser comb generator producing large number of 

comb lines with useful comb spacing for DWDM applications has been demonstrated in this 

thesis. This system could be used as the basis o f a monolithically integrated comb generators, its 

simplicity and low cost, made it suitable for metropolitan DWDM networks.
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Table 2.4.1 A comparison table o f  long wavelength OFC generators.

Comb
generators

Centre
Wavelength

Number 
of Comb 

Lines

Comb
Spacing

Total
Comb
Span

Flatness Peak
Power

Tuneability System
Complexity

Multifrequency 
laser OFC 
generator [5] 
/Figure 2.1.2

1515nm 18 lines 103GHz 
fixed spacing

1.8THZ +/-3dB -2dBm
-14.6
dBm/
channel

Not
tuneable

Simple

Monolithic 
integrated 
LiNbOs electro
optic OFC 
generator [12] 
/Figure 2.2.2(a)

1539nm 1,000
lines

Not
measured

6.1 THz 
(48nm)

+/-25dB 
over total 
comb 
span

-50dB Not
tuneable

Simple

Waveguide type 
EOM OFC 
generator [16]/ 
Figure 2.2.2(b)

1560nm 450-
1,000
lines

~6GHz 
fixed spacing

2.7THZ Slope o f 
the comb 
envelope 
is
20dB/THz

-40dBm Not
tuneable

Simple

Fibre ring AOM 
OFC generator 
[25][29][30]/ 
Figure 2.3.1

ISOOnm 25 lines Not reported -4GHz 30dB over
comb
span

Not
reported

Not
tuneable

Complex

Erbium-doped 
fibre ring laser 
OFC generator 
[31]/Figure 2.3.2

1550nm 24 lines - l .ln m  
spacing 
depends on 
the PMF 
length

27nm +/-5dB 
over comb 
span

-15dBm Not
tuneable

Complex

Brillouin/erbium 
fibre ring laser 
OFC generator 
[32][33]/
Figure 2.3.3

1557nm 30 lines lOGHz 
fixed spacing

300GHz Not
reported

Not
reported

Not
tuneable

Complex

Fibre
Brillouin/erbium 
fibre ring laser 
OFC generator 
[34]/
Figure 2.3.4

1549nm 8 lines 10.6GHz -In m 15dB 
difference 
between 
the first 
comb and 
the last 
one

-32dBm Not
tuneable

Complex

Dispersion 
shifted fibre 
Mach-Zeehnder 
modulator 
[35][36][37]/ 
Figure 2.3.5

1551nm 32 lines ~64GHz 
fixed spacing

1.8THZ +/-15dB 
over comb 
span

-15dBm Not
tuneable

Complex

Repetition-rate 
multiplication 
mode-locked 
fibre laser EOM 
OFC generator 
[38]/Figure 2.3.6

1564nm Not
reported

spacing 
depends on

fm  >

869MHz
-3.477GHz

0.85nm Not
reported

Not
reported

Not
tuneable

Complex

Phase modulator 
fibre ring OFC 
generator [28]/ 
Figure 2.3.7

1532nm 100 lines 2-25GHZ
comb
spacing
depends on
modulation
frequency

lOnm 20dB 
difference 
between 
peak and 
the last 
comb

-5dBm Tuneable Complex

Injection mode- 
locked
semiconductor 
laser OFC 
generator [40]/ 
Figure 2.4.1

193.1THZ 120 lines 25GHz 
adjusting 
spacing is 
limited by 
mode-
locking range

3THz Very flat
within
ITHz
band
Envelope
slope is -
28dB/THz

-lldB m Not
tuneable

Simple

Mode-locked 
semiconductor 
and AWG filter 
OFC generator 
[41]/
Figure 2.4.2

193.4THZ 16 lines —25GHz 
modulation 
adjusting 
spacing is 
limited by 
mode-
locking range

2THz 17dB over 
11 comb 
lines

OdBm Tuneable, 
but AWG 
filter was 
set by 
waveguide 
length

Not too 
conplex

Page 72



Chapter 2

Section 2.5 Conclusion

Several OFC generator structures were reviewed. FP interferometric OFC generators produce 

very large number o f comb lines with a wide span. All FP interferometric OFC generators are 

not tuneable and have very small comb spacing, less than 6  GHz which is suitable for 1550 nm 

DWDM applications having a 50 GHz channel spacing. Fibre ring electro-optic modulator OFC 

generators have limited total comb span because o f phase modulator bandwidth and the erbium 

gain window. Furthermore, a mode-locked semiconductor comb generator is limited in the 

number o f comb lines and comb span. Tuning o f comb spacing is also limited because o f the 

mode-locking characteristics. The InGaAsP MQW QCSE FM laser comb generator can be a 

very simple structure as well as monolithic integration with other WDM components such as 

lasers, waveguide gratings, filters and couplers. It is a potential low cost comb generator for 

metropolitan DWDM networks.
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Chapter 3

The Theory of InGaAsP/lnP MQW QCSE Multichannel 

Source and Optical Frequency Generation using MQW 

QCSE Tuned Semiconductor FM Laser

In this chapter, the theoretical background of the QCSE tuned multichannel source and 

semiconductor QCSE FM laser operation will be described using the external cavity laser theory.

In Section 3.1, the static theory o f the external cavity QCSE tuned multichannel source will be 

described. Firstly, semiconductor lasers with external feedback will be analyzed in Section 3.1.1. 

The theory o f coupled cavity semiconductor lasers will be described in Section 3.1.2. The static 

feedback regimes for external cavity semiconductor laser will be mentioned in Section 3.1.3 

followed by the static theory o f MQW QCSE tuned laser in Section 3.1.4. Secondly, theoretical 

background o f semiconductor FM laser operation will be provided in Section 3.2. FM coupled 

mode analysis and the Bessel function model of FM laser operation are explained in Section 

3.2.1 and Section 3.2.2, respectively. In Section 3.2.3, the theory o f external cavity 

semiconductor FM laser will be described. Next, characteristics o f FM laser operation will be 

discussed in Section 3.3 including modulation index, spectral characteristics, time domain 

characteristics, operating regions o f FM laser operation, and FM spectrum bandwidth limitation 

o f the external cavity semiconductor FM lasers. In Section 3.4, the theory o f  InGaAsP/InP 

MQW QCSE tuned laser and optical comb generation using semiconductor FM laser operation 

will be analysed involving refractive index change o f InGaAsP/InP MQW. The FM response of 

QCSE FM laser will be described in Section 3.4.2. Finally, Section 3.5 presents conclusions 

derived from the analysis.
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Section 3.1 Theory of External Cavity InGaAsP MQW QCSE 

Tuned Multichannel Source

Parasitic reflections lead to weak unwanted external optical feedback in optical communication 

systems. This significantly affects the performance o f semiconductor lasers [1][2][3][4][5][6]. 

Therefore, the weak feedback laser will be considered to start describing the theory o f external 

cavity laser in this section. Another approach is to use strong external optical feedback effect for 

tuning lasers in wavelength tuneable coupled cavity laser [7] [8 ] [9] [10]. Tuning o f the external 

multiple cavity tuneable lasers is achieved by altering the optical feedback wavelength

[11][12][13]. The tuning can be described in each individual resonator, which is considered as a 

single cavity, because the tuning obtained discontinuously selects modes.

In this section, a semiconductor laser with external feedback will be analyzed in the first section 

and a coupled cavity external cavity laser in Section 3.1.2. Finally, the theory o f QCSE tuned 

external cavity laser will be described in Section 3.1.3.

Section 3.1.1 Semiconductor iasers with externai optical feedback

In this section, the weak feedback case will be described using the rate equations. The field 

equation for the laser including feedback effect [14] [15] [16] is

^  = /(û?o -  0)th )E{t)  + \ ( G -  / ) ( !  -  iPc )E{t)  +  kE{t -  r ) exp(/û?o^) ( 3 1 1 )
at ^

where û)q is the mode frequency in the presence o f feedback whereas is the mode

frequency of the gain laser operating near threshold. G is the gain and y  is the photon decay

rate. P q is the linewidth enhancement factor, k is the wave number, r is the round trip time.

The last term o f Equation (3.1.1) accounts for the reflection feedback. The field after reflection 

during each round trip [16] is

E ( t )  =  ( R „ Ÿ ' ‘̂ E (t)  + { \ - R „ ) ( f e x t ) ^ ' ^ E ( t - T ) & i . W 6 )  (31.2)

where is the facet reflectivity, is the fi-action o f output power reflected back into 

the laser cavity, r  is the external cavity round trip time, and 6  =  coqt is the phase shift that
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occurs during a single round trip. Multiple reflections in the external cavity are neglected since 

fex t  «  1 for the case o f weak feedback. The coefficient k is

k = fext  

\  J

1/2
(3.1.3)

where is the laser cavity round trip time and the feedback fraction includes all

coupling, absorption, and diffraction losses that may occur during the round trip in the external 

cavity given by

f e x t = n c  e x p ( -2 a y L y )/? y (3.1.4)

in the case o f reflections occurring at the far end o f a fibre o f length Ly , where tĵ . is the 

power coupling efficiency, a y  is the absorption coefficient, and ^ y  is the reflectivity o f the

fibre air interface. The rate equations for the amplitude and phase o f the intra-cavity field can be 

obtained using Equation (3.1.1). Figure 3.1.1 shows the feedback fraction as a function o f the 

length o f reflection mirror end such as fibre. The feedback fraction changes along the length of 

external cavity mirror from 100 m long. The reflectivity o f the far end mirror is assumed to be 

that o f the fibre air interface which is only 4 % and this calculation shows that there is a very 

small feedback fraction in short external cavity which is less than 100 m as shown in 

Figure 3.1.1.

The modified rate equations for this case in terms o f the photon populations P  and the carrier 

populations A/and the optical phase <j> [16] are

P  = (G -  r )P { t )  + Rsp + lk [P { t )P { t  -  r ) f  '  ̂  cos[6 0oT + <!>{t) -  (pit -  t)]-sp (3.1.5)

A/ =  —  “  G P(/)
<3

(3.1.6)

(p =  (coQ -coth)-^^PiG-y)-k P j t - T )
P i t)

1/2
Sw\ cOqT-\-(p i t ) - ( p i t - T ) \  (3.1.7)
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where the spontaneous emission contribution has been included through R^p . I  = wLJ

where w  and L are width and length of active cavity and J  is the current density o f active 

region, q is the magnitude o f electron charge, is the carrier recombination rate.

10"

wA
"S

 0.5
IĈ

-7
10

100010 100 10 10

length of reflection nirror (m)

Figure 3.1.1 Feedback fraction, as a function of the length o f  fibre before the reflection

mirror ( =20%, Ry  =4%, and values of a y  are 5, 1, 0.5, and 0.1, which are marked as

dashed lines and solid line).

The effect of reflection feedback is included through the parameter k given by Equation (3.1.3). 

When /:=0, the rate equations will be that of the single mode rate equations o f a solitary laser 

without weak optical feedback. The difference-differential form of the modified rate equations 

implies that the external reflection feedback would affect significantly the dynamic behavior of 

a semiconductor laser.

In the steady state, the requirement of minimum amount o f external feedback influencing 

significant performance variation for the laser [16] is

fex t  ’ fex t fext (3.1.8)
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where = A v , Av is the longitudinal mode spacing and i s f  is the linewidth o f the

solitary laser. The smaller the right-hand side the more sensitive is the laser to external 

reflections. Short cavity lasers are more sensitive because Tj  ̂ is smaller and reflection 

sensitivity increases due to increase o f the output power.

The steady state behaviour o f a semiconductor laser can be analyzed using the rate equations 

assuming P, A^and ^ are time independent and neglecting R ^p. When A=0, the solution [16]

is

G = y  ûJQ=û)th P  = ( I - I t h ) l q y  (3.1.9)

where the threshold current 1 = q y e ^  • The threshold gain difference AG and the 

frequency shift A<y [16] are given by

tiX j = G — G = —2k cos{coqt) (3.1.10)

Aû) = -G)th = k[sm{(OQT)-{- Pc  cos(û>o^)]- (3.1.11)

The gain change A G / k versus frequency change Aû)Ik  o f the laser with external optical 

feedback based on Equation (3.1.10) and (3.1.11) is shown in Figure 3.1.2 with the round trip 

phase shift, 9  = C0{̂ t as a continuous parameter from 0° to 360°. In Figure 3.1.2, the

maximum frequency change A colk  is enlarged by increasing the linewidth enhancement 

factor P c . The corresponding output power is given by

P ^ { I - I t h ) l [ q { y  + AG)] .  (3.1.12)

The output power with feedback depends on whether AG is positive or negative. A single 

solution is obtained when the feedback parameter [16] [19]

C  = k T ( \ - \ -p }Ÿ ' '^  < \ .  (3.1.13)

The value o f C depends on both the feedback fraction and the external cavity length.

Page 81



Chapter 3

r = / 2 .  In the case o f C<1 the output power P  and the frequency shift Aty can be

changed by changing r through variations in the external cavity length. The parametric 

variation results in the Aru -  AG plane as shown in Figure 3.1.2.

12

Aty/A 0

-4

- 1 2
-2  - 1.5

l in e w id th  e n h a n c e m e n t  fa c to r

360°

- 0.5  0  0.5  1 1.5 2

à G / k

Figure 3.1.2 AG / k vs. Ary / k plane curve for steady states under external feedback.

When C > 1, the external cavity modes and dominant longitudinal modes o f the solitary laser 

appear together, as shown in Figure 3.1.3. The frequency difference A<y between the two

adjacent modes is defined by — or the longitudinal mode spacing o f the external cavity [17].
r

The number and amplitudes of feedback induced external cavity modes depend on the external 

cavity length and the feedback fraction. The feedback parameter as a function of the position of 

reflection mirror end is shown in Figure 3.1.4. The feedback parameter C »  1 for the far end 

fibre length of Im to 1 0 0  km and far end reflection which can generate additional external 

cavity modes [16] [18].
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(b) Main mode and an external cavity mode from reflection feedback

Figure 3.1.3 Measured cavity modes using heterodyne measurement system 

(The external feedback mode spacing is 11.92 GHz, which is 1.26 cm length. 

Resolution bandwidth = 500 kHz).
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Figure 3.1.4 Feedback parameter as a function of the length of reflection mirror end 

(Losses dB/km are marked from 5 to 0.1).

The theory of a coupled FP cavity semiconductor lasers will be described in Section 3.1.2.

Section 3.1.2 Coupled cavity semiconductor lasers

For the case of strong feedback, the effect of feedback from the external cavity can be modelled 

through an effective wavelength dependent reflectivity of the facet facing the external cavity

[9][16][19]. As a result, the cavity loss is different for different FP modes of the laser cavity. In 

general, the loss profile is periodic and the selected mode is the FP mode that has the lowest 

losses [16][19]. The power of the side modes is typically 20-30 dB below that of the main mode 

occurring in the vicinity of the gain peak [16]. In this section, an active-passive coupled cavity 

which is similar to the experimental arrangement used in this thesis will be considered. A 

theoretical analysis of coupled cavity semiconductor lasers requires simultaneous consideration 

of the gain and loss in the two cavities after taking into account their mutual optical feedback

[19][20]. Figure 3.1.5 shows an external cavity laser and equivalent cavity with effective mirror 

to model the external section. The effective reflectivity, , is defined as
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' • £ # = ' • 2  +
l - r ;  , 3  e'^-'^P^P

(3.1.14)

where r \,  ri and are the reflectivities at the first, second and third mirror, t2 is the 

transmission at the second mirror. 2  P p  • Lp  is the round trip phase o f the passive section.

'*1

P a

''2

'eff

' • 3

Figure 3.1.5 External cavity laser and equivalent cavity with effective mirror to model the

external cavity.

A complex coupling parameter for a coupled cavity laser [16] is

Cp = C exp(W )= (3.1.15)

where C governs the strength o f mutual coupling and 0  is the coupling phase. S is the 

scattering matrix for the fields in the two cavities.

The threshold gain o f the external cavity laser [19] is

n - r,# 1. (3 . 1. 16)
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where (û /)^  is the internal modal loss in the gain region. The threshold condition for the

round-trip phase should be specified to complete the model. The mode suppression ratio, 

defined as the ratio o f the power in the main mode to that o f the most intense side modes [2 1 ], 

can be written in the form

Aa + TAp
MSR = \ + ----------------------------------------------------------------------------------------------------- (3.1.17)

where Aa is the threshold gain margin, F is the confinement factor, Ag is the gain roll-off

from its peak, and â \  + is the total mode gain for the lowest-loss mode. J  is a small 

dimensionless number and decreases with an increase in the main mode power, typically 

(5 = 5  X10”  ̂ at a power level o f few mW [16].

The condition an for the round trip phase is

IpaL a  -  (3.1.18)

where | • . Equation (3.1.18) can be rewritten

dpa^a =ndm  (3.1.19)

after derivation of all frequency variables. When i//w =1, the mode spacing is determined and

d p a =  ------------ ■ (3.1.20)
Lq — -j d^ejf ! ̂ Pa

The cavity length includes the active section length and the effective mirror phase changes with 

frequency. The effective length should be considered as

( '- '- 'I)
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The mode spacing can be defined in terms o f wavelength or in terms o f frequency. The mode 

spacing can be defined as

where ng - n  - ?JdnldX and dpp  IdPa=rigp Iriga [19]. When the interface = 0 and

is positive and real, then = - i p p L p  and L q̂ - L p  which can be varied

depending on the slope o f the phase. The magnitude o f the reflectivity o f this mirror cavity will 

provide a filtering effect on the cavity modes. The modes with the lowest loss or highest mirror 

reflectivity will be selected first. Thus, such a second section can be used to filter out unwanted 

modes. There is usually some loss both in traversing the passive cavity and in coupling back 

into the active section and generally The length o f the external cavity determines the

modes selected. The periodic loss modulation will combine with the gain roll-off to provide a 

single net gain maximum where the nearest axial mode will be selected [15] [16] [19].

Section 3.1.3 Regimes of static feedback in external cavity semiconductor 
iasers

The theory o f semiconductor lasers with feedback for the weak feedback case was described in 

Section 3.1.1 and that for strong feedback in Section 3.1.2. In Figure 3.1.6, the operating regime 

dependence on the feedback level and the distance o f the feedback mirror is illustrated. Static 

coherent collapse effect has been reported [6 ] [15].

In [6 ], five operating regimes are defined depending on the feedback level. In regime I, 

narrowing or broadening o f the emission line is observed depending on the feedback phase at 

the lowest levels o f feedback which is approximately less than < -8 0  dB where C < 1. In 

regime II, the optical frequency is multi mode and broadening and rapid mode hopping is 

observed where fext"^ -45 dB and depending on the distance o f the external mirror. As the 

feedback is increased further, the mode hopping is suppressed and the laser is observed as a 

single mode operation between -45 dB < fext*^ -39 dB. In regime IV, satellites modes, 

separated from the main mode by the relaxation oscillation frequency appear. These grow as the 

feedback increases and the laser line eventually broadens to as much as 50 GHz giving 

coherence collapse.
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Figure 3.1 . 6  Five feedback regimes o f external feedback lasers.

Figure 3.1.7 shows the measured coherence collapse o f a short external cavity laser measured 

using an optical spectrum analyzer. The laser operates in a single mode at feedback level over 

- 6  dB. When the feedback level is decreased using an optical attenuator to below -12  dB, the 

single mode disappears, the line is broadened and coherence collapse occurs. Using the FP 

interferometer system a mode is visible within the FSR at higher feedback level when it is 

single mode, but this disappeared as the feedback level decreased to -12  dB. In regime V, 

extended cavity operation with a narrow linewidth is observed at the highest levels o f feedback 

which is typically over -10  dB. To reach this feedback level antireflection coating o f the laser 

facet is required. The laser operates as a long cavity laser with a short gain region. The laser 

operates on a single longitudinal mode with narrow linewidth i f  there is sufficient frequency 

selectivity in the cavity for all phases o f the feedback. For design o f the external cavity laser in 

this thesis, antireflection coating is required on the interface mirrors to make a coupled cavity 

between the mirror o f gain laser and DBR in a QCSE modulator and to get high feedback power. 

Then the laser should be operated in regime V as a single mode laser.
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Figure 3.1.7 Measured coherence collapse o f InGaAsP/InP external cavity laser using optical

spectrum analyzer.

Section 3.1.4 Theory of MQW QCSE tuned lasers

The QCSE tuned semiconductor laser has a gain section and a modulation section which are 

isolated electrically because the gain section is pumped by a constant injection current to give 

the gain required in the external cavity laser and reverse bias voltage is applied to the 

modulation section. The isolation is achieved simply by using an air gap between gain section 

and modulation section in the arrangement of external cavity laser. The modulation section is a 

PIN structure QCSE optical modulator which is tuned by reverse bias voltage to give an electric 

field through the MQW. The results o f QCSE shows refractive index change and this refractive 

index change gives wavelength shift o f the external cavity laser. Figure 3.1.8 shows the basic 

structure of the QCSE tuned laser including a gain section and a passive modulation section.

Using tuneable laser theory, the wavelength tuning performance is defined by

A

FA/zZ, I

^ga^a ^gp^p
(3.1.23)

Page 89



Chapter 3

where A« is the refractive index change due to QCSE and and rigp are the group

indices of gain and modulation section including the frequency dependence. From Equation 

(3.1.23), it is clear that wavelength tuning is proportional to the refractive index change and the 

modulation section length in case of continuous tuning. The maximum tuning range o f the FP 

cavity laser is defined by the mode spacing as shown in Equation (3.1.22).

c r
gain section

. .  ^

tuning section

Figure 3.1 .8  Basic structure o f the QCSE tuned laser.

DBR

The confinement factor of ridge guide MQW active region is denoted by

^MQW =r N ad a

^a^a
(3.1.24)

where

 2  2

r  = 2)T^(Nada+Nt,di,)^  ^  and
A0

(3.1.25)

— _ ^a^aMa ^b^bMb 

^ a  ^b^b
(3.1.26)

Na and iV/, are the number of wells and barriers [2 2 ]. da and d[y are the thicknesses of 

the active and barrier layers. /Ua ///, are refractive indices o f the layers. The insertion

loss o f the tuning section is the ratio between the output power and the input power in a log 

scale.
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The insertion loss can be described by

Loss = -\O^YJ^Q^r A a (3.1.27)

where A a  is absorption change due to the induced filed . Using Equation (3.1.22) the 

wavelength shift o f a two section QCSE tuneable laser is

z  r . -  L ,  (3.1.28)AQ AMgjZg + ^gp^eff ) y^ga^a )

where Aq is the oscillation wavelength. If the interface between mirrors is very good which 

means ^  = 0  by antireflection coating, L ^ ^ = L p  and the term can be denoted by

2
A n L p ^ ^  (3.1.29)

which means a half wavelength change o f the oscillation wavelength needed to produce the 

maximum continuous tuning over a mode space. If the gain section and the modulation section 

are on same waveguide, the required modulation section length can be determined fi-om

In the coupled cavity QCSE tuned laser internal cavity modes can be selected by tuning the 

fimdamental external cavity mode to a subharmonic o f the internal cavity mode. The change in 

the optical length o f the external cavity required to produce a wavelength jump o f number o f k 

modes is

^ P  I - ! —- n  ~ (3.1.30)

where and Lp  are the optical path length o f the gain section and that o f the external

cavity when Lp  > Z g , Ag is the emission wavelength for A: at 0 , /z is the largest integer less

than {kLp /Z ^ ) , /Sf is the frequency shift, and c is the speed o f ligh t. Using a model o f the

refractive index change due to QCSE [23] [24], the refractive index change as a function of  

applied electric field is shown in Figure 3.1.9. When the electric field applied 20 kV/cm the
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refractive index is changed. At 30 kV/cm, the refractive index uniformly varies depending on 

the wavelength detuning.

0J3
eA

1 0

w a v e le n g th  d e tu n in g

10nm  
1 5nm 

20nm 
25nm 

30nm

/  /
■3

10
80 1 0 00 20 4 0 6 0

appl i ed  electr ic field (kV/cm)

Figure 3.1.9 Modelled refractive index change as a function o f applied electric field.

The theory of InGaAsP/InP MQW QCSE and their modulation effect will be described in 

Section 3.4. The phase shift length and the insertion loss as a function of the detuning 

wavelength and refractive index change due to InGaAsP/InP MQW QCSE will be analyzed in 

Section 3.4.

Section 3.2 Analysis of Semiconductor FM Laser Operation

The output of mode locking lasers are short pulses. A different form o f constant-amplitude but 

frequency-swept type o f operation usually referred to as FM laser operation can occur 

depending upon details o f how the phase modulator is tuned. This FM laser operation occurs 

when the modulation frequency is detuned by a small amount, usually 1 %, from the exact

axial mode spacing co , which depends on the cavity length of the laser [25][26][27] [28][29].
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This FM laser mode of operation is analyzed and modelled in this section.

Earlier He-Ne FM laser or cw Nd:YAG FM lasers were operated with an intracavity electro

optic phase modulator such as KDP or LiNbOg crystal [25] [26] [27] [28]. Examination of the 

laser output with a fast photodiode will then showed that the output was not mode-locked pulses 

but frequency sweep. Instead the laser output amplitude appeared to be essentially constant, as 

if  the laser were running in a single axial mode. These spectra were similar to the spectral 

distribution of a pure phase or frequency-modulated signal, but with a phase modulation index F 

that is very much larger than the single-pass modulation index o f the intracavity 

modulation. This index F also depended sensitively on the detuning of the modulation 

frequency co  ̂ from the axial mode spacing, or one o f its harmonics, as will be described in

next section. A generalized schematic diagram of an external cavity semiconductor FM laser is 

illustrated in Figure 3.2.1. FM laser operation is achieved by means o f phase modulation of the 

QCSE modulator with DBR mirror.

gain laser

Vq c o s  co^t

DBR  
mirror

QCSE phase modulator

loss line

FM laser spectrum

too

optical frequency

Figure 3.2.1 A generalized schematic diagram of semiconductor FM laser operation.

The resulting laser oscillation consists of a set o f modes which have near Bessel function 

amplitudes and FM phases, and has a sweep frequency equal to the modulation frequency. The
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effect o f the intracavity phase modulation is to associate a set o f FM sidebands with each o f the 

previously free running laser modes.

Section 3.2.1 FM coupled-mode analysis

To show FM laser operation analytically, the basic coupled-mode equations for an FM- 

modulated laser cavity [26] is given by

dEnit) , 
dt (0  = 7 ̂  • [£„+l (0  + 4 - 1  (O] (3.2.1)

where (t) is the amplitude o f the w-th sideband in the slowly varying approximation. The 

dispersive term has been absorbed into the definition o f the axial mode frequency cOg.

is the total cavity decay rate for the n-th mode. is the mode frequencies. The terms 

on the right-hand side give the mode coupling by the FM modulator from the adjacent n+J and 

n-7 modes into the «-th mode, i.e. the adjoining mode amplitudes £ „ ^ i( t )  and will

feed sideband energy into the E „ (0  mode. and T are the single pass modulation index 

o f the intracavity modulation and the round-trip time.

In steady state operation, dEfi {t) l  dt = Q, and also assume a significant amount o f detuning 

a>̂  between the modulation frequency co  ̂ and the axial mode spacing (O^ . In general, this 

laser will operate with the center-most sideband (Oq aligned with the center-most axial mode 

(Ô Q. We can then write:

=  = (3.2.2)

where n is the number of the axial modes and q is the number o f modulation side modes.

In any kind of steady-state laser oscillator, the net gain per pass must equal the total losses per 

pass. For a homogeneous transition such as semiconductor FM lasers the net gain or loss for any

one individual mode (/) must be balanced by energy transfer between modes produced by 

the intracavity modulator. For a sufficiently wide homogeneous linewidth such as in Nd:YAG
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lasers [29], the gain is very nearly flat with frequency at the line center. The net gain versus loss 

can then be nearly zero even on a mode by mode basis. For reasonably wide homogeneous lines, 

therefore, it becomes possible to make the approximation [25]

l r „ -Cïtrl (3.2.3)

even for rather small values o f the detuning frequency (Ô .

Section 3.2.2 Bessel function model of FM laser operation

With this approximation, the coupled-mode equations. Equation (3.2.1), reduces to the steady- 

state relationship

Jncod^n ^ J 2'p ^ ^ « + 1  l ) ’ (3.2.4)

or

But this relation is exactly the same as a standard recursion relationship for Bessel functions 

J„ (F) o f argument F as follows:

Y / . ( n = y . . , ( r ) + J . _ , ( r ) .  (3.2.6)

A steady-state mode-coupled solution for the FM laser with detuning 0)  ̂ is thus given by

£(t)  = E q ^ J „  (F) exp[y (û>o +nco^ ) /] , (3.2.7)

where coq is the center frequency and the factor F, a phase modulation index, is given by
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r  = - ^  = ^ x - ^ ,  (3.2.8)
(o^T û)  ̂ I n

with Cù  ̂ the axial-mode spacing and the (small) detuning o f G)  ̂ from Cù  ̂. But there

is another standard Bessel function identity which says that

(3.2.9)
rt =  -O0

Hence the laser oscillation signal at any arbitrary reference plane inside the laser cavity, i.e. at 

the end mirror, will have the general form

fi(<) = £„e^‘"»' | ] / , ( r ) - e ^ " ‘“-' = £ „  exp[y®„? +  y r s in ff l„ i] . (3.2.10)

Thus, this FM laser signal is in the form of a constant-amplitude oscillation, but with a very 

large amount o f sinusoidal modulation o f the oscillation phase, at modulation frequency , 

and with a modulation index or peak phase deviation F.

In particular, in the experimental result o f the Nd:YAG FM laser operation [25] [27], the output 

spectrum is remarkably similar to the two FM spectra model centered on adjacent axial modes

f ( 0  = exp[y(£Uo^ + r  s \n c o j ) \  +  j  Qx^[j{(ÛQt + œ J - \ - T  sinty^O l- (3.2.11)

The spectrum o f the FM laser operation consists o f two simultaneous FM oscillations. For very 

small detuning, the FM index F becomes very large; the FM laser spectrum becomes very wide.

Since the instantaneous phase <!>̂  ̂ o f the laser output signal is given by

= (0 1̂+ Y  sin c o j , (3.2.12)

where F is the modulation index or the peak phase deviation in radians o f the output signal, then 

the instantaneous frequency of this signal is given, according to the usual definition, by
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= = 6 ?o +Tco„ cos COJ. (3.2.13)
at

In this case, the instantaneous frequency o f the laser output signal appears to swing back and 

forth in sinusoidal fashion at the modulation frequency co^ , but over a frequency range of

± , so that the quantity Y co  ̂ is the peak upward or downward frequency deviation of the

laser signal. The modulation index Y for the actual FM laser output signal is then increased over 

the signal-round-trip modulation index A ̂  o f the intracavity modulator by the large ratio

—  = ^ - — = — —^ --------- , (3.2.14)

where cô  «  co^ . This multiplication factor can range up to 100 or more as the detuning

frequency is decreased. The frequency sweep of the FM laser output can thus be very much 

larger than the intracavity modulation frequency [29].

Section 3.2.3 Analysis of the externai cavity semiconductor FM laser

The basic coupled cavity equation for an FM-modulated laser cavity as described in Equation 

(3.2.1) will be modified for the case o f the external cavity semiconductor FM laser. The field 

equation for the laser with weak optical feedback effect was described in Equation (3.1.1) and 

the modified rate equations for the case in terms o f the photon populations, the carrier 

populations and the optical phase were denoted in Equations (3.1.5), (3.1.6) and (3.1.7), 

respectively in Section 3.1.1. In this Section, the semiconductor FM laser operation will be 

analyzed using the iterative traveling wave model [30]-[37].

Figure 3.2.2 shows a schematic diagram o f an external cavity semiconductor FM laser including

a phase modulator with DBR mirror producing strong optical feedback. (t) and E ~ ( t - r )

are the right-moving field and the left-moving field, respectively. Rj. and R/ are the effective

right and left reflectivities seen from the reference plane. and are the amplitude

reflectivities o f laser front and back facet and the reflectivity o f DBR mirror, is the round

trip time o f the gain laser and r is the round trip time o f the external cavity. Strong optical 

feedback is assumed when the external feedback reflectivity is comparable with or greater than
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the laser-diode facet reflectivity V2 . To describe the behaviour o f semiconductor lasers subject 

to arbitrary levels of optical feedback, an iterative traveling wave model was developed 

[30]-[37]. The iterative traveling wave model o f the external cavity semiconductor FM laser is 

derived in Appendix A.

F-P laser DBR mirror

Rr

reference ... 
plane

E^{t)

modulator
r I r 2 r 3

« ........ f ; ; ........

z=-l

Figure 3.2.2 Schematic diagram of an external cavity semiconductor FM laser involving a phase

modulator with DBR mirror.

The dynamics o f the (complex) amplitude E of the laser optical field is described by a rate 

equation of the form:

dE
dt in n

■E (3.2.15)

where coq is the centre laser frequency, a  is the linewidth enhancement factor, and G is 

the laser gain. It is noted that to complete the detailed prescription o f the laser dynamics, a rate 

equation for the carrier density and hence laser gain is also required as shown in Appendix A. If 

the gain laser is AR coated «  /  ̂) on rear facet, then only a single extemal-cavity round-trip 

need be considered. However, multiple reflections around the external cavity should be taken 

into account in practice. The right-moving field E~^{t) leaving the laser through the facet 

facing the external DBR mirror is calculated as [30][33]
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) -  G xp j-(l + j a ) G „

E '^ ( r ) - ( l - y '2  ) Z(-'*2r3)^ • E'^(t - kT)expi-jk(OT)  
k=0

(3.2.16)

where E ^ { t - k z )  are the successive reflections within the external cavity, a  is the 

linewidth enhancement factor, is the gain slope, N{t)  is the carrier density, and is 

the threshold carrier density. The effects o f spontaneous emission noise are added to the model 

by Langevin noise terms [30]. The emission frequency is assumed to be the same as that o f the 

solitary laser. Equations (3.2.15) and (3.2.16) are solved iteratively to calculate the output power 

Po (0  > carrier density N{t) , and the emission frequency at time steps . The output power

Po (/) is defined as the output power through the facet r\ and is calculated from P"*'(Z), as in 

[36] and [38]. The iterative traveling-wave model has been used to characterize the transition 

from stable extemal-cavity laser-diode operation (regime V) to coherence collapse (regime IV), 

emphasizing the intensity-noise characteristics [30][34]. When the basic frequency modulation 

of the laser is established via the phase modulation and the additional phase change consequent 

from multiple passes of the external cavity is considered, the effective reflectivity, (co) , in 

equation (3.2.15) is used to define the frequency-dependent feedback arising from the phase 

modulation and described as

« r ( ® ) = r 2 - ( i - ' - 2 ) ' 3 e  ’  (3.2.17)
q=\

where represents the time varying phase. The summation arises due to an integer number 

q o f reflections in the external cavity. A term F sin(û?;„0 arises due to the basic phase 

modulation where is the modulation frequency and, following standard theories o f FM 

lasers, we identify F as the enhanced modulation index as shown in Equation (3.2.10). For the 

multiple reflections in the external cavity, there is an additional phase change governed by the 

single-pass modulation index on each pass of the cavity. The total phase change is then 

obtained via a summation. In addition to these contributions, the laser field accumulates phase 

changes according to
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4^  ̂ = r  sin(û>^0 + Z  sin(<y^ [ t - { p ~  l)r]) + q m  (3.2.18)
p=l

where r is the external cavity round trip time. A condition for transition from FM operation to 

pulsed output in short external cavity semiconductor FM lasers has been reported, which state 

that the external cavity round trip time should be a few tens o f times larger than the internal 

round trip time o f the gain laser cavity [3 9] [40]. It was analytically proved that there are dual 

operating points between FM operation and pulsed operation when the modulation frequency is 

between the two possible FM operating frequencies.

The pure FM laser operation is a sinusoidal modulation o f the lasing frequency, but the pure FM 

operation does not occur and some form o f amplitude modulation is usually observed in 

associating with the FM lasing. When semiconductor lasers are driven into FM operation using 

an external cavity structure involving intracavity phase modulation [41] [42], self-locked FM 

lasing can occur in semiconductor lasers. Under certain conditions the spectral characteristics o f  

an FM laser change to a novel form o f coherence collapse [41] [42]. In several reports 

[39][40][41][42], external cavity length dependence have been shown. In Figure 3.2.2, in the 

model, the laser was subjected to strong optical feedback from the external DBR mirror and 

accumulative phase due to the multiple passes in the cavities was also considered [39]. The 

envelope function o f the field E can be defined by

E{t + Tifj ) —
'*2

^G(l+iai)Tin f' ^  ^
r2E(t) + r ^ ( \ - r 2 )' Z ( “ ''2r3)^ ^ E { t - q r ) e  

9=1
,(3.2.19)

where G = g f i { n - r i f ) l 2 ,  g î is the laser gain. The « /  is the linewidth enhancement factor. 

q is an integer number of reflections in the external cavity. The phase term (/) describes 

the phase shift between the laser and the external cavity fields.

0 ^ ( 0  =  COQT +
9

r  sin(6 )^r) + Z ^ m s in ( û > ^ [ / - ( p - l ) r ] )  

P = 1

(3.2.20)

where coq = 2m:/Aq is the angular frequency o f the gain laser. The first term in the 0 ^ (^ )  

describes the phase change associated with the central frequency coq . The term T sin(iy^^) 

arises due to the basic phase modulation and follows the standard theories o f FM lasers [27].
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cOjfi is the modulation frequency and F is the FM laser modulation index which is defined in

Equation (3.2.8). The last term is due to the multiple reflections in the external cavity where on 

each pass o f the cavity an additional phase change governed by the single-pass modulation 

index is impressed upon the laser field. The total phase change is then obtained via a 

summation over the number of multiple reflections p . The third term in Equation (3.2.20) 

accounts for the fact that, unlike other FM laser configurations based on gas and solid-state 

lasers, the facet reflectivity o f the semiconductor laser facing the external reflector is 

appreciable and cannot be ignored [39].

The simulation results with different cavity lengths but same F value for the FM laser with 

detuning are shown in Figure 3.2.3. The spectrum o f the FM laser operation will be

considered in terms of the axial mode frequency, c /  2 n L , where L is the cavity length o f the 

laser and n is the refractive index, the modulation index and the detuning frequency. These 

results show that when the axial mode frequency is increased the total band span o f the comb 

lines is larger than for smaller axial mode frequency. However, the total number o f comb lines 

over a certain power level will be the same. The comb span and the number o f comb lines 

depend on the modulation index, F. The number o f comb lines in different axial mode frequency 

remains 77 at -30  dBm in Figure 3.2.3, and same F value. However, the total comb span is 

different on axial mode frequencies. Figure 3.2.4 shows a close-up spectrum from Figure 

3.2.3(c) and its frequency comb spacing is 15 GHz because the modulation frequency is 15 GHz. 

The behaviour o f a frequency-modulated or phase-modulated signal o f this type can be 

described either from a spectral viewpoint, leading to Bessel-function sidebands as given 

Equation (3.2.9), or a sinusoidal frequency sweep of the instantaneous signal frequency 

[27]-[29][33]-[37].
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Figure 3.2.3 Simulated comb spectrum of FM laser operation (F=32, =1).
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Figure 3.2.4 Close-up spectrum from Figure 3.2.3(c).

Section 3.3 Characteristics of FM Laser Operation

Since S. E. Harris et al. analyzed FM laser oscillation theory and demonstrated FM oscillation 

o f the He-Ne laser, several experimental results of FM oscillation have been reported using gas 

and solid-state lasers [25][26] [27] [28] [29] [43]. Recently, FM laser oscillation o f an erbium 

doped fibre laser has been demonstrated [44][45]. There are theoretical and simple experimental 

results o f semiconductor FM laser using electro-optic modulators. However, the number of 

comb lines were limited because o f RF induced coherence collapse and current induced 

modulation [44][47]-[50]. In [47], the FM laser, which has a few comb lines, demonstrated 

using current induced modulation of gain laser. The eoupled-cavity effects and transition 

between FM region and coherence collapse region of the semiconductor FM laser have been 

analyzed [33]-[37]. The characteristics of FM laser operation will be described in this section.

Section 3.3.1 Modulation index of FM laser

In the FM laser each independent free-running mode is replaced by an FM oscillation [27]. The 

applied phase modulation effectively couples some of the energy from each of the free-running 

modes by producing sidebands on each mode which are spaced apart. Since = co ĵç,
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sidebands from various FM oscillation will very nearly coincide, and hence these FM 

oscillations compete with one another for the same net gain in the laser [26]. With appropriate 

choices o f and , only one FM oscillation will have sufficient gain to oscillate and the

resulting laser output will consist o f a single FM spectrum. Single FM oscillation has always 

been obtainable by proper choice of the amplitude and frequency o f the internal phase 

modulator for given laser excess gain. The approximate modulation index of T has been 

shown in Equation (3.2.8) and (3.2.14). The sidebands o f a particular FM oscillation have 

amplitudes given by Jyi (T) as shown in Equation (3.2.7) and the phases are very nearly those

appropriate to an FM signal. The FM laser modulation index o f demonstrated FM lasers is 

matched the theoretical modulation index of F [25]-[29][43][44]. The calculated F value is 

shown in Figure 3.3.1 as a function o f Ico  ̂ where the detuning frequency - cû̂  .

The range o f A ^ is 0.025 ~  2. The axial mode frequency is 500 MHz and the range of

detuning frequency is 500-1 MHz. When A ^  =0.1 and =1 MHz the FM laser modulation

index is approximately 16. The FM laser modulation index is nearly symmetrical between the 

positive detuning and the negative detuning.

30

 0.0 2 525
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Figure 3.3.1 Calculated FM laser modulation index F as a function o f Oi>ax^^d 

A,„ (0.025-2) (0 on x-axis means zero detuning, c o ^  = 500 MHz and maximum detuning

frequency co  ̂= 1 MHz).
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In Figure 3.3.2, FM laser modulation is shown for the maximum detuning frequency 

co  ̂=200 kHz which is very close to the axial mode frequency. According to the results o f the

He-Ne FM lasers, FM laser operation occurred for two mode operation, =0.024 and

/ O)(jj^=0.00\ [26][27][28]. When the detuning frequency is decreased the FM modulation

index is increased as well as the FM laser spectrum. In Figure 3.3.3, the chaotic region and 

mode-locked region are denoted in case o f FM lasers which have very small linewidth. In 

co^ / 6)^=0.001-0.003 range, chaotic power output occurrs and when detuning frequency is 

further decreased the laser will be chaotic [26] [27].

The spectral characteristics such as the bandwidth as a function o f the FM laser modulation 

index, the spectral shape in different operating regions and the bandwidth as a function of axial 

mode frequency will be described in the next section.
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Figure 3.3.2 Expanded F value and axial mode/detuning ratio up to co^ =200 kHz

( 0  on x-axis means zero detuning).
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Figure 3.3.3 F value and expected operating region in case of small linewidth FM lasers 

(0 on x-axis means 0 detuning, two mode operation, maximum = -4000

and ty^ = 100 kHz).

Section 3.3.2 FM laser spectral characteristics

We assume there are infinite lasing modes and a single pass gain equal to their single pass loss. 

Noting the Bessel function identity from Equation (3.2.6), the amplitude of FM laser can simply 

be denoted by

~ '^n-Q ( r )  • (3.3.1)

where n is the mode number and q is the axial mode index which is integer. When q =0, a 

perfect FM oscillation will be occurred with a modulation depth of F and with a centre 

frequency at the zeroth mode. The peak-to-peak frequency swing of the oscillation is 2 F .

The frequency of the nth cavity mode was originally defined as 0)fi=co^Q + , where

cOaxO the centre axial mode frequency. An FM laser spectrum for the q= 0  is shown in 

Figure 3.3.4(a). When ^ 0 the phase of FM laser will be shifted by qà.co. For example, if

^ =1, all modes are shifted upward by Aco and only the n=l mode is exactly on a cavity mode 

as shown in Figure 3.3.4(b).
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Figure 3.3.4 Analytical FM laser spectrum on different q condition.

The spectra o f two simultaneously running FM laser oscillations on adjacent axial modes (t)  

can be obtained from Equation (3.2.10) as follows;

(t) = cxp[j{û)Qt + r  sin co^t)] + j  exp[y (û?o  ̂+  + F sin cOmt)] (3.3.2)

This spectrum model is very similar to the experimental results o f FM lasers [26] [29] [44] [46]. 

Figure 3.3.5 shows the normalized linear scale amplitude o f semiconductor FM laser with the 

same detuning frequency 6 )^ =10 MHz, but different A ^=0.05, 0.1 and 0.5 when the axial

mode frequency 6 )^ = 1  GHz. The spectrum is widened depending on the FM modulation

index T . T values in Figures 3.3.5(a), (b) and (c) are approximately 0.8, 1.6 and 8 , 

respectively. The number of comb lines is about 20 in the case o f T  = 8  as shown in Figure 

3.3.5(c). Figure 3.3.6 shows 170 comb lines o f the FM laser spectrum. The T value is 

approximately 80 when detuning frequency 6 )^ =1 MHz, which is 1 % of the axial mode

frequency, and A;^j=0.5. If the axial mode frequency is increased the FM spectrum bandwidth 

will be widened when the FM laser modulation index T  is fixed as shown in Figure 3.3.7. 

Unlike the FM spectrum bandwidth which is about 20 GHz for “ 1 GHz in Figure 3.3.5(c),
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the FM laser bandwidth for c o ^  =25 GHz is about 400 GHz. The FM laser spectrum is very 

uniform over the FM laser bandwidth as shown in Figure 3.3.7(b).
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Figure 3.3.5 Semiconductor FM laser spectrum with different modulation depth. 

{cOax ^ 1 GHz and 1% detuning frequency)(continued).
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Figure 3.3.7 Semiconductor FM laser spectrum of 6 ) ^  =25 GHz(co^ =250 MHz / =0.5).

The characteristics of the FM bandwidth as a function of detuning frequency is shown as Figure 

3.3.8 and Figure 3.3.9. Figure 3.3.8 shows the FM spectrum bandwidth, which is counted over 

-40  dB, where A^=0.05, 0.5 and 1. The axial mode frequency GHz and the range of

coj is 100 kHz ~ 5 MHz. The FM spectrum bandwidth is highly increased from

co  ̂ =400 kHz, o^ax / (^d =2500. Figure 3.3.9 is the FM spectrum bandwidth of

=1 MHz ~ 10 MHz. When A ^ =0.5, the FM spectrum bandwidth is approximately

100 GHz at =2 MHz. Figure 3.3.10 shows the FM spectrum bandwidth as a function of the
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axial mode frequency. For a fixed detuning frequency the spectrum bandwidth is a linear 

function of the axial mode frequency and the overall FM laser spectrum bandwidth is increased 

when the axial mode frequency is higher.
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Figure 3.3.8 FM laser spectrum bandwidth as a function of detuning 

{C0(i =100 kHz-5 MHz and spectrum over >40 dB is counted).
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Figure 3.3.9 FM laser spectrum bandwidth 

(The range of =1 M H z-10 MHz and spectrum over >40 dB is counted).
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Figure 3.3.10 FM laser spectrum bandwidth as a function of axial mode frequency.

Section 3.3.3 Time domain characteristics

Unlike mode-locked lasers, the envelope which corresponds to the FM spectrum is more nearly 

constant and independent of time. The ripple is entirely even harmonic, and is a result of the 

distortion of amplitudes and phases from those of an ideal FM signal [25][27]. The time domain 

behaviour of the envelope of a free-running laser was reported [25].

Section 3.3.4 Operating regimes

Atomic or solid-state FM lasers have three operating regimes such as FM regime, unstable 

regime, and mode-locked regime when observing the laser output power as shown in Figure 

3.3.11. The regions of operation are characterized by substantially different output spectral 

characteristics.
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The size of the unstable light power output region lying between the mode-locked and FM 

regions becomes progressively smaller as is increased, as predicted by Harris et al [27] 

and demonstrated by Ammann et al [25]. It is observed that the size of the unstable region for a 

given is slightly different for positive and negative detunings [25]. The laser power output

in the FM region of operation, for quite small values of F ,  is essentially equal to the free- 

running laser power, and in some cases it is slightly greater. In free-running laser, each mode 

saturates independently and all modes oscillate with gain equal to loss. As the FM laser is 

operated at higher values of Y , more of the energy is shifted into sidebands which are removed 

from the centre of the gain profile, thereby limiting the FM laser power output. By contrast, the 

external cavity semiconductor lasers have two operating regimes, i.e. FM region and chaotic 

region depending on optical feedback level and induced RF frequency as shown in Figure 3.3.11

[41][36][37].

laser output power
FM mode-locked regime 

(pulses)
FM laser regime 

(frequency sweep)

unstable regiine

detuning frequency

chaotic coherence collapse region 
of the external cavity semiconductor i 

FM lasers

Figure 3.3.11 Operating regions as a function of the detuning frequency.
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Section 3.3.5 Bandwidth iimitation of externai cavity semiconductor FM 

laser due to RF induced coherence collapse

The external cavity QCSE semiconductor FM laser has FM bandwidth limitation because o f an 

abrupt transition to a non-FM mode o f operation [41] [42]. The demonstration o f RF induced 

coherent collapse involving GaAs/AlGaAs lasers and LiNbOa electro-optic modulator has been 

reported, but this is not a QCSE FM laser [41]. The RF beat spectra o f FM operation and 

coherence collapsed modes have been shown and this RF beat spectrum o f FM operation means 

there is energy at the external cavity mode frequencies particularly in semiconductor FM lasers 

unlike other gain medium FM lasers. In case o f pure FM laser operation, the FM sidebands is 

very likely to Bessel function model, which is described in Section 3.2, in absence o f gain 

nonlinearities and mode pulling the FM sidebands [1][2][3] and there was no RF beat spectra

[4]. However, distortion of the relative phases and amplitudes will occurs in real semiconductor 

FM lasers because of the finite gain bandwidth, mode pulling and saturation effects [5] [42]. 

Therefore, it can be expected that there is a limitation to increase FM spectrum bandwidth using 

an external cavity semiconductor FM lasers depending on the frequency detuning. The 

limitation of the QCSE FM laser was investigated in this thesis and will be described in 

Chapter 6 .

Section 3.4 Refractive Index Change, Static Wavelength Tuning, 
and FM response of InGaAsP/lnP MOW QCSE Tuned Lasers

Considerable theoretical and experimental works on the electric field dependence o f absorption 

and refractive index in QWs with application to practical modulators have been carried out

[12][13][24][51]-[58]. QCSE has advantages over other effects such as the Franz-Keldysh effect, 

electro-optic effect and carrier induced effect (CIE) in terms o f high refractive index change, 

uniformity o f frequency response and fast response [59][60]. Since monolithic integration 

between gain lasers and QCSE modulators is easily developed, QCSE modulation is highly 

recommended for integrated applications [5 9] [60].

In Section 3.4.2, the refractive index change due to QCSE and static wavelength tuning using 

QCSE will be analyzed. In Section 3.4.2, frequency modulation characteristics o f MQW QCSE 

FM laser will be described.
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Section 3.4.1 Refractive Index change of InGaAsP/lnP MQW and static 

wavelength tuning using QCSE

The absorption will be change accordingly when the field strength is changed due to the applied 

modulation voltage. The refractive index change can be described using the Kramers-Kronig 

relation:

= dX- (3.4.1)
iK^ X^-X'^

where P  is the Cauchy principal value o f the integral [61]. Measurement o f absorption change 

spectrum was described in Appendix B. The absorption spectra a{X)  o f  MR1532 involving 

60 period quaternary InGaAsP wells and 61 period quaternary InGaAsP barriers at room 

temperature is shown in Figure 3.4.1. The el-hhl exciton peak can be seen at 1545 nm 

wavelength for zero-electric field. The exciton peak moves to red side o f wavelength when 

electric field is induced. The shift o f exciton peak is about 30 nm for -1 0  V reverse bias voltage 

applied. The absorption band edge, which can be used for QCSE modulation, will be around 

1600 nm wavelength region because absorption is very low. The refi*active index is uniformly 

varied according to applied electric fields as shown Figure 3.4.3. Figure 3.4.2 shows the 

absorption change spectra, Aa{À ) . Absorption change is clearly very small at band edge area 

and the absorption change is steeply changing at 1550 nm wavelength region. Using Equation

(3.4.1), the refi*active index change spectra An{X) can be calculated as shown in Figure 3.4.3. 

This refractive index change spectra show the QCSE introduced absorption and refractive index 

changes are strongly dependent on wavelengths and nonlinearly change positive or negative 

absorption and refractive index along wavelength. The peak value o f the refractive index change 

can be seen at 1555 nm wavelength region. The uniform reflective index change is shown over 

1600 nm wavelength region for QCSE modulation. A  reflective index change of  

quaternary/quaternary InGaAsP/InGaAsP MQW of 1.25 % when the applied field was 

40 kV/cm has been reported in earlier work [62]. The maximum refractive index change o f the 

MQW PIN device could be 5 % [53][54].
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Figure 3,4.1 Measured absorption of quaternary/quaternary InGaAsP/InGaAsP MQW material

(MR 1352).
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Figure 3.4.2 Absorption change of quaternary/quaternary InGaAsP/InGaAsP MQW material

(MR 1352).
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Figure 3.4.3 Refractive index change due to QCSE for quaternary/quaternary 

InGaAsP/InGaAsP MQW material (MR1352).

From Equation (3.1.27) and Equation (3.1.29) and absorption spectra a(À)  of MR1352 

quaternary/quaternary InGaAsP/InGaAsP MQW as shown in Figure 3.4.1, the tuning section 

length required to get tt shift for pure frequency modulation and the insertion loss calculated 

are as shown in Figure 3.4.4. The uniformly changed region o f  the tuning section length can be 

seen in Figure 3.4.4(a). There is a narrow linear region below the exciton peak wavelength and 

wide linear region is positioned at absorption band edge. It is over 100 nm range for MR1352 

wafer which is designed for QCSE modulators. In Figure 3.4.4(b), the uniform region is showed 

from 1585 nm to 1635 nm wavelength region in the case o f waveguide structure. In high applied 

electric field case, shorter tuning section length is required rather then low field applied. To 

detune longer wavelength from the center wavelength, 1585 nm, longer tuning section length or 

high electric field is required. The insertion loss in dB scale is shown in Figure 3.4.4(c). At the 

absorption edge, over 1600 nm wavelength, the insertion loss is very low and dependence of 

electric field is very low.
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Figure 3.4.4 ;r shift tuning section length and insertion loss as a voltage applied and a 

function of wavelength for MR 1352 wafer, (c) insertion loss.

The frequency shift due to QCSE for the same MQW structure as MR 1352 is shown in 

Figure 3.4.5 using Equation (3.1.28). When -8  V voltage is applied, the maximum frequency 

shift is approximately 200 GHz at 1555 nm wavelength.

In QCSE tuned laser, inevitably intensity absorption variation obstructs pure frequency

modulation. The ratio between An and Ak = , the field induced change of exciton
An:

coefficient, show a measure to evaluate the relative importance of frequency shift in relation to 

intensity change depending on wavelength [23][24][56][60]. Figure 3.4.6 shows this ratio as a 

function of wavelength including field changes for MR1352. In Figure 3.4.6, lager wavelength 

detuning gives lager frequency shift and stronger field dependence.
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In addition, QCSE is a quadratic effect with respect to electric field, i.e., the transition energies 

vary quadratically with electric field and the absorption coefficient and refractive indices will 

vary quadratically with electric field. There will be a strong interaction o f the electrical field 

with the optical wave in a QW heterostructure. The absorption is dominated by excitonic effects 

and the electroabsorption is greatly enhanced in close to the subband transition energies [63]. 

The QCSE is an excitonic effect and therefore the energy o f the light to be modulated should be 

close to the el-hhl transition energy in case o f electroabsorption intensity modulator. For the 

phase modulation, operating wavelength should be selected far enough from the exciton band 

edge to reduce absorption loss but increase phase modulation index.

The theoretically formulated refractive index change due to QCSE has been reported and the 

calculated results o f the refractive index change as a function o f applied electric field for 

InGaAsP/InP system have been shown in [23] [24] [48] [54]. The phase shift due to QCSE 

including the quadratic and linear electro-optic effect is given by

. , Tt-l 3
4̂1 ' (*̂ 2̂ (3.4.2)

where y  are refractive indices, and are the quadratic electro-optic coefficients, 

E2 is the electric field on z direction, and I is the length o f waveguide [64].

In bulk semiconductors there is no anisotropy and no built-in birefringence. The layering o f  

multiple materials with altering indices o f refraction will induce a birefringence with an 

extraordinary index of refraction, which is perpendicular to the layer plane. The mean refractive 

indices can be obtained by examining the boundary value problem for plane waves, which relate 

to the polarization of the optical electric field vector parallel or perpendicular to the quantum 

well as follows:

1̂1 d\  +  d2

and
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2 _nlx 'n l^{di+d2)  
“ 2  2

(3.4.4)

where and refer to refractive index o f the well material and the thickness o f the well, 

respectively. « ^ .2  and d 2 refer to the index o f refraction o f the barrier material and the 

barrier thickness, respectively. For a MQW, d\  is replaced by where is the

number o f wells. Similarly d 2 is replaced by Nijd2 where is the number o f barriers. 

The built-in birefringence in the MQW can be expressed as

(3.4.5)

where

Attf. = rifW = . (3.4.6)

The total phase shift in a MQW can therefore be expressed as

^ ^ M Q W  =  A ^ o  +  A ^  =  A rir  • /  •
2;t ) TC'l 3

T r],'41 (3.4.7)

Strain changes the energy separation and coupling between the heavy-hole and light-hole 

excitonic transitions. In the case o f biaxial compressive strain, the heavy-hole absorption 

dominates the absorption edge, while in the case o f tensile strain the light-hole absorption 

dominates. Since the TE mode couples to the heavy hole, while the TM mode couples to the 

light hole, the field-dependent HH-LH splitting is expected to play an important role in 

determining the electro-optic properties. Empirical results obtained from both effects, quantum 

confinement and strain, are shown in Figure 3.4.7. Temperature effects have to be considered, 

since changes in temperature will alter the refractive index o f a material [63].
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Figure 3.4.7 Phase shift as a function of applied field for Ino.5 3 +xGao.4 7 -xAs/InGaAsF system
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The effective reflectivity of a FP cavity has been defined to show static tuning effect in Section 

3.1.1 and Section 3.1.2. The interaction of the nonlinear medium and the light intensity can be 

enhanced by using a FP étalon that consists of mirrors on the front and back of the 

semiconductor epitaxial layer as shown in Figure 3.4.8.

lo

Rio

FP DBRs

Figure 3.4.8 FP structure including DBRs showing incident light (lo), 

reflect light (Rio) and transmit light (TIo).
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To analyze the effect of refractive index change, we note that the reflectivity is changed by the 

parameter F  sin^ ^ , where ^ is the half round-trip phase change. For small phase shifts away 

from an integral number o f n  due to a refractive index change, we define 

(j)' = (f> -  m7i = lîtônL / A . Then, the reflectivity changes from its value at mn  to

A = (1  -  ) (3.4.8)

A K  ( 1 -A g /À f ) ^
where F  = -----------  and -------------- =—  . The effective reflectivity

( l - Re V a - R e f

Rq = ^RfRfy exjp(-ocL) , where Ry  and Rjj are the reflectivity o f front mirror and back 

mirror [65].

Section 3.4.2 Frequency modulation characteristics of MQW QCSE FM 

laser

Further to Section 3.1.4, the dynamic characteristics o f QCSE FM laser will be described in this 

section. The QCSE modulation, which is for the pure phase modulation, gives the modulation 

response limited only by the round trip delay effect or the device parasitic capacitance. If the in 

the tuned part is modulated as ( t) , the phase o f the optical field for the laser cavity at the 

reference surface and time t is

( 0  = (pm (0  (3.4.9)

and T = — - , the round trip time o f the cavity. If the phase o f the modulation section

modulated by a sinusoidal signal ^ ^ ( 0  = c o s (Q ), where =  — A n -L p  and Q is 

the modulation frequency. Then, the Equation (3.4.9) can be written by
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^c(t) = éc + sin Q(/ H— ), 
2

(3.4.10)
2sin(Q r/2)

The angular frequency deviation from coq , the zero-modulation frequency at any moment, is

Aû)(t) = CDi ( 0  -û?o = A(Opeak COS Cd{t + —) (3.4.11)

where

dt " 2 sin (n r/2 )
cosC2(/ + - |) (3.4.12)

where cûq is the optical frequency without the modulation, the peak angular frequency 

deviation is

iTiAnLpÇï
^ » > p m k  -  r

X sin(— — )

(3.4.13)

When the modulation frequency is increased toward the axial mode frequency, the ratio between 

the high modulation frequency and the low modulation frequency will be increased as defined 

by

1
Qn^L 

sin c{— — )
c

(3.4.14)

Because the gain section and modulation section are electrically isolated, the electric field 

induced modulation will occur due to QCSE which is associated with optical absorption 

modulation in a near band edge wavelength. Therefore, the differential rate equation for the 

ideal QCSE FM laser can be described by assuming that the injection current density is constant 

as

d d g l a - y n n -YNP
dt dNp

.  ypN -YPP

dgl a 0
dNp

+ VgNp
— TdcCŷ ,

(3 .4 .15)
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d a
where </g = expO'QO , dN p = N piexpiJÇlt) , = a j expO'QO , a \ = - ^ V x  ,

dV = V\Qx^{jÇlt), and F is the optical confinement factor [15][19][60]. If d l d t - ^  y’Q , 

Equation (3.4.15) can be modified as

T N N + J ^  -YNP  
YPN -  YPP + yO

8 \ l a

^ p \
= -V g N p Y a \ (3.4.16)

Determining the first matrix term, the modulation transfer function can be defined by

H{ÇÏ) =
û)R

A c o \ - n ^ + j a Y
(3.4.17)

where y  is the damping factor [15] [19] [60]. The approximation o f the relaxation oscillation 

frequency and the damping factor y  will be described by

CO
2 VgûNp
R Tp

(3.4.18)

y  ^VgüNp 1 +
Tap

(3.4.19)

The QCSE FM sensitivity, which is the ratio between the peak frequency deviation and unit 

modulation voltage, has been derived in [60]. The QCSE FM sensitivity is

(3.4.20)

This is proportional to the electric field induced QCSE in the tuning section when modulation 

frequency 0  = 0 , //(0 ) = 1. The peak fi*equency deviation for a certain voltage varying is 

identical to Equation (3.1.28) which is static QCSE tuning case as follows;

Av = - F
C Lg

^ À ripg L q  + L p
(3 .4 .21)
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The residual IM index due to QCSE is

d v  4
(3.4.22)

Theoretically, FM response o f QCSE frequency modulation is more uniform than that of  

intensity light modulation of CIE tuned laser. Most CIE tuned lasers have been demonstrated 

showing non-uniform FM response because o f nonlinear effects such as band filling effect, 

thermal effect, bandgap shrinkage effect and free carrier plasma effect [60]. In ealier works o f  

the Optoelctronics Group, UCL, uniform FM response o f GaAs/AlGaAs QCSE tune lasers has 

been demonstrated [12][13][59].

Section 3.5 Conclusion

In this chapter, the theoretical background o f the QCSE tuned DWDM multichannel source and 

the QCSE tuned external cavity semiconductor FM laser were described. The laser with external 

feedback and coupled cavity semiconductor laser structure were analyzed to understand the 

QCSE tuned external cavity multichannel source. The frequency change depends on the 

refractive index and the effective length o f cavity. In addition, the modelled refractive index 

change as a function of the applied electric field was analyzed. There are several operating 

regions depending on the external feedback light power in case o f external cavity laser.

In Section 3.2 and Section 3.3, the semiconductor FM laser operation theory and their 

characteristics were described. The modelled theory o f external cavity semiconductor FM laser 

and RF induced coherent collapse was described in Section 3.2.3 and Section 3.1.3. Especially, 

in semiconductor FM laser, the facet reflectivity is a different factor comparing to other gain 

medium FM lasers. In addition, RF induced coherent collapse in external cavity laser will occur. 

The semiconductor FM laser using QCSE, which is a good approach to a monolithically 

integrated FM laser, will be demonstrated in this thesis. In the future, to expand to wide FM 

spectrum for generating large number o f comb lines, monolithically integrated laser structure 

between gain section and modulation section will be a next study in terms o f preventing RF 

induced coherence collapse. The FM laser spectrum is well matched to the Bessel function 

model in theory and in several experiments [1][2][3][4]. The FM laser modulation index is very
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important factor for generating large number o f comb lines. The bandwidth o f FM comb 

spectrum will be varied according to the detuning frequency and the axial mode frequency. 

There are operating regimes depending on the detuning frequency before to get mode-locked 

operation in FM lasers. Theoretically, FM laser produces large number o f  comb lines, wide 

bandwidth and exact frequency comb determined by the modulation frequency which are very 

good points to apply to DWDM systems. The theory o f  InGaAsP/InP MQW QCSE FM laser 

was explained in Section 3.4. The relationship between absorption coefficient and refractive 

index change due to QCSE described in Section 3.4.1. The frequency shift was analyzed using 

quaternary/quaternary InGaAsP/InGaAsP MQW wafer (MR1352), which is designed for QCSE 

modulator, and followed by the phase characteristics due to QCSE and FP effect in FP external 

cavity FM laser structure. The QCSE frequency modulation characteristics was briefly 

described in terms o f frequency response and the residual intensity modulation response in 

Section 3.4.2.

In Chapter 4, design and implementation o f fast InGaAsP/InP MQW QCSE modulators will be 

described.
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Chapter 4

Design and Implementation of Fast InGaAsP/inP MQW 

QCSE Modulators

In this chapter, the design and fabrication o f InGaAsP/InP MQW QCSE modulators will be 

described. There are two kinds o f QCSE modulators including large area PIN modulators for the 

MQW QCSE DWDM multichannel source and fast air bridged modulators for the MQW QCSE 

FM laser using a FP cavity laser.

Unlike electroabsorption intensity MQW FP modulators, the MQW QCSE modulator is required 

to maximize the refractive index change, the spectral uniformity o f  the refractive index change 

and minimize absorption change at the operating wavelength region. The phase modulation, 

transmission contrast ratio, chirp and refractive index change contrast ratio will be carefully 

considered in addition to absorption and refractive index change for designing the MQW QCSE 

modulators. Furthermore, the electrical characteristics will be designed for MQW QCSE 

modulators. The MQW QCSE modulator will be operated with reverse bias voltage meaning 

that a high reverse breakdown voltage and low leakage current are required. The QCSE FM 

laser will be operated at a modulation frequency near the axial mode frequency which means the 

QCSE modulator requires a high frequency response. The electrical design will be achieved 

using small area device fabrication as well as low parasitic capacitance device by the use o f air 

bridge contact design.

Practical design o f InGaAsP/InP MQW QCSE modulators will be described in Section 4.1 

including MQW structures, design and assessment o f optical characteristics. The electrical 

characteristics design and assessment o f the modulators will be described in Section 4.2. In 

Section 4.3 fabrication of air bridged hiGaAsP/InP MQW QCSE modulators will be described. 

Finally, the conclusion follows in Section 4.4.
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Section 4.1 Practical Design of InGaAsP/lnP MQW QCSE 

Modulators

The results o f modelling MQW QCSE modulators and design o f the practical devices will be 

described in this section. The operating characteristics o f the MQW QCSE modulators were 

investigated by computer modelling to develop the modulators required for achieving the MQW 

QCSE tuned multichannel source and the MQW QCSE FM laser. The absorption spectrum and 

the refractive index change were considered for the design. The vertical resonant cavity effect 

on the phase modulation characteristics will then be analyzed. The description o f the electrical 

characteristics will be followed by a description of the design of the optical characteristics o f the 

MQW QCSE modulators.

Section 4.1.1 InGaAsP/lnP MQW QCSE modulators

There are two types of MQW QCSE modulators classified according to the direction of 

propagation o f the optical beam with respect to the plane o f the wells, referred to as waveguide 

and transverse structures as shown in Figure 4.1.1. In the case o f the waveguide modulator, the 

light propagates in the direction parallel to the plane o f the layers. By employing material o f a 

lower refractive index than the active region above and below this region, the light is guided, 

and so is largely confined to the active region during its propagation through the device as 

shown in Figure 4.1.1(a) [1]. Most edge emitting DFB or DBR lasers which are integrated with 

MQW electroabsorption modulators have used the waveguide type structures [2][3][4]. A high 

efficiency InGaAsP/InGaAsP MQW waveguide electroabsorption modulator operating at 

20 Gb/s has been demonstrated [5] [6] [7]. To achieve a bandwidth o f 20 GHz, reducing the area 

and increasing the thickness o f the electroabsorbing material were necessary to minimise the 

device capacitance. Since the drawback of increasing the active region thickness is that the 

electric field change in the intrinsic region becomes less for a given applied voltage change, 

MQW material with a strong electroabsorption effect was used to solve the problem. One 

disadvantage o f the use o f quantum wells in waveguide modulators is their polarisation 

sensitivity depending on transverse electric (TE: electric field oscillations in the plane o f the 

quantum wells) or transverse magnetic (TM: normal to the plane) mode. In the TE case, the 

absorption is due largely to the creation o f excitons with heavy holes, while in the latter, a large 

proportion of the excitons generated have light holes [8]. As the heavy and light holes are not 

degenerate in a quantum well, the result is different levels o f electroabsorption and optical loss 

depending on the polarisation o f the light. In addition, the difficulties o f optical alignment
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makes the use o f waveguide modulators in an external cavity laser configuration impractical.

The vertical structure MQW QCSE modulator differs from the waveguide devices in that the 

direction of the light propagation through the active region is perpendicular to the plane o f the 

layers as shown Figure 4.1.1(c) and (d). The active region is typically only ~1 um wide. To 

increase the effective interaction length of the light with the region, the active region is placed 

inside a FP cavity defined by reflectors above and below it, in the form o f DBRs or metal 

mirrors.

AR coating DBRs

MQW

( a ) (b) ( c ) (d)

Figure 4.1.1 Four types o f MQW QCSE modulators (a) waveguide structure (b) transmission 

structure (d) double pass vertical structure (d) FP vertical structure.

FP electroabsorption modulators were developed and firstly demonstrated using GaAs/AlGaAs 

material system at UCL [9] [10]. Low voltage asymmetric FP modulators (AFPMs) have been 

demonstrated with InGaAs/InP MQW material [11][12], giving a contrast ratio o f 3 dB, and 

using the substrate addressed, inverted configuration and Au/Ti back mirrors/contacts, to avoid 

the problem of the large number of InGaAsP/InP DBR layers required to obtain a high 

reflectivity. Modulation characteristics of the AFPM are polarisation independent. The light 

travels vertically through the wafer and so the electrical field oscillations are always in the plane 

of the quantum wells. Hence, only the absorption change A a  for TE light needs be considered. 

Secondly, the light is not guided in the device as in the waveguide modulator. Therefore, the 

circular Gaussian mode structure of the light launched from the fibre does not lose power in a 

transition to a slab waveguide mode and the loss is low. Thirdly, due to the compatibility o f the 

vertical cavity device with the circular Gaussian beam, there is no difference in the insertion 

loss for light of different polarisations. The polarisation dependent loss is virtually zero [13]. 

Compared to the well width o f 10 nm, the absorption edge for wider quantum wells o f width 

15 nm begins to shift at lower fields, but also loses the strength o f the exciton more quickly. 

With wells of 5 nm the excitonic strength appears to be retained at very high field
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(>2x10^ V/cm). However, the shift o f the edge is much reduced and ftie -16  V needed to 

achieve this field becomes rather unattractive [10]. Barrier thickness appears to be important in 

determining the diode quantum efficiency at low bias voltages. A device with barriers o f 6~7 nm 

has exhibited a saturated quantum efficiency even at zero bias, whereas thicker barriers of 

10 nm introduce a bias requirement o f 2~6 V for saturation. When the thickness o f barrier is 

reduced to 3-3.5 nm, the device loses the QCSE due to strong coupling between wells [10]. 

R. I. Killey et al have demonstrated InGaAsP MQW FP modulators for soliton control [13] [14]. 

The light intensity and phase characteristics o f symmetric and AFPMs were investigated and the 

modulators have been successfully shown by simulations to reduce timing jitter in a 20 Gb/s 

soliton system by positioning the resonant wavelength <30 nm away from the exciton 

absorption peak to obtain negative chirp operation. Because the FP cavity QCSE modulators 

give enhanced optical intensity modulation efficiency due to the FP effect, the phase modulation 

index is reduce by comparison with the intensity modulation index. A double pass vertical 

structure QCSE modulator is applicable for the FP cavity MQW QCSE tuned multichannel 

source or QCSE FM laser application because it is optically and mechanically easy to integrated 

with a gain laser. To achieve pure phase modulation reducing the intensity modulation index and 

increasing the phase modulation index are required.

Section 4.1.2 InGaAsP/inP MQW structure for QCSE modulators

J. E. Zucker et al were the first to report the QCSE using quaternary quantum wells for phase 

modulation in InGaAsP/InP MQW PIN heterostructures [15]. The active region has a 10 period 

8.5 nm InGaAsP wells and 11 period 8.5 nm InP barriers giving a total intrinsic region thickness 

0.48 pm for 1570 nm wavelength. The results o f refractive index change due to QCSE was

A« =1.5x10'^ at 70 kV/cm applied field while the chirp ^^^^^=1.0 at 1537 nm wavelength. In

the case o f optical intensity modulators, high transmission intensity contrast or high reflection 

contrast is required [9] [10] [14]. However, for MQW QCSE modulators maximizing refractive 

index change contrast is required while the intensity contrast is minimised. Control over the 

wavelength o f the exciton transition is critical in order to minimize insertion loss and maximize 

electric field sensitivity at the desired wavelength o f operation. The exciton transition energies 

may be tuned by varying the width o f the MQW layer. Quaternary MQW formed fi'om hiGaAsP 

possess an additional degree o f freedom in that composition as well as thickness can be used to 

adjust the wavelength o f the exciton transition [1]. Quaternary MQW can provide the sharp 

excitonic optical features and large QCSE necessary for efficient modulation over the operating 

wavelength.
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Y. Kurita et al have reported measured refractive index change in GafriAsP/InP MQW grown by 

chemical beam epitaxy (CBE) [16]. The active MQW structure is 10 period 8 nm GalnAsP 

wells o f bandgap wavelength 1630 nm and 11 period 9 nm InP barriers o f bandgap wavelength 

920 nm. Using transmission vertical structure PIN devices the absorption coefficient was 

calculated from the measured photocurrent data. The results showed the refractive index change 

to be as large as -0.1 at 1540 nm wavelength with applied voltage o f 16.8 V/pm. This value 

corresponds to a refractive index change o f -3  %.

A 12 degreeA^ phase modulation response has been achieved at 1520 nm wavelength using 

60 period 3 nm friGaAs wells and 61 period 23 nm InP barriers grown by atmospheric pressure 

metal organic chemical vapor deposition (MOCVD) system [17]. Breakdown voltage was 

approached at -35 V at which point the phase shift was about 420 degree.

F. Devaux and F. Dorgeulille et al have reported the transmission performances and chirp 

parameter o f a MQW electroabsorption modulator [5][6][8][18]. The modulator had 12 period 

12 nm InGaAsP wells and 13 period 16 nm InGaAsP barriers. The device loss was less than 

3 dB for wavelengths between 1540 nm and 1560 nm. An extinction ratio higher than 

20 dB is obtained with drive voltages o f about 1~2 V. The light phase modulation <j> is found 

from the output intensity modulation by integration o f the chirp, a f {  ( /)  . The chirp value is a 

function o f the wavelength as well as the applied field. The output light phases vary as a 

function o f the absolute transmission, the wavelengths, and the refi*active index changes.

K. Yamada et al have demonstrated a negative chirp electroabsorption modulator using low 

wavelength detuning [19]. The negative chirp electroabsorption modulator exhibiting a chirp 

parameter value o f 0 to -0 .5 , at an input light wavelength o f 1550-1560 nm, has been 

developed by optimizing the bandgap energy o f an InGaAsP bulk absorption layer. 

Transmission of NRZ modulated 10 Gb/s data has been demonstrated using a span o f 100 km 

standard fibre without dispersion compensation.

R. W. Martin et al reported various factors affecting the design o f  QCSE modulators [20]. The 

MQW structures comparing various combinations o f InP, InGaAs, InGaAsP and InGaAlAs were 

considered both theoretically and experimentally. A quaternary/quaternary system is shown to 

give the best performance at the wavelength o f interest 1550 nm and this has been demonstrated 

using metalorganic vapor phase epitaxy (MOVPE) grown structures. Because the 

quaternary/quaternary InGaAsP/InGaAsP MQW structures enable optimization o f the
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modulation performance and operating wavelength, a large QCSE can be achieved, while at the 

same time maintaining a sufficiently high excitonic oscillator strength when the device is biased.

R. I. Killey et al have been demonstrated MQW FP modulators for soliton control using 

60 period 9 nm InGaAsP wells and 61 period 7.5 nm InGaAsP barriers [13][14]. This structure 

gives about 0.2 transmission change and -20  degree phase change at 7 V reverse bias required 

to control 10 Gb/s soliton pulses.

In quaternary InGaAsP MQWs with about 10 nm width, absorption peaks broadening with a 

decrease o f the mole fraction y is primarily due to the increase o f composition fluctuations [21]. 

The QCSE characteristics depend significantly on the well width [1]. To obtain a significant 

field sensitive exciton energy shift while retaining the significant absorption coefficient o f the 

peaks, the well width must be designed to be 10 nm [21]. From this point o f view, the 

quaternary InGaAsP MQWs lattice matched to InP (x=0.47y) allows continuous varying o f the 

energy bandgap from 920 nm to 1650 nm at room temperature by changing the composition 

from InP (y=0) to Ino.53 Gao.47 As (y=l .0).

Section 4.1.3 Practical modelling, design and assessment of InGaAsP/lnP 

MQW QCSE modulators

To design practical MQW QCSE modulators including DBRs, the careful design o f the FP 

cavity is required to avoid reflection ripples. In this Section, the detail design o f the FP cavity 

and the phase o f the MQW QCSE modulator will be described. The FP cavity is formed by two 

parallel mirrors o f reflectivities Rj- and separated by a semiconductor medium o f index

rifn and thickness d. Using Equation (3.4.8) in Chapter 3, the reflectivity can be modified as 

follows:

(4.1.1)
1 + F  • sin (f>

where A = and the one way phase change ( I t^ lm j^ d ! X and the

coefïïcient o f finesse F  = AARj-Ry / ( l w h i c h  is related to the cavity finesse
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reflectivity is obtained when (f> = where m is an integer. The maximum 

reflectivity is therefore

A 4- F
^max -  (4-1-2)

and the minimum reflectivity when <̂ = m7t is given by

■̂ min — ' (4.1.3)

The reflectivity ripple defined as

^ripple ~ ^max “  ̂ min (̂ * ̂  -^)

is given by

^ripple ~ 1 (4.1.5)
— + 1 
F

A contour plot showing the relationship between reflectivity ripple and the front and rear facet 

reflectivities is shown in Figure 4.1.2. The QCSE modulator has a MQW region of absorption a  

and thickness d  between Ry  and Rf, mirror in the FP cavity as shown in Figure 4.1.3. Then,

the effective reflectivity Rq = ̂ Rj-Rfy ■ e ~ ^  is a function of MQW absorption coefficient. 

We have an effective rear facet reflectivity of

k f  = R b -K  (4.1.6)

where the reflectivity reduction factor K  is given by

K  = e ~ ^ .  (4.1.7)
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ripple (%)

30 40 50 60
from reflectivity (%)

Figure 4.1.2 Reflectivity ripple contour between front and rear facet 

(right side bar is the ripple (%) in colour).

To explain the phase modulation characteristics of the device shown in Figure 4.1.3, the total 

output field will be considered. If the device has a single layer of material with optical thickness 

d and absorption o; with the reflectivity of the back mirror 100 % and that of the front mirror is 

, the total field of the output light is obtained by summing multiple fields such as the first

field reflecting from the first mirror, next field reflecting from the back mirror, and so on.

d

Figure 4.1.3 A simple FP device structure showing the reflectivity with a MQW region.
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The analytical equation of the total field for the simple device can be described by 

Er
Ei -e~°^ e~'^

where Ei and Ej. are the incident and reflected fields and ^  is given by

(4.1.8)

(4.1.9)

where X is the wavelength of the incident light and Xr  is the resonant wavelength of the 

device. The critical matching condition is reached when

-ad (4.1.10)

The phase of the reflected light is given by [13] [22]

Arg( E r ] = Arg

\
<Ei y

f  - e  ^  cos<f>->rie ^  - sin^

1 -  ^ R f  • e ~ ^  • cos^ + i^R  • e ~ ^  • sin^

« tan -1 ■ 4,
-ad -  tan -1

i - # 7
-ad (4.1.11)

where the operating wavelength is assumed to be close to the resonant wavelength, and so ^ is

small enough that cos^ « 1 and sin ̂  ^ . Over the range 0 < e ~ ^  < 1, the change in phase 

due to the second term is small compared to that due to the first, provided ^ is small. Hence

Arg
y E i ,

« tan  ^(p). (4.1.12)

where P  = -ad
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It is clear that there is a greater phase shift above the matching condition {^Rj- >e ^  > 0) 

than below the matching condition (1 > j- ) as shown Figure 4.1.4.

100

-od>e

-cd-50 <e

- 100.
-10

p

Figure 4.1.4 Phase change of the FP device shown in Figure 4.1.3.

The total phase ^ in a MQW will be more accurately described as Equation (3.4.7) in 

Chapter 3. The output optical phase (f> is expressed directly as a function of the modulator 

transmission, which is proportional to ln(7), the light intensity. The applied reverse bias is a 

parameter because the point representing the transmission state moves on the curve from the left 

to the right, respectively when it varies from low to high values.

The ratio of the phase and the intensity gives a parameter for comparison between the intensity 

and phase modulations. The chirp parameter «c/i/rp can be denoted by the slope of the curve

as follows [18];

^ chirp = 1-
d\n{I )

(4.1.13)

In the case of QCSE modulators. Equation (4.1.13) should be expressed in terms of the 

electroabsorption material properties: the phase change is proportional to the real part of the 

index change of the electroabsorption material (refraction), and the modulator transmission is
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proportional to the imaginary part (absorption). Therefore, the equation can be written as

a chirp
dn 4;rA/î 
dk ÀAa

(4.1.14)

where n and k are the real and imaginary parts of the index of the electroabsorption material, 

respectively under assumption of no confinement factor included. Hence, the chirp parameter 

depends only on the electroabsorption material and not on the structure. The most practical 

design of device for soliton control is one operating below the matching condition with a

material parameter < 0  [14]. However, in the case of the frequency modulator for a FP

cavity QCSE FM laser, only a region in which the refractive index is uniformly changed by 

applied electric field should be used to achieve frequency modulation.

For adapting the phase and chirp parameters for the double pass vertical structure QCSE 

modulators, device modelling is required including FP cavity effects and absorption of a MQW 

by using the transfer matrix method [10][13][14][22]. To carry out for the modelling the 

measured absorption coefficient data of 60 period 9 nm InGaAsP wells (bandgap wavelength: 

1160 nm) and 61 period 7.5 nm InGaAsP barriers (bandgap wavlength: 1100 nm) was used as 

shown in Figure 4.1.5. The wafer structure was illustrated in Figure 4.1.6.
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Figure 4.1.5 The reference absorption coefficient data of 60 period quaternary/quaternary 

InGaAsP/InGaAsP MQW for the modelling.
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Using the transfer matrix method and the reference absorption coefficient data o f the MQW, the 

modelled reflectance and transmittance were obtained as shown in Figure 4.1.6. The low 

transmittance indicates the exciton peak wavelength at 1520 nm. The reflectance R}j shows 

the exciton peak at the same wavelength as the transmittance.
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Figure 4.1.6 A modelled reflectance and transmittance o f the wafer structure including the 

reference MQW absorption data at 0 V bias.

There are usually two adjacent spectral regions in which significant field induced effects occur 

with MQWs around the unbiased el-hhl exciton peak and in the 10-15 nm band to the long 

wavelength side o f this peak. In the former case, transmission will increase with applied field 

due to the red shift and loss of oscillator strength. In the latter case, transmission falls with 

applied field as the exciton absorption is shifted towards the operating wavelength. For both 

these modes o f operation the modulation can be defined as transmission contrast, C j , or 

transmission change, AT. Neglecting FP effects, AT and C j  are given by the following 

equations:
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AT" = r(0) -  r(K) = ( ! - % ) '  _g-«(KX) (4.1.15)

Cr a  or I E )  = J a (0 )-« (K ) |4 ^ jA .|4
T(v) r(0)

|Ar| = 7’(0) 1 - - L
C t

(4.1.17)

where Ri, is the reflectivity o f the back facet o f the modulator. The transmission contrast ratio 

of the reference MQW structure is shown in Figure 4.1.7.

To design practical frequency modulation devices, the optimum operating wavelength region, 

which has maximum refractive index change and minimum absorption change as wide as 

possible, should be used to get maximum frequency and minimum intensity modulation. The 

new parameter, which is the refractive index change contrast ratio (V, A,) , will be defined 

by

Using the KK relation shown in Equation (3.4.1), the first refractive index change between 0 V 

and -1  V is defined as An(lV^À) in Equation (4.1.18). The refractive index change between 

0 V and -n  V is An(nV,A,).  The new parameter, the refractive index change contrast ratio, 

^An (Vi , between the first refractive index change and the n-th refractive index change gives

useful information about the uniformity o f the refractive index change over the wavelength. 

This parameter shows wavelength regions such as a steeply changed region o f the refractive 

index change and an uniformly changed region o f the refractive index change by applied field, 

in which we are most interested. Figure 4.1.7 shows the calculated refractive index change 

spectrum and the refractive index change contrast ratio C ^ ( V , À )  o f  the reference MQW 

from the absorption data as shown in Figure 4.1.6. In the Figure 4.1.7, the maximum refractive 

index contrast ratio in the certain contrast region C^(7F,1538n/w) = 2737/c/« . At the 

absorption coefficient edge o f 1560-1600 nm wavelength region, the contrast ratio is small but 

it is very uniform. Therefore, to obtain a large index modulation the peak refractive index 

contrast wavelength region with narrow bandwidth will be used while the uniform region with 

wide bandwidth is used for uniform modulation. Figure 4.1.8 shows the chirp value calculated
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from the extinction parameter of the reference MQW structure. The chirp value is positive from 

1545 nm wavelength to 1585 nm while it is negative from 1532 nm to 1545 nm.

Figure 4.1.9 shows modelled results o f the phase change and the transmission contrast ratio of 

the device structure which is shown in Figure 4.1.6 using the reference MQW absorption data 

and the transfer matrix method. The peak phase change is over -40  degree at 1530 nm 

wavelength when 6 V reverse bias applied while the transmission contrast is approximately 1.0. 

At the absorption edge wavelength the transmission contrast is very small but the phase change 

is 0-10 degree with uniform change when electric fields are applied.
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Figure 4.1.7 Refractive index change spectrum and their contrast ratio (V, À)

of the reference MQW QCSE.
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Figure 4.1.8 The chirp value of the reference MQW at -6 V applied voltage.

The phase change as a function of applied bias is shown in Figure 4.1.10. The phase increases to 

negative phase in the case of 1510-1550 nm wavelength with < 0 , in contrast, the phase

increases to positive phase with > 0 at 1580-1600 nm wavelength region. The phase

changes are 0-10 degrees at the absorption edge wavelengths while phase changes are very 

large around wavelengths corresponding to refractive index change peak. Therefore, the 

frequency modulation depth of the MQW QCSE modulators will be adjusted by applying the 

electrical field frequency with large or small signal. Almost pure frequency or phase modulation 

could be achieved at wavelengths showing deep phase change and small transmission contrast 

ratio over 1-8 V range as shown in Figure 4.1.9.
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Figure 4.1.9 Transmission contrast ratio and phase change o f the structure

shown in Figure 4.1,6.

The operating characteristics o f a QCSE modulator which has 60 period quaternary InGaAsP 

MQW were investigated using measured MQW absorption coefficients and transfer matrix 

method and compared with a reference device structure. The goal is to determine the 

modulation parameters using quaternary InGaAsP MQW and transfer matrix method modelling 

for vertical structure QCSE FP modulators for a FP cavity laser. The quaternary InGaAsP MQW 

gives large refractive index change with wide linear bandwidth. Using the chirp parameter the 

phase change in terms of wavelength and applied voltage could be determined.
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Figure 4.1.10 Phase modulation characteristics of the device (Figure 4.1.6) 

as a function of the applied voltage at several wavelengths.

The operating wavelength could be optimized using the refractive index change contrast, chirp 

parameters, transmission contrast, and absorption spectrum of the MQW. The large refractive 

index change gives large phase change, i.e. large frequency modulation depth. To achieve 

almost pure phase modulation or frequency modulation the wavelength region showing small 

transmission contrast or small absorption change such as 1525 nm or 1570 nm wavelength 

region should be used. In the peak refractive index change wavelength region, large phase 

modulation or large frequency modulation could be achieved. In contrast, uniform phase 

modulation or frequency modulation with low transmission contrast or small absorption change 

could be achieved at the wavelength, 10~20 nm red side from the exciton peak wavelength.

One design of MQW structure is MR1352 wafer for the practical QCSE frequency modulators. 

The structure is shown in Table b.l in Appendix B. The refractive index change and the 

refractive index change contrast are shown in Figure 4.1.11. The wavelength of the high 

refractive index change is 1556 nm, which shows the high contrast ratio of the refractive index 

change. In particular, the MR1352 MQW was designed to give uniform refractive index changes
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at the wavelength range from 1600 nm to 1650 nm with 40-50 nm wavelength bandwidth 

which has low absorption as shown in Figure 4.1.11. There is another uniform refractive index 

change region at 1525 nm wavelength.

Figure 4.1.12 shows the transmission contrast ratio and phase change o f the MR1352 MQW. 

The refractive index change is high at 1552 nm wavelength while transmission contrast is low 

and uniform refractive index change could be achieved at the absorption edge around the 

1580-1610 nm wavelength region.
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Figure 4.1.11 Refractive index change contrast ratio and refractive index change spectrum of 

MR1352 MQW structure QCSE modulator (AR coated on the front facet o f the modulator).
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Figure 4,1.12 Transmission contrast ratio and phase change of the MR 1352 MQW.

Figure 4.1.13 shows the chirp parameter of MR 1352 MQW with 6 V reverse bias voltage 

applied. The chirp is positive up to 1550 nm wavelength and the value is changing from 

negative to positive values again at 1567 nm wavelength.
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Figure 4.1.13 The chirp parameter of the MR1352 MQW at -6  V applied voltage.
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The phase values of MR 1352 MQW as a function of reverse bias voltage and wavelength is 

shown in Figure 4.1.14. As shown by the chirp value in Figure 4.1.13, the phase change is high 

over the 1550-1570 nm wavelength range with negative phase change. In contrast, the phase is 

very small at 1640-1650 nm wavelength region due to the refractive index change edge and the 

uniform phase change could be achieved at 1580-1620 nm wavelength region with 0-10 degree 

phase change.
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Figure 4.1.14 Phase change characteristics of MR1352 MQW modulator as a function of

applied voltage at wavelengths.

Figure 4.1.15 shows absorption coefficient and refractive index change for example o f QCSE 

modulator operation. The refractive index change is 78 % of the peak value when -9  V is 

applied. The absorption changes by only 35/cm over the wavelength region as shown in Figure 

4.1.15(a). In Figure 4.1.15(b), the refractive index change is 1% and the absorption change is 

2800/cm at 1578 nm wavelength.
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For implementing a vertical QCSE FP modulator in a FP cavity laser, a high reflectivity mirror 

is required forming one mirror o f the FP cavity to form a coupled laser cavity. Using a thermally 

evaporated gold mirror, a high reflectivity could be achieved. To keep high reflectivity o f the 

mirror through the device processing a non-annealed process contact is required. Flowever, 

practically, it is very difficult to manage because gold is not adhesive on the InP surface. 

Therefore, at least one of the DBRs in the modulator design is incorporated during growth, and 

its operating wavelength and reflectivity, together with the phase o f  the reflected light, must be 

correct to ensure good device performance. The DBR is a stack of layers, each with an optical 

thickness equal to one quarter o f the operating wavelength, and with alternating high and low 

refractive indices [22][23]. The materials used are InP and InGaAsP, the differences between the 

bandgap energy of the InP and quaternary semiconductor being made as large as possible to 

maximise the refractive index difference. The limit on this difference is set by absorption edge 

of the InGaAsP, which must be kept at a short enough wavelength to prevent high loss in the 

DBR due to absorption.
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Figure 4.1.15 Absorption coefficient and refractive index change at -9  V bias voltage

(a) absorption change and refractive index change spectrum from 1545 nm to 1565 nm 

wavelength range (b) wavelength range from 1570 nm to 1600 nm.

The DBRs were designed and modelled using the transfer matrix method [22] [23]. They were 

then grown, and the reflectivity spectra were measured with a monochromator. Comparing the 

modelled and measured spectra shows that the refractive index data used in the model was close 

to the actual values, and that the growth calibration was correct, and layers o f the correct
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thickness were being grown. The reflectivity spectra of the DBRs were measured and compared 

with the theoretical spectra. All wafers were grown by MOVPE at the III-V Semiconductor 

Facility at the University of Sheffield. The devices were processed at UCL. InP and InGaAsP 

(bandgap wavelength: 1400 nm) are suitable materials to develop a good DBR mirror for 

1550 nm wavelength. Modelled reflectivity spectra o f the DBR with different periods is shown 

in Figure 4.1.15. This modelling was based on MR 1384 wafer structure as shown in Appendix C. 

The reflectivity shows a large wavelength bandwidth from 1500 nm to 1600 nm. The higher 

reflectivity DBR requires a larger number of periods. However, a DBR with a large number of  

periods is not an easy process in the MOVPE chamber. Therefore, 16-24 period DBR could be 

practically developed. There is large ripple outside the bandwidth. The reflectivity ripple is 

approximately over 50 % as shown in Figure 4.1.16 and Figure 4.1.2.

100
D B R  p e r io d

   328 0 '

g
?
1
1

1350 1400 1450 1500 1550 1600 1650 1700 1750
w a v e le n g th  ( n m )

Figure 4.1.16 Modelled reflectivity spectrum of different period, InP/InOaAsP(bandgap 

wavelength: 1400 nm) DBR based on MR1384 wafer structure.

The reflected power ripple Prippie is related to the incident power P, via the relationship from 

Equation (4.1.4) and Equation (4.1.5)

^ripple “  ^m ax ^m in  

“  -^ripple
(4.1.19)
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4ipple((^B) =  10.1ogio
max

V min
f

= 10.1ogio

= 10-logio  

1

Pi.Rmax
PARI v̂ ’̂ max ^ripple )

 ̂ ^ripple  ̂^max ^

(4.1.18)

The power reflection ripple is reduced when an AR coated layer is used on the front facet. 

Measured reflected powers are shown in Figure 4.1.17. In the measurement system, an optical 

circulator is connected to a laser source using the input port o f the circulator and the MQW 

device using a output port of the circulator. The reflection is detected from another port o f the 

circulator. The quantum well o f MR 1074 is InGaAs and the barrier is InGaAsP with the 

bandgap wavelength o f 1150 nm. A mirror is positioned on back side o f the wafer using GeAu 

n-contact. The AR coated layer is on the p-InP surface. The whole vertical cross section of the 

wafer is an asymmetric FP cavity structure. The total thickness, d, is over 300 /im including the 

InP substrate. Incident light propagates through the thick InP substrate, reflects from the GeAu 

mirror and the output light is detected. The test system to examine reducing FP cavity ripple 

using AR coating consists o f a tunable laser, a circulator and a MQW QCSE modulator. Light is 

input to the modulator, reflected and the circulator output light is measured. The large reflected 

ripple can be seen for the case of no AR coating. The power reflection ripple is reduced when an 

AR layer is added to the front facet.

Structures of fabricated MQW QCSE modulators are described in Appendix C. Quaternary 

InGaAsP wells and InGaAs wells were used with quaternary InGaAsP barriers. The InGaAs 

contact layer of MR1382 was used to achieve good ohmic contact using Au/Zn/Au contact 

metal. Other InP layers including contact layer and spacers are designed to achieve high 

reflectivity over operating wavelength region with wide wavelength range and to reduce the FP 

effect. The photoluminescence (PL) peak wavelength o f MR1352 is 1545 nm. The PL peak of 

MR 1074 is 1530 nm without DBR layers and with n+ InP substrate layer. The DBR has 

16 periods of InGaAsP with bandgap wavelength o f 1400 nm and InP achieved wide bandwidth 

and high reflectivity mirror. The DBR of MR 13 84, which has 24 period DBRs, obtained higher 

reflectivity. Especially, MR 1409 and MR 1426 have InP contact layer above the DBR layers to 

make n-contact without etching the DBR layers during the device processing. The wafers were 

designed with semi-insulating substrates to make low parasitic capacitance air-bridge contact 

doing the fabrication process.
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Figure 4.1.17 Measured reflectivity ripple of MR 1074 structure modulator comparing AR 

coating and no AR coating (free space means no reflection state).

Figure 4.1.18 shows the reflectivity of the designed MQW QCSE modulator structures without 

AR coating. The designed centre wavelength is 1550 nm. The thickness o f the AR coating layer 

of S^h^ is 208 nm (n=1.85) which is optimized to reduce ripples at the centre wavelength of 

1550 nm. When the reflectivity data of samples is measured and compared with the modelled 

data, MQW absorption coefficient spectrum should be considered. To analyze with MQW 

QCSE effect during the reflectivity modelling process, the measured absorption spectrum was 

used. Then, the transmission and reflection spectrum will be changed due to the absorption 

spectrum of MQW QCSE.

Page 157



Chapter 4

100

MR 1352

—  MR 1382

MR1426

1400 1450 1500 1550 1600 1650 1700

w avelength  (nm )

Figure 4.1.18 Reflectivity of designed quaternary InGaAsP MQW QCSE modulators with 

DBRs (MR1352~MR1426 are wafer numbers).

Figure 4.1.19(a) shows the modelled reflectivity of MR1352 MQW QCSE modulator with DBR 

excluding the AR coating layer while Figure 4.1.19(b) shows the measured reflectivity using the 

monochromator measurement system as described in Appendix B.
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Figure 4.1.19 Modelled and measured reflectivity of MR 1352 MQW QCSE modulator with 

DBR (no AR coating, SI 1: front reflectivity and S22: back reflectivity).
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The measured reflectivity spectra of quaternary InGaAsP MQW QCSE modulator structures are 

shown in Figure 4.1.20. Because the structures have no AR coating and have MQW there are 

reflectivity ripples and low reflectivity region within the designed wavelength bandwidth, i.e., 

1500~1600 nm bandwidth. In practical devices, the wavelength bandwidth is slightly shifted to 

the red side or blue side depending on position on the wafer, but the main operating wavelength 

for the device operation is suitable.

Figure 4.1.21 shows the measured reflectivity of MR1384 structure comparing between 

uncoated sample and AR coated sample. The wavelength bandwidth of the QCSE modulator 

will be 1540-1600 nm from the exciton peak to the absorption edge. The measured reflectivity 

of the AR coated sample gives low ripples and good reflectivity spectra with uniform 

reflectance as shown in Figure 4.1.21.
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Figure 4.1.20 Measured reflectivity spectra of quaternary InGaAsP MQW QCSE modulator 

structures (1380-1426 are wafer numbers).

Figure 4.1.22 shows measured transmittance spectra of designed QCSE modulator samples. The 

centre wavelength is at 1550 nm with 100 nm wavelength bandwidth for the reflectivity and the 

transmittance.

Page 159



Chapter 4

0.8

0.6

I
1

no AR coat ing

0.4

0.2

1400 1450 1500 1550 1600 1650 1700

wavelength (nm)

Figure 4,1.21 Measured reflectivity spectra of MR 1384 MQW QCSE modulator structure with

AR coating and no AR coating.

The optical characteristics are matched between modelled characteristics o f MQW QCSE 

modulator structures shown in Figure 4.1.16 and Figure 4.1.18 and assessed characteristics of 

the experimental MQW QCSE modulators shown in Figure 4.1.20 and Figure 4.1.21. Using AR 

coating the reflectivity ripples were reduced as shown in Figure 4.1.21. However, there is 

residual ripple due to the FP cavity o f InP, DBR and InP substrate as shown in Figure 4.1.22. 

The InP substrate has approximately 30 % reflectivity. This residual ripple will affect 

modulation characteristics of a FP cavity QCSE FM laser. This ripple could be reduced by 

roughening the InP substrate resulting in very low ripple because the rough surface scatters the 

reflected light from InP substrate as shown in Figure 4.1.23.

The optical characteristics are dependent on the temperature. The dependence o f the absorption 

and the refractive index change was measured using a tunable laser, cooler and temperature 

controller resulting in a measured value o f ~10nm/5°C.
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Figure 4.1.22 Measured transmittance spectra of quaternary InGaAsP MQW and InGaAs MQW 

QCSE modulator structures (1380-1386 are wafer numbers).
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Figure 4.1.23 Measured reflectivity of residual ripple and reduced ripple by wafer roughening.
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Section 4.2 Electrical Characteristics Design and Performance 

of inGaAsP/lnP MQW QCSE Modulators

In this section, the electrical design of MQW QCSE modulators and measured performance of 

the devices will be described. In MQW QCSE modulators it is required to apply a reverse bias 

voltage to obtain an electric field perpendicular to the MQW. Low leakage current and high 

reverse breakdown voltage of the MQW QCSE devices are required to achieve large wavelength 

tuning and uniform characteristics simultaneously. The electrical characteristics will be 

described in Section 4.2.1. For use as a modulator in FP cavity o f FM lasers, MQW QCSE 

modulators require fast modulation characteristics. The high frequency design and performance 

will be described in Section 4.2.2.

Table 4.2.1 shows two types o f fabricated MQW QCSE modulators. The large area PIN MQW 

QCSE modulator has no air bridged contact, which means its size is large and is a slow QCSE 

modulator. The large area PIN MQW QCSE modulator was used for the MQW QCSE 

multichannel source. The air bridged MQW QCSE modulator has low parasitic capacitance and 

small size. The air bridged MQW QCSE modulator was used for the MQW QCSE FM lasers.

Table 4.2.1 Two types of fabricated MQW QCSE modulators

Type of MQW 
QCSE 

modulator

p-contact structure 
(type of substrate)

Size of device Speed of device Involved
system

Large area PIN 
modulator

large area contact, 
no air bridged 

contact 
(n+ type)

400 pm 200-400 MHz QCSE
multichannel

source

Air bridged 
modulator

Air bridged contact 
(semi-insulating 

substrate)
60 pm Over 6 GHz QCSE FM 

lasers
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Section 4.2.1 Electrical characteristics

The I-V characteristics of a PIN diode is described by

I  = I q

qV_
ekT  _ i (4.2.1)

where I q is the reverse saturation current, ^=1.60218992xl0’'^C J/eV, and 

1.380662x10'^^ J/K [23][24]. The measured I-V characteristics o f an air bridged MQW QCSE 

modulator, which is fabricated using MR1380 and MR1382 samples, as shown in Figure 4.2.1. 

The I-V characteristics o f MR1382 MQW QCSE modulators show an ohmic p-contact and that 

the leakage current with the reverse bias voltage is very small showing that high quality QCSE 

modulation will be achieved. Figure 4.2.1(b) shows the I-V characteristics o f MR1380 MQW 

QCSE modulator including the detailed characteristics, showing that the leakage current is less 

than 1 nA at -20  V reverse bias. The reverse break down voltage is over -20  V. All devices are 

air-bridge modulators having 60 pm diameter mesa. To achieve low leakage current with 

reverse bias, good quality of mesa side wall is required.
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(a) I-V characteristics of an air bridged MR 13 82 MQW QCSE modulator. 

Figure 4.2.1 I-V characteristics o f fabricated air bridged MQW QCSE modulators

(continued).
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(b) I-V and detailed leakage current of an air bridged MR 13 80 MQW QCSE modulator. 

Figure 4.2.1 1-V characteristics of fabricated air bridged MQW QCSE modulators.

One of the significant advantages of using QW materials in the phase perturbation elements of 

an FM laser is that QW materials provide large electric field induced refractive index change 

and because this change is induced by the electric field, it can respond at high speed. A QW PIN 

type modulator under reverse bias can be considered as a parallel plate capacitor. It is clear that 

the operating frequency of the circuit will be limited by parasitic capacity C p . The effective

capacity of PIN device can be determined by

(4.2.2)

— 12where £ = \2 .5£q and the primary electric constant gQ = 8 .854x 10 F/m. d is the

2
thickness of the intrinsic region and S = 7tD / 4 for a circular device with diameter D. The 

specifications must be determined to reduce the effective capacitance and the most realistic 

approach is by reducing device areas.
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Figure 4.2.2 The effective capacitance as a function of device size.

Consider a typical InüaAsP/InP modulator; the intrinsic layer consists o f 60 period of 

quaternary InGaAsP wells and 61 period of quaternary InGaAsP barriers giving approximately 

d  » \jMn . The effective capacitance as a function of device diameter is shown in Figure 4.2.2.

The effective capacitance of the 100 pm diameter device is IpF. Using an HP 4275A multi- 

frequency LCR meter, the measured capacitance o f a 400 pm diameter o f a large area PIN 

QCSE modulator for the MQW QCSE multichannel source was 10-15 pF while the capacitance 

of the 60 pm diameter air bridged MQW QCSE modulators was 0.2-0.7 pF giving high 

modulation cutoff frequency predicting -1 0  GHz -3dB cut-off frequency when driven from a 

50 Q source impedance.

Section 4.2.2 Design for fast MQW QCSE modulators

In this section, the design of the low parasitic capacitance modulator and its frequency response 

will be described. For use in an MQW QCSE external cavity FM laser comb generator, the 

operating frequency will be -lOGHz. Therefore, the device should have very low parasitic 

capacitance.
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The cut-off frequency is

h d B  = In  • 2n - £ - S  • Rj
(4.2.3)

m

where £ is the dielectric constant, S is the area o f the device and d  is the thickness of the 

intrinsic layer o f the device determined by the QW materials. The relationship o f parasitic 

capacitance, device size and cut-off frequency is shown in Figure 4.2,3. Using conventional 

device structures, it is possible to obtain devices with up to GHz operating frequency. Although 

a few tens of pm size devices, which correspond to cut-off frequencies o f up to ~  100 GHz, can 

be used for optical alignment using collimating lens, to fabricate such a small devices using 

standard photolithography is very difficult. To be operated at 5-15 GHz frequency, the parasitic 

capacitance should be less than 1 pF. In this case, the diameter o f the modulator must be less 

than 70-90 pm. The interested size o f devices is less than 200 pm resulting in 1 GHz cutoff 

frequency. To be 6 GHz cutoff frequency, the device size should be less than 80 pm as shown in 

Figure 4.2.3.
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Figure 4.2.3 The cut-off frequency, parasitic capacitance and device diameter o f circular MQW 

QCSE modulator (To achieve 3 GHz cutoff frequency, the size o f  device should be less than

100 pm).
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Proposed device structures are shown in b .l, Appendix and Figure 4.3.2. For laige area MQW 

QCSE modulator the p-contact pad will be positioned on the p+ In? contact layer. The QCSE 

modulator is a PIN structure DBRs as shown in Figure b .l. The contact layer is an InP layer and 

an intrinsic InP spacer is used between the InP contact layer and the MQW layers. The MQW 

system consists o f 60 period 10 nm thick InGaAsP wells (bandgap wavelength: 1600 nm) and 

61 period 7.5 nm InGaAsP barriers(bandgap wavelngth: 1100 nm). Beneath the MQW layers a 

16 period layer o f InGaAsP (bandgap wavelength: 1400 nm) and InP DBR is positioned with 

designed quarter wavelength thickness at 1550 nm and 80 % reflectivity. To reduce parasitic 

series resistance the DBR stack was n doped. All layers were growth on an n  ̂InP substrate by 

conventional low pressure MOVPE. The contact layer is an InP layer and an intrinsic InP spacer 

is used between the InP contact layer and the MQW layers. The modulators were fabricated 

using standard photolithography, thermal evaporation and wet chemical etching. A single layer 

anti-reflection coating o f was deposited by PECVD on the p  ̂ InP surface to reduce 

reflection from this interface. The residual reflectivity o f the AR coating layer was less than 1%. 

Mesa etching was used to form 400 p,m diameter devices. Completed devices were coupled to 

the rear facet o f the gain laser using an anti-reflection coated GRIN lens. A coupled cavity was 

established between the rear facet o f the gain laser and the DBR stack o f the modulator. The 

system can be analyzed as a multiple cavity system with emission occurring at the wavelength 

where the two cavity resonances coincide. Because the coupling o f the external cavity to the 

laser diode is weak, its main effect is to select laser internal cavity modes.

To fabricate air bridged MQW QCSE modulator, the p-contact pad is separated from the active 

region using an air bridge structure, the device area which generates parasitic capacitance is thus 

reduced. 60 pm diameter air bridge modulators are fabricated with circular shape optical access 

areas. A S%b  ̂AR coating layer is used to reduce ripples and to interface the FP cavity with the 

gain laser forming a coupled FP cavity. The actual p-contact area is a circle with 10 pm width. 

The optical access window is positioned inside the p-contact with an AR coating layer. The 

isolation gap is 20 pm. The gap can be achieved by chemical etching up to the semi-insulating 

substrate. The air-bridge reduces the parasitic capacitance o f the contacts while using a small 

diameter mesa reduces the capacitance o f the PIN structure. The detailed fabrication processing 

of air bridge modulators will be described in Section 4.3.
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Figure 4.2.4 A schematic design of an air bridge MQW QCSE modulator structure for MQW

QCSE FM laser.

The FM response of a device can be measured using several measurement methods [25][26]. 

The FM response of MQW QCSE modulators was measured using a low finesse FP 

interferometer measurement system as shown in Figure 4.2.5. The cavity length of the low 

finesse FP interferometer was approximately 40 cm. A 30 dB loss isolator was placed at the 

output of the laser to avoid feedback effects from the measurement system.

low finesse FP interferometer

fast photodetector

laser
electrical amplifier

isolator

M Q W  QCSE  
modulator

network analyser

Figure 4.2.5 Low finesse FP interferometer FM response measurement system (the cavity length 

of the low finesse FP interferometer was approximately 40 cm).
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The measured FM response of a 400 pm diameter large area MQW QCSE PIN modulator is 

shown in Figure 4.2.6. The -3dB cutoff frequency response was approximately 200 MHz. In 

Figure 4.2.6 there is a strong FM response at frequency over 1 GHz. There are two possible FP 

cavities producing this, the low finesse FP interferometer, and the external cavity MQW QCSE 

FM laser. The cavity length of the low finnesse FP interferometer is approximately 40 cm 

corresponding spectral maxima will be spaced by 300 MHz. Imperfection of AR coating of 

component could result in formation of short (1 mm) FP cavity. The characteristics frequencies 

of these would, however, be in the THz range. The response must therefore be attributed to the 

external cavity FM laser, the length of which was approximately 7.5 cm. The characteristics 

frequency of the external cavity laser is approximately 2 GHz. When the modulation frequency 

is the axial mode frequency, an FM laser response occurred resulting in high periodicity from 

approximately 1.5-2 GHz. The periodicity observed is approximately 450 MHz. Therefore, the 

FM response could be observed at the axial mode frequency and its harmonic.
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Figure 4.2.6 FM response of a large area PIN MQW QCSE modulator.

The diameter of the air bridged MQW QCSE modulator is 60 pm resulting in a -3dB cutoff 

frequency response of over 6  GHz in Figure 4.2.7. The maximum frequency bandwidth of the 

network analyzer (HP8753D) is limited to 6  GHz. The -3dB cutoff frequency response of the 

60 pm air bridged MQW QCSE modulator could be over 6  GHz. To align laser light to the
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60 p.m optical window of the air bridged MQW QCSE modulator using a set of collimating lens 

for FM response measurement, the external cavity length was approximately 7.3 cm. Therefore, 

when FM response is measured using the network analyzer and the modulation frequency is 

increased to the axial mode frequency of the FM laser, FM laser operation occurred and produce 

FM side modes resulting in non-uniform FM response at around 2 GHz. Also, the harmonic 

frequency of the axial mode frequency possibly produces FM side modes.

I
73

0

-0.5

1.5

■2

-2.5

•3

-3.5

■4

0.1

modulation frequency (GHz)

Figure 4.2.7 Measured FM response of an air bridged MQW QCSE modulator

with 60 pm diameter.

Figure 4.2.8 shows an example of RF beat spectra measured using the air bridged MQW QCSE 

modulator and the LSA. It is clear that the modulator can be operated at 6  GHz frequency. The 

input RE power of the QCSE modulator was +12 dBm. The reverse bias voltage was -4  V. The 

average optical output power was -16.2 dBm and the resolution bandwidth of the LSA was 

511 kHz.
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Figure 4.2.8 RP beat spectrum of 6  GHz frequency modulation 

using an air bridged MQW QCSE modulator.

Section 4.3 Fabrication of Fast InGaAsP/lnP MQW QCSE 

Modulators

To fabricate QCSE modulators for QCSE multichannel DWDM sources and semiconductor 

QCSE FM lasers, a careful fabrication process is required. The main concern of the fabrication 

process is repeatability of the device fabrication involving standard photolithography techniques. 

The fabrication processing has been developed at UCL and QCSE modulators have been 

successfully fabricated in the UCL clean room.

Section 4.3.1 Anti-reflection coating

The first processing step is to deposit an anti-reflection (AR) coating on the optical window area. 

As described in Section 4.1, to reduce reflection ripples an AR coating is required on the front 

facet of the modulator. A contour plot showing the variation in reflectivity with film thickness 

and refractive index for an AR coating deposited on the front facet of the device is shown in 

Figure 4.3.1 for the wafer MR1074 with infinite wafer absorption assumed. Given that the
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contour line spacing is approximately 0.1 % we can see that for a reflectivity o f 0.7 % we 

require a film of thickness 185-235 nm and of refractive index 1.7-1.98. The range of 0.1 % low 

reflectivity is from 200 nm thickness to 218 nm thickness and the refractive index o f 1.77-1.88.

A Si3N4 AR coating layer was deposited on the wafer using the plasma enhanced vapour 

deposition (PECVD) technique in a UCL clean room. The deposition o f these gases was 

carefully controlled to minimise film defect holes and provide a uniform thickness. The silicon 

nitride recipe using a parallel plate PECVD equipment (PD80 Plasma Technology) is as 

follows:

NH]: 40sccm, N 2: lOOsccm, SiH4 : 8sccm, Pressure: BOOmtorr, Temperature: 300°C, RF Power: 

18 Watts, and deposition rate:-3.3 nm/minute.

The thickness and refractive index are then measured using an Ellipsometer. The measured 

thickness of the AR coating is shown in Figure 4.3.2. To measure the thickness of the AR 

coating film, test silicon or bulk InP test wafers were used. Main MQW wafers will be coated 

the AR coating by placing on the same position as the test samples inside the chamber. Figure

4.3.3 shows reflectivity spectra of the coating on a silicon test sample. Figure 4.3.3(a) the shows 

modelled reflectivity spectra and Figure 4.3.3(b) shows measured reflectivity spectra o f the AR 

coating. After 64 minutes of Si3N4 deposition, the reflectivity will be very small in the 

1400-1540 nm wavelength range as shown in Figure 4.3.3(b).

Reflectivity (%)

190 200 210  220  
Thickness (nm)

230 240

Figure 4.3.1 Reflectivity contour with film thickness and refractive index for an AR coating 

deposited on the front of MR1074 wafer with infinite wafer absorption (the reflectivity (%) 

marked on right side column with color and contour line spacing: 0.1%).
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Figure 4.3.2 Measured thickness of AR coated layer versus deposit time.

In the case of bulk InP material, the reflectivity spectra is similar to that of silicon wafer except 

the deposition speed which is 10 % difference. The deposition rate was approximately

3.3 nm/minute.
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(a) Modelled reflectivity spectra of coating on silicon test sample (10, 16, 20, 25, and

64 minutes from top line to bottom line)

Figure 4.3.3 Reflectivity spectra of AR coating on silicon test sample (continued).
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(b) Measured reflectivity spectra of coating on silicon test sample 

Figure 4.3.3 Reflectivity spectra of AR coating on silicon test sample.

Section 4.3.2 Metallisation for p/n-contacts and contact pad

After AR coating, a suitably sized wafer sample is prepared for further processing and cleaned 

using acetone and methanol as described in Appendix D. Etching SigN  ̂to open up the areas for 

the metallisation of the p-contact and contact pads is required, using standard photolithography 

and a suitable mask. The p-contact layer is designed as an InP or an InGaAs material as shown 

in Appendix B. High-quality contacts to InP and related materials have been widely investigated 

and reported because of their essential role in the performance of electronic and photonic 

devices [27][29][30][31]. From the practical point of view, ohmic contacts are basically metal- 

semiconductor Schottky barriers, through which a majority of carriers can tunnel because of the 

narrow barrier width, enhanced by high dopant concentration in the interface region.

The main issues that have to be considered when selecting the metallisation scheme and the 

process conditions are

i) optimizing the contact design to yield an ohmic contact with the lowest possible 

resistance,

ii) providing stable morphology over a wide temperature range, which requires the 

presence of only limited intermetallic reactions, and thus requires an abrupt metal- 

semiconductor interface through the contact processing,

iii) ensuring contact stability through the device electrical and thermal operating 

conditions.
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iv) causing no excessive stresses in the metal films, the underlying dielectric patterning 

layer, and the underlying semiconductor,

v) being compatible with the metal system used for the interconnection technology, 

and

vi) fabricating with a robust process that fits as an integrated step into the overall 

device manufacturing scheme.

For contacts to p-type InP, Zn/Au and Be/Au have been commonly used and annealed at 400°C

to 430°C to yield specific contact resistance values lower than 1 x 10“  ̂Q -  cnP' [30][31][32]. 

Other metal systems such as Mg/Au, Cd/Au, Ni/Au, Cr/Be/Au, Ni/Zn/Au and Ti/Pt have been 

investigated for ohmic contact to p-type InP [4]. The barrier height ( 0 g o )  o f n-type InP is 

equal to one-third o f the energy band gap { Eg )  o f  p-type InP [30][33]. Therefore, n-type 

contacts can be formed through alloying the contact metallisation directly onto the InP substrate

which is typically doped to the level o f 2x10^^ to 2xl0^^c/w~^ and p-type contacts are 

frequently formed onto heavily doped epitaxial layers such as InGaAs or InGaAsP for good 

ohmic contact. Since the QCSE modulator will be operated in reverse bias the contact 

characteristics in the reverse bias region are more important than in the forward bias region. A 

more important factor for the contact is metal stickiness on InP. For p-type InGaAs contact, 

Au/Zn/Au and Ti/Pt/Au have been verified as a good ohmic contact [30]. A two step 

metallisation process will be used for the Au/Zn/Au contact to the InGaAs cap layer using a 

thermal evaporator. Au/Zn/Au metallisation has extremely poor adhesion to the passivation 

layer which can result in the metal delaminating at a later stage o f the process. To prevent this, 

the Au/Zn/Au metal is patterned by a lift off technique so that it only remains on the contact 

holes on top of the modulator contact area. A subsequent deposition and fabrication of the air

bridge contact o f Ti/Au or Cr/Au by thermal evaporation forms adhesive contact between the 

first p-contact, the contact pad and the air-bridged metal contact.

For n-contact to InP, the most commonly employed scheme is the GeAu (12 wt % Ge) eutectic 

alloy [30][34]. Alloying this contact at the eutectic melting temperature o f about 360°C drives 

the dissolution in InP and the resolidification of the phosphide-rich InP, as a result o f the high 

solubility of indium in the GeAu melt adjacent to the substrate. Germanium is likely to 

incorporate preferentially on the In site in the precipitated InP. Alloying the contact at a 

temperature o f 450°C and higher results in significant out diffusion o f P and enhanced 

formation of P vacancies. This leads to degradation o f the contact electrical properties. Ti/Au or 

Cr/Au have excellent adhesion to InP, which makes easy metallisation processing and good 

electrical characteristics in reverse bias operating region o f MQW QCSE modulators. The first
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metal contact has 5~20 nm thickness deposited using a thermal evaporator. Depositing p-contact 

pad metals on the surface is very difficult. P-contact and p-contact pad metals have been

successfully deposited using a very stable photolithography and lift-off process shown in 

Appendix D.

To make a good n-contact on n+ In? substrate for large area PIN MQW QCSE modulators, a 

rough polished surface of the InP substrate is required before GeAu/Au metallisation. Unlike the 

large area PIN MQW QCSE modulators, for air bridged MQW QCSE modulators, the polishing 

process is not required because the etched surface gives good morphology to make n-contact 

which is placed on the same side as the p-contact.

The annealing process was carried out over a 400-440®C temperature range for 2 minutes in a 

furnace which reduces the specific contact resistance for the metals in InP material and provides

better adhesion. The specific contact resistance of 5x lO ~ ^ Q -c m ^  in the Au/Zn/Au metal 

system on p-InGaAs has been achieved which is measured using the transmission line model 

(TLM) method.

Section 4.3.3 Wet chemical etching for InGaAsP/lnP Mesa and Isolation 

gap

Wet chemical etching processes have been developed for InP and InGaAsP material systems

[35]-[40]. Wet etch techniques offer very good controllability in terms of the etch speed by 

using different etchants and etch depths and by frequently measuring the depth etched. 

However, the etched surface quality and uniformity are not good. A number of etchants which 

result in anisotropic etch profiles due to their interaction with the crystal structure have been 

investigated. The InGaAs cap layer was removed using an etch solution composed of 

H3 PO4 /H2 O2 /H2 O in the ratio 8:1:1; this etch does not attack the friP layers. The InP layers are 

etched using a solution of HCI/H3 PO4  (1:1). This solution distinguishes between the <110> and

< 110  > directions on <100> InP producing a different etch profile when the test ridge pattern 

is aligned perpendicular or parallel to the major flat of the wafer.
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Figure 4.3.4 A schematic illustration of etched orientation on a InGaAsP/InP wafer.

20KV X 6 , 0 0 0  U'm WD16

(a) [Oil] direction ridge (b) [ 1 0 1  ] direction ridge

Figure 4.3.5 Facet [110] of the different directional test etched pattern.

The ridge shape obtained when the mask is aligned perpendicular to the major flat is a dovetail 

with a degree of underetch while in the orthogonal direction, parallel to the major flat, the shape 

is trapezoidal as shown in Figure 4.3.4 and Figure 4.3.5(a). The trapezoidal ridge profile 

obtained is shown in Figure 4.3.5(b). Wet chemical etch techniques offer very good 

controllability of the etch speed and selectivity between material systems. A selective etchant 

between InGaAs and InP is H2 O : H2 O2 : H3 PO4  (8:1:1) which etches the InGaAs layer and stop 

etching on the InP layer. Its etch rate is 200nm / 25sec at 20 °C. A selective etchant of between 

InP and quaternary InGaAsP is HCl : H3 PO4  (1:1) which etches InP layers and stop etching on 

quaternary InGaAsP; the etch rate is 1pm / 40sec at 20 °C. The selective etchant is 

crystalographic etchants. The etch direction was [111] on [Oil] directional ridge and [111] on 

[101] direction. Nonselective etching for InP, InGaAsP and quaternary InGaAsP used is HBr: 

CH3 COOH: K2 Cr2 0 7  (1:1:1). Its etch rate is 1.4pm / 60sec at 20 °C. This etchant works very 

well for nonselective etching of InP, InGaAsP and quaternary InGaAsP. However, the etch
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surface is not uniform and even worse for deep etch of InGaAsP/InP. The uniformity,

is 50-56 % for 5 minutes etching as shown in Figure 4.3.6.

Therefore, controlling the etch stop layer over several hundred |im square area for n-contact 

layer etching would be a serious problem.

Figure 4.3.6 Schematic diagram of nonuni form etch profile of the nonselective etching.

In the case o f the 7.2-10 pm deep isolation etch, the uniformity is higher than for smaller etch 

depth, but the uniformity o f the etched surface is not a critical point for the electrical 

characteristics of QCSE modulators.

The nonselective etchant was used to perform the mesa etch of the large area PIN MQW QCSE 

modulators and air bridged MQW QCSE modulators and proved for mesa etching giving good 

electrical characteristics. Figure 4.3.7 shows the mesa etched side wall o f an air bridged MQW 

QCSE modulator fabricated by using nonselective etchant. The side wall is very clean. Wet 

chemical etching and dry etching were tested for these etching steps because o f the non- 

uniformity o f the etched surface for the n-contact layer when nonselective etchant is used. There 

were difficulties in making low leakage current devices.

p-contact metal

m esa etched side wall

Figure 4.3.7 SEM photograph of etched mesa side wall of a fast QCSE air-bridged modulator.
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As shown in Appendix C, the thickness o f InP n-contact layer is 1pm. MR1409 or MR 1426 

wafers have an n-contact layer underneath the MQW layer. To make a good contact on the 

n-contact layer a uniformly etched surface is required. In particular, the yield o f successful 

devices is not high enough using nonselective etchant in terms o f the electrical characteristics.

The etching method investigated has been used for device fabrication process. The selective 

etching was used in the case o f InGaAs/InP/InGaAsP multi-layer structure wafer such as 

MR1382. The nonselective etchant was used for deep etching for thick layer etches up to 10pm 

such as the n-contact layer o f MR1380, MR1384 or MR1386 as shown in Appendix B. For 

defining the n-contact layer of MR1409 or MR1426, the Methane-hydrogen dry etching 

technique was used. When dry etching is used for the n-contact layer which is 2~3 pm thick the 

uniformity o f the n-contact layer is very good and the electrical characteristics o f MQW QCSE 

modulators is much enhanced due to the good n-contact. The dry etching will be described in 

the next section

Section 4.3.4 Dry etching for contact iayer etch and isoiation gap etch

Dry etch techniques give a flat etched surface with very good uniformity over the whole wafer. 

Many results on Methane-hydrogen dry etching on InP material systems have been developed

[41] [42] [33] [44]. For mesa etching with good surface and side-wall morphology, dry etching is 

normally used. The possible chemical reaction o f InP etching using CH4/H2 is

InP-\-2>H + 3CHi, + P (C //3 ) 3  . (4.3.1)

Using pP80 RIE dry etching equipment, the operating parameters are as follows:

H]: 40sccm, CH»: lOsccm, Power: 200W, Pressure: lOOmtorr and Temperature 26°C. The 

optimized etch rate is 1.5pm/30minutes using the operating parameters o f the RIE discussed 

above. To etch InP/InGaAsP multiple layers, normal photolithography was used using S1818 

photoresist and SJR5740 thick photoresist for deep etching test. The thickness o f SJR5740 

photoresist in case o f 400rpm spin coating is about 7~8pm. Then the photoresist is baked for 

ISminutes in an oven at 85°C for pre-processing before dry etching. The result o f a tested deep 

etch, which is about 7 pm depth, is shown in Figure 4.3.8. In this deep etching case, the thick 

photoresist was etched off during the etching process and also the p-contact was etched. As a 

result, poor side wall morphology occurred and the devices were seriously damaged. Therefore, 

this dry etching could not be used for deep isolation etching. However, this dry etch technique
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gives a flat etched surface with very good uniformity over n-contact layer which is about 

2~3 |o.m deep. This dry etching technique for n-contact layer etching gives good electrical 

characteristics o f the QCSE modulators. A dry etching example for a 2~3 pm deep n-contact 

layer is shown in Figure 4.3.9.

Figure 4.3.8 SEM photography of an example failure of deep dry etching (~7 pm).

Figure 4.3.9 SEM photograph o f an example etched side wall and surface 

using Methane-hydrogen dry etching.

Section 4.3.5 Wafer roughening

As described in Section 4.1, to avoid residual reflection ripples, roughening o f the InP substrate 

backside is required in addition to the AR coating on the front facet o f the modulator. Chemical 

and mechanical manual roughening techniques were investigated.
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The chemical Bromine/Methanol bubble etch results in less mechanical damage to the wafer 

than mechanical roughening. The etch solution was 5 vol% bromine in methanol. Nitrogen was 

allowed to flow into the etch solution through a diffuser to produce a steady flow o f bubbles, 

approximately lOsccm. The nitrogen prevents stagnation o f the etch solution which can result in 

non uniform etch characteristics. The sample to be etched is attached to a glass slide using 

dental wax ensuring that the p side metallisation is completely protected. Care should be taken 

that the grade of wax is fully resistant to the etch solution. Typically a wax with a melting point 

of >130°C will suffice. The sample is suspended in the etch solution for the required length of 

time, ideally in a horizontal position and slowly and constantly rotated to ensure uniformity as 

shown in Figure 4.3.10. Nitrogen/bubbles tracking across the sample can result in trenching. For 

InP material the etch rate of a freshly prepared solution is about 27 pm/min, however if  the 

solution is used for a number of samples in succession the etch rate will decline to about 

18 pm/min. Hence in practice it is necessary to measure the etch rate for each sample. The 

etched samples should be rinsed carefully in methanol.

Sample on 
rotating Mountu>

: i : :
kl b

Nitrogen Flow

Figure 4.3.10 The arrangement for a Bromine/Methanol bubble etch.

The second roughening method is mechanical manual polishing using Carborundum powder 

and a thick glass plate as shown in Figure 4.3.11. After making the p-contact metal, the sample 

is attached parallel to the sub-mount block using dental wax. The original thickness is measured 

using a micrometer and the sample is then polished on the glass containing Carborundum 

polishing powder with some water. Finally, the polished thickness is measured to ensure the 

correct thickness of roughening. The morphology of the surface is determined by the quality of 

the Carborundum polishing powder. The polished sample is then cleaned in an ultrasonic D1 

water bath. The n-contact metal is then evaporated onto the polished surface for non-air bridged 

devices.
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Figure 4.3.11 A schematic diagram of mechanical manual roughening.

Section 4.3.6 Air-bridge process

A mask set has been designed for the fabrication of PIN structure QCSE modulators. The diodes 

are air-bridge contacted to minimize parasitic capacitance and allow operation of the modulator 

at microwave frequencies. Additionally, semi-insulating substrate, further reducing parasitic 

capacitance, will be accommodated by the mask set. Fabrication o f an air-bridge contact 

requires very careful processing with controlled thickness o f resist, isolation between p-contact 

and contact pad and metal etching. The p-contact metals are Ti/Au, Cr/Au or Au/Zn/Au. The 

n-contact is GeAu/Au. The thickness of the photoresist supporting the air-bridge should be 

greater than the depth of the isolation gap. In this device processing the depth o f the isolation 

gap is at least 7~8 pm. Also, the thickness of the metal layer should be considered. The contact 

pad is on the Si]N4 layer to isolate it electrically from the p-contact layer. In this case, the 

parasitic capacitance is still between the contact pad and n-contact. To avoid this problem, a 

semi-insulating InP substrate should be used. When this type o f substrate is used the isolation 

channel depth is increased. So, the thickness of resist for air-bridge should be increased. The air

bridge modulator device processing is listed in Appendix D. Figure 4.3.12 shows an SEM 

photograph of a fabricated air-bridged modulator showing also the metal etching and the final 

lift-off failures. When the final photolithography is finished the air-bridge metal is etched off 

using chemical etchants to etch Au first and Ti or Cr next. In this process a very careful 

procedure is required to protect the air-bridge contact and remove residual photoresist and 

metals. Residual metals and photoresist were shown in Figure 4.3.12 because of etching and the 

final lift-off failure.
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residual 
photoresist 

and 
Ti metal

air_bridge
contact

p-contact

contact pad

Figure 4.3.12 A SEM photograph of the fabricated air-bridge modulator including residual 

photoresist and Ti metal in inner circle of optical window.

p-contact pad

Figure 4.3.13 Photograph of a fast QCSE air bridge modulator successfully fabricated.

The successfully fabricated air-bridge QCSE modulator is shown in Figure 4.3.13. The isolation 

channel width is 30 pm and the diameter of the optical access area is 60pm. The width of the 

air-bridge metal is 10 pm. The optical access window is normal to the epitaxial layers. These 

devices can be used in an external cavity configuration to demonstrate the fast QCSE modulator 

and the use of QCSE tuning in InGaAsP/InP devices and QCSE EM lasers. A laser chip with
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one antireflection coated facet will act as the gain section while the normal incidence PIN diode 

will act as the QCSE modulator.

Section 4.3.7 Cleaving and die bonding of modulators

Finally, the finished wafer is scribed into individual QCSE modulators. A scriber controlled by 

stepping motors is used in this process. The direction to cleave is [100] or a perpendicular 

direction to it. Then the modulators are mounted on a heat sink die using solder on heated 

mounting equipment as shown in Figure 4.3.14. Indium is a suitable solder for bonding InP 

devices on a metal sub-mount and SnAu, InAg or InPbAg compounds are others.

, microwave 
/  SMA connector

. optical window
Au wire

PCB
50Q micro 
strip line

heat sink

SnAu solder 
compound

PCB

1 thermistor

QCSE modulator 
top View front view

Figure 4.3.14 The schematic diagram of QCSE modulator die mounting.

In summary, the processing flow diagram is depicted in Figure d.l for the large area MQW 

QCSE modulator and Figure d.2 for the fast MQW QCSE air bridge modulators in Appendix D. 

The large area QCSE modulators have an n+ InP substrate and the n-contact is formed on the 

InP substrate after a rough polishing process. Therefore, the processing is very simple and easily 

carried out using standard photolithography process. Attention should be given to the thick 

photoresist treatment and air bridge metals etching on air bridge QCSE modulators also by 

using standard photolithography. The full fabrication process o f the large area QCSE modulator 

and the fast QCSE air-bridged modulators is described in Appendix D.
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Section 4.4 Conclusion

In this chapter, modelling, design and fabrication o f an hiGaAsP/InP MQW QCSE modulator 

was described. To use as a QCSE modulator in a external FP cavity laser structure, a vertical 

structure QCSE modulator with a DBR is required. The fine design o f the MQW structure is 

60 period quaternary LiGaAsP wells and 61 period quaternary hiGaAsP barriers due to its high 

refi'active index change characteristics as a fimction o f electric field applied. Especially, 

MR1352 MQW QCSE modulator structure as shown in Figure 4.1.11 has very uniform 

refi'active index change region with wide wavelength bandwidth which is over 50 nm resulting 

in uniform modulation characteristics over the wavelength range. By trading off the refiactive 

index change contrast ratio, the chirp, the transmission contrast ratio, the absorption change, and 

the phase change o f the MQW QCSE modulator has been designed and optimized in terms o f  

operating wavelength, maximized phase and fi-equency modulation, and minimized intensity 

modulation. The phase change due to QCSE could be -40 degrees at 8 V reverse bias and in the 

positive chirp region. Samples were designed using the transfer matrix method. The measured 

optical characteristics match the designed characteristics. To reduce the unwanted FP reflectance 

ripples an AR coating has been used, resulting in low ripples and good interface to a FP cavity 

laser forming a coupled FP cavity laser. To remove the residual ripple rough polishing o f the InP 

substrate was used, resulting in very low reflectivity ripple as shown in Figure 4.1.24. The 

fabricated air bridge devices have low leakage currents which are less than InA in the reverse 

bias region and low parasitic capacitance which is 0.7 pF maximum promising high frequency 

operation. Finally, the fabrication processing was described in Section 4.3. Large area PIN 

MQW QCSE modulators and air bridged MQW QCSE modulators were successfully fabricated 

using standard photolithography processes in the UCL clean room. The devices give low 

parasitic capacitance, high operating speed, and good electrical and optical characteristics. The 

MQW QCSE modulator structures are described in Appendix C and the fabrication processing 

is described in Appendix D.

In Chapter 5, the MQW QCSE multichannel DWDM source will be described using a large area 

PIN MQW QCSE tuning element.
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Chapter 5

Quaternary InGaAsP MQW QCSE Tuned Multichannel 

Source for DWDM Networks

In this chapter, a 1.55pm multichannel source using quaternary InGaAsP MQW QCSE tuning 

for DWDM systems with 140 GHz chaimel spacing and 32 nm channel selection bandwidth will 

be described.

In future DWDM systems, multichannel 1.55pm tuneable sources are required to reduce 

inventory and costs. Most tuneable semiconductor lasers have used carrier injection effect (CIE) 

tuning [1]. Because the forward bias modulation carried out using electro-absorption modulators, 

the interaction between red-shifting thermal effects and blue-shifting carrier density effects 

leads to a non-uniform tuning response with significant device to device variation. However, 

The QCSE modulation achieved using reverse bias tuning resulting in no thermal effects and 

carrier induced nonlinear effects. The QCSE gives an uniform and reproducible tuning response 

and is therefore o f considerable interest as a tuning as well as channel selection mechanism. In 

earlier work an 850 nm wavelength QCSE tuneable laser using the GaAs/AlGaAs material 

system was reported [2][3][4][5][6]. Although QCSE in the InGaAsP/InP material system has 

been studied extensively [7][8][9][10], 1.55pm InGaAsP MQW QCSE tuned lasers have not 

been demonstrated so far.

In Section 5.1, the behaviour of multiple cavity structure involving external cavity lasers and 

MQW QCSE modulators will be described to understand the InGaAsP MQW QCSE tuned 

mutlichannel source. The experimental arrangement o f the multichannel source will be 

described in Section 5.2. Measurement o f the static characteristics o f InGaAsP MQW QCSE 

tuning will be next in Section 5.3. Results o f the MQW QCSE multichannel source will be 

described in Section 5.4 and description o f selection speed o f the MQW QCSE multichannel 

source follows in Section 5.5. Next, high resolution channel selection will be described in 

Section 5.6. Finally, conclusions will be given in Section 5.7.
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Section 5.1 Multiple External Cavity Structure with a Gain Laser 
and a QCSE Modulator

To analysis the practical MQW QCSE multichannel source, the detail analysis will be described 

in this Section using the multiple cavity theory described in Chapter 3.

In the single FP cavity structure, mode shifting is produced by altering the optical length 

between the two reflectors. The output power from a mirror, can be obtained from

Pfjut =  P e '^  where Pg is the emission power and T  is the transmittance o f the mirror. The 

normalized output power.

Pout ~ 2 (5.1.1)
14- Fgff • sin S

where Fg^ is the effective coefficient o f finesse which is the output o f stimulated emission

divided by the power of spontaneous emission. The oscillation condition, Ô = mTT, when m is 

an arbitrary integer, i.e.

X = —  (5.1.2)
m

where n is the refractive index and / is the cavity length. For an optical length change, A/z • / 

where A« is the refractive index change, the wavelength change AA can be expressed as

AA = 2 ^ (” ’^ )= — .Aw, (5.1.3)
m m

if  the physical length of the resonator is fixed. If m is the largest integer which is less than 

2nl /  X then from Equation (5.1.2)

= (5.1.4)

Therefore,
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^  = — . (5.1.5)
A n

When the change in the optical length is larger than a half wavelength, m will change with n 

in Equation (5.1.4). The oscillation is transformed from the old mode to a new mode. The 

continuous tuning of a single cavity tuning structure has a limited range. From A/i/ < X U  the 

maximum continuous tuning range is

(5.1.6)
2nl

This is identical with the mode spacing o f a FP resonator. Therefore, in a single FP cavity 

structure the relative change o f the wavelength is equal to the relative change o f the refractive 

index, and this wavelength change is limited to one mode space.

Tuning o f multiple external cavity tuneable lasers is achieved by altering the feedback 

wavelength [11][12][13][14]. Because the tuning is obtained by selecting modes 

discontinuously the tuning can be described in each individual resonator, which is considered as 

a single cavity and the overall tuning performance should be analyzed for the multiple cavity 

structure [15] [16] [17][18]. The multiple cavity structure model is useful in analyzing mode 

stability for the mode selection or output power variation caused by residual reflection as well

[16][19]. A multiple cavity laser can be reduced to a single cavity laser involving two composite 

mirror systems Mj and M2, which consist o f a multiple layer stack, respectively as shown in 

Figure 5.1.1. In Figure 5.1.1, fEi^bEf are the forward electric field and the backward electric

field, fri^bri are the forward amplitude reflection and the backward reflection. The whole 

system o f M/ multiple cavity stack can be characterized by [15] [16]

—  m+1—  —

n  7 ; 4  (5.1.7)
;=1

where

^■4 J S iri •
(5.1.8)
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where // is the transmission, is the amplitude reflection and Sf =  2;r(«/ + j a i  )Li IX . Uf 

and Ui are the refractive index and absorption coefficient, respectively. Li is the cavity length 

at i interface. and can be obtained by [15]

J i a .
bE„

(5.1.9)

Ta =
bE\

(5.1.10)

Rl, and 7), can be calculated using same procedure. R^, T^, Riy and have imaginary parts. 

At the interface / there will be a phase change 2 (p . The normalizing output power,

^out ~
1

(5.1.11)

M l M 2

m  +1

bEi bEi +1

fE i

b n

Li

Figure 5.1.1 A structure o f multiple cavity layer stack in terms o f the electric field.
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Figure 5.1.2 shows the MQW QCSE multichannel source structure and the simplified structure 

as a single cavity structure involving a multiple layer stack for the external cavity section. 

A three boundary system can be constructed, in practice, simply by a gain laser and an external 

mirror as shown in Figure 5.1.2(b).

La i £ .

Gain laser G RIN QCSE

lens m odulator

g,na nl nq
C rl r2^ r 3 : : r O rsz:,

DBR

(a) The MQW QCSE multichannel source structure 

(o. n, n , and rj are AR coated)

Ra Rb

L l,n l 

external cavity section

DBR
mirror

i=I i=2

(b) The simplified structure as a single cavity involving 

a multiple layer stack at external cavity section

Figure 5.1.2 Schematic diagram of the MQW QCSE multichannel source.

Assume region L\ is the laser cavity and region L 2 is the external cavity formed by the 

external mirror and one of the laser facets. and can be described by and

Ta = t Q . h i i = \ ,

T  = (5.1.12)
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T2 =
^ 2  g-V^2

(5.1.13)

at interface i=2. Using Equation (5.1.11) and letting - Rfj = R-e-^^^ [15].

_ 2̂ • + r \ ' e
(5.1.14)

’ 2̂ ) sin Ô2

(1 + /'j • ^ 2  ) — 4̂ 1 • a*2 • sin S 2
(5.1.15)

K - 169 = — tan 
2

A2 • (1 — Aj ) ' s in (2 ^2  )

Aj (1 +  A'^ ) +  Â2 (1 +  A|  ̂) • C 0S(2(^2 )
(5.1.16)

For the experimental system of an InGaAsP/InP MQW laser, GRIN rod lens with AR coating 

and quaternary InGaAsP/InP DBR, let a*o = —aj = 0 .5 5  , L\ = O A m m  , n\ = 3 .5 8  ,

L2 =  15aa2aaa, a*2 = 0 .1 , and A%2 = 1 [2]. The oscillation conditions are sin((^| 4- ^) => 0  and 

=> maximum, i.e. R => maximum.

ô\ + (p = m\ - 71 and 8 2 =  tri2 ' t i  7i 1 2 (5.1.17)

We assume that m\  and m2 are arbitrary integers and maximum F ĵj- = 1 0  . The output

power shows that only when active cavity modes coincide with finesse peaks, i.e.

Equation (5.1.17) is satisfied, is laser emission obtained and other active cavity modes are 

suppressed.

The continuous tuning range will be limited by the maximum change o f (p , because the 

emission frequency must satisfy Equation (5.1.17), and therefore

A / =  Aç9
2;:»/

(5.1.18)
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where is the phase change at the interface i. If there is an optical length change A/ in the

external cavity the mode shift A v is found from -^ Z ,i(v o  -  A v) + ç?(Av,A/) = //zj;? .
c

Because vq is the optical frequency which satisfies Equation (5.1.16), this can be rewritten by

—̂  L\ (A v) = ç?(A V , A /) . Substituting the above equation for (p in Equation (5.1.16) 
c

t a n ( i ^ . i ,  • AV) = ------------------------ )-sin(2.?a)----------

 ̂ 1̂ ’ (1 2̂ ) "*" 2̂ ' ri ) ‘ C0s(2^2 )
(5.1.19)

where sin(2^2 ) = sin  (2,2 + A/) • (vq — A y)
c

. Equation (5.1.18) also requires

• Z<2 • Vq = m 2TC. Therefore,
c

sin(2<^2 ) = sin
Atü
—  • (Z-2 ‘Ay — Vq • A/ + A/ • A y) 

c
= sin —  • (Z«2 Ay — Vq • A/) 

c

and cos(2<^2 ) = cos
Ak {I2 * Ay — Vq • A/) . Equation (5.1.19) can then be rewritten [15]

2 AtT 
A*l(l -  P 2 )sin (—  • /i • A y) -  ^ 2  sin

Att
4- / 2 ) ' A y - y g  - A/)

2  . 4/r
— r’j •7*2 sin —  • ((/j — /2  ) • A y  — yg • A/)

(5.1.20)

=  0.

This equation will be very useful in determining the capacity o f a tuneable structure for 

continuous tuning. Consider extreme cases, if  7] = 0 the interface 1 disappears, the emission 

modes will be defined by interface 0 and interface 2, and the mode shift range has no limitation; 

if  7*1 —> 1 and 7*1 ^  0 the emission modes depend almost only on the internal cavity, the 

changes in external cavity length having only a very small influence on mode shifts.
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Figure 5.1.3 shows the maximum mode shifts. Each curve represents r\ =0~1 (step 0.1) and the 

feedback from external cavity is 0.05 in amplitude, or 0.25 % in power and L\ =1 mm, 

L2 = \5 mm for all the curves. The calculation shows that for an external cavity system without 

AR coating o f the laser, having r\ =0.55, the continuous tuning range is to 2~3 GHz. In contrast 

the same external cavity system with AR coating o f residual reflectivity 1% (q = 0 .1 ) would 

give a continuous tuning range about 9 GHz, almost the entire mode spacing. It should be noted 

that in the above analysis, only phase change is taken into account. When the external cavity 

length is changed, not only phase (p but also modulus R will be changed. Due to this change the 

emission mode may jump before the maximum mode shift is reached. From Equation (5.1.20) 

we can expect that with decreasing r\ , the continuous tuning range will increase and the 

amplitude variation will decrease because the variation of R will decrease [15].

0
(D
00

1O
S'
ë
3cr

o(N

0 0.5 1.0

one wavelength of external cavity length change

Figure 5.1.3 Tuning characteristics o f external cavity lasers.

From Equation (5.1.20) the continuous tuning range will be increased when r\ is decreased and 

the amplitude will be decreased when R is decreased. The variation o f R can be measured by 

contrast

R -  R ■ ^max ^min

^max ^min ''2(1- n )
when q  < b"2 and

R -  R ■ ^max ^min

^max ^min

^2(1 - n  )

n ( i - ' ' 2 )
when
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k 2 | < h | -  (5.1.21)

For a small output change in continuous tuning, we expect the coupled cavity induced frequency 

selecting effect to be weak, that means a small contrast in R, i.e. |ri | — || as large as possible,

while for a strong mode selecting capability in discontinuous tuning, a strong coupling-cavity 

induced frequency selecting effect, i.e. a large R contrast is desired. Combining Equation 

(5.1.20) and Equation (5.1.21) in continuous tuning experiments we expect a large and small 

r\ to obtain a large tuning range and a small output power change. On the other hand, for mode 

selecting experiments a large R contrast, i.e. |?11 — |^  | is preferable for providing a strong mode 

selecting capability [15].

Section 5.2 Experimental Arrangement of the MQW QCSE 

Multichannel Source

As shown in Figure 5.2,1 the front facet o f the laser was coupled via a collimating lens, isolator 

and a focusing lens to the measurement system comprising an optical spectrum analyser, an 

optical frequency discriminator and an heterodyne detection system with tuneable external 

cavity laser and lightwave signal analyser. The DWDM source comprises an external cavity 

with a gain laser and a large area PIN quaternary InGaAsP MQW modulator. Using a GRIN rod 

lens the light output o f the gain laser is collimated and focused to the DBR in the QCSE 

modulator.

To optimize the experimental arrangement the centre wavelength should be at the wavelength 

where the MQW material provides maximum refractive index change and minimum absorption 

change. The rough alignment relied on choosing a suitable gain laser and MQW dimensions.
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Figure 5.2.1 Experimental arrangement o f the MQW QCSE multichannel source.

Fine adjustment was by optimizing the laser injection current, MQW bias variation range and 

the temperature o f gain laser. Because the tuning range is proportional to M L , where L is the 

cavity length, the external cavity should be as short as possible to utilize the limited refractive 

index variation in MQW device and achieve large tuning range. Optical and mechanical stability 

is required. First, the position o f the tuning element was adjusted by measuring the photocurrent 

of the device. Next, the position was set to be close to a multiple o f  the gain laser’s cavity length 

to get the maximum mode selection sensitivity by testing the maximum power output o f the 

external cavity laser. The gain laser was an InGaAsP/InP Fabry-Perot MQW laser without anti

reflection coatings having a centre emission wavelength o f 1565 nm at room temperature. 

Figure 5.2.2 shows the gain characteristics over a wavelength range o f 250 nm for injection 

current of 0~8 mA. The threshold current is about 8 mA. At the threshold current the center 

wavelength is 1565 nm at room temperature, which is 18°C. A Peltier thermal pump and 

temperature controller was used to adjust the laser diode temperature from 5°C to 50°C. Apart 

from injection current, this gave an additional means to align the laser emission at the optimized 

MQW wavelength.
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Figure 5.2.2 Gain characteristics of the InGaAsP/InP MQW gain laser.

A coupled cavity was established between the rear facet o f the gain laser and the DBR stack of 

the tuning element. The system can be analyzed as a multiple cavity system with emission 

occurring at the wavelength where the two cavity resonances coincide. Because the coupling of 

the external cavity to the laser diode is weak, its main effect is to select laser internal cavity 

modes.

Section 5.3 Measurement of the Static Characteristics of 

InGaAsP/lnP MQW QCSE FM Lasers

The results were observed by using the measurement system of Figure 5.2.1. The system 

includes an optical spectrum analyzer, scanning Fabry-Perot analyzer and a heterodyne system 

including a coupler and an external cavity laser source as a local oscillator. The light emerging 

from both output arms o f this coupler, when detected, exhibits an intensity fluctuation, or 

modulation, at a rate equal to the frequency difference between the two input lasers. For a 

100 % beam-combining efficiency in the heterodyne modulation scheme, the magnitude of the 

modulated optical power equals the sum of the average power and the modulated power:
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P i t )  -  -  • { P a v g i  +  P a v g l ) + iPavgX  * P a v g l )  ̂ * COs[2 ; t( /2  ~ f \ ) t \  (5.3.1)

where is the average optical power o f the input and /  is its frequency. If the average

power o f each laser were known, this method provides a known amount o f modulated optical 

power at the difference frequency, / 2  ~  / i  • hi this coupled cavity QCSE tuned system internal 

laser cavity modes can be selected by tuning the fundamental external cavity mode to a 

subharmonic o f the internal cavity mode.

Optimum tuning sensitivity occurs when // is close to an integral multiple o f Iq , the minimum

value being set by the onset o f multiple operation. A/ can be determined from the optical 

frequency shift A/* produced by tuning the external cavity as shown in Equation (5.1.18) and 

(5.1.19). Continuous static tuning measurements using the heterodyne measurement system 

gave a frequency change, GHz for a reverse bias change o f 0 to -10  V corresponding

to A/ = 43 nm, which is the optical path length o f external cavity laser. Aq =1560 nm,

// =14.5 mm and the total thickness o f intrinsic layer =1.372 pm. The refractive index

change is A» = =43.732 . Therefore, for a device with intrinsic region

thickness 1.372 pm this gives 1.25 % refractive index change at a wavelength 20 nm below the 

el-hhl exciton absorption peak which is in good agreement with other work [2][5][7].

The maximum continuous tuning range is 1.2 GHz when the reverse bias applied from 0 V to 

-16  V is applied as shown in Figure 5.3.1. Without AR coating on the facets o f the gain laser the 

continuous tuning is limited by the laser internal modes. When the reflection coefficient is zero, 

the interface vanishes and continuous tuning can be achieved without accompanying output 

power change as described in Section 5.1. The continuous tuning range largely depends on the 

optical length o f the external cavity and the change in length achieved. The operating 

wavelength is tuned by changing the temperature o f the gain laser. At each operating 

wavelength the QCSE frequency shift is measured by applying the same electric field. The peak 

o f the refractive index change which is close to the exciton peak is at 1550 nm wavelength and 

the frequency shift is 250 MHz at this wavelength.
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Figure 5.3.1 Continuous static mode shift due to the QCSE tuning.

Figure 5.3.2 shows measured frequency shift due to QCSE (40kV/cm electric field) and 

calculated refractive index change in terms of wavelength spectra. The maximum refractive 

index change occurs at 1550 nm wavelength, which means the exciton peak wavelength, 

resulting in the maximum frequency shift of 250 MHz at 40 kV/cm electric field.
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Figure 5.3.2 Measured static frequency shift and calculated refractive index change 

versus wavelength at 40 kV/cm electric field.
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Section 5.4 Multi Optical Frequency Channel Synthesis using 

QCSE for DWDM Applications

With an external cavity laser structure in which no efforts are made to weaken internal modes 

defined by the solitary laser diode cavity, mode selection is relatively easy to observe. Although, 

according to the analysis, there will be a small amount o f continuous tuning accompanied by 

intensity changes, the mode selecting mechanism is the dominant one. For mode selection the 

external cavity length, / / , was set to an integral multiple o f Iq using a micropositioning stage.

The laser injection current was maintained constant at 25 mA. The internal mode spacing is 

about 140 GHz. Figure 5.4.1 shows superposed selected laser spectra taken as the tuning 

element reverse bias was varied from 0 to 10 V. The output power variation was very small, 

<ldB and the selection range was 700GHz (5.6 nm in wavelength) with side-mode suppression 

better than 25 dB. To evaluate the refractive index change in the MQW device, the external 

cavity length and laser injection current were adjusted.

lOvReverse voltage
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'S'
-20

A
-30

%

-40

-50

1575157015651555 1560

W avelength  (nm )
(reso lu tion  b andw id th : O.OSnm)

Figure 5.4.1 Mode selection results.

By temperature tuning the gain laser over a 274 K to 303 K range modes over a wavelength 

range of 32 nm could be selected. Figure 5.4.2 shows a multi channel result by QCSE tuning 

and 4 step thermal tuning of gain laser which has 30 channels over a 32 nm bandwidth. At each 

temperature channels were selected using QCSE tuning giving fast selection speed. Next, the
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temperature of the gain laser is changed in a step o f 8 K and several further channels are 

selected using QCSE. The side mode suppression is better than 25 dB and the gain flatness o f  

the overall channel is less than 1 dB without changing current injection of gain laser. Because 

the absorption spectrum and the DBR mirror reflection spectrum of the MQW QCSE modulator 

move to red side and blue side of wavelength, the overall gain of the MQW QCSE multichannel 

source can be obtained flat over large wavelength region as shown in Figure 5.4.3.

2°C 10°C 18°C 26°C

1545 1550 1555 1560 1565 1570 1575 1580

Wavelength (nm)

Figure 5.4.2 Multichannel source results.

Section 5.5 Channel Selection Speed using QCSE

In this QCSE multichannel source, the feedback from the external cavity is so weak and it is just 

able to turn over the balance between two competing modes and realize mode selection but not 

strong enough to carry out any continuous tuning. It is clear that the laser system only operates 

in a single mode, and the optical length change needed for mode selection takes a very short 

time, therefore the multiple mode operation period is negligible. For instance, the external 

cavity is modulated by a step signal and takes negligible time to change from one optical length 

to another. When the laser system is switched from one mode to another by changing the
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coupled cavity, because the total stored energy change is very small, the rise time o f the new 

mode will be almost equal to the fall time of the old mode as shown Figure 5.5.1.

The transient time results of channel selection speed between two channels by QCSE tuning is 

measured using an étalon based optical frequency discriminator. The transient time for channel 

selection is seen to be <10 ns, limited by the rise time of the pulsed voltage source used.

a  -2

-6

-10

wavelengthpulsed reverse bias voltage

1567.61 nm channel selected

<10 nscc 
s wi t ch i ng  time

1563.13nm channel selected

1569

-  1568

1567

1566

1565

1564

-  1563

1562

-1 0

T i m e  scale  ( l usec / DI v)

Figure 5.5.1 Channel selection speed (between C* channel and 4̂  ̂channel).

Section 5.6 High Resolution Channel Selection

The setup, with 14cm long external cavity, was almost identical with that for the discontinuous 

tuning experiments described in the last section. However, there is strong coupling o f external

DBRs because the interface facet reflectance of the gain laser is approximately 10~^. To get 

stronger coupling power to the external coupled cavity the reflectivity o f the front facet is 

designed to 95 % as shown in Figure 5.6.1. Therefore, strong feedback is established in the 

coupled cavity and external cavity modes will be strong as shown in Figure 5.6.2. The result is 

acquired using the heterodyne measurement system. For strong feedback which is over -7  dB 

feedback power, the external cavity laser is operating as a single mode.
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Figure 5.6,1 Laser setup for high resolution channel selection.
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Figure 5.6.2 High resolution channel generation with strong external feed back

and -1 4  cm cavity length.

Now ^ 2  = 0 due to AR coating as shown in Figure 5.6.1. The high resolution optical spectra 

has about IGHz channel spacing. As show in Figure 5.6.3, high resolution channels are selected 

using small amount of QCSE electric field.
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Figure 5.6.3 High resolution channel selection by small amount o f QCSE.

Section 5.7 Conclusion

An 1550 nm InGaAsP/InP MQW QCSE tuned multichannel source which can selected 

30 channels spaced by 140 GHz over a 32 nm wavelength range has been demonstrated. The 

continuous static tuning range was 0.8 GHz. The channel selection transient time was less than 

10 ns. The channel spacing can be changed to suit the 100 GHz ITU or other WDM grids by 

using an appropriate length gain laser [20]. By reducing the reflectivity of the interface facet of 

the gain laser, and applying high reflectivity coating to the other facet of the laser, external 

cavity length high resolution channel selection can be achieved using QCSE electric field tuning.

In the next chapter, the results of optical comb generation using QCSE FM laser will be 

described for DWDM networks applications.
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Chapter 6

Semiconductor InGaAsP/inP MQW QCSE FM Laser

In this chapter, experimental results for an external cavity InGaAsP/InP MQW QCSE FM laser 

will be described. The air bridged InGaAsP/InP MQW QCSE modulator has been described in 

Chapter 4. By adjusting the operating region of the QCSE modulator relative to the absorption 

band edge the QCSE modulator can be operated as an intensity modulator or frequency 

modulator. In this experiment, reducing intensity modulation noise to a minimum and 

maximizing frequency modulation index is needed to obtain large frequency modulation index 

of the QCSE FM laser. The optical interface is also critical to a microwave modulation FM laser. 

Good optical interface will be achieved using AR coated facets o f the gain laser, collimating 

lens, and QCSE modulator.

In Section 6.1, the experimental arrangement and some assessment o f the QCSE FM laser will 

be described. Optimization o f the QCSE FM laser to obtain as many comb lines as possible is 

required. This will be described in Section 6.2. In Section 6.3, results for the InGaAsP/InP 

MQW QCSE FM laser will be described. Finally, the conclusion will be given in Section 6.4.
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Section 6.1 Experimental Arrangement and Assessment of 
InGaAsP/inP MQW QCSE Tuned FM Laser

To design an external InGaAsP/InP MQW QCSE FM laser, the static and dynamic 

characteristics o f external cavity lasers should considered. In chapter 5, the feedback effect was 

described. There is strong mode selection effect as described. To avoid strong mode selection in 

external FP cavity FM lasers, low reflectivity contrast is required using AR coating on one facet 

of the FM laser. The tuning characteristics of the external cavity will be a linear function 

between the frequency shift and the wavelength change as shown in Figure 5.1.3. The feedback 

effect should be carefully designed in terms of external feedback power to be operated in regime 

V, i.e., strong single mode operation. FP laser cavity design and assessment, the experimental 

system and results o f measurement will be described in this section.

Figure 6.1.1 shows the arrangement of the MQW QCSE FM laser. To make an external coupled 

cavity laser between a facet and the DBR of the QCSE modulator, one facet, /?/, o f the gain 

laser will be high reflection coated and another facet, R2, will be AR coated. The optical access 

facet, Rs, of the MQW QCSE modulator will be AR coated. The AR coating o f the MQW QCSE 

modulator was deposited using Si)N4 as described in Section 4.3 resulting in reflectivity less 

than 0.1%.

HR AR

gain laser

AR DB R

R 3 -

modulator

Figure 6.1.1 The arrangement o f the MQW QCSE FM laser.

Depositing the AR coating o f the gain laser with wideband wavelength is complicated because 

the calibrated deposition method is required. The AR coating has been deposited at Sacher

Lasertechnik resulting in reflectivity 1x10“  ̂ - 5 x 1 0 “  ̂ [1][2]. If the effective reflectivity of
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R2 is 0.01, which it is in the case of AR coating, and the reflectivity o f is 0.95, which is high 

reflection coating, the reflectivity contrast, which is defined in Equation (5.1.21), Chapter 5, is 

approximately 1 %. In contrast, the large contrast gives a strong mode selecting capability.

The threshold gain is related to the facet reflectivities o f the external cavity laser, i.e., Ri and Rgff 

as shown in Equation (3.1.16). Figure 6.1.2 shows the threshold gain as a function of the 

effective reflectivity.

DC
■o

10 '

1

10"1 0 '

the effective reflectivity of the external cavity laser 

Figure 6.1.2 The threshold gain versus the effective reflectivity.

From the threshold gain the threshold current density will be defined by [4]

(6 .1.1)

where vq is the frequency corresponding to the peak, A v is the linewidth, q is the electronic 

charge, is the optical mode extends, is the spontaneous radiative recombination

lifetime, is the refractive index, and r is the recombination life time. The threshold

current is a function of the facet reflectivities such as Ri and ReffO  ̂the coupled cavity.
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The gain laser is an InGaAsP/InP MQW ridge guide laser. Figure 6.1.3 shows measured light- 

current (L-I) characteristics o f the gain laser A, which has an AR coating layer, comparing with 

feedback power and without feedback. When there is no feedback power, the threshold current 

is very low. The threshold current was not very much enhanced which means the AR coating of  

the gain laser A is not very good and the reflectivity of is very high. Only the quantum 

efficiency o f the gain laser A due to the external cavity laser was enhanced. The result o f the 

poor coupling between the gain laser and the external cavity DBR mirror is that the external 

cavity modes are not strong enough.
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Figure 6.1.3 Measured L-I characteristics of the gain laser A.

The gain laser B has a good AR coating layer, which has low reflectivity less than lxlO~^ . The 

measured L-I characteristics is shown in Figure 6.1.4. When there is no feedback optical power, 

the threshold current is increased to 50 mA current injection. The threshold current o f the gain 

laser B is reduced by 15mA with strong optical feedback power and produces strong external 

cavity modes. The measured log scale L-I characteristics shows discontinuous point at 23.5 mA 

which means the threshold current is approximately 23.5 mA.

The differential quantum efficiency is
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(6 .1.1)

when the injection current is larger than the threshold current. Pq is the light output in watts 

and I  is current in amp [3]. The quantum efficiency o f the gain laser B is very enhanced as 

shown in Figure 6.1.4 due to the external optical feedback power.
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Figure 6.1.4 Measured L-I characteristics of the gain laser B.

The measured gain spectrum of the external cavity QCSE FM laser using the gain laser B is 

shown in Figure 6.1.5. The threshold current o f the laser is between 26 mA and 30 mA for this 

particular external cavity setup. The centre wavelength o f the single mode output is 

approximately 1550 nm. This external cavity laser can be tuned with 100 nm wavelength 

bandwidth by adjusting the external cavity length using a micro-positioner. The side mode 

suppression of the external cavity laser is better than 25 dB as shown in Figure 6.1.5.

The linewidth o f the QCSE FM laser was measured using an homodyne measurement system as 

shown in Figure 6.1.6. Half of the input light is filtered at 110 MHz and the other input light is 

delayed using 5 km delay fibre line with polarization control. Then, the combined output light is 

detected using a photodetector and the RF output power from an amplifier measured using the 

RE spectrum analyzer of the lightwave signal analyzer (LSA). The HWHM (half width half
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medium) of the external cavity QCSE FM laser was 800 kHz as shown in Figure 6.1.7 for the 

case of 15 mm external cavity length. The resolution bandwidth o f the LSA was 500 kHz, The 

injection current of the QCSE FM laser was 35.6 mA, the side mode suppression was better 

than 29 dB, and the operating wavelength was 1544 nm at room temperature, 18®C.

i n j e c t i o n  c u r r e n t-30
5 m A

?  -40 • 16mA
■ ---- 20mA
------------- 2 4  m A

3 0 m A

Q. -60

1 450 1500 1550
w a v e l e n  g t h  (n  m )

1600 1650

Figure 6.1.5 Measured gain spectrum of the external cavity QCSE FM laser 

(resolution bandwidth of the optical spectrum analyzer is 2 nm).

5km delay line
polarizatim caitrol 

Q.Q
photodetector

light
input

RFoutput

am plifier
1 lOMHz filter

Figure 6.1.6 The homodyne linewidth m easurem ent system.
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Figure 6.1.7 Measured linewidth of 15 mm external cavity length QCSE FM laser.

Figure 6.1.8 shows the external cavity modes which are measured using an heterodyne 

measurement system as shown in Figure 5.2.1. The feedback power was approximately 7 dBm. 

The resolution bandwidth of the LSA was 1 MHz. The axial mode frequency is 88 GHz 

(-0.7 nm mode spacing). The external cavity mode spacing is approximately 9.6 GHz. The local 

oscillator laser light (Anritsu tuneable laser) is positioned at 21.2 GHz from the axial mode 

frequency. The intensity noise of the external cavity laser appeared at 9.6 GHz and 19.2 GHz as 

shown in Figure 6.1.8. The LSA a the maximum bandwidth of 25 GHz.

Figure 6.1.9 shows the QCSE FM laser experimental system for RP modulation. To match the 

impedance of the QCSE modulator a triple stub tuner and a bias-tee were used to apply RE 

frequency and reverse bias voltage to the QCSE modulator. A cavity is formed between a HR 

facet of the gain laser and DBR of the QCSE modulator resulting in an external cavity laser. The 

light output collection using a lens is connected to the OSA and the LSA using a 3 dB coupler.

The phase noise characteristic of the RE source is shown in Figure 6.1.10. The measured noise 

power is less than -140 dBc/Hz at 1 GHz frequency.
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Figure 6,1.8 External cavity modes and intensity noise 

with strong external optical feedback.
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Figure 6.1.9 QCSE FM laser experiment system for RF modulation.
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Figure 6.1.10. Phase noise characteristics o f the RP source.

To measure the FM response of the QCSE modulator the triple stub tuner was removed and a 

50 Q resistor was connected to the QCSE modulator. The QCSE modulator was designed as a 

frequency modulator resulting in low intensity modulation response. The intensity modulation 

response was measured at the operating wavelength region of the QCSE modulator giving 

minimum frequency modulation response and maximum intensity modulation by adjusting the 

temperature of the QCSE modulator. The shift in the refractive index change spectral 

characteristics was ~10nm/5°C.

To achieve a coupled cavity involving a gain laser, a set of collimating lens, and a MQW QCSE 

modulator, the facet reflections of all interface were carefully designed and practically 

implemented using AR coating and a DBR of reflectivity 0.8, so that the threshold current and 

quantum efficiency were enhanced comparing the gain laser itself with AR coating on one of 

facets.

The external cavity laser shows single mode with suppression ratio better than -20  dB. The 

HWHM was reduced to 800 kHz due to the external cavity. The external coupled cavity laser 

has strong external cavity modes as shown in Figure 6.1.8.

The optimization of the MQW QCSE FM laser will be described in Section 6.2.
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6.2 Optimization of MQW QCSE FM Laser System

The high frequency beat spectra could occur due to the FP cavity effect in the arrangement. 

Figure 6.2.1 shows schematic diagram of a FP cavity effect because o f a short FP cavity. An 

experimental mirror was positioned on the focal point of the collimating lens to feedback light 

to the gain laser. The experimental mirror has a reflector on the back side and 30% reflectivity 

mirror o f front side. Figure 6.2.2 shows the beat spectra due to FP cavity effect of the 

experimental mirror. The A/l/rp is approximately 9nm which means the cavity length is a 

short FP cavity between back mirror and front mirror. As shown in Figure 6.1.5, the external 

cavity QCSE FM laser outputs a single mode with suppression ratio better than 20 dB and 

strong external cavity modes because of good optical interface by AR coating.

gain laser experimental FP mirror

collimating lens

Figure 6.2.1 Schematic diagram of a FP cavity effect due to a short cavity.

Next, the angle of the external mirror should be optimized. The QCSE modulator was 

positioned on a micro positioner which can be adjusted in x, y, z, and (j) tilt angle. To optimize 

the tilt angle the L-I characteristics, output power and optical spectrum are considered. The 

suitable angle gives the maximum optical feedback power and phase resulting reducing the 

threshold current of the external cavity laser, increased optical output power, and strong single 

mode. When the DBR mirror angle of the QCSE modulator is tilted the feedback frequency of 

the feedback light will be shifted resulting in frequency shifted modulation and optical spectrum 

broadening [2][5][6][7]. If the light o f frequency f i  is emitted from the gain laser, the 

imposition o f a frequency shift due to phase change o f the feedback light on each round 

trip of the external cavity generates light at frequency f i^ \ = f i  + . The result of the phase

modulation is an optical frequency spectrum comb [2] [5].
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Figure 6.2.2 Beat spectra of a short FP cavity mirror effect.

Figure 6.2.3 shows the optical frequency comb due to the frequency shifted feedback light. The 

wideband optical comb, which is 10-15 nm bandwidth, was obtained when the angle of the 

DBR mirror was adjusted to be very small. The optical spectrum o f the external cavity laser 

shows a strong single mode with side mode suppression ratio o f 25 dB. The modulation 

frequency was 100 MHz. To get rid of the frequency shifted feedback effect, the angle o f the 

QCSE modulator should be optimized by adjusting carefully using a micro positioner block. If 

the angle is adjusted to get maximum light output power the frequency shifted effect 

disappeared and a strong single mode occurred.

On the other hand, the phase mismatching can be observed using the FP interferometer 

simultaneously with the heterodyne measurement system. In the in-phase state, the mirror angle 

will be close to zero and the optical feedback power will be the maximum [8]. Figure 6.2.4 

shows measured in phase and out phase state using the FP interferometer system. When 

feedback light is in phase due to no tilted mirror angle there are no optical comb lines resulting 

in a strong single mode.
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Figure 6.2.3 Optical frequency comb by frequency shifted feedback 
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Figure 6.2.4 M easured in phase and out phase in the FP interferometer.
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When light coupling is very good and there is no frequency shifted feedback effect, static QCSE 

tuning can be achieved resulting in mode selection and static tuning. The static characteristics of 

QCSE tuning were described in Chapter 5. The static characteristics will be linear with GHz 

tuning frequency due to AR coating o f the interface facet and mirrors as shown in Figure 5.3.1. 

The QCSE continuous tuning frequency will be 2~3 GHz by changing the external cavity length. 

Figure 6.2.5 shows the experimental arrangement to measure continuous QCSE tuning effect. 

FP interferometer and heterodyne measurement system give detection of frequency tuning 

simultaneously.

heterodyne 
I measurement system

FP interferometer
EDFA

optical spectrum 
analyser

QCSE 
FM laser

Figure 6.2.5 Static tuning experiment arrangement of QCSE FM laser.

The continuous QCSE tuning result for 4V reverse bias is shown in Figure 6.2.6. The frequency 

shift was 1.15 GHz using a fast QCSE modulator. The results on the heterodyne measurement 

system and the FP interferometer match well. If the static tuning is achieved the coupling of 

coupled cavity is relatively good and the DBR mirror tilt angle is really zero. Then, the feedback 

power should be optimized to obtain maximum optical frequency comb bandwidth from the 

QCSE FM laser.

The external cavity laser has several operating regimes depending on the feedback optical 

power [8][9][10]. To measure the feedback power a beam splitter is required between the gain 

laser and the QCSE modulator resulting in longer external cavity length.

Page 222



Chapter 6

-20

-3 0

-3 5

-4 0

10 105 0 5

f r e q u e n c y  o f f s e t  ( G H z )

Figure 6.2.6 Continuous tuning result o f QCSE FM laser involving a fast QCSE modulator.

Figure 6.2.7 shows measured RIN and the operating regime of the QCSE FM laser depending 

on the feedback power. The RIN was measured using the LSA. The feedback power was 

adjusted by changing the position of the external cavity. In the operating regime V, which is the 

strong optical feedback power case, the RIN was as low as -140  dB/Hz. When the optical 

feedback power is decreased to lower than -lOdB, multimode optical spectra occurred resulting 

in higher RIN, which was over -110 dB/Hz. If the optical feedback power is decreased further, 

coherence collapse occurred. In the weak optical feedback power single mode operation is 

restored and the RIN was decreased to -140 dB/Hz again.

Practically, the strong optical feedback power can be achieved by adjusting the angle o f the 

DBR mirror to zero and the position of the QCSE modulator to the focal point o f the coupling 

lens. The position o f the QCSE modulator was adjusted using a photocurrent measurement 

equipment (480 Picoammeter/Keithley Instruments) which is connected to the QCSE modulator.
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Figure 6.2.7 Measured RIN versus measured optical feedback power.

Initially, an AR coated GRIN rod lens which has 0.29 pitch was used between the gain laser and 

QCSE modulator resulting in less freedom in changing external cavity length. In contrast, an 

AR coated collimating objective lens system gives larger flexibility of external cavity length 

change, but requires careful alignment and micro positioning system. On the other hand, 

observing comb bandwidth will be limited due to the restricted bandwidth (25GHz) of the LSA 

in the heterodyne measurement system. Furthermore, the FSR of the FP interferometer is limited 

to lower than 1 THz. Figure 6.2.8 shows the external cavity spectrum depending on different 

external cavity length. Only 6 modes could be seen in the LSA bandwidth in the case of

4.7 GHz external cavity mode as shown in Figure 6.2.8(b). In Figure 6.2.8(c), there are a few 

tens of external cavity modes which can be seen within the LSA bandwidth. The lens system of

(a) and (c) was GRIN rod and a set of collimating lens to extend the external cavity length in the 

case of (c).
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Figure 6.2.8 External cavity length optimization on the LSA.
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Finally, The MQW QCSE modulator is optimized for the QCSE FM laser. When the MQW 

QCSE modulator is operating at a certain non-optimized point of the refractive index change 

spectrum, the practical QCSE modulator has phase modulation characteristics and intensity 

modulation characteristics simultaneously. The maximum phase shift wavelength will be the 

wavelength of the maximum refractive index change, for example, as shown in Figure 5.3.2 in 

Chapter 5. By measuring the static tuning performance the wavelength of maximum refractive 

index change can be selected. The InGaAsP/InP MQW QCSE modulator will be operated at the 

absorption edge from the exciton peak resulting in bandgap detuning between the gain laser and 

the QCSE modulator. The bandgap detuning can be achieved by slightly changing the 

temperature of the QCSE modulator. Figure 6.2.9 shows the absorption spectra shift by 

changing the temperature of the QCSE modulator. As a result of assessment, the temperature 

dependence of the absorption spectra was approximately ~10nm/5°C. The MQW QCSE 

modulator will be operated at 1575 nm, which is apart from the exciton peak wavelength, 

1525 nm. Then, the exciton peak wavelength will be tuned to red side or blue side wavelength 

to obtain DWDM multichannel. Furthermore, the operating wavelength of the QCSE FM laser 

can be controlled by tuning temperature of the QCSE modulator.
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Figure 6.2.9 Temperature dependence of the absorption spectra 

(MR 1409 QCSE modulator).
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6.3 Dense Optical Frequency Comb Generation using InGaAsP/ 
InP MQW QCSE FM Laser Operation

In this experiment, the optimized axial mode spacing of the external cavity laser will be 

1~2 GHz due to the external cavity structure and the LSA bandwidth of the heterodyne 

measurement system to observe as many comb lines as possible. The fast InGaAsP/InP MQW 

QCSE modulator can operate to higher frequencies over 6 GHz. All AR coating of the optical 

interfaces has been already optimized resulting in good external cavity mode and RF operation. 

The refractive index change of the fabricated InGaAsP/InP MQW QCSE modulator section is 

about 1.25 % change, which gives good quality frequency modulation. As analyzed in Chapter 4, 

the QCSE modulator operates as a phase modulator. The QCSE FM laser operates in regime V 

with over -10 dB optical feedback power and in single mode with 30 dB side mode suppression 

at 1542 nm wavelength as shown in Figure 6.3.1. The RIN was -140 dB/Hz when the QCSE 

FM laser operates in single mode with strong optical feedback.

2 -60

1520 1530 1540 1550

wavelength (nm)

1560

Figure 6.3.1 Single mode operation of the QCSE FM laser with 

over 30 dB side mode suppression.
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The optical input power to the OSA was -16.5 dBm. The FSR of the FP interferometer was 

100 GHz as shown in Figure 6.3.2, which shows clear single mode operation of the QCSE FM 

laser. External cavity modes are also observed on a linear optical scale.
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Figure 6.3.2 FSR of the FP interferometer.

When a microwave frequency is applied to the QCSE modulator the QCSE FM laser will 

produce frequency modulation and intensity modulation simultaneously at a certain operating 

point which is not optimized. The maximum intensity modulation or maximum frequency 

modulation region can be selected by slight tuning of the QCSE modulator temperature. Figure 

6.3.3 shows measured modulation beat spectra signal using the LSA when light modulation is 

successful. The modulation frequency was 1.057 GHz. Figure 6.3.4 shows measured maximum 

intensity noise modulation index as a % value against modulation frequency. The intensity 

modulation index is increased at multiples of the external cavity axial mode frequency.
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Figure 6.3.4 Measured maximum intensity noise modulation at 1542 nm wavelength.
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When the optimum frequency modulation point is selected on the refractive index spectrum an 

FM sideband spectrum appeared on the FP interferometer as shown in Figure 6.3.5(a). The 

detuning frequency was 30 MHz at 1554 nm operating wavelength. The applied voltage was 

-2  V and RF power input to the QCSE modulator was -3  dBm. It is clear that several significant 

optical frequency comb lines are generated by the InGaAsP/InP MQW QCSE FM laser.
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(a) Measured FM laser spectrum.

25

3 0

35

4 0

- 45
2 0I 55 I 00

f r e q u e n c y  ( G H z )

(b) Zero intensity noise when the QCSE FM laser operates with pure FM modulation.

Figure 6.3.5 Measured FM laser spectrum using the FP interferometer (a) 

and intensity noise spectrum on the LSA (b).
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The FM spectrum matches to the Bessel function spectrum, (T) • eco^t  ̂ defined in 

Chapter 3. Figure 6.3.5(b) shows measured intensity noise when pure FM laser operation is 

occurs. The intensity noise in very small, below -40  dBm, measured using the LSA when the 

incident optical power is -16.5 dBm.

Figure 6.3.6 shows that reducing the detuning frequency gives an increase in the number o f FM 

comb lines. When the detuning frequency is 25 MHz the FM comb spectrum bandwidth is wider. 

From 20 MHz detuning the number of comb lines and bandwidth are increased steeply resulting 

in similar comb bandwidth expansion to other gain medium FM lasers [11].

A h

(a) 30 MHz detuning. (b) 25 MHz detuning.

Figure 6.3.6 FM comb spectrum expansion due to decrease in detuning frequency 

(y axis: optical power 200 uW/div, x axis: optical frequency 2.5 GHz/div).

The intensity noise spectra is still very low at the optimum operating point to get maximum 

frequency modulation by adjusting temperature of the QCSE modulator. When the modulation 

frequency is closer to the axial mode frequency the comb bandwidth becomes wider resulting in 

FM laser operating region. The comb bandwidth was about 21 GHz when the detuning 

frequency was about 7 MHz from the axial mode frequency, which was approximately

1.07 GHz as shown in Figure 6.3.7. The centre wavelength was 1542 nm. The input RE power 

to the QCSE modulator was 12 dBm. The FM spectrum can be measured using the heterodyne 

measurement system.
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Figure 6.3.7 Wide FM laser comb spectrum in the case o f 7 MFIz detuning 

(measured using the heterodyne measurement system, resolution BW=500 kHz).

Figure 6.3.8 shows FM laser operation spectrum measured using the FP interferometer 

measurement system. Detuning frequency was 5 MHz and input RF power to the QCSE 

modulator was 12 dBm. The significant 25 comb lines, which is similar to the modelled result, 

can be seen in Figure 6.3.8(b).
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(a) Modelled FM spectrum.

Figure 6.3.8 FM laser comb spectrum measured using the FP interferom eter (continued).
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(b) Measured FM spectrum.

Figure 6.3.8 FM laser comb spectrum measured using the FP interferometer.
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Figure 6.3.9 Increased intensity noise spectra.

In this experiment, the intensity noise is slightly increased as shown in Figure 6.3.9. The side 

modes of the optical spectrum were also increased. When the modulation frequency applied to 

the QCSE modulator is brought close to the axial mode frequency to get FM laser operation, it 

can be identified whether the laser operates in FM region or mode-locked region by measuring 

time domain pulses and frequency difference by heterodyne measurement system. Figure 6.3.10 

shows modulation frequency and axial mode frequency difference. When the modulation
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frequency is set close to the axial mode frequency, the laser is operated in FM laser operation 

region, the modulation frequency is dominant and the laser is operated in frequency sweep 

mode, i.e., not pulsed mode operation as shown in Figure 6.3.10(b).
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Figure 6.3.10 Frequency difference between modulation frequency and axial mode frequency.
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Measured FM comb bandwidth as a function of detuning frequency is shown in Figure 6.3.11. 

Figure 6.3.12 shows FM comb bandwidth as a function of applied RF power of the QCSE 

modulator when the detuning frequency is set to 7 MHz.
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Figure 6.3.11 Measured overall comb bandwidth versus detuning frequency of InGaAsP/InP

MQW QCSE FM laser.
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Figure 6.3.12 M easured FM laser comb bandw idth as a function o f  applied RF power.
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If the frequency detuning is decreased below 4 MHz, the QCSE FM laser becomes multimode 

as shown in Figure 6.3.12 and the output power is unstable. When the frequency detuning is less 

than 0.1 % of the axial mode frequency the FM laser will exhibit coherence collapse as shown 

in Figure 6.3.14 due to the RF induced instability.
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Figure 6.3.13 Chaotic multimode operation with 50 GHz modes.
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Figure 6.3.14 Measured superimposed optical spectrum of single mode (red) 

and coherence collapse (blue).
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6.4 Conclusion

In this chapter, it is shown that the proposed external cavity InGaASP/LiP MQW QCSE FM 

laser comb generator has been successfully demonstrated. The air bridged InGaAsP/InP MQW 

QCSE modulator operates as a phase modulator with uniform and high cutoff FM response 

resulting in QCSE FM laser comb generation. Careful AR coating o f the gain laser facet to give 

10"̂  reflectivity, good optical interface design and high optical feedback power give regime V 

operation o f the QCSE FM laser and modulation characteristics >6 GHz at the 3dB cutoff 

frequency. The QCSE FM laser produces 20-30 significant comb lines in single mode operation 

when the detuning frequency is 0.5 % with exact frequency spacing specified by modulation 

frequency. When the detuning frequency is decreased further towards the axial mode frequency 

the QCSE FM laser turns to multimode, chaotic power characteristics and RF induced unstable 

coherence collapse due to the external feedback effect described in Section 3.1.3, Chapter 3 and 

RF induced effects [9] [10].

To avoid RF induced coherent collapse and difficult feedback power control, a monolithically 

integrated QCSE FM laser can be considered in the future work.

In the next chapter, an injection lock filtering DWDM transmitter which is integrated with the 

QCSE FM laser comb generator will described.
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Chapter 7

All Optical Dense Wavelength Division Multiplex 

System using an Optical Comb Generator and Injection 

Locking Technique

In this chapter, optical wavelength multiplex system architecture and optical frequency 

synthesis using injection locking techniques for DWDM networks will be described. Unlike a 

wavelength multiplex system involving N  lasers for N  channels, a proposed system which has a 

stable FM laser optical comb generator for N  channels can give very reliable and optical 

frequency agile characteristics and satisfy the requirement o f the DWDM network applications

[1][2][3]. There is a need for high channel capacity with high spectral efficiency in a single 

mode fibre. This has resulted in the development o f dense wavelength multiplex systems which 

have less than 50 GHz channel spacing [2][3][4]. An attractive approach to accurate frequency 

control o f many closely spaced channels is to lock optical frequencies o f a group of lasers to 

optical comb frequencies [5]. An optical frequency multiplex system using injection locking 

techniques involving a fibre ring structure optical comb generator has been proposed and 

demonstrated in the Optoelectomics and Optical Networks Group, UCL [2][3] [6]. A closely 

related system can be used for the generation of stable millimetre frequency reference signal

[7][8][9][10][11][12].

The injection locking technique and systems will be discussed in Section 7.1. Next, The 

proposed optical wavelength multiplex system involving an FM laser comb generator and 

injection locking technique will be described in Section 7.2. Finally, discussion and conclusion 

will follow in Section 7.4.
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Section 7.1 Optical Injection Locking Technique

The optical injection locking (OIL) of semiconductor lasers is a nonlinear phenomenon 

resulting from the injection of a master laser signal into a slave laser. The isolator in Figure 

7.1.1 prevents both back reflections and slave laser emission from being coupled into the master 

laser. As a result o f the injection, the slave laser frequency is pulled to that of the master laser 

and the system is kept locked while the frequency difference between master and free running 

slave laser frequencies is within certain limits. The interaction o f the master laser electric field 

with the slave laser lasing medium can be analyzed from a set o f differential equations, 

describing the electric field and the carrier number [5][11][12].

pn  f s

master slave
laser laser fm fs

isolator

Figure 7.1.1 Block diagram of an optical injection locking system.

In general, the stability properties must be examined numerically. Figure 7.1.2 shows an 

example o f the expected locking characteristics for a DFB laser, calculated from the rate 

equations [5]. The simulation factors are as follows: the center wavelength is 1550 nm, the 

MQW material is InP/InGaAsP, the type o f grating is second-order grating, the cavity length of 

the laser is 322 pm, the effective refractive index is 3.23, the k  factor is 23/cm, the facet 

reflectivities are 0.2 % and 30 %, the linewidth enhancement factor is 5.4, finally, the internal 

loss is 50 dB/cm. The boundaries of the locked region are given by the locking range, defined 

from the steady state solutions o f the OIL rate equations as [5] [7] [8] [9]

\riP,
SL

m o

2 1
( s i n -  pf, qosOq ) (7.1.1)

so

where AF is the detuning frequency between the free running frequency of slave laser, F^i 

and the frequency of master laser, F . rjPjfio / Pso defined as the injection locking ratio.
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L is the effective length, Ug = c /  Ug is the group velocity, c is the speed of light and rig is 

the group index. The OIL injection rate is defined as p  = Ug / IL^jr/Pf^Q /  is the

difference between the master laser phases and the slave laser phases. is the linewidth

enhancement factor. The unlocked region was defined where no locking is observed. The 

unstable region defined where chaotic behaviour is observed using computer simulation method.

-20

Unstable
Locking

-2 5

-40

U n lo ck e d
U n lo c k e d

-45

-50

-2  0  2 4

D etune (F „ ,-F „ .) [G H z]

Figure 7.1.2 Injection locking characteristics for a DFB laser [5].

The injection locking is stable through the whole locking range for low values o f injection 

locking ratio, below -50  dB. The stable region becomes extremely narrow as the injection 

locking ratio is decreased and stable again over the whole range for very high injection ratio, 

beyond -10  dB. The instability is principally a result o f the decrease in damping and increase in 

resonant frequency of the relaxation oscillations.

In future DWDM networks, increasing channel capacity and source stability for wavelength 

routed architectures are inevitably required. Therefore, the development o f flexible, accurate, 

compact and low cost sources are demanded. In constructing large networks increased channel 

spacing is required due to cumulative frequency errors between geographically separated 

channel sources, thereby reducing the spectral efficiency. Simple techniques for exact frequency 

channel synthesis are therefore o f considerable interest [2][3][5][17][18]. The use o f injection 

locking as a comb line selection mechanism was proposed by Kikuchi and Zah, [20] and 

demonstrated using a few input spectral lines from an intensity modulated laser and it has also 

been used on a small scale in millimetre-wave over fibre experiments [21]. The approach is 

attractive since the output frequency of the laser exactly equals that of the comb line to which it
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is locked and the output power is approximately equal to the free running power o f the locked 

laser, thus removing the need for optical amplifiers in the channel source. Amplitude- 

modulation sideband injection locking characteristics o f 1.3 pm DFB lasers have been studied 

experimentally for optical frequency division multiplex (OFDM) applications as shown in 

Figure 7.1,3 [20]. The frequency separation between slave lasers that are sideband injection- 

locked is determined by the modulation frequency of the master laser, and the phase noise of 

slave lasers is also controlled by the injection power level o f the master laser.

DFB
slave
laser

reflector

M ach-Zehnder
m odulator

DFB
m aster

laser

isolator— DC bias

IF am plifier

PIN de tectorspectrum
analyser

frequency
discrim inator

Figure 7.1.3 Amplitude-modulation sideband injection locking scheme [20].

The theoretical and experimental results have been reported o f a slave laser subject to two 

master laser lines close to the locking bandwidth [22]. This shows locked cases and unlocked 

behaviors between two master lasers and a slave laser using the experimental setup as show in 

Figure 7.1.4.

m a s t e r  lasers

po la riza tion  
contro l /no 5

co u p l e r
s l ave  l aser

isola tor

FP a n a l y s e r o s c i l l o s cope

opt ical  p o w e r  
m e t e r

Figure 7.1.4 Experimental setup showing two fibre-coupled masters 

and a slave lasers [22].
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In earlier work. Optoelectronics and Optical Networks Group, UCL, demonstrated a fibre-based 

optical frequency comb generator with the capability to define exactly the center wavelength 

and the comb line spacing from the applied microwave and optical references [1][2][3][5]. 

Optical injection locking is used to select particular comb lines from a broadband comb 

spectrum, including over 100 significant lines, as would be required in a practical WDM system. 

Particular attention is paid to the measurements o f unwanted line suppression since this is 

critical to the viability of the approach for DWDM applications [2]. Measurements o f unwanted 

line suppression is shown to be better than 30 dB for -20  dBm input power [2]. The comb 

spacing can be adjusted by changing the microwave drive frequency to the comb generator, 

limited by the bandwidth of the phase modulator.

Recently, UCL reported an exact frequency synthesizer for DWDM, o f which channel selection 

is over 1 THz range with programmable channel spacing up to 25 GHz and absolute optical 

frequency referencing using widely tuneable sampled grating (SG) DBR lasers, injection-locked 

to a phase modulated fibre loop comb generator as shown in Figure 7.1.5 [3].

OFCG - master laser

Pump laser 
980 nm

Polarization
controller

© -
Microwave

reference

Reference
laser

Phase
Modulator

WDM

EOF

Isolator ♦

Coupler 
(3 dB)

SG-DBR - Polarization
slave laser Circulator controller

\1 QGQ .

□ Currents
controller

Computer

Locking BW

r~
I
L_

o | OSA

( ) l l ^
FP analyser

Figure 7.1.5 Experimental arrangement o f a DWDM transmitter involving a fibre ring EOM 

comb generator and injection locking technique [3].
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After generating the comb, it is necessary to select the required line in order to modulate a 

baseband data. The amplified fibre loop OFC generator reference laser was an external cavity 

tuneable laser, and a microwave reference synthesizer defined the comb spacing. Using this 

arrangement, 60 DWDM channels have been successfully demonstrated. The side mode 

suppression >30 dB was achieved over the entire ~8 nm range. The locking ranges were 

measured to be between 0.1 and 1.0 GHz, determined by the injection ratio for each channel. An 

average relative intensity noise value of -147 dB/Hz was maintained over the tuning range. 

Therefore, injection locking techniques are promising scheme to make an FM laser comb 

generator WDM transmitter producing exact comb lines.

Section 7.2 Proposed Optical Frequency Synthesis Involving an 

QCSE FM Laser Comb Generator and Optical Injection Locking 

for DWDM System

The general DWDM system involving a comb generator and injection locking can be simplified 

as shown in Figure 7.2.1. A stable and tuneable comb generator has A  comb lines and the optical 

wavelength comb will be divided into N  channels using an optical power divider. The comb will 

be filtered and injected to each channel laser and modulated with the baseband signals. Finally, 

all channels will be multiplexed, amplified and transmitted over fibre. For the comb generators 

many techniques can be involved [1][14][15][17][18][23]. However, the compactness and low 

cost o f semiconductor FM laser comb generators is attractive.

modulation

(h (l\ i\\ " (h
lasers

fibre
EDFA

injection N  combiner 
locking

N  divider

baseband 
data 1~N current injection and channel control

optical
comb

generator

Figure 7.2.1 Generalized scheme of DWDM system involving a comb generator and

injection locking technique.
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To generate WDM ITU grid, the comb spacing o f the QCSE FM laser comb generator 

demonstrated in this Thesis should be increased by reducing the cavity length which is close to 

modulation frequency. The QCSE FM laser comb generator can be made as a monolithically 

integrated structure giving high mechanical stability. This proposed monolithically integrated 

structure will be described in the Section on future work in the Conclusion. In this chapter, the 

proposed DWDM system will be focused on low inventory, low cost and mass production of the 

DWDM transmitter. Therefore, first, proposed DWDM system structure is an integrated system 

with a comb generator and some existing components such as fibre, filters, 7.W optical dividers 

and combiners. Second, some type of monolithically integrated DWDM system will be 

proposed using monolithically integrated FM laser comb generator, WDM components and 

lasers on same wafer or on a few modules.

The advantages o f the injection locking technique for DWDM applications are

i) exact channel spacing, and

ii) small size when integrated.

N daseband data

N:1 WDM coupler

isolator i
QCSEFM  
laser comb 
generator EDFA

/:N  WDM coupler
fibre

external
modulators

DFB
lasers

Figure 7.2.2 A proposed DWDM system involving an FM laser comb generator and 

existing WDM components.

In Figure 7.2.2, an FM laser comb generator is coupled to a fibre and optically divided using an 

7.7V coupler and filtered by an injection locked slave laser which can be a DFB or a DBR laser 

having a narrow linwidth. TV baseband data are modulated onto the selected channel 

wavelengths using external modulators and the channels combined using an TV; 7 coupler. Using
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a kind of SG-DBR laser the channel can be programmed to select each DWDM channel. The 

DWDM channel spacing can be tuned by adjusting the modulation frequency of the FM laser 

comb generator and the number of comb lines can be adjusted as well for DWDM system 

optimization.

Recently, there has been considerable development in the monolithic integration of lasers and 

WDM components on an InP or silicon substrate using various kinds o f wafer growing and 

device fabrication technologies. Furthermore, technologies o f planar integrated WDM 

component have been reported [15][16][23]-[36]. The second proposed DWDM system uses an 

integrated multiplexer/demultiplexer between waveguide WDM grating and a comb generator 

or a fully monolithically integrated chip. Figure 7.2.3 shows schematic diagrams of two kinds of 

proposed integrated DWDM systems. In Figure 7.2.3(a), a monolithically integrated FM laser 

comb generator and monolithically integrated WDM divider and combiner are connected using 

small lens system. The slave lasers and external modulators are precisely connected to the 

monolithically integrated divider and combiner. A schematic diagram of potential chip 

integration with FM laser comb generator, divider, combiner, N  slave lasers and N  modulators is 

shown in Figure 7.2.3(b). Using very careful wafer structure and fabrication the all optical 

monolithically integrated DWDM chip could be realized for hundreds pm scale and low cost 

DWDM system applications.

modulatorsDFB lasers

N daseband data

QCSE FM laser 
comb generator

EDFA
isolator

1:N WDM divider 
on planar glass

N:1 WDM combiner 
on planar glass

(a) Integrated DWDM system on one board including a QCSE FM laser comb generator, 

integrated WDM divider/combiner, lasers and modulators.

Figure 7.2.3 Schematic diagram of a monolithically integrated DWDM system involving an FM

laser comb generator (continued).
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N daseband data
DFB laser array 

 T'  m odulator array

- r r

QCSE 
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H  2 H 2 h
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m onolithically integrated N divider and cohibiner

(b) Fully integrated single chip DWDM using monolithic integration technique.

Figure 7.2.3 Schematic diagram of a monolithically integrated DWDM system involving an FM

laser comb generator.

Section 7.3 Discussion and Conclusion

In this chapter, DWDM systems involving an FM laser comb generator and injection locking 

filtering have been discussed. The demonstrated results showed that injection locking technique 

is very useful for accurate wavelength division multiplex for future DWDM networks. To use 

QCSE FM laser comb generator for DWDM applications a monolithically integrated QCSE FM 

laser comb generator is required to give channel spacing matched to ITU grids and could be 

used to realize a monolithically integrated multiplexer/demultiplexer for all optical integrated 

chip level implementation. In the next chapter, concluding remarks will be given and future 

work on monolithically integrated InGaAsP/InP MQW QCSE FM laser comb generator for 

DWDM network applications will be described.

Page 247



Chapter 7

References
[1] s. Bennett, B. Cai, E. Burr, O. Gough and A. J. Seeds, “1.8-THz bandwidth, zero-frequency 

error, tuneable optical comb generator for DWDM applications”, IEEE Photon. Tech. Lett., 

v o lll ,  no.5, pp.551-553, 1999.

[2] O. P. Gough, C. F. C. Silva, S. Bennett and A. J. Seeds, “Zero frequency error DWDM 

channel synthesis using optical injection-locked comb line selection”. Electron. Lett., vol35, 

no.23, pp.2050-2052, 1999.

[3] C. F. C. Silva, A. J. Seeds and P. J. Williams, “Terahertz span >60-channel exact frequency 

dense WDM source using comb generation and SG-DBR injection-locked laser filtering”, IEEE 

Photon. Tech. Lett., vol. 13, no.4, pp.370-372, 2001.

[4] S. F. Habiby and M. J. Souliere, “WDM Standards: A first impression”, in proc. Of SPIE, 

vol.2690, pp.97-108, 1996.

[5] B. Cai, D. Wake and A. J. Seeds, “Microwave frequency synthesis using injection locked 

laser comb line selection”, in Proc. LEGS Summer Topical Meeting, Keystone, Digest no.95™ 

8031, Paper W D2,pp.l3-14, 1995.

[6] K. P. Ho and J. M. Kahn, “Optical frequency comb generator using phase modulation in 

amplified circulating loop”, IEEE Photon. Tech. Lett., vol.5, pp.721-725, 1993.

[7] A. C. Bordonalli, B. Cai, A. J. Seeds and P. J. Williams, “Generation o f microwave signals 

by active mode locking in a gain bandwidth restricted laser structure”, IEEE Photon. Tech. Lett., 

vol.8, no.l, pp.151-153, 1996.

[8] A. C. Bordonalli, C. Walton and A. J. Seeds, “High-performance homodyne optical injection 

phase-lock loop using wide-linewidth semiconductor lasers”, IEEE Photon. Tech. Lett., vol.8, 

no.9,pp .l217-1219,1996.

[9] A. C. Bordonalli, C. Walton and A. J. Seeds, “High-performance homodyne optical injection 

phase-lock loop using wide linewidth semiconductor lasers”, IEEE Photon. Tech. Lett., vol. 10, 

no.3, pp.427-429, 1996.

[10] L. A. Johansson and A. J. Seeds, “Millimetre-wave modulation optical signal generation 

with high spectral purity and wide-locking bandwidth using a fibre-integrated optical injection 

phase-lock loop”, IEEE Photon. Tech. Lett., vol. 12, no.6, pp.690-692, 2000.

[11] A. C. Bordonalli, C. Walton and A. J. Seeds, “High-performance phase locking o f wide 

linewdith semiconductor lasers by combined use o f optical injection locking and optical phase- 

lock loop”, J. o f Lightwave Tech., vol. 17, pp.328-342, 1999.

[12] A. J. Seeds, A. C. Bordonalli, B. Cai, X Huang and C. Walton, “Advanced techniques for 

the optical generation of microwave signals, International Topical Meeting on Microwave 

Photonics, MWP’96 Technical Digest, cat. no. 96*8153, pp.217-220, 1996.

[13] J. J. Veselka and S. K. Korrotky, “A multiwavelength source having precise channel

Page 248



Chapter 7

spacing for WDM systems”, IEEE Photon. Tech. Lett., vol. 10, no.7, pp.958-960, 1998.

[14] T. Saitoh, M. Kourogi and M. Ohtsu, “A waveguide-type optical-frequency comb 

generator”, IEEE Photon. Tech. Lett., vol.7, no.2, pp. 197-199, 1995.

[15] K. Kikuchi, C. E. Zah and T. -P. Lee, “Amplitude-modulation sideband injection locking 

characteristics o f semiconductor lasers and their application”, J. o f Lightwave Tech., vol.6, 

no.l2,pp.l821-1830, 1988.

[16] M. Teshima, K, Sato and M. Koga, “Experimental investigation of injection locking of  

fundamental and subharmonic frequency-modulated active mode locked laser diodes”, IEEE J. 

Quantum Electron., vol.34, no.9, pp. 1588-1596, 1988.

[17] J. Troger, L. The’venaz, P. -A. Nicati and P. A. Robert, “Theory and experiment o f a single

mode diode laser subject to external light injection from several lasers”, J. o f Lightwave Tech., 

vol. 17, no.4, pp.629-636, 1999.

[18] K. Kudo, Y. Furushima, T. Nakazaki and M. Yamaguchi, “Densely arrayed eight- 

wavelength semiconductor lasers fabricated by microarray selective epitaxy”, IEEE J. o f Selec. 

Topics in Quantum Electron., vol.5, no.3, pp.428-434, 1999.

[19] M. Zimgibl, “Multifrequency lasers and applications in WDM networks”, IEEE Comm. 

Magaz., Dec., pp.39-41, 1998.

[21] Y. Takushima and K. Kikichi, “10-GHz, over 20-channel multi wavelength pulse source by 

slicing super-continuum spectrum generated in normal-dispersion fiber”, IEEE Photon. Tech. 

Lett., vol. 11, no.3, pp.322-324,1999.

[20] D. Sadot and E. Boimovich, “Tuneable optical filters for dense WDM networks”, IEEE 

Commun. Magaz., Dec., pp.50-55, 1998.

[22] J. -P. Weber, B. Stoltz, H. Sano, M. Dasler, O. Oberg and J. Waltz, “An integratable 

polarization-independent tuneable filter for WDM systems: the multigrating filter”, J. o f  

Lighwave Tech., vol. 14, no. 12, pp.2719-2735, 1996.

[23] J. -J. He, B. Lamontagne, L. Erickson, A. Delage, M. Davies and E. Kotels, “Integrated 

waveguide WDM demultiplexers”. Conference Proceedings o f CLEO/Pacific Rim’99, paper 

FM 2,pp.l200-1201, 1999.

[24] J. -J. He, E. S. Kotels, B. Lamontague, L. Erickson, A. Delage and M. Davies, “Integrated 

polarization compensator for WDM waveguide demultiplexers”, IEEE Photon. Tech. Lett., 

vol.ll,no.2,pp.224-226, 1999.

[25] J. -J. He, E. S. Koteles, B. Lamontagne, L. Erickson, A. Delage, and M. Davie, “Integrated 

polarization compensator for WDM waveguide demultiplexers”, IEEE Photon. Tech. Lett., 

vol. 11, no.2; pp.224-6,1999

[26] M. Hamacher, H. Heidrich, R. Kaiser, P. Albrecht, W. Ebert, S. Malchow, M. Mohrle, W. 

Rehbein, H. Schroeter-Janben and R. Stenzel, “Full-duplex WDM-tansceiver-PICs”, Conference 

Proceedings o f ECOC’98, pp.639-640, 1998.

Page 249



Chapter 7

[27] P. D. Trinh, S. Yegnanarayanan, F. Coppinger and B. Jalali, “Silicon-on-insulator phased- 

array waveguide grating WDM filter”, Optical Fiber Conference'97 Technical Digest, pp.301- 

302, 1997.

[28] S. Janz, D. -X, Xu, J.-M. Baribeau, A. Delage and R. L. Williams, “Si/Si 1-xGex waveguide 

components for WDM demultiplexing”. Proceedings o f the SPIE, vol.13630, pp. 106-114, 1999.

[29] H. Li, C. -H Lee, W. Lin, S. Didde, Y. -J. Chen and D. Stone, “Photonic integrated eight- 

wavelength 2x2 WDM cross-connect switch using phased-array waveguide grating 

multi/demultiplexer”. Optical Fiber Conference'97 Technical Digest, pp.8-9, 1997.

[30] M. Bazylenko, M. Gross, E. Gauja and P. L. Chu, “Techniques for monolithic integrated of  

silica-based waveguide devices with optoelectronics”. Conference Proceedings. LEGS'98 

Annual Meeting, vol.l, pp.38-39, 1998.

[31] L. H. Domash, Y. M. Chen, P. Haugsjaa and M. Oren, “Eelectrically switchable waveguide 

Bragg gratings for WDM routing”. Digest o f the lEEE/LEOS Summer Topical Meetings, pp.34- 

35, 1997.

[32] K. W. Gaff, F. Ladouceur and J. D. Love, “Two-wavelength planar add/drop WDM filter 

employing a three-mode coupling Bragg grating”. Electron. Lett., vol.36, no. 13, pp. 1142-1144, 

2000.

[33] T. Morioka, K. Uchiyama, S. Kawanishi, S. Sukuzi and M. Saruwatari, “Multiwavlength 

picosecond pulse source with low jitter and high optical frequency stability based on 200nm 

supercontinuum filtering”. Electron. Lett., vol.31, no. 13, pp. 1064-1066,1995.

[34] H. Ishii, M. Kohtoku, Y. Shibata, S. Oku, Y. Kadota, Y. Yoshikuni, H. Sanjoh, Y. Kondon 

and K. Kishi, “Zero insertion loss operations in monolithically integrated WDM channel 

selectors”, IEEE Photon. Tech. Lett., vol.l 1, no.2, pp.242-244, 1999.

Page 250



Chapter 8

Chapter 8 

Summary and Conclusion

In this chapter, a summary previous chapters and Thesis conclusion will be given in Section 8.1 

and Section 8.2, respectively. In addition, future work will be suggested in Section 8.3.

Section 8.1 Summary of Chapters

In Chapter 1, recently demonstrated WDM systems were introduced in Section 1.1. The data 

rate o f each WDM channel and the number of WDM channels have increased exponentially 

over the last 5 years. The WDM technology will be developed for metropolitan and access 

networks. In consequence, low cost, low inventory, and highly stable DWDM sources are 

inevitably required. DWDM systems require the development o f new enabling technologies 

including multichannel sources and DWDM optical frequency generators. In Section 1.2, the 

DWDM system was described including WDM system design factors to treat dispersion o f fibre, 

ASE noise o f the EDFA amplifiers, and nonlinear effects such as SPM and XPM. In Section 1.3, 

requirements for multichannel sources and wavelength comb generators were introduced for 

DWDM applications. Quantum confined Stark effect and FM lasers were introduced in 

Section 1.4. Only a few InGaAsP MQW QCSE tuned lasers have been demonstrated. Although, 

FM lasers have been demonstrated using other gain media, there were no results reported on 

QCSE FM lasers based on InP material systems so far. Aims, novel achievements o f the thesis, 

and outline o f the thesis were described in Section 1.5 and Section 1.6. The InGaAsP/InP MQW 

QCSE FM laser is low cost, low inventory, and easy to apply to a monolithically integrated FM 

laser, integrated between the gain section and the modulation section. Therefore, the QCSE FM 

laser is applicable for metropolitan or access DWDM networks requiring low cost and inventory 

with stability.

In Chapter 2, optical frequency comb generation techniques were reviewed with comparative 

factors such as system complexity and performance to provide background information for 

DWDM applications. There are large number o f optical comb generators which have been
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demonstrated, but the systems are complex and difficult to integrate monolithically with 

DWDM transmitters. In particular, a comparative description was given in Section 2.4 as shown 

in Table 2.4.1.

In Chapter 3, the theoretical background o f the QCSE DWDM multichannel source and 

semiconductor QCSE FM laser operation was described. In Section 3.1, the theory o f an 

external cavity MQW QCSE DWDM multichannel source was introduced. The QCSE DWDM 

multichannel source can be operated in five main operating regimes depending on the optical 

feedback power. The QCSE tuning gives GHz span fi*equency shift due to the refractive index 

change. In Section 3.2 the theory o f FM laser operation was introduced and Section 3.3 

described the characteristics o f the FM laser. The pure FM laser produces an uniform optical 

comb spectrum with exact comb spacing which is defined by the modulation fi-equency. When 

the detuning frequency is moved close to the axial mode frequency the overall FM index is 

increased resulting in a wider FM comb spectrum than the spectrum bandwidth o f the mode- 

locked lasers. The FM laser shows chaotic behaviour on the optical power between FM laser 

operation region which is very close to the axial mode fi-equency and FM mode-locked region 

when the modulation fi-equency is exactly the same as the axial mode frequency resulting in 

pulsed mode operation. In semiconductor FM lasers, some form o f amplitude and frequency 

modulation is usually observed rather than pure FM operation. In Section 3.4, the refi-active 

index change and tuning due to QCSE were described including FM response o f the MQW 

QCSE laser. The refractive index change due to QCSE and static wavelength tuning were 

analyzed in Section 3.4.1. The refi-active index change o f an InGaAsP/InP MQW was measured 

as 1.25 % and the required length o f the tuning section was estimated. At the edge o f the exciton 

peak which is about 1580 nm wavelength region, uniform frequency shift 10 GHz/-l V is 

achieved by QCSE. The QCSE also produces phase shift inside the FP cavity.

In Chapter 4, details o f the design and fabrication o f InGaAsP/InP MQW QCSE modulators 

were given for the InGaAsP/InP MQW QCSE DWDM channel source and the InGaAsP/InP 

MQW QCSE FM laser using a FP cavity laser. The QCSE modulator design required 

maximizing the refractive index change, uniform refractive index change and minimizing 

absorption change over the operating wavelength region. The QCSE modulators were designed 

using such parameters as the phase change, the transmission contrast ratio, the chirp, the 

refi-active index change and its contrast ratio. In Section 4.1, practical design of the 

InGaAsPAnP MQW QCSE modulators was described. The operating wavelength region was 

selected where the index change is high or the index change is uniform from the index change 

spectrum. The phase change was approximately 30 ~  50 degree in the negative chirp wavelength 

region. The vertically accessed QCSE modulator required careful design in the MQW, DBRs
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and expitaxial layers. The optimized MQW had 60 period quaternary/quaternary InGaAsP/ 

InGaAsP wells and barriers to obtain high phase change, high refractive contrast ratio, 

frequency modulation with minimum intensity modulation, and device electrical characteristics. 

The fabricated QCSE modulators have good electrical characteristics resulting in a low reverse 

bias leakage current and a high 3 dB frequency modulation bandwidth due to the low parasitic 

capacitance contact structure. In Section 4.3 fabrication o f the QCSE modulators was described.

In Chapter 5, experimental results o f the quaternary InGaAsP/InP MQW QCSE DWDM 

multichannel source for DWDM networks were described. Analysis o f the specific laser was 

described. The static characteristics and results o f multichannel generation were described. In 

Section 5.1, the multiple external cavity structure with a gain laser and an InGaAsP/InP MQW 

QCSE modulator was analyzed resulting in a maximum 2~3 GHz discrete static tuning without 

AR coating and large continuous tuning with AR coating o f the facet. In Section 5.2, the 

experimental arrangement for assessment o f the DWDM multichannel source was described. 

The arrangement consisted o f a heterodyne measurement system and an étalon based optical 

tuneable discriminator. Measurement o f the static characteristics o f the InGaAsP/InP MQW 

QCSE modulator was described. The static tuning was 0.8 GHz for 0 to -1 0  V applied bias 

voltage. 1.25 % refractive index change was measured when 40 kV/cm field was applied. In 

Section 5.4, multi optical frequency channel synthesis using QCSE for DWDM applications 

was described. The fast channel selection by QCSE was described in Section 5.5. Finally, high 

resolution channel selection was described in Section 5.6.

In Chapter 6, results o f the external cavity InGaAsP/InP MQW QCSE FM laser were described. 

The experimental arrangement, optimization and results were presented in Section 6.1, Section 

6.2, and Section 6.3 respectively. The QCSE FM laser required careful design and optimization 

in the optical feedback power, optical interface, mirror angle, and cavity length. The proposed 

external cavity InGaAsP/InP MQW QCSE FM laser comb generator has been successfully 

demonstrated. Careful AR coating gave good optical interface resulting in high optical feedback 

to obtain strongly single mode operation. The QCSE FM laser produced 20-30 significant comb 

lines in a single mode operation when the detuning frequency was 0.5% with exact frequency 

spacing determined by the modulation frequency.

Finally, Chapter 7 detailed a suggestion for an all optical DWDM system using an optical comb 

generator and the injection locking technique. A monolithically integrated DWDM system 

involving a QCSE FM laser comb generator and injection locking lasers was discussed. In 

Section 7.1 the optical injection locking technique was described. Review o f optical frequency 

synthesis using optical injection locking technique was introduced in Section 7.2. In Section 7.3,
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a monolithically integrated DWDM transmitter was suggested including a QCSE FM laser 

comb generator and injection locking lasers for monolithically integrated, low cost, compact, 

and stable DWDM transmitter system applications.

Section 8.2 Conclusion

In conclusion, the work described in this Thesis has resulted in a number o f novel achievements 

including

i. The design and fabrication o f a fast, low-parasitic capacitance InGaAsP/InP MQW 

QCSE modulator with a high 3 dB FM bandwidth o f over 6 GHz, a reverse 

breakdown voltage higher than 20 V, and a 0.5 nA leakage current at the reverse 

bias voltage;

ii. The high refractive index change o f 1.25 % using InGaAsP/InP MQW QCSE;

iii. The first 32 nm bandwidth DWDM multichannel generation using InGaAsP/ InP

MQW QCSE tuning with <1 dB gain flatness and side mode suppression better than 

25 dB;

iv. The fast WDM channel selection speed using QCSE o f less than 10 ns;

V. The first demonstration of the InGaAsP/InP QCSE FM laser operation resulting in a

generation of 20-30 significant optical frequency comb lines using InGaAsP/InP 

QCSE FM laser with exact comb line spacing defined by the modulation frequency.

Section 8.3 Future Work Suggestions: 
Monoiithicaiiy integrated inGaAsP/lnP MQW Frequency Agile 

FM Laser Comb Generators for DWDM Applications

An InGaAsP/InP MQW QCSE FM laser has been successfully demonstrated in this thesis using 

an externally coupled cavity structure. To increase the comb line spacing, which is matched to 

the WDM ITU grid, a monolithically integrated QCSE FM laser comb generator is suggested 

for the future work. To make a more compact and a low cost frequency agile QCSE FM laser 

comb generator for DWDM applications, a monolithically integrated multi-section QCSE FM 

laser is required. The design and fabrication of a monolithically integrated InGaAsP/InP MQW
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QCSE FM laser comb generator will be described in this section.

The monolithically integrated QCSE FM laser requires an active gain section and a passive 

tuning section with a type o f waveguide structure as shown in Figure 4.1.1(a), In a two section 

Fabry-Perot laser, the relationship between the section lengths, the wavelength and the effective 

refractive index o f each waveguide section is found from Equation (3.1.23) to Equation (3.1.29) 

in Chapter 3. A simple two section QCSE FM laser operates with one section under forward bias 

as the gain section. The other section is reverse biased and can be used for static tuning and 

frequency modulation. The modulation section length required for n phase shift is found from 

Equation (3.1.29) and plotted in Figure 3.4.4 in Chapter 3. The wavelengths chosen are detuned 

from the exciton peak as would be necessary to reduce the insertion loss o f the QCSE 

modulation section and avoid unintentional intensity modulation o f the source. In order to have 

low insertion loss and small absorption variation, the operating wavelength in the modulation 

section should be detuned significantly beyond the zero bias exciton absorption peak. In the 

case o f MR1352 this means beyond -1600 nm. To achieve n phase shift at 1590 nm wavelength 

which is 45 nm away from the exciton peak, the required modulation section length is 

approximately 500 pm. A long modulation section (>1 mm) will not be acceptable because the 

internal loss is high and high speed modulation will not be possible. Therefore, a long and low 

loss passive section between the gain section and the modulation section will be additionally 

required to get the 25 GHz axial mode spacing. For a specific modulation section length in a 

two section laser, the maximum frequency deviation that can be achieved is determined from the 

expression of Equation (3.1.28). Figure 8.3.1 shows the result o f calculating the maximum 

frequency deviation for several field variations with the confinement factor Fmqw = 0.1. At 

1590 nm wavelength the frequency shift is 5 GHz for 1 V reverse bias voltage and 70 GHz for 

8 V reverse bias voltage as shown in Figure 8.3.1.

To fulfill ITU grid, the monolithically integrated QCSE FM laser comb generator requires such 

characteristics as:

i. The FM laser comb generator is required long cavity length to produce 25 GHz 

comb spacing for DWDM applications;

ii. Low parasitic capacitance for high speed modulation;

iii. Section isolation between gain and modulation section for reverse bias operation;

iv. QWI or second growing technique to tailor the bandgap energies in gain section,

passive section, and modulation section;

V. Very careful design o f the microwave matching circuit.
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Figure 8.3.1 Frequency shift characteristics of MR1352 at absorption edge due to QCSE with

2 0 0  pm long modulation section.

K. Sato et al. demonstrated a multi-section modulator integrated with a DFB laser using strained 

InGaAsP MQWs grown on an n-type InP substrate by low-pressure MOVPE [1][2]. The stack 

layers consisted of two kinds of MQW. The lower MQW along whole cavity length was for the 

electroabsorption modulator with a photoluminescence wavelength of 1490 nm. The upper 

MQW was for the active region of the DFB laser with a photoluminescence wavelength of 

1570 nm. After the first growth of the wafer, the modulator region was etched down and then 

the device was developed with a second growth of a p-InP layer of the wafer [1].

T. Wolf et al. reported a QCSE tuneable twin-guide lasers [3]. The laser had two different MQW 

active regions and separate confinement structure. After etching a DFB grating with 236 nm 

period into the first cladding layer, it was then over grown in the second MOVPE process with a 

p-InP ridge layer and a p+ InGaAsP contact layer. The results gave a flat FM response up to 

2 GHz with a modulation sensitivity of 7 GHz/V and -3 V bias voltage.

Schematic diagrams of a monolithic integrated QCSE FM laser comb generator are shown in 

Figure 8.3.2. Figure 8.3.2 (a) shows a four-section ridge guide QCSE FM laser comb generator 

developed using post growth bandgap engineering. This monolithic device has a simple 

structure and does not require any special growth or fabrication techniques. The total cavity
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length will be approximately 1.676 mm to give 25 GHz comb line spacing. The tuning section 

will be 200 pm long to have n phase shift and the gain section will be 300-400 pm. Because 

this laser will have a long passive section reducing passive section loss using QWI becomes 

important. A phase control section can be used between the passive section and the QCSE 

tuning section to control phase o f the QCSE FM laser. In particular, the phase control section 

will be used for control the cavity length o f the FM laser comb generator by applying reverse 

bias voltage. The QCSE modulation section has an air-bridge contact to reduce the parasitic 

capacitance.

The second structure has two separate MQW layers and a thin InP etch stop layer between 

MQWs. The lower MQW layer group is used for modulation section. After etching the MQW 

active layer in the modulation section to the InP etch stop layer, a p-InP layer will be grown over 

the wafer. The band gap offset can be controlled through this second growth o f MQWs. MQW 

QCSE layer has single waveguide along the whole cavity length. Waves in MQW gain layer 

will be mode coupled to MQW QCSE at the edge o f gain section [1][2][3].

Room temperature CW operating InGaAsP/InP MQW ridge guide lasers have been successfully 

demonstrated at UCL. The lowest specific resistance achieved was 10^ 0  cm using Au/Zn/Au 

p-contact metal. Pt/Ti/Au is the commonly used metals for InGaAs ohmic contact purposes 

using electron beam metallisation technology. Its specific resistance can be reduced to 10‘̂  0  cm. 

The achieved threshold current density, J*, was 220-410 A/cm^ for a series o f InGaAsP/InP 

MQW lasers. To define the ridge, selective wet chemical etching is successfully performed 

along < 1 1 0  > direction. In the case o f 4 jam ridge guide lasers, their threshold current was 

38 mA. Low contact resistance will be achieved using Pt/Ti/Au metal system on InGaAs cap 

layer [4]. Using two-step growth techniques, band gap offset can be achieved between gain and 

modulation section. Normal wet etch isolation between gain and modulation section can give 

acceptable isolation resistance for this application. The air bridge contact can be used as a low 

parasitic capacitance contact as shown in Figure 8.3.3 resulting in uniform microwave FM 

response [5].
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(a) The QCSE FM laser comb generator using post growth band gap engineering
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(b) The QCSE FM laser comb generator using second growth technology

Figure 8.3.2 Suggested monolithically integrated multi-section InGaAsP/InP MQW QCSE FM 

laser comb generator having 25 GHz comb line spcing (reverse DC bias and modulation 

frequency will applied to phase control section and QCSE modulation section, respectively.
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Figure 8.3.3 SEM photograph of a fabricated air bridge two section GaAs/AlGaAs MQW QCSE

tuneable laser [5].
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Appendix A. Derivation of Iterative Multimode Traveling Wave 

Equations

Using traveling fields as shown in Figure 3.2.2 the total field Ef  ̂(z) in the z direction can be 

described as [1 ]

Eco (z) = E% (z) + E^  (z) (a.l)

z=0 at the reference plane mirror, z=- I dX r\ mirror and z=Z, at mirror, 

( “ 0  = ( 0  at z=-1 and the boundary condition at the reference plane for the left facet

is

= Ri {(o,N )E q +F/(<w) (a.2 )

where F/ is a Langevin term representing the integrated spontaneous emission [9] and the R\ 

is

Rl io), N) = r\ exp[- j lk{(o,  N)l] (a.3)

where k is the wave number [10] and N  is the carrier density. The external cavity is assumed 

linear and passive, will be described as the sum o f multiple reflections and the boundary 

condition for the right facet can be described as

Eq) (0) = Ry {(o)Eco (0)

= a*2 F  + (1  - r2 )a3 [l + (-^2 3̂ ) exp(-yû>r) + exp(-y 2 (UT) + .... • e x p ( - y (0 )

(a.4)

where Rj. (du) = ^ ^   ̂ ^  Por the modulation case, A3  can be
1 + A“2  A3  exp(-y cot) c

frequency dependent, r^=ri{(0) . Using Equation (a.2) and (a.4) the equations for the

stationary and dynamic solutions for the laser field can be obtained [1]. The envelope functions
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A ̂  (/) o f the electric field at the reference plane can be obtained as

A - ( t )  exp(J(Os = (0) exp(jcot)dû) (a.5)

where the subscript s denotes the stationary solution. The relation between A (t) and the real 

electric fields E ~(z , t )  is

(0 ,0  = A- ( t ) expQ’cOsO + (A ^ (())* exp(-jcOs0 (a.6)

From Equation (a.2),

where ^ = — Qxp\jlk{(Og, ) ] •  [l + j l d J d ] near (o>,N) = (cOg, N g ) and

2Akl = 11 {œ -  (Dg)—  {N -  N g ) - ^  
0(0 oN

= Tin (1 + j — ĉD )(6) -  6)  ̂) 4- y —(1 + ja )Gf^ {N - N g )

[9]. The gain laser cavity round trip time is r /„ = 2 / /v g  where Vg is the group velocity. The

Vg6g
gain per unit time is G = v^g  where g  is the modal gain per unit length. = ——  and

® dû)

ÔG
Gf^ = — . Using Equation (a.5) and (a.7) a new field equation can be obtained as [1] 

ÔN

^  A*{ t)  = ...Gn (N( t) -  Ns  W +(() + -------------- ------- i R i A ' i t )  -  (/)) + F ( t ) (a.8)
*  2 l + y i G „  Ti„(l + J ^ G ^ )

where a  is the linewidth enhancement factor. Now, a set o f  differential equations can be 

rewritten and in used the iterative traveling wave model. The FP laser effective left reflectivity 

as shown in Equation (a.7) by expansion o f the k near stationary solution for the gain laser, i.e. 

(co, N)  = {(OQ̂ ]\f(fj ) Ĝ > = 0 , can be rewritten as

Rl {co, N) = —  exp
n

—  (1 +  )'̂ in • exp[- j{co -  (OQ )Tin ]. (a.9)
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Using Equation (a.2), (a.5) and (a.9), the iterative time varying envelope function can be 

described as

-  (1 + j a )G j^  {N{t) -  Nfh )Tj„

^■ (̂/) -  (1 - )  X (-''2 0  exp(-yû?or))” A{t - n r )
n=0

+ ( / )
(a.lO)

If only a single round trip in the external cavity is considered

-  (1 + j a )G j^  (Nit) -  Nfh )Tin

A'^(t) -  kA'^{t -  r ) exp(-yû>or)]+ r/„F(/)

(a.ll)

The iterative single mode equations may easily be extended to include multi longitudinal modes. 

The (2M+1) angular mode frequencies o f the solitary laser are

Çïjfi =(Dq + mà.Çï,m=0, ± 1 ,. . . ,  ±M , (a.l2)

where AQ is the approximate longitudinal mode spacing

AQ =
l7 t

in

The total outgoing electric field at z=0 is taken as

(a.l3)

A^{t)  = Y . K i  (0  exp(yQ^O  
m

(a.l4)

When the gain curve is assumed as a parabolic shape, e.g.

G(o>,N) = Gn ( N - N o)  + ] - G ^ { m - c O p ( N ) Ÿ  ^G{N)^■G2(m,N) (a.l5)
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d^G
where N q is the carrier density at transparency, = ---- — is a constant, and the peak of

da/-

the gain curve shifts with carrier density as

( ^ p W  = (OpQ+a}p]^{N-Nfh)  (a. 16)

dcop
where û) „ m = — — is a constant. The electric field for the individual mode fields can be 

P ÔN

described as

) = ex p ji Tin [(1 + Jcc)Gn  -^ th) + ^2 » ̂ ) ] | *

(a.l7)
[Em (0 + kEm{t-r) exp(-yn^r)} + (0

The photon density and the output power are calculated from the right-moving field ^̂ '*’(0  

leaving the laser. The carrier density is modeled as a Taylor series expansion:

n{t + Tin ) = « (0  + T̂ in ^ ± _ n ^  (a. 18)

where dn{t)l  dt is calculated from the standard rate equation and d  n{t)l  dt is obtained by 

further differentiation.
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Appendix B. Measurement of Refractive Index Change 

Spectrum by InGaAsP/lnP MQW QCSE

The wafer MR1352 was designed at UCL and grown by MOVPE at University o f Sheffield to 

investigate the refractive index change spectra and the electroabsorption properties of 

quaternary/quaternary InGaAsF/InGaAsP MQW materials. The quaternary materials were 

lattice matched to InP in the structure as shown in Figure b .l. It consists o f 60 period InGaAsP 

quantum wells (bandgap wavelength 1600nm) with InGaAsP barriers (bandgap wavelength 

llOOnm), and 16 period InGaAsP (bandgap wavelength 1400nm) and InP DBRs. The 

electroreffaction properties o f quaternary/quaternary InGaAsP/InGaAsP MQW must be 

explored to provide the design parameters for a QCSE FM modulator in this material system.

p contact

AR coated 
optical window

n contact

lOOOnm InP n+ Si doped

InP n substrate

Figure b .l .  The structure o f  large area PIN modulator to measure 

the photocurrent spectra.

The absorption properties under applied electric field were determined by measuring the 

photocurrent spectra with a white light source and a monochromator system [1][2][3][4]. A large 

area PIN diode was fabricated from the wafer MR 1352 to allow biased measurements to be 

made. The modulator device which is used for this biased photocurrent measurement is shown 

in Figure b .l. The device was fabricated using standard photolithography.
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Photocurrent measurements o f the sample wafer were used to obtain absorption spectra o f the 

material. The absorption o f the single pass through the MQW is related to the photocurrent

by

. ^ g 77 Pq(1 R) X J
^ h'C

(b.l)

where e  is the electronic charge, 77 is the internal quantum efficiency o f the diode, which is 

usually 0.9, Pq is the incident power, R is the reflectivity at the air-photodiode interface, and 

X is the incident wavelength, h  is the Plancks constant, c  is the velocity o f light, c l is the 

absorption coefficient at the photon energy hv,  and d  is the total thickness o f the active 

region.

The photoresponsivity o f the diodes was measured using a monochromator measurement system 

as shown in Figure b.2. Noise in the measurements due to external sources was minimised by 

chopping the incident light and amplifying the photocurrent with a lock-in amplifier.

To convert the photocurrent data to absorption values. Equation (b .l) is used rewritten as

iph = y ^ [ l-e x p ( -a z /) ] (b.2)

To find the scaling factor, the absorption spectrum o f the wafer at OV is found by measuring the 

light transmitted through and reflected from a side AR coated piece o f the wafer. The absorption 

coefficient is found from the equation

a  =  In
d

f rj< ^ i f
- C  = ---- In

1̂ I

^ph ' " 'h  • c

P q 'V ^
(b.3)

where C, an offset due to the absorption in the substrate and other losses, is assumed to be 

constant over the wavelength range and is found by setting a  at lower energies than the bandgap 

energy to zero. The scaling factor, AT, in Equation (b.2) is found by

K  =
^ph (b.4)

1 -  exp(-üxf)

Although K  is wavelength dependent, due to the factors P, R and /zv, it remains fairly constant
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over the wavelength range o f interest. A second assumption is that the quantum efficiency, 7/, is 

independent o f applied voltage. This can be assumed, as the photocurrent in the continuum part 

o f the spectrum, at shorter wavelengths on the exciton, remains the same over the voltage range. 

This indicates that the majority o f the carriers are collected in the photocurrent, and hence 17 is 

close to unity.

detector (b)
bias

filter
light source

lock-in
anplifier

chopper

spectro-
metor

computer
(GPIB)

Figure b.2. Monochromator experimental setup for measuring photocurrent

of the PIN device.

Once the value of K  has been found, the absorption spectra for the range o f voltages can be 

calculated from the absorption spectra using

1 ,a  =  In
d

(
1 - (b.5)

Errors in the calculation o f absorption spectra are introduced due to two reasons: the assumption 

of a wavelength and voltage independent scaling factor and the use o f different parts o f the non- 

uniform wafer for photoresponsivity and transmission experiments. To obtain a more accurate 

measurement o f the MR1352 absorption spectra for a range o f  voltages and to check the 

accuracy o f the spectra, transmission experiments on the wafer were carried out. The
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transmission and reflectivity characteristics o f these single pass transmission modulators were 

measured with a monochromator as before, without lock in amplifier in Figure b.2. The 

measured transmission and reflectivity spectra were used in Equation (b.3) to calculate the 

absorption spectra. The photocurrent spectra of MR1352 with reverse bias voltages 0-9 V were 

measured and is shown in Figure b.3. The photocurrent spectra o f  MR1352 showed a clear 

exciton peak, increasing the voltage rapidly quenched the exciton, and Stark shift o f the exciton 

energy can be seen. The calculated absorption change is shown in Figure b.4.

The change in the refractive index o f the material with reverse bias voltage is an important 

factor in the calculation o f the phase characteristics o f a modulator. The differential absorption 

spectra were calculated directly from the absorption measurements. Given the measured change 

in absorption over a sufficiently large spectral range it is then possible to evaluate the change in 

refractive index that results from the measured change in absorption by using the well known 

Kramers -Kronig relationship between the change in absorption Aa and the change in refractive 

index An as shown in Equation (3.4.7), Chapter 3, and are shown in Eigure b.5. The assumption 

is made that the change in absorption is zero outside the measured spectral bandwidth.
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Figure b.3. The measured absorption spectra for MR1352.
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Figure b.4. The absorption change spectra under applied bias for MR1352.
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Figure b.5. The refractive index change for MR1352 calculated from the absorption change

using the Kramers-Kronig transformation.
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Appendix C. Epitaxial Structures of InGaAsP/lnP MQW QCSE 

Modulators

In this appendix, the wafer structures are described. Layer structures o f those wafers mentioned 

in the thesis are summarized in this appendix. Wafers have quaternary InGaAsP MQW 

structures except MR1074, MR1386 and MR1426 which had an InGaAs MQW.

MR 1074

Repeat Material Thickness(Â) Dopant Type Concentration (cm-3)
1 InP 1000 Zn P 3.0E+18
1 InP 2000 Zn P l.OE+18
1 InP 2000 ud

60 Q1.15 barrier 120 i
60 InGaAs QW 50 i

1 Q1.15 barrier 120 i
1 InP 100 i
1 InP 5000 Si n 8.0E+17

MR1352

Repeat Material Thickness(Â) Dopant Type Concentration (cm-3)
1 InP 3000 Zn P 2.0E+18
1 InP 2200 ud

60 Q l.l barrier 75 i
60 Q1.6 QW 100 i

1 Q l.l  barrier 75 i
1 InP spacer 500 i

16 Q1.4 1129 Si n 7.0E+17
16 InP 1218 Si n 7.0E+17

1 InP 10000 Si n 2.0E+18

MR1380

Repeat Material Thickness(Â) Dopant Type Concentration (cm-3)
1 InP 1500 Zn P 5.0E+18
1 InP 1500 Zn P 2.0E+18
1 InP 1500 ud

60 Q l.l barrier 120
60 Q1.6QW 105

1 Q.1.1 barrier 120
1 InP spacer 500 i

16 Q1.4 1132 Si n 7.0E+17
16 InP 1223 Si n 7.0E+17

1 InP 10000 Si n 2.0E+18
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MR1382

Repeat Material Thickness(Â) Dopant Type Concentration (cm-3)
1 InGaAs 2200 Zn P 5.0E+18
1 InP 1000 Zn P 2.0E+18
1 InP 2000 Zn P 8.0E+17
1 InP 1500 ud

60 Q l.l  barrier 120 i
60 01 .6  QW 105 i

1 Q l.l barrier 120 i
1 InP spacer 500 i

16 Q1.4 1132 Si n 7.0E+17
16 InP 1223 Si n 7.0E+17

1 InP 10000 Si n 2.0E+18

MR1384

Repeat Material Thickness(Â) Dopant Type Concentration (cm-3)
1 InP 1000 Zn P 6.0E+18
1 InP 2000 Zn P 2.0E+18
1 InP 1500 ud

60 Q l.l  barrier 120 i
60 Q1.6QW 105 i

1 Q l.l  barrier 120 i
1 InP spacer 500 i

24 Q1.4 1132 Si n 7.0E+17
24 InP 1223 Si n 7.0E+17

1 InP 10000 Si n 2.0E+18

MR1386

Repeat Material Thickness(Â) Dopant Type Concentration (cm-3)
1 InP 1000 Zn P 5.0E+18
1 InP 2000 Zn P 2.0E+18
1 InP 1050 ud

60 Q l.l barrier 120 i
60 InGaAs QW 55 i

1 Q l.l  barrier 120 i
1 InP spacer 500 i

16 Q1.4 1132 Si n 7.0E+17
16 InP 1223 Si n 7.0E+17

1 InP 10000 Si n 2.0E+18
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MR1409

Repeat Material Thickness(Â) Dopant Type Concentration (cm-3)
1 InP 1000 Zn P 2.0E+18
1 InP 2000 Zn P 2.0E+18
1 InP 1250 ud

60 Q l.l  barrier 125 i
60 Q1.6 QW 95 i

1 Q l.l  barrier 125 i
1 InP spacer 500 i
1 Q1.6 etch stop 100 i
1 InP 10000 Si n 7.0E+17

16 Q1.4 1129 Si n 7.0E+17
16 InP 1218 Si n 7.0E+17

1 InP buffer 500 Si n 7.0E+17

MR1426

Repeat Material Thickness(Â) Dopant Type Concentration (cm-3)
1 InP 1000 Zn P 2.0E+18
1 InP 2000 Zn P 2.0E+18
1 InP 2100 ud

60 Q l.l  barrier 120 i
60 InGaAs QW 57 i

1 Q l.l  barrier 120 i
1 InP spacer 500 i
1 Q1.6 etch stop 100 i
1 InP 10000 Si n 7.0E+17

16 Q1.4 1129 Si n 7.0E+17
16 InP 1218 Si n 7.0E+17

1 InP buffer 500 Si n 7.0E+17
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Appendix D. Fabrication Process of InGaAsP/lnP MQW QCSE 

Moduiators

D.1 Fabrication of iarge area QCSE PiN moduiators (chemicai wet etching)

1. p-type contact process
Sample pre-cleaning

(a) Place sample in warm Trichloroethylene (Hotplate @ 60°C) for 5 mins

(b) Clean sample for 5 minutes in each o f cool Trichloroethylene, Acetone, Methanol and DI 

water.

(c) Blow dry with N 2 ,

(d) If not clean repeat steps (a) to (c).

(e) Place in oven and bake for 5 mins @  85®C.

(f) Allow to cool for 5 mins.

Contact photolithography (lift off)

(a) Coat sample with positive photoresist S1818 @ 5000 r.p.m. for 30 secs.

(b) Pre-bake on Hotplate @100®C for 1 minutes.

(c) Allow to cool for 5 minutes.

(d) Expose sample for 4 secs using Karl Suss MJB- UV400.

(e) Place in oven and bake for 5 mins @ 85®C.

(f) Develop using DevSSl : DI water -1:2 for 35 secs.

(g) Rinse in DI Water.

(h) Blow dry with N 2

p-tvpe contact

(a) Before loading into Evaporator, dip sample in HCL:DI water 1:1 for approximately 30 secs, 

to remove any native oxide and Rinse using DI water.

(b) Blow dry with N 2

(c) Deposit Ti/Au (or Au/Zn/Au on InGaAs) 15-20/3OOnm (Edwards Thermal Evaporator E306)

(d) Lift off using Acetone.

(e) Blow dry with N 2 .

2. n-type contact process 
n-snbstrate polishing and n-contact

(a) Attach sample face down on a cover glass using wax on hotplate (lOO^C).

(b) Attach sample face up on a sub-mount using wax on hotplate (120®C).
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(c) Polish sample on carborundum powder (grade 600) and glass.

(d) Detach sample with cover glass from the sub-mount.

(e) Clean sample with cover slip in ultrasonic DI water for 10 minutes.

(f) Load sample into Evaporator.

(g) Deposit GeAu/Au (15~30nm/300nm).

(h) Detach sample from cover glass using wax on hotplate after evaporation.

(i) Clean wax in hot Trichloroethylene and cool Trichloroethylene and Acetone.

(j) Blow dry with N ],

3. Mesa etch process
Mesa etch photolithography

(a) Coat sample with positive photoresist S1818 @ 5000 r.p.m. for 30 secs.

(b) Pre-bake on Hotplate @100°C for 1 minute.

(c) Allow to cool for 5 minutes.

(d) Expose sample for 4 secs using Karl Suss MJB- UV400.

(e) Develop; Dev351 : DI water -1:2 for 20 - 30 secs.

(f) Rinse DI Water.

(g) Blow Dry with N2 ,

N-contact protection

(a) Attach sample face up on hotplate using wax and cover glass.

Mesa etch

(a) Etch using HBr:K2Cr20y:CH3C00H 1:1:1 to required depth (rate approximately 

1.2 pm/60 secs)

(b) Remove resist in Acetone.

(c) Remove wax and cover glass using hot Trichloroethylene (100°C), cool Trichloroethylene 

and Acetone.

Figure d.l shows the flow diagram for the large area MQW QCSE modulator fabrication 

process.
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remove 
all resist & wax

n-substrate
polishing

sample cleaning

n-contact
metallisation

p-contact
metallisation

protect n-contact

mesa etch

Figure d.l. Flow diagram of large area MQW QCSE modulator processing.

D.2 Fast QCSE air-bridged modulator fabrication (wet chemical etching)

1. p-type contact process 
Sample pre-cleaning

a) Place sample in warm Trichloroethylene (Hotplate @ 60°C) for 5 mins

b) Clean sample for 5 minutes in each o f (l)Trichloroethylene (2)Acetone (3)Methanol (4)DI 

water.

c) Blow dry with N2 ,

d) If not clean, repeat steps (a) to (c).

e) Place in oven and bake for 5 minutes @ 85®C.

f) Allow to cool for 5 minutes.

Contact photolithography (lift off)

a) Coat sample with positive photoresist; S1818 @ 5000 r.p.m. for 30 secs.

b) Pre-bake on Hotplate @100°C for 1 minute.

c) Allow to cool for 5 minutes.

d) Expose sample for 4 secs using Karl Suss MJB- UV400.

e) Place in oven and bake for 5 minutes @ 85°C.

f) Develop; Dev351 : DI water -1:2 for 35 secs.

g) Rinse DI Water.

h) Blow dry with N 2
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p-tvpe contact

(a) Before loading into Evaporator, dip sample in Hcl:DI water 1:1 for approximately 30 secs, to 

remove any oxide and rinse using DI water.

(b) Blow Dry with N 2

(c) Deposit Ti/Au 15-20/300nm(Edwards Thermal Evaporator E306)

(d) Lift Off using Acetone.

(e) Blow Dry with N 2

2. n-type contact process 
Contact photolithography

(a) Coat sample with positive photoresist; SI818 @ 5000 r.p.m. for 30 secs.

(b) Pre-bake on Hotplate @100®C for 1 minute.

(c) Allow to cool for 5 minutes.

(d) Expose sample for 4 secs using Karl Suss MJB- UV400.

(e) Develop; Dev351 : DI water -1:2 for 35 secs.

(h) Rinse in DI Water.

(i) Blow dry with N 2

(j) Etch using HBr:K2Cr202:CHgC00H 1:1:1 to required depth (rate approximately

1.2pm/60 secs)

(k) Do not remove resist! 

n-Tvpe Contact

(a) Deposit GeAu/Au 30/300nm (Edwards Thermal Evaporator E306)

(b) Lift off using Acetone.

(c) Blow dry with N2

3. Mesa etch process 
Mesa photolithography

(a) Coat sample with positive photoresist; S1818 @ 5000 r.p.m. for 30 secs.

(b) Pre-bake on hotplate @100°C for 1 minute.

(c) Allow to cool for 5 minutes.

(d) Expose sample for 4 secs using Karl Suss MJB- UV400.

(e) Develop; Dev351 : DI water -1:2 for 20 - 30 secs.

(f) Rinse DI Water.

(g) Blow dry with N 2 .

(h) Etch using HBr:K2Cr202 : CH^ COOH 1:1:1 to required depth (rate approximately
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1.2pm/60 secs)

(i) Remove resist in Acetone.

4. Isolation etch process 
Isolation Photolithography

(a) Coat sample with positive photoresist; S1818 @ 5000 r.p.m. for 30 secs.

(b) Pre-bake on Hotplate @100®C for 1 minute.

(c) Allow to cool for 5 minutes.

(d) Expose sample for 4 secs using Karl Suss MJB- UV400.

(e) Develop; Dev351 : DI water -1:2 for 20 - 30 secs.

(f) Rinse DI Water.

(g) Blow dry with N 2 ,

(h) Etch using HBr:K2Cr202 : CHg COOH 1:1:1 to required depth (rate approximately 

1.2pm/60 secs)

(i) Remove resist in Acetone.

5. Air bridge process
1st Bridge Photolithography

(a) Coat sample with positive photoresist; SJR5740 @ 4000 r.p.m. for 30 secs.

(b) Pre-bake on hotplate @100®C for 90 secs.

(c) Allow to cool for 5 minutes.

(d) Expose sample for 25 secs using Karl Süss MJB- UV400.

(e) Develop; 2401: DI water -1:4 for 60 secs.

(f) Rinse DI Water.

(g) Blow dry with N 2

(h) Post-bake on hotplate @ 110®C for 60 secs.

Metallisation and define 2nd bridge photolithography

(a) Mount sample onto rotating stage set at 45°.

(b) Deposit Cr/Au 20/300nm(Edwards Thermal Evaporator Auto306).

(c) Detach sample carefully.

(d) Coat sample with positive photoresist; S1818 @ 5000 r.p.m. for 30 secs.

(e) Pre-bake on hotplate @100°C for 1 minute.

(f) Allow to cool for 5 minutes.

(g) Expose sample for 4 secs using Karl Süss MJB- UV400.

(h) Develop; Dev 351 : DI water -1:2 for 30 secs.

(i) Rinse DI Water.
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(j) Blow dry with N 2

(k) Etch using (l)Au etch(30sec/lmin),(2)Cr etch until Cr is removed.

(1) Soak in Losolin resist stripper @100®C for 5 minutes.

(m) Rinse in Acetone.

(n)Blow dry in N 2

Figure d.2 shows summarized fabrication processing o f air bridge MQW QCSE modulators.

p-contact
metallisation

n-contact
metallisation

sample cleaning

second air bridge 
process

Isolation etch

air bridge metal 
etch

mesa etch

lift-off and 
cleaning

first air bridge 
process

Figure d.2. Fabrication process flow diagram of air bridge MQW QCSE modulator.
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