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Abstract 

\Vavclcngth tunable semiconductor laser diodes are one of the most important devices 

in wavelength division multiplexing (WDM) optical communication systems. There 

has been intensive research effort to extend the tuning range of laser diodes. in order 

to increase the transmission capacity and to add other system functions to the existing 

optical systems and networks. Since the laser fab,ication process is complicated and 

expensive. modeling and simulation become increasingly important to reduce 

de\'clopment time and cost. The theme of this dissertation is to develop efficient and 

accurate models and simulation techniques for laser diodes in general and tunable 

lasers in particular. 

A comprehensive hierarchical model framework is developed and validated. which 

spans from the material models to the longitudinal wavcguiding structures commonly 

used for tunable lasers. A series of models arc established to simulate the intrinsic 

refractive index and refractive index changes caused by carrier injection. thermal 

effects and applied electric field. An optical gain model for strained multiple quantum 

,,ell (MQW) materials is developed based on accurate band structure calculations. 

Comparisons with experimental data for some of these material models arc made and 

show good agreement. 

A comprehensive traveling wave model is developed. which takes into account of 

spatial-hole-burning. spontaneous random noise as well as material effects in laser 

diodes with complex longitudinal configurations. Especially. thermal effects are 

incorporated into the traveling wave model for the first time. With the help of the new 

model. the various thermal time constants during the large signal modulation of a DFB 

iv 



1~1ser observed experimentally are explained. To improve the computational efficiency 

and the application versatility of the conventional traveling wave approach. we have 

proposed and demonstrated a digital filter approach. which combines the standing 

wave and the traveling wave models. This novel idea makes the traveling wave model 

more versatile and efficient. especially in simulation of laser diodes integrated with 

long optical waveguide structures. 

Another major contribution of this work is the applications of the models and the 

simulation techniques for several novel tunable lasers. As the first example. the 

sampled grating assisted wavelength tunable laser is investigated. In this category. two 

kinds of devices are discussed. One is the DBR (Vernier ruler type) tunable laser: the 

other is DFB type tunable laser cascaded with a co-directional filter as wavelength 

selection clement. This work is the first comprehensive simulation based on a rigorous 

numerical model. Secondly. we modeled and simulated a wavelength tunable multi­

section gain-coupled DFB cascade. The interaction between the adjacent section is 

considered. and some key design parameters arc optimized. In the design. the C\V 

working condition and the tuning mechanism are demonstrated. Further. the condition 

and the characteristics of short pulse generation resulting from multi-mode nature of 

this complex DFB cascade is also identified. 
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Chapter 1 

Introduction 

1.1 Background Review 

Semiconductor lasers are key devices in a \vide range of applications such as fiber­

optical communications. optical disk memory and laser printer due to their attractive 

features such as small size. low power consumption. fast response and so on [ 1.11 ]. In 

optical fiber communication systems. one of the most important characteristics 

required for a semiconductor laser is the stable single-mode operation [ 11 ]. featured 

by high side-mode-suppression ratio (SMSR) and narrow spectral linewidth. To obtain 

stable single-mode operation. the distributed feed-back (DFB) [2.3A] and the 

distributed Bragg reflector (DBR) [5] lasers were proposed and developed. In these 

two kinds of lasers. grating structures are utilized as wavelength selective clements. If 

the grating is in the active region of the laser. where the optical gain occurs. it is 

refc1Tcd to as the DFB laser: if the grating is in the passive region. it is called the DBR 

laser. Examples of typical DFB and DBR lasers are shown schematically in Figure 1.1 
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ACTIVE SECTION 

ACTIVE SECTION PASS IVE SECTION 

DFB 
Laser 

DBR 
Laser 

Figure I. 1 The schematic diagraphs of the DFB and DBR lasers 

2 

The de\·elopment of low-loss glass optical fibers has prompted the research on both 

bulk and quantum well (Q\V) InGaAsP/InP materials lasers emitting at 1.3 J.lm and 

1.55 J.ll11. It is mainly due to the fact that the fibers as a light transmission medium 

ha\'c dispersion minimum at 1.3 J.lm and loss minimum at l.55 J.lm [ 1.11 ]. The Q\V 

technolmi:v can confine electrons in the well re2.ion with the thickness less than 200 ~- ~ 

.-\. Therefore. quantum effects such as the quantized energy states occur [ 15]. When 

strain is applied to the \veil region. the relative band structure positions of the heavy 

holes and the light holes may be changed. so that we can adjust the \'alence band 

structures to modify their profiles. The strained Q\V material lasers have shown lower 

threshold current. higher differential optical gain. and wider optical gain bandwidth 

compared with the bulk materials [ 15]. The QW concept to great extent revolutionizes 
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the material technology in laser diodes. It also leaves great space for engineers to 

design and optimize the material composition. well geometry and so on for obtaining 

required device performance. 

To further increase the transmission capacity, frequency division multiplexing (FDM) 

or wavelength division multiplexing (WDM) techniques have been developed [ l l ]. In 

the \VDM systems. an accurate and stable single-mode wavelength tunable laser is 

required. Tunable lasers arc used in the WDM system for arranging the wavelength of 

each channel on the sender side. Both discrete [6] and continuous [7 .8] wavelength 

tunable lasers have been proposed and demonstrated experimentally. Some theoretical 

analyses of wavelength tunable lasers were also reported [9. lOJ. Since transmission 

capacity of optical communication system increase monotonically with the number of 

wavelength channels. there has great effort to extend the tuning range or a 

semiconductor laser. 

As laser fabrication processes arc very complicated and expensive. an efficient and 

relatively accurate simulation tool is in great demand for the laser design and 

optimization. There arc some commonly used laser models such as the power matrix 

model. the transmission line model and the large signal time domain model (refer to 

chapter 3 ). However. to our best knowledge. a comprehensive model. which takes into 

account of important material. optical. electrical and thermal effects. for wavelength 

tunable laser is still lacking. 

1.2 Objectives and Contributions of the 

Research 
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To demonstrate the function of a completed simulation tool. we choose the wavelength 

tunable DBR laser as example. No:'111ally there are an active laser diode and a passive 

or functional tunable wavelength selector as shown in Figure l. I. \Vavelcngth 

selection and tuning can be achieved by index change associated with free carrier or 

temperature variation controlled by injection current. In practice. multiple electrodes 

arc usually used to maximize the ,vavelength tuning range and optimize the overall 

performance of the devices. 

It is obvious that material modeling. which provides the active region optical gain and 

wa,·elength selective region refractive index change. is very important in the 

wavelength tunable laser simulation. In some sense. the accuracy of material models 

will determine the validity of the device simulation and its application range. 

Howe,·er. historically the material simulation and modeling are separated from the 

semiconductor laser diode simulator. because normally these two kinds of models 

were developed by t,vo different research groups specialized in solid state physics and 

semiconductor device engineering. respecti vet y. 

Therefore. at first stage. our pnmary effort was to obtain a comprehensi,·c and 

accurate models for bulk and QW material optical properties. The modeling refractive 

index and optical gain depend not only on materials. geometrical and operation 

parameters. but also on electrical field. temperature and carrier densities. The 

incorporation of the material models into the wavelength tunable laser simulation is 

one of the main features in our research. 

Secondly. we have developed an efficient laser diode model to include the important 

features such as spatial hole burning. random spontaneous noise. optical gain 

saturation and thermal effects. There are two different approaches in the modeling of 

laser diode. one is the standing wave model. and the other is traveling wave model. In 
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this dissertation. these two approaches are derived from the same 1D effective optical 

field equation. Especially. combining these two models. we developed a time domain 

digital filter approach and incorporated the filter into the traveling wave model to 

simulate the passive section. This method makes the time domain traveling \\'ave 

model more versatile and becomes another important feature of our research. 

Thirdly we applied the theoretical models to some wavelength tunable laser diode 

simulation and design. Sample grating assisted tunable lasers provide wide wavelength 

tuning range. Although there are some qualitative theoretical analysis on these devices 

[ 12.13 ]. numerical simulation based on more accurate model concerning the spatial 

hole burning. rnndom spontaneous noise and so on have not been reported. To meet 

this challenge and to show the powerfulness of our model. a series of simulations and 

design issues were presented on this kind of laser diodes. 

The last contribution is that our laser simulation tool is used in the design and 

simulation of multi-section gain coupled DFB laser cascade [ 14 ]. The interaction 

bet\\'een adjacent sections is investigated. The tuning mechanism and optimized 

operation parameters are suggested. Especially. unique to this multi-section DFB laser. 

we also identified conditions for short pulse generation. caused by the beating of the 

oscillation modes in the composite laser cavity. 

In summary. we have developed a comprehensive laser diode model and associated 

simulation techniques with a number of novel features as a useful addition to the 

arsenal of tools. The models and simulation techniques have been validated and 

applied to a number of wavelength tunable laser diodes. \Ve expect that the research 

results achieved and the future research will not only advance state-of-the-art in 

modeling and simulation of optoelectronic devices. but also make impact on research 

and development of some of the devices in real life applications. 
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1.3 Outline of the Thesis 

In chapter 2. general material models for both bulk and QW InP-based compounds are 

presented. Firstly. we will discuss the complex refractive indices of the intrinsic 

materials. An inter-band transition model in combination with a fitting procedure is 

implemented in the models. Secondly. we will present a generalized model for the 

refractive index change caused by carrier injection. doping. temperature and applied 

electric field. Finally. optical gain and related refractive index change are discussed. In 

particular. the QW material gain model is established based on a rigorous strained 

band structure calculation. Salient features of the strained multiple quantum wells such 

as negative effective mass of valence band structure. band structure shift due to both 

compressive and tensile strain effects and optical gain dependence on the TE and TM 

modes are all accounted for. 

In Chapter 3. we will focus on the semiconductor laser diode model with emphasis on 

the longitudinal cavity configurations. The difference between the traveling \\·ave and 

the standing wave approaches is clarified and the advantage and limitation of each 

model arc pointed out. For the first time. we incorporate the static and transient 

thermal effects into the traveling wave model. The improved traveling wave approach 

is then applied to si mutation of several laser diodes. In this chapter. based on the laser 

model. we also present a theoretical explanation on the various thermal time constants 

during large signal modulation for a DFB laser diode. which was reported 

expe,imcntally. 

In Chapter 4. we describe further improvement on the traveling wave model of laser 

diodes. In this respect, we combine the traveling wave model and the standing wave 

model by introducing a time-domain digital filter. which is suitable for simulation of 
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optically long laser cavity with both active and passive sections. The model is 

particularly effective for the long and/or complex passive section cascaded with active 

laser diode. 

In Chapter 5. using the laser model developed in previous chapters. we will investigate 

sample grating assisted wavelength tunable laser diodes. \Ve divide this chapter into 

t\\O pa11s. One is on the DBR type wavelength tunable laser: the other is on the DFB 

type wavelength tunable laser. For the DFB type laser. we modeled and simulated a 

sampled-grating DFB laser cascaded with a co-directional filter. which has been to our 

best knowledge the first rigorous simulation for this kind of complex. devices. though 

there have been some qualitative theoretical analysis already[l3]. 

In Chapter 6. we wi II present the results for the study of a novel wavelength tunable 

laser diode. i.e .. the multi-section gain coupled DFB laser cascade. invented and 

demonstrated by our industrial collaborator at Nortel [ 14 ]. Firstly. we focus on the two 

section DFB cascade to investigate the interaction between the two adjacent sections 

and to design and optimize the key parameters such as the coupling coefficients. the 

gain coupling ratio. Finally. we ex.tend the design ideas to multi-section case and 

discuss the tuning mechanisms. In this chapter. we also identify mechanism and 

conditions for short pulse generation caused by the multi-mode operation nature of 

this gain coupled DFB cascade. 

Finally. in Chapter.7. we summarize the achievements of our research. and present the 

future research work based on what we have accomplished in this dissertation. To 

show the building blocks and their relationships of this dissertation more clearly. we 

draw a schematic organization graph for each of the chapters in Figure 1.2 
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Chapter 2 

Modeling and Simulation of 

Semiconductor Materials 

2.1 Introduction 

In the simulation of laser diodes. we need first a deep understanding of semiconductor 

material optical properties. The progress of semiconductor technology is mainly 

dependent on t\VO families of materials. i.e .. group IV elements and 111-V compounds 

[I]. Amon2 them. ln 1.~Ga~As,P 1.JlnP materials. which allow li2ht emission in the - . . -
wa\·elength range around I.3-1. 7 µm. becomes the preferred media for realizing 

optical transmitter in the long haul optical communication. Recently. the 

semiconductor crystal growth technology make it possible to control the material 

width and band-gap accurately to confine the electron within an energy potential well. 

9 
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which is called quantum well (QW) in standard quantum mechanics textbook [3 ). 

\Vith this technology. for the first time. it was demonstrated experimentally that a one­

dimensional electron is confined in a box. \vhich is a classical tale in the quantum 

mechanics theory. It is shown that the QW technology is not only of great academic 

interest. but also can be used to make very good laser diodes among a variety of other 

devices. 

Although the basic bulk and QW material concepts are well understood. the 

determination of some important optical parameters requires systematic experimental 

measurements or theoretical modeling and simulation. Especially. for the sake of 

simulation of laser diodes. we need a complete knowledge about the optical propenies 

as a function of wavelength. temperature. physical geometry and so on. However. the 

experimental data are scattered. or at a specific operating condition. Therefore. it is 

required that through some fitting or optimization procedures. physical modeling and 

simulation results on one hand should consistent with the known experimental 

measurements. on the other hand it should predict the material properties for the 

di ffcrent operating conditions and wide spectral range. It should be noted that because 

of the high accuracy required for material modeling. the fitting/optimization 

procedures seem unavoidable in the simulation. In fact. we do not believe that there 

exists a general physics-based model. which can provide such accurate results in the 

material properties simulation. Generally speaking. we should balance our efforts 

between the physics modeling and numerical fitting procedures. Therefore. in this 

chapter. we generalize the existing models in the literatures to include thennal. doping. 

carrier injection and other effects. The models will show good consistency with the 

limited well-known experimental results and leave some fitting parameters to fit the 

simulation results to a specific material system fabricated at certain lab. The models 

only provide a set of prototype functions. 

In this chapter. firstly. we will demonstrate a model to describe the intrinsic refractive 

index of semiconductor material. Then we will discuss the refractive index change due 
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to doping. thermal and carrier injection for the passive device. Thirdly. we \viii present 

optical gain models for the active devices. and especially QW material properties are 

invcsti~rnted in detail. The last section is a brief summarv. 
- J 

2.2 Intrinsic Refractive Index 

Physically. refractive index. profile determines both the lateral optical field distribution 

and the longitudinal optical wave propagation. Therefore. the knowledge of refractive 

indices and absorption coefficients of compound semiconductor materials such as 

Al,Gal.,As and ln 1.,Ga,.AsyP1.y is important for designing semiconductor lasers and 

wave-guides. The refractive indices and absorption coefficients arc the function of 

material compositions x. (Al or Ga composition). y (As composition) and incident 

photon energy or wavelength. Up to now. measured refractive index. data arc usually 

used in the device simulation. However. these experimental data are only available for 

some specific material composition and incident photon energy. An efficient and 

accurate theoretical model. which can provide complex refractive index for all 

material compositions within certain incident photon energy range. is highly desirable. 

In this section. general models to describe the refractive indices of the intrinsic 

semicondue10r m..u.crials. which are at 300K in absence of doping. carrier injection and 

applied field arc developed. In particular. due to its important applications in photonic 

dc\·iccs for fiber-optic communications. we focus on 

ln1.,Ga,AsyP1.y 

2.2.1 Bulk Materials 

The complex refractive index. is defined by 

the material scnes 
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ii=11(w)+jk(w) (2.1) 

where n 1s the refractive index, and k is the extinction coefficient. They can be 

obtained from the complex dielectric function E = E 1 + jE:. where E 1 and E, are 

related by Kramers-Kronig (KK) relations [ l] 

(2.2) 

Once the dielectric function ts obtained. the complex refractive index can be 

calculated from 

(2.3) 

There arc two kinds of theoretical models for the dielectric function. One 1s the 

Harmonic Oscillator Model. This model simulates the dielectric function by [3] 

.,· l 
E =LA,,,( . 

,,, =I £ + £,,, + j r,,, 
------) 
E-E,,, + jr,,, 

(2.4) 

where m is the index of the oscillator. Am is the amplitude, E is the incident photon 

energy. Em is the center energy of oscillator and rm is damping coefficient. By fitting 

the parameters A,,,. E,,, and r,,, to the experimental data. this model can give very 

accurate refractive index in certain photon energy range [3]. However. it is difficult to 
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gain a physics insight from this model. and less possible to extend the model to the 

complicated material systems such as multiple quantum wells (MQW). Another model 

is the Inter-band Transition Model (4.5.6]. In this model. all possible inter-band 

transitions are considered for E, calculation and E 1 is obtained by KK relation. 

Combining the physics inter-band transition modeling and the fitting procedure. this 

model is highly successful in producing accurate refractive index for bulk materials. It 

has been extended to the case of the QW materials. Therefore. the inter-band transition 

model will be used and further developed in this chapter. However. we suggest that 

the two kinds of models should be used combatively depending on the application 

problems. 

r. ~ " • x·,. 

L'., I;,.~ +~f} 

• • " 
E, ~ Eo, 

( 

~' 

E . 
• 

E~ 

~ El+ ~I r:, 
L.-i 

L,, 
x,.. 

L r X 

Figure 2. I Inter-band transitions considered for the model. The dot-line in the figure 
is not included. 
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A comprehensive inter-band transition model has been developed by Adachi [5.6] for 

Al,Gal.,As and In 1.,Ga,AsyP1.~ systems All transitions at three critical points r. L 

(:\) and X. and indirect transition from L~. to r~ are considered. A schematic 

description of these transitions is shown in Figure (2. l ). It is an accurate and efficient 

model. but more than ten fitting parameters are required to calibrate the model in order 

to obtain accurate results in a wide range of material composition and incident photon 

wa\·clcngth. As shown in Figure (2. l ). there arc several inter-band transitions should 

be considered in the refractive index modeling. In the following. we will investigate 

them individually. 

This transition occurs in the center of Brillouin zone. The imaginary part of the 

dielectric constant can be written as [I] 

Csing Kramer-Kronig relation. we obtain 

where 

f ( x) = x -: [ 2 - (l + x) 0 5 
- (I - x )° 5 1-1 (I - x)] 

x0 = fiw! E0 

X, 0 = fiw/(£0 + ~o) 

l for x ~ 0 
1-/(x) = ( 

0 for x~O 

(2.6) 

(2.7) 
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The transitions take place at L point. Their contributions to E, and E1 can be 

simplified as [l] 

E: =K[8
1
x

1
--:.H(x

1
-L)+B:x1-_'-H(xi. -l)j 

E
1 

= -8
1
x

1
-'- ln(l - x

1
-:.) - B-:.x1~: ln(l - x": - l) 

(2.8) 

We notice that this E1 exhibits a divergence at E1 and E 1 + ~ 1 To a\oid this 

di vergcnce. a damping factor is introduced phenomenologically by repl..1cing w with 

w + Jr I ti 

(3 ). £'0 rra11sirio11s: 

This transition can be found in r point. as shown in Figure (2.1 ). The imaginary part 

of dielectric constant is simulated by a damped-harmonic-oscillator model. With the 

KK relation. we have. 

E-:. = C,x·
0 

v l[(l - x·/ ): + x·/ y:) 

E
1 

= C, (l - x'
0

: ) /[(I - x'
0

: ): + x'
0

: Y-:.) 
(2.9) 

(4) Indirect-hand-gap transition: 
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The indirect band transitions occur from r~ to X ~ and from r; to L~ as shown in 

Figure (2. l ). \Ve consider only the transition from r~ to X ~. which is dominant. The 

indirect transition can be described as [5] 

(2. l 0) 

x, =frwf E, 

\\here E, is the cut-off energy. In our calculation. we have set E, = E1 . The KK 

transformation of this term appears to be difficult to obtain analytically. Instead. a 

constant factor E 1~ is introduced to modify the calculated results and fit to the 

experimental data. 

l.~.5 ..-------,---------,-------------
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i 

' 

95 ~--'----'-----'-----'----'-----'----''-----------' 
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Figure 2. 2 Dielectric coefficient comparison bct\veen the simulation results and 
experimental measurements in [5]. 
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Based on the model developed previously. it is applied to ln 1.,Ga,AsyP1.~ material 

system lattice constant matched to lnP. All material parameters needed arc list in 

Table (2.1 ). and all fitting parameters. which are obtained by fitting the target function 

to the experimental data of E1 and E ~. are list in Table (2.2). 

Table 2. l Material Parameters for ln 1.,Ga,As.,P 1., svstcm . . -
Definition Expression 

Ga composition X = 0.1894y/(0.4184-0.013y) 

Band gap energy (eV) E
0 

=l.35-0.72y+0.12_,.: 

Spin-orbit splitting (cV) ~(} =0.116+0.163y+0.009y: 

Band gap at L (eV) El = 3.163- 0.59 y + 0.33 y 2 

Band gap at L (eV) E 1 +Ll 1 =3.296-0.466y+0.26y 2 

High band gap at r (eV) £'0 = 4.72-0.3 ly -0.0ly: 

Electron Effective mass Ill = (0.08 - 0.039 y )111 0 . 
Heavy hole mass Ill, 1 = 0.461110 

Light hole mass Ill, 2 = (0.12 - 0.069 _\" )1110 
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Table 2. 2 Fitting parameters for the dielectric function 

A(y) 5.402-4. l2y 

B,(y) 0.9-3.75y+2.34y-

B2(y) 0.09+2.37y-l .45y-

B11(y) 0.33-8.78y+6.22y-

B21(Y) l.982 

r(y) 0. l4-0. l0y+0. l y2 

Cs 1.3+3. 7y-2.0y-

y (y) 0.093+0.256y-0. l 24y-

D(y) 60.-+-83.2y+-B.9y-

E,.~ 2.1 (y < 0.82). 2.8 ( 0.82<y< l) 

The dielectric function calculated using this model is compared with experimental data 

as shown in Figure (2.2). The lines are simulation results and dots are measurement 

data. The model gives very accurate refractive index in a wide range of material 

composition and photon wavelength. 

2.2.2 QW Materials 

With the new material growth technologies such as molecular beam eptixy (MBE) and 

metal organic chemical vapor deposition (MOCVD). it is possible to grow ultra thin 

layers of semiconductor materials. \Vhen the width of the layer is less than 200 A. 

electrons will be confined in the well and quantum effect occurs [2]. If the adjacent 

layers have different lattice constants. there will be strained in the QW. Figure (2.3) 

shows the quantum well effect, single quantum well. multiple QW. and supper lattice. 

The QW materials are used widely in the semiconductor lasers active region. and other 

photogenic wave-guide devices [7]. Therefore, a good understanding of its optical 



Cf/APTER 2. MODELING AND SI,WULATION OF SEMICONDUCTOR 19 

properties such as gam and refractive index is required. The Q\V gam will be 

discussed in the following section. In this section. we just outline the procedure to 

calculate the refractive index of QW. multiple QW. and super-lattice. 

: f"'-l__ __ ..c___.....__~:_ ""'----' 
' ' 

I ll ll II fl I I~ f 111 ~ II ~ II ~ ~ 
., _____ . 

QW Mutiple QW Super Lattice 

Well 
Barrier / / E.,1 l>---t--t----.1 

I 
_E_"• ....-r -~ 

~---------------~) 

Figure 2. 3 QW. multiple QW and supper lattice 

There arc so far no well-accepted and adequately validated models to simulate the 

refractive index of the QW materials. The inter-band transition model is used to 

calculate the refractive indices in barrier and well regions as show in Figure (2.4). 

Then an effective refractive index of the Q\V is defined. For the multiple QW. the 

refractive index is approximated by [S] 

( 2.11) 
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where 11 .. is the refractive index in the \veil. 111, is the refractive index in the banicr. 

and r is the ratio of well width and barrier thickness. This model assumes no wave 

function overlaps between electrons in adjacent wells. and refractive index is divided 

into well part and barrier pan by the quantum well boundary. 

I 

t 

Interband Transition Interband Transition 
Model I Model __, 

r 

l Q\\' B:md 
Bull.,. Rcfracu,c Structure 

I 

lndc:1. '.\lodcl I I 

'¥ -~ 

l 
D1clci:1r1c 

L'niform Func11on 

l 
J 

I ·, I Rcfr:u:11\ c 
\ r l lndc, ! Rcfracll\'C lndc, 

j ► n "' l n w 
I nh I 
I 

\., .I 

Figure 2 . .J Simulation on the refractive index of QW materials 

From Figure (2.4). we can sec that this model requires inter-band transition 

calculations for the QW materials. which is difficult to perform for all critical points. 

The boundary between well and barrier regions also introduces great conceptual 

difficulties. Therefore we will not implement this model. but leave the QW refractive 

index as an empirical value or fitting parameter in the following simulations. 
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2.3 Change of Refractive Index in Non-radiative 

Process 

Refractive index can be changerl by doping. carrier injection. temperature variation 

and applied electric field. In wavelength tunable laser, the refractive index change in 

the DBR and the phase control region tunes the reflectivity at the end of active region. 

and hence makes the semiconductor laser wavelength tunable. The refractive index 

change is also important in other functional devices such as switches and modulators. 

In this chapter. a comprehensive model to simulate the bulk refractive index change 

mechanism is developed, and the simulation results arc compared with the 

experimental data. 

For the QW material. a brief description for the corresponding models is given. 

2.3.1 Effects of Doping and Carrier Injection 

Doping and carrier injection change the refractive index by providing free electrons 

and holes to the conduction and valence bands. These two effects have the same 

physical mechanism. hence a general model is given for both effects and the 

difference between the two effects is explained in the context of the general model. 

The free carriers will change the refractive index in three v,:ays. bcmd-jilling. bane/gap 

shrinkage and plasma absorption effects[ 9.10]. Our model is a combination of the 

works by Bennett et al and Weber [9.10]. 

This is a very simplified model. To include the doping and carrier injection effects. 

several strength coefficients are fitted to the experimental data. The refractive index 

changes obtained by this method are reasonably accurate compared with the published 

experimental data [9]. 
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The change of refractive index induced by free carrier is obtained from [9]: 

(2.12) 

where na is the absorption coefficient change associated with the free canier effect. 

and E is the incident photon energy. 

( l) Band Gap Shrinkage and Ba11d-filli11g 

Band shrinkage effects are determined by free earner density. and arc almost 

independent of impurity concentration. Its mechanism is that when free electron 

density is large enough. there will be strong repelling interaction among the electrons. 

The net result is a screening of electrons and a decrease in their energy. The free 

canier effect will increase free hole energy. Consequently. the band gap shrinks. It can 

be modeled by [9) 

(2.13) 

where E 1 is the dielectric constant we obtain in previous section. N is the larger of 

free-carrier densitv of electron or hole. and. N is a critical densitv below which there 
~ , r J 

is no shrinkage. which together with A could be chosen as fitting parameters 

The band filling is caused by the free-carrier filling the band to an appreciable depth as 

shown in Figure (2.5). 
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Figure 2. 5 Band filling effects 

\Ve will treat the band shrinkage and the band-filling effects together. For a direct 

band gap \vith parabolic band structure. if we neglect Urbach tail. the absorption is 

gi\'en by [9] 

a 0 = _£.Jtiw- E hw ~ E .. 
ftw ~ • (2.14) 

a 0 =0 hlo~E~ 

The constant C depends on the material and could be a fitting parameter. 
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If we consider the contribution from the light hole and heavy hole. and also the 

contribution from the band filling and band gap shrinkage. the absorption coefficient is 

[9] 

C C -, l -) 
et (w l = _,,,_, .Jtrw - £ [ / ( £ ) - / ( £ JI+-"' .Jhw - £ [ f C £ J - / ( £ JI <-- :, 

I, w I:' • '"' ' "'' ,, (JJ ' ' ,JI , ,.., 

where C,,,, and C 11, are the transition strength parameters. which could be fiucd to the 

experimental measurements. and E". Ei, are hole and electron energy respectively. 

which involve in the transition. \Ve show these transitions schematically m Figure 

(2.5). E
11

• El, can be obtained using energy and momentum conservation 

111, 
E""·"1 =(E, -trw)( )-E, 

111. + 111 l,/1./11 

(2.16) 
111 

E ( E ~ ){ /r/r ./Ir ) _ E 
l,/1.b/ = C - 1l(tJ C 

Ill, + 111 1,ir.ll, 

The probabilities f,and f, m eqn (15) arc given by the Fermi-Dirac distribution 

functions 

f, (x) ={I+exp[(x-EF, )l(k8 T)t 

f,(x) ={I+cxp[(x-E,, )l(k8 T)t 
(2.17) 

where k 8 is Boltzmann constant and T is temperature. EF, and Ef, are the quasi­

Fermi levels. and they are determined by the Nilsson approximation [ IO] 
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EF, N N N If -11-1 -=ln(-)+-[A+B-(A+ -)] 
kBT N, N, N, N, 

£fr +EC p p p ff -Ii-' ----=ln(-)+-[A+B-(A+ -)] 
kBT P. P.. P. P. 

(2.18) 

Herc we choose the zero energy at the conduction band mm1mum. N and P are the 

densities of electron and hole respectively. N, is the effective density of states in the 

conduction band. and P,. is the effective density of states in the valence band. which 

arc defined by [ 10] 

( 2. l 9) 

We can use eqns (2.14) and (2.15) to get 

(2.20) 

and then substitute this result into cqn (2.12) to obtain the refracti vc index change. 

It should be noted that if the free carrier effect is caused by carrier injection. \\'e 

choose N=P. where the density of free electron and holes are obtained from carrier 

distribution modeling. and Fermi energy is calculated by Nilsson equations (2.18) and 

(2.19). On the other hand, in the case of doping. we use the neutral equation to get the 

carrier density 

N + N,~ = P + N ,; (2.21) 
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\\here N,; and N,; are acceptor and donor ion densities respectively. The quasi Feimi 

energies for the conduction band and the valence band are the same for the doping 

case. 

( 3) The Free-Carrier Absorption 

Besides the inter-band absorption. a free carrier can absorb a photon and move to a 

higher energy state within a band. This absorption is also known as the plasma effect. 

The corresponding change in refractive index is given by [ 10) 

(2.22) 

\\ith energy expressed in eV and N (free electron density) and P (free hole density) in 

c,11 •. For the doping case. another term related to the ions scatting should be added. 

(-I J. General 1Wodel 

To simulate the doping and carrier injection effect. we consider that plasma effect is a 

separate effect. but the band filling and the band-gap shrinkage occur jointly. i.e .. the 

free carriers wi II fi II the shrunk band. 

:-\s an example. we show the refractive index change caused by carrier injection in 

Figure (2.6). In the simulation. we did not use any fitting procedures. instead all fitting 

parameters in the model were calculated by the theoretical model [26]. The 

comparison with the experimental fitting curve is not perfect but reasonably good. It is 

shown that carrier injection will cause the decrease of refractive index. normally the 

maximum relative change is around 0.2~-0.7~. 
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Figure 2. 6 Change of refractive index while energy gap is 0.95 eV. Experimental data 
is from [ 10) 

2.3 2 Thermal Effects 

The temperature change can affect the energy gap of semiconductor compounds as (9] 

(2.23) 

This change is quite small. we can substitute this result into eqns (2.5) and (2.6) as a 

perturbation term to obtain the refractive index change. In the case of doping or carrier 

injection. the thermal effect will also involve in the Fermi-Dirac distribution functions 

( 17). Therefore. the thermal effects in the model arc considered in two ways. firstly it 

changes the band-gap energy: secondly it affects the Fermi-Dirac distribution function. 
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The second effect is quite small if temperature change is not very large. If there is no 

doping. we will only apply the inter-band transition model. using the changed band­

gap in eqns (2.5) and (2.6) to obtain the refractive index. 
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Figure 2. 7 Comparison of the thermal effects with those got by Weber [9J. ~o fitting 
procedure is applied in our simulation. 

For In 1 ,Ga,AsyP 1.y material system. still without fitting procedure. we choose a=-3.18. 

h2=0.41 and c2=-0.6l. which are commonly used parameters [26]. The thermal effects 

arc compared with the theoretical results given by \Veber as shown in Figure (2.7). 

Our results qualitatively arc the same as Weber's when the photon energy is much 

smaller than the energy gap of the semiconductor. When photon energy is approaching 

the energy gap. there is considerable difference between the two models. Weber's 
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model is only valid when the photon energy is far below the energy gap. It is not 

apparent in what range this model is valid. Therefore. the discrepancy between the two 

models is still to be investigated. lt is shown that thermal effect will increase the 

refractive index. 

2.3.3 The Effect of Electric Field 

Strong electric field affects the refractive index of semiconductor in two ways. one via 

the electro-optic effect. which is also known as Pockels effect. It is a \\'ell-established 

linear relation between the refractive index change and applied electric field [26). The 

other is via electro-refraction. which is also known as Franz-Keldysh effect. We will 

gi\'e a theoretical model for Franz-Keldysh effect in this section. 

Electro-refraction is the refractive index change induced by Franz-Keldysh electro­

absorption effect. When an electric field is applied. the band edges arc tilted. and 

hence the optical absorption is changed. 

Csing the weak-field approximation. the absorption coefficient a( F) in the presence 

of an electric field F. is [ I l ]: 

(2.24) 

where the sum is over the heavy and light holes. Ai is the Airy function [ 12). 

In eqn (2.24 ). the coefficient /3, is 

(2.25) 
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.-\,. B, in eqns (2.24) and (2.25) are the fitting parameters. 

As F goes to zero. eqn (2.24) changes into the familiar expression for the absorption 

coefficient due to direct allowed transition. 

To calculate the refractive index. change induced by the electric field. KK relation is 

used as shown in eqn (2.12) 
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Figure 2. 8 Change of absorption coefficient of lnP at different electric field. 
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Figure 2. 9 Comparison of the change of refractive index of InGaAsP compounds 
with that got by Alping and Coldren 

As an example. we will show the electro-refraction of In 1.,Ga,As~P 1.~ system. Instead 

of using the fitting procedure. all parameters are obtained from theoretical calculation 

[261. The absorption change !!,.a as a function of photon energy is shown in Figure 

(2.8 ). We compare our results at wavelength l.55~lm with those obtained by Al ping 

and Coldren in Figure (2.9). Their results arc expressed empirically in the form 

We can sec that our results are in the same range as their empirical data. 
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2.4 Change of Refractive Index in Radiative 

Process: Optical Gain 

In the active region. recombining earners contribute to optical gain and photon 

emission. If the carrier injection density is sufficient high. the difference between the 

quasi-Fermi levels of conduction band and valence band \\'ill be greater than the 

incident photon energy. Under this condition. it can be shown that the optical gain wi II 

occur [ 13 J. This phenomenon is the main mechanism of semi-conductor lasers. 

Therefore accurate and efficient models to simulate both bulk and QW materials are 

important topics. In this chapter. optical gain models for both bulk and QW materials 

arc developed. 

2.4.1 Bulk Material Model 

Optical gain and the associated index change in bulk material have been investigated 

cxtensi vely. and there arc ,.,·ell-established theoretical models a,·ailablc [ 13 J. For a 

bulk material. there arc analytical forms for density of state and band structure. Optical 

gain can be expressed as [13] 

(2.26) 

(2.27) 
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lvl bN/ .,m· (E) is called Stem's matrix element. Mb is the Bloch averaged dipole matrix. 

to which we will give an analytical form in the next section. The carrier injection 

results in the band tail effect, which can be simulated by the Halperin-Lax band tails 

model [ 13]. The band tails will change the densities of state Pr, P,. and .. enveloped'" 

function matrix_ element Mm·. To calculate Stem's matrix element, a Gaussian fitting 

to the Halperin-Lax band tails is performed. This model is known as GHLBT-SME 

model [13]. In Figure (2.10), the comparisons between model simulations and the 

experimental measurements are shown for InGaAsP materials. The refractive index 

change associated with the optical gain can be obtained by KK relation. Since bulk 

material gain simulation is much easier than that of MQW, the theoretical details will 

be explained in the next section 

200 

100 

I 

N,.=5 x 1017 cm- 3 

N0 =1 x1017 cm- 3 

• 1.21 "101•cm- 3 

1.20 
1.16 
1.06 
1.02 
0.97 

E k~~==~~~~~~~ E(eV} 
~ 0 0.90 0.96 
C • C, 

-100 

n= 1.3" 1011 cm· l 

O.Bo.9 

Figure 2.10 Comparison of the Gain profiles calculated by GHLBT-SME model 

(line) and those measured by experiments (dots) [27]. 
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2.4.2 QW Material Model 

The ability to fabricate QW and MQW structures has given rise to new optical and 

electronic devices. Quantum well technology makes it possible to control the depth. 

range and the arrangement of quantum well in the semiconductors. Since the first 

im·estigation of optical properties in quantum wells by Dingle et al [21. the application 

of quantum well structures to semiconductor lasers has received considerable attention 

for its superior characteristics. such as low threshold current density. low temperature 

dependence of threshold current. lasing wavelength tunability. and excellent dynamic 

properties [2). It was suggested that the introduction of strain into the crystal lattice of 

a semiconductor material could help equalize the density of states in the conduction 

and valence bands. reducing transparency levels. as \vell as increasing the differential 

gain of the materials [14.15]. There has been great interest in the study of strained 

quantum well systems. 

In this section. a theoretical analysis of quantum ,...-ell band struclllrcs is presented. In 

our treatment. the strain effect is incorporated into the Hamiltonian naturally. and non­

strain quantum well band structure is just a special case in our calculation. Quantum 

well gain and reflective index change are also modeled based on the band structures. 
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Quantum \Veil Band Structures 

Historically. the calculation of quantum well sub-band structure has taken two 

different approaches. In the first approach, a single-band effective mass model is 

assumed and valence bands mixing effect between the valence sub-bands is ignored 

[16.17]. The advantage of this approach is that parabolic bands arc obtained and 

simple analytical expression can be derived for the Fermi energy and quantum well 

gain calculations. With some approximation. this model even can solve the problem of 

strained quantum well. However. this approach assumes that the quantum well valence 

sub-bands are parabolic and isotropic. Consequently. many important features such as 

negative effective mass. band mixing are not accounted for. The second approach 

involves solving 4x-t.6x6. or SxS Hamiltonian of Luttinger-Kohn type [ 18.19]. and 

imposes an enveloped function approximation in solving the quantum well sub-band 

structures. The valence bands obtained from this approach show complicated structure 

unique to quantum well material. It seems difficult to obtain simple analytical 

solutions in this approach. On the other hand. efficient numerical approach has to be 

used for the band structure calculation. In our calculation. we will use the second 

approach. 

(I) Lwringcr-Kolm f-/amilto11ia11 

The typical non-strain semiconductor band structure is shown in Figure (2.11 ). 
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Figure 2. 11 Band edge Bloch functions and band energy. 
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If the spin split-off bands energy ~ and energy gap E, arc much larger than the 

energy separation between the heavy hole and light hole. we can use -i x-i Luttingcr­

Kohn Hamiltonian to solve this problem. The Hamiltonian is in the form [ 18] 

P, +Q, -s, R, 0 

-s; P, -Q, 0 R, 
H =- (2.28) 

R. 0 P, -Q, s, r 

0 R. 
r 

s· r P, +Q, 
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h - H ·1 • I 3 3 I 3 1 I 3 1 I 3 3 d w ere the base ol am1 toman are -.- >. -.- >. -.-- >. -.-->.an 
2 2 2 2 2 2 2 2 

P,=P+P, 

Q, =Q+Q,. 

R, = R + R£ 

S, =5+5£ 

The explicit expressions for the above matrix clements are 

P=[h 2y 1(2111 )](k 2 +k 2 +k 2
) I I) I \ : 

(2.29) 

Q = [t1 
2Y 2 I ( 21110 ) ](k; + k: - 2k ~) 

r.; r.; (2.30) 
R = -[t1

2y 2 /(21110 )]-v-'(k; -k;)+ j[h 2y;l(21110 )]2v3k,k, 

S =[h 2y,/(21110 )]2.J3(k, -k, )k= 

P, = a,. ( E " + E " + E :: ) 

Q£ = -3/2b(E., +E" +E::) 

R,. = J3b I 2(E" - E" ) - jd I 2E" 

S,. = -J3d(E" - jE ,: ) 

where a, .hand d arc potential parameters. 

(2.31) 
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For the strained-lattice case. if base material lattice constant is a0 • and strained lattice 

constant is a·. we have 
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E" = E 
ao - a' 

=---=E 
Clo 

" = __ .., C12 E 
C (2.32) 

-- ell 

E" = E ,: = E :, = 0 
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where C 1~ and C 11 are elastic constants for the crystal. An unitary transformation to 

the Hamiltonian was introduced by Chuang [ 18]. The transformation changes the 

Hamiltonian into a block-diagonal form. 

fll =-[P+!:_2+<; 
R-

f/L =-[P-g-c; 
R-

R ] + ..!..8£ ., In 
P-Q-<; ., 

R ]+_!._8£ 
p +Q + <; 3 /n 

< 2.33) 

(2.34) 

The base of this Hamiltonian arc 11 >. 12>. 13>. and 14>. They arc linear combination of 

the original base and can be easily obtained from the unitary transform matrix. 11 > and 

14> arc linear combination of the two heavy hole base, and 12> and 13> arc linear 

combination of the two light hole base. 

The conduction-band Hamiltonian is given by 

(2.35) 
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In cqns (2.34) and (2.35). we have used the relations 

a= (C1 +a,) 

- cl, l 6£ = -2a[l--- E 
'" C II 

8£ = -2/J[l + c 12 Jc 
·" C II 

(2.36) 

l ~ 
c =-0£ 11 - ., ' 

R =IR l-jl s I 
Here we also have made the assumption C 1=213a. 

A 

t I 

HH I 8E, i -~ ~E, i +~ LH 

j=l j=2 j=3 
di d2 

Figure 2. 12 Energy shift after strain is applied (compressive strain in this case). 
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The valence band Hamiltonian HL' and HL give a degenerate energy. Therefore. only 

one of them. for example Hu. needs to be solved. The conduction band Hamiltonian 

remains a parabolic one. and easy to be solved. Figure (2.12) shows the quantum well 

potential shift after the strain is applied. 

( ~ ). \lalence Band Srn,cwre 

For a strained quantum well. the Hamiltonian is eqn (2.34 ). In the barrier region. the 

potential is D.E, Here we use the model D.E, = 0.64;j.£,. where ;j.E, is the band gap 

discontinuity between the well and barrier regions. The strain potential ti£." and ;j.£111 

arc zero in the barrier. 

For the special case of k, = 0. i.e .. k, = k, = 0. we find that R = 0. so that the 

Hamiltonian is a diagonal one. The eigenfunctions are 11> and 12> respectively. i.e .. 

hea\·y hole and light hole are totally decoupled. 

\Ve will show later. in the case of k, :t:. 0. the eigenfunction will be the mixing states 

of I I> and 12>. The concept .. heavy hole .. band or .. light hole .. band mean the state 

\\ hen /.:., = 0. If the effective mass approximation is used. the calculation will be based 

on the assumption that there is no band mixing even when k :t:. 0. We \\'ill show that 
~ r 

this assumption is no longer valid in the case of strained quantum wells. Since the 

Hamiltonian is diagonal when k, = 0. we can solve the heavy hole and light hole 

separately. For heavy hole in the j region [see Figure (2.12)]. we have the wave 

function 

(2.37) 
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Bv using the boundary condition. we can find a transmission matrix 

(2.38) 

where U is a 2 x., matrix defined bv ,, ,-11 - "' 

where I, is the length of the j section in the well. and 

(2.-lO) 

where 111 is the effective mass of the j section at k, = 0 point. For heavy hole. the 

cffccti ve mass is given as 

111 
( 2.-l l ) 

and for the light hole 

111 
11/ I (2A2) 

For a single quantum well. we have 
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(2.-B) 

If choose lm(k:u) >0. for the bound state. we \viii have A11111 =0. and 8 1111 , =0. 

Consequently. the element u 11 in the matrix Ur is zero. Using the root searching 

method. we can find the energy of the quantum well system. i.e .. searching the roots of 

equation 11 11 (E,.,) = 0. 

For the case k, :t:- 0. the calculation will be more complicated. We can express the 

\\ a,·e function in the form 

1/f I 

[
F.' ] [F'- ] =A 11111 cxp[1·k'?1 (:-d )]+B 11111 cxp[-1'k'~11 (:-d )]+ ""' F / ,. I ll/11 F ,- ,. I 

[ 

F, :Ill]/ [ F 1~

11

]

11 

(2.44) 
A ,1.

11 exp[1·kL!'(:-d )]+B ,w exp[-jk'.·."(:-d )] 
1.11, FI /. I Ll/I F ,- '• ! 

:.u, :.1.11 

In c,·ery region. the \vave function is a combination of four linear independent 

solutions of Hamiltonian (2.34). Using the boundary conditions. i.e .. ( l ). the wave 

function is continuous: 2. the probability stream is continuous. we can obtain the 

transmission matrix in the form 

A,111, A,11,,,.11 

lvl, 
Au,, = M ,.,P,., 

Au,,,.,, 
(2.45) 

B ""' B,111,,-11 

8 1.111 Bl.l/1j•l1 
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where M ,_,.,P,. 1 are both 4x4 matrix. with the clements related to k::'1 .k:;°. and 

Luttingcr parameters. For a single quantum well. the bound state will have the form 

0 

0 

A,111.• 

1 1 Au,, 
= (M ,- Ml pl )(M ~ M' P. ) 

0 

0 

We define the transmission matrix 

U = (A,J 1•
1M ,P, )(M .;-'M .P.) = [U, - - - . u. 

(2.46) 

(2.47) 

\\ here U1. u~. U:; and U-t arc all 2x 2 matrix. From cqns (2.46) and (2.47). we have 

detJU d=O. By searching the roots of equation dctJU 1(Em)I = 0. the energy of the 

quantum well system can be found. It is clear that there is strong sub-band m1xmg 

effect while k, ,t; 0. 

To calculate the valence band structure. first we set k1=0 to obtain the energy level of 

the heavy hole and the light hole. By changing k1 with small steps. the entire hand 

structure can be calculated by the same procedure. Figures (2. I 3-2.15) show the hand 

structures calculated by this method. The band structures include compressive. no­

strain and tensile strain cases. It is shown that the band structures arc not parabolic. for 

example. negative effective mass may appear due to the existence of the strain: and 

stain effect can change the relative position of the heavy hole and light hole 

dramatical I y. 
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figure 2. 13 Valence band structure while no strain applied. 
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figure 2. 14Valence band structure with compressive strain. 
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Figure 2. 15Valence band structure with tensile strain 

QW Gain ~'lodeling 

005 0 06 

As free earners arc injected into the QW material. the free electrons will fill the 

quantized parabolic conduction bands. and the free holes will fill the complicated 

\'alcnce bands. which have been shown in the previous section. When the free carrier 

density is sufficient high. if the incident photon energy is smaller than the difference 

between the quasi-Fermi energies of conduction band and valence band. the optical 

gain occurs. Since QW material has multi-quantized energy levels. multi-peaks may 

be found in the gain spectrum. Due to the anisotropy structure of QW materials. TE 

and TM modes have different eain features. To make the modcline more efficient. we - -
begin with the electronic susceptivity calculation. This model can give both the optical 

gain the refractive index change [20]. 
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( I J. Fermi Level 

If the band structure is parabolic. Fermi energy will be very easy to calculate. For a 

given injected electron density N. which is usually determined by the injection current 

and could be obtained from carrier rate equation. The quasi-Fermi level F. for 

electron can be calculated by (21] 

(2A8) 
" ,r 

where the sum is over all the occupied bands. P,:. 0 (£) and f"(E) are two 

dimensional density of state and Fermi function. respectively. If the band structure is 

parabolic. for example the band structure of conduction band. we have 

,·,r = ---------------
.' exp[(£,,, +fl:.k/12111, -F. )l(k 8 T)J+l 

(2A9) 

\\ here £"' is the n band bottom energy at k,=0 and 

(2.50) 

where L, is the width of quantum well. We have derived an analytical formula for the 

carrier density 
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111 k T 
N,. = ,;.,~~- ln(l+exp[(F: -£,,1 )/(k 8 T)]) (2.51) 

From this equation. Fenni level can be easily calculated if the electron density is 

known. Figure (2.16) shows the schematic picture of the density of state. and electron 

distribution of parabolic band structure. 

However. if the valence band structure is not a parabolic as in the case of valence 

bands of QW material. we can not use the analytical fonnula to obtain the quasi-Fermi 

lc\·el of the valence band. Instead. all the states arc summed to yield the total hole 

density as 

., 
P =-=- ~[l-J."'(k )] ,,, v£.. ' r 

'· 
(2.52) 

Herc m is the index of sub-band. and the number I accounts for the degeneracy of Ht· 

and HL. mentioned before. We also have 

/ .. ,,, = ------------
' exp[(E,,,,(k,)-F, )/(k(/T)]+I 

(2.53) 

where E, 01(ki) is the dispersion band energy function obtained numerically from the 

last section. Numerical method is used to calculate the quasi-Fermi level of valence 

band by 

,., 
P = ~ P = ~ .::..(1- rm (k )] £.. ,,, £..\I J\ I ,,, ,,, 

(2.54) 
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Figure 2. 16 Density of state of Q\V material and carrier distribution. 

( 2) Gain and Reji·acril·e Index Change 

After all sub-band levels arc known. the linear susceptibility x(w) can be obtained by 

using density matrix formalism [22] 
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where a denotes the upper and lower blocks of the valence band Hamiltonian. and TJ 

is the electron spin state. Parameters m and n are the indices for the sub-bands of 

conduction bands and the valence bands. Vector e is the polarization vector of the 

\·ector field. i\1 ,: (k,) is the optical dipole matrix between the m conduction band 

with spin TJ and the n valence sub-band with upper and lower block index (j. The 

functions f."' and f,'_'cr are Fermi functions as defined before. Eg is the band gap 

energy ajier the strained is applied: -r is the intra-band relaxation time. Gain and 

refractive index change can be calculated by [22] 

(2.56) 

where ~l is the permeability. nt, is the background refractive index. and we also have 

l 
tl11 = -,.,-Re[x(w) J 

-111, 

(2.57) 

Therefore. once suscepbility is calculated. we will obtain the quantum well gain and 

the associated refractive index change from eqns (2.56) and (2.57).Since the upper and 

lower valence blocks of Hamiltonian give degenerate states. only the upper 

Hamiltonian needs to be solved. The final results are multiplied by 2 to account for the 

degeneracy. 

In equation (2.55). the optical polar matrix can be written as 

(! • ,w mi (k ) = ~ < F" I ,t, >< u I e -er I 5 TJ > ,,,,, 1 £.., ,,, 'r',r • (2.58) 
II :I.~ 
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where F,;; and </J,, are the envelop function of valence and conduction sub-bands 

respectively. which we have calculated in the last section. S and u are Bloch period 

function. After some mathematical calculations we have 

for TE mode ( e = X ) 

for TM mode ( e = .:: ) 

~ - , l , . . 
I (' . 1\tl <TII ( k, ) 1- = - < s I e::. I z >- ( < F - 10 > -

?. 
:; 

"' 8. 
6 
-::, 

~ 
?. 
E 
0 z 

11111 3 II ltl 
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Figure 2. 17 Typical normalized dipole moment of QW material. 
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From the last section we know that F,,1 : is kt dependent. so that band-mixing effect 

will play significant role in the optical dipole matrix. Figure (2.17) shows a typical 

picture of the optical dipole matrix vs kt. 

We can see that if a parabolic model is used. optical dipole matrix \viii be constant. 

The band mixing effect will be neglected. 

In our calculation we have used the relation of bulk material [21] 

lz E~ + ~ 
<5 I ~,z >=<S lxl X >=--[------f 

✓2 £~ (£~ + 2~/ 3)m. 
(2.6 L) 

To show the application of this model. in Figure (2. L 8), the quantum well band 

structure of Ga,ln 1.,AsyP 1.y material is shown. The well width is 60 A. All the other 

parameters used for the calculation are listed in Table (2.3). 

In this case. the strain is tensile. The material gain is calculated for TE and TM modes 

respectively. Figure (2.19) shows the TE modes for two different electron densities. 

As the density gets higher. the first light hole band will be filled. \Vhen 

N = 5 x L0 1
s cm-'. we can see double peaks of the gain spectrum. Figure (2.20) shO\\S 

both TE and TM modes for N = 5 x 10 1
s cm-~. From cqn (2.60). we can sec that the 

main contribution to TM mode comes from light hole. thus there is only one peak for 

T~ mode. It is shown that the gain profile bandwidth for Q\V material is much wider 

than the bulk material. In fact, the gain profile band-width of QW material could be as 

large as 100-200 nm. 

To describe the refractive index change in the quantum well. we use the line-width 

enhancement factor 

4rr d11/dN 
a=-----

; .. dgldN 
(2.62) 
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where n is refractive index. N is canier density. The a factor of the QW material is 

much smallerthan that of bulk material [21]. 

Table 2. 3 Material parameters for ln 1.,Ga,AsyP1.) quantum-well calculation 

Parameters InP GaP GaAs InAs ln 1.,Ga,As)Pt.) 

A (A) 5.8688-0.4 l 76x+O. l 896y+0.0 l 25xy 

E:,: (cV) l .35+0.66Sx+ I .06Sy+O. 75Sx ·+0.07Sy· -

0.069xy-0.322x:y+0.03x/ 

Y1 4.95 4.05 6.85 20.4 Vegard·s law 

y~ l.65 0.49 2.1 8.3 Vcgard·s law 

r, 2.35 l.25 2.73 9.1 Vegard·s law 

C11 l 0.11 14.05 11.879 8.329 Vegard·s law 

C1~ 5.61 6.203 5.376 4.526 Vcgard·s law 

A (cV) -6.31 -8.83 -8.33 -6.08 Vcgard·s law 

B (cV) -l.7 -l.8 -1.7 -l.8 Vcgard·s law 

~ (cV) 0.11 0.08 0.34 0.38 Vegard·s law 

me: (mo) 0.08-0. I I 6x+0.026y-0.059xy-(0.06-t-

0.02x1/+(0.06+0.032ylx; 
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Figure 2. 18 Band structure of lnGaAsP QW material. The well width 1s 60A. For 
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Figure 2. 19 Optical gain for the TE mode with different carrier density. 
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Figure 2. 20 Optical Gain for TE and TM modes with the same carrier density. 

Comparisons with the Experiments 

54 

In this part. we compare the optical gain profiles calculated by our theoretical model 

\\'ith those obtained from experimental measurements. There arc seven quantum wells 

in the active region with the well thickness equal to 105 A [28]. The QW is fabricated 
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by lnGaAsP material system. The measured optical gain profiles are recorded while 

injected current changed from 6mA to lOmA. Our comparisons are shown in Figure 

2.21 and the simulation parameters are listed in Table 2.4. \Ve conclude that the 

simulation results are reasonably good. 

It should be noted that. there is no earner transport equation m our model and the 

theoretical simulation is based on the carrier density. Therefore a self-consistent 

comparison will depend on the development of a more comprehensive model. which 

should include both carrier transport and optical mode solvers. In fact. along this end. 

using our QW material models and ALDS laser simulator [24]. we have compared the 

optical gain simulation results indirectly with the measured data such as threshold 

currents. external efficiencies and oscillation frequencies of laser diodes ,vith QW 

structures. 

Table 2.-1 Parameters used in the simulation (ln 1.,Ga"As~P1.y /lnP) 

1=6mA l=l0mA 

Carrier density ( lQ·'fcm) ') -__ :, 2.8 

Temperature (K) 300 300 

Effective length (µm) 200 200 

\Veil Ga. As composition (x. y) (0.504.0.993) (0.50-l.0.993) 

As composition in the barrier (y) 0.469 0.-l69 

In the simulation. we have chosen the optical confinement factor around 0.1. 
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Figure 2.21 Comparisons of the optical gain profiles at room temperature. 

2.5 Summary 

56 

In this chapter. we have sho\vn the modeling and simulation of semiconductor 

materials. Both passive and active optical properties. such as refractive index. index 

change due to carrier injection. thermal or electric field effects. and optical gain arc 

discussed. The simulation results arc consistent with the known experimental 

measured data. or at least show the same trend qualitatively. We have left some fitting 

parameters in each model. It is believed that with some fitting procedures. the model 

can provide accurate simulation results as required. The accuracy gap between the 
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experimental measurement and theoretical model needs a series works in co-oper.ition 

with the industry experimentalists. With the completed set of measured data, our 

model can be calibrated, and some new procedures. such as numerical fitting (genetic 

algorithm). neural networks, will be implemented to the \vhole simulation package 

with the material models in this chapter as prototype functions. Along this direction. 

our QW optical gain model has been used in NORTEL as a design tool and received 

very good feedback. [t is hoped that this co-operation will be continued. and our 

material simulation package could be calibrated and finally completed. The models 

will be on one hand be used in the laser design and simulation. and on the other hand 

be used in any optical device design as a separate simulation tool. In the following 

chapters. we will refer to this chapter constantly. 



Chapter 3 

Traveling Wave Model of 

Semiconductor Laser Diode 

3.1 Introduction 

Laser diodes are among key components in a wide range of applications such as 

telecommunications. optical storage. and image recording. Laser diodes \\·ith complex 

longitudinal structures such as the distributed feedback (DFB) and the distributed 

Bragg reflector (DBR) lasers arc particularly attractive due to their superior spectral 

characteristics such as narrow spectral width. low chirp and/or wavelength tunability. 

In the modeling and simulation of such laser diodes. there have been two different 

formalisms. namely. the standing-wave approach [2.4.18. i 9] and the traveling-wave 

approach [1.2.7.20]. The standing-wave approach is based on the assumption that the 

temporal and the spatial dependence of field distributions of the cavity modes are 

separable. As such. the dynamics is considered in the modal amplitudes. 

Consequently. the standing-wave approach is valid only when the photon lifetime is 

much shorter than the characteristic time of the laser dynamics. The traveling-wave 

58 
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model. on the other hand. makes no assumptions about the cavity modes. Rather. it 

solves the time-dependent coupled-wave equations for the forward the backward 

traveling waves directly and therefore is valid even the laser cavity has relatively small 

Q-factor and/or the characteristic time of the laser dynamics is very short. Another 

advantage of the traveling-wave model is that it can be readily applied to laser diodes 

operated with multiple cavity modes. for which the standing-wave model may have 

difficulty in finding the complex roots corresponding to each mode. 

[n this chapter. firstly. from wave equation. we will derive an effective one­

dimensional field equation for laser diode. Then the difference between the standing 

wave model and the traveling wave model will be identified based on the same 1-D 

optical field equation. The limitations of the two approaches will be clarified. 

Secondly. the traveling wave model will be implemented in details. Especially. the 

thermal effect is incorporated into the model for the first time. Finally. we \\·ill do 

some comparisons and show some simulation results. 

3.2 Effective 1D Field Rate Equation 

From appendix. the effective ID field equation within the laser cavity is written as [➔ I 

(3.1) 

where 't1(z.t) is the longitudinal enveloped electrical field. ku is the wave vector in the 

vacuum at reference frequency w. aL and g arc optical modal loss and gam 

respectively. am is the line-width enhancement factor and r is the optical confinement 
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factor. 11,.11. -;;. and Ilg are effective refractive index. transverse average refractive index 

and group index respectively which are defined in appendix. J: is the spontaneous 

noise source. 

From this effective 1D field equation. there arc two different approaches. which lead 

to the standing wave model and the traveling wave model. 

3.2.1 Standing Wave Approach 

If we assume that the temporal and the spatial dependence of field distributions within 

the cavity is separable. i.e .. the longitudinal enveloped electrical field can be expressed 

as 

'¥( ::. r) = <t>(:: )AU) (3.2) 

and <t>(z) is the eigen-\vave function of the longitudinal mode with complex 

eigenvalue~ satisfying the equation. 

(3.3) 

By substituting eqn (3.3) into (3.2). we obtain 

..,e~ -iA(r) 
k \:A(r) - j - o " u = F 

o ~ w a, ... (3.4) 

Herc we have used the longitudinal field normalization f1. <t> • <t>d:: = 1. and Fs is the Jo 

spontaneous noise term transformed fromfs. which will be discussed in detail latter. 
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Eqns (3.3) and (3.4) are the rate equations of electrical field for standing wave model 

of laser diodes. In the case DFB lasers. if grating period is A. we have 

ll ,.11 ! = ll <!/ ! + 811 ;,1 

811 .. ~ = L !:iE 1 exp[ - j/(2,r I A):] (3.5) 

and <t>(z) can be expressed as 

(3.6) 

By substituting cqns. (3.5) and (3.6) into eqn. (3.3 ). and considering only the first 

order grating. we obtain the coupled mode equations for the fo~vard and reverse 

em·elopcd field F and R 

dF =I[r0 -a -k lm(c)]/2-1·8}F+1·KR 
/ 

lJ ,"> /. 0 -c: 
(3.7) 

dR -0 _ I . } . -=-[r0 -a -k Im(..:) 12-J.D R-1·,._ F 
I ,"> I. 0 -

{:'. 

where 8 is the detuning factor defined by 

,r k:J\ 
8 = k0 11,.,

1 
- - - -

1
-
1 -Rc(c) 

J\ 2,r -
(3.8) 

and coupling coefficient Kin eqn (3.7) is defined by 
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K (3.9) 

To derive eqns (3.7) and (3.8). we have assumed that ,z = n -
.,.,r 

Eqn (3.4) can be transformed into the photon number and lasering phase equation by 

defining 

:-\(t) = Js<,} exp(j8(t)) (3.10) 

where S is the total photon number within the laser cavity and O is the photon phase. 

Substituting eqn. (3.10) into eqn. (3.4). we obtain 

dS w 
~)S(r)+ --= =Im( R 

dr 'I' 
llll • (3.11) 

d0 (I) 
Re( ~ ) --= 

dr 2 llll • 

\\'here R,,, is the ensemble average spontaneous emission rate term. which is expressed 

as 

(3.12) 

In eqn (3.12). K 1s Petermann factor. and 11,,, 1s inverse spontaneous emission 

coefficient. 

Eqns (3.7) and (3.11) constitute the governing equations to describe the photon 

dynamics within the laser cavity. Eqn (3.7) represents the longitudinal field profile 
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<l>(z) and the complex eigenvalue l;. The eigenvalue l; is an important parameter 

introduced by the standing wave approach whose imaginary part describes the net gain 

and real part describes the phase shift. Eqn (3.11) represents the dynamics of photon 

number and lasering frequency shift related to the reference frequency. 

By separating the spatial and temporal variables. the standing wave model transforms 

the partial differential equation (3.1) into a series of differential equations (3.7) and 

(3.11 ). Therefore. in the simulation, the spatial discretized step is unrelated to the 

temporal step. which will be explained in detail in the following sections. This 

assumption makes it very efficient compared with the traveling wave approach. The 

other advantage is that since the field profile can be solved in the frequency domain. it 

is easy to implement the frequency dependent optical gain and refractive inde:-.. 

dispersion effects. However, this model assumes that the standing \'l.'ave pattern is 

created instantaneously. Therefore. it is impossible to describe some phenomena such 

as mode beating or mode locking. This model also presents great numerical 

calculation challenge in searching the standing wave modes for complicated multi­

section laser simulation. Finally it is difficult to extend the model to some devices 

such as optical amplifier which does not support standing wave modes at all. 

3.2.2 Traveling Wave Approach 

Different from the standing wave approach. the traveling wave model solves the 

partial deferential equation (3.1) directly. For the case DFB lasers in the previous 

section. we can express the field profile 4'(z.t) as 

4' ( ;:,I) = F(:.r) exp(- j Tr ;:) + R( ;:.I) exp(j !!_;:) 
A A 

(3.13) 
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\\here F(:.r) and R(:.r) are the enveloped time dependent fon.vard and backward 

traveling wave functions. respectively. Substituting eqns (3.13) and (3.5) into eqn. 

(3.1 ). as in previous section. we neglect the second order derivative of F and R with 

respective to z. Finally we obtain 

(3.14) 

where vg is the group velocity. r is the optical confinement factor. g is the optical 

gain. aL is the optical loss. and 8 is the detuning factor. respectively. The coupling 

coefficients due to the index./gain/loss gratings are K1.- and ,.;8 . which may be complex. 

s, and s8 are the spontaneous emission sources for fon.vard and reverse directions 

which wi II be discussed latter. 

[n the traveling wave model. we do not use the concept of standing wave mode. 

Instead. the panial deferential equation of the electrical field is solved directly. The 

field function includes both magnitude and phase information of the photons. The 

lasing frequency is determined by the Fourier transform of the output field from the 

laser facets and local photon density is proponional to the normalized power jFj2+jRj2. 

We will explore the traveling wave model in the next section extensively. 

3.3 1D Traveling Wave Model 

The traveling-wave model has been well developed with consideration for important 

effects in laser diode operation such as the variations of the average photon and carrier 

distributions along the laser cavity, the optical gain saturation. the random noise and 
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so on. with the exception for the thermal effect. In practice. however. the temperature 

distribution along the laser cavity and the thermal dynamics are important for the 

design and applications of the laser diodes. It is therefore necessary to incorporate the 

static and dynamic thermal effects in a self-consistent manner into the comprehensive 

traveling wave simulator. In this section. we will explore the model extensively. 

Firstly. based on the last section. we re-formulate all the governing equations of the 

traveling \vave model. especially. the thermal effects are incorporated into the model 

for the first time. Secondly. we demonstrate the details of the numerical 

implementation of the traveling wave approach. Thirdly we will do a brief 

im·estigation on the series ohm resistance effects on the laser diode operation. 

3.3.1 Theoretical Formulations 

As we derived in the previous section. the governing equations for the envelopes F( :..r) 

and R(:..r) of the forward and backward traveling optical fields are eqn (3.14) 

For the sake of simplicity. we may assume that the noise terms arc approximated by a 

complex Gaussian noise with zero mean and satisfying the following correlation 

relation 

(sF R (:.r }\·r.R • (:: .r )) = f1K(BN 2 IL}·;; 8(:. - :.· ~V -r ) 

(sF.R (::.r )sF.R • (::.r )) = 0 
(3.15) 

where L is laser cavity length. 13 is the spontaneous coupling factor and K is the 

Petermann coefficient. N=N(z.t) is the average carrier density m the active region 

along the laser cavity and is described by the carrier rate equation as 
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~ N(z. t) = I(z. t) - _!_ N(z, t)- BN:: (z. t )-CN' (z. t )- 2gv p P(z. t) 
dt eV r "" 

(3.16) 

where [(z.t) is the injected current in the active region. V is the active region volume 

of the laser diode. The constant e is the free electron charge. The parameter 't stands 

for the electron lifetime and B and C are bimolecular and Auger recombination 

coefficients. respectively. P(z.t) is the photon density. which is related to the 

magnitude of the traveling wave amplitudes as 

P(z. t) = IF(z. tr + IR (z. tr (3.17) 

The optical gain is modeled by the equation 

g~exp[-(T-T, ){[!'] { N- N rexp[(T-T, )rfn]} 
o=-------------------
.:: 2( l + E P) 

(3.18) 

where T=T(z.t) is the average temperature in the active region. Tr is a reference 

temperature and Tg. T 0 arc the thermal characteristic temperatures for the differential 

gain and transparent carrier density. respectively. g~ is the differential gain and NT the 

transparent carrier density. both of which arc taken at the ref crcnce temperature T,. E is 

the gain compression factor. Note that in this model. the differential gain and the 

transparent carrier density arc both temperature dependent as evident in eqn.(3.18).The 

effective refractive index can be expressed as 

(3.19) 
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where n~
11 

is the refractive index at the reference temperature Tr. am is the line-width 

enhancement factor. and ).0 is the reference wavelength. respectively. The parameter a 

is the temperature coefficient for the effective index change due to the thermal effect. 

The detuning factor in eqn. (la) and (lb) is defined as 

- 21t 7[ 
o=-n .. --

• di A 

Ao '" 

(3.20) 

where A is the grating period of the DFB laser. Note that. due to the temperature 

dependence of the effective index. the detuning factor is also a function of 

temperature. 

All the material parameters can be obtained by fitting the empirical equation to the 

experimental/simulation data presented in the previous chapters 

Temperature in the laser cavity is governed by the heat transfer equation [ 10.121. 

(3.21) 

where T(x.y.z.t) is the temperature. which is a function of time and position. D is the 

thermal diffusion coefficient and R,. 1 are the material series resistance and reciprocal 

of thermal capacity. respectively. Eg is the band gap energy in the active region. Pout is 

the total output power from the laser. lt is noted that the injected current works as the 

heat source. whereas the optical output power as the heat drain. In the thermal 

simulation. instead of solving eqn. (3.21) numerically as done in [15). we assume that 

the thermal diffusion goes only downward to the heat sink. which is located at a 

distance h from the active region. Further. we assume that the distance h between 

acti\'c region and heat sink is much less than the other dimensions [➔]. Under this 
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circumstance: therefore. the temperature distribution is uniform in the lateral direction 

denoted as y (parallel to the expitaxial surface) and temperature difference is caused 

only by non-uniform injected current in the longitudinal direction denoted as z . With 

this assumption. we can solve an effective 1-D thermal equation in the downward 

direction denoted as x. At the bottom (i.e .. the heat sink). the boundary condition is 

constant T=Tc. where Tc is heat sink temperature and on the top. adiabatic boundary 

condition is used. lt is readily shown that the resultant l-D diffusion equation has an 

analytic solution. The active region (with thickness equal to d << h) temper..iturc can 

be expressed as [4] 

T(z.t) =T.,+ I, t:,exp(-D"t[I;o + Iexp(D")I~(z.r)dr]+ 
n=IJ t On 

(3.22) 

~ ,;exp(- D" ,{ I,,~~-, + { exp(D" rNz. r)- X(r )]d r l 
where I,,, is the static injected current at the initial time. The parameter X,o. which will 

be defined below. is a constant related to the initial static output power. The other 

parameters arc defined as follows 

(3.23) 

(3.24) 

(3.25) 
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(3.26) 

Eqns. (3.14), (3.16) and (3.22) provide a self-consistent formulation forthe tr.iveling-wave 

model of DFB laser diodes with considerntion of the static and dynamic optical. earner and 

thermal effects. 

3.3.2 Numerical Implementation 

To solve the governing equations for the self-consistent simulation of the static and 

dynamic characteristics of a DFB laser. we first discretize the tr.ivcling wave equations for 

the optical fieid envelope. There are two commonly used approaches in the discretization. 

One is the finite difference method (FDM): the other is transfer matrix method (TMM). \Ve 

will introduce both methods in this section. 

Finite Difference Method (FD~'I) 

l 7sing the explicit finite difference approach. enveloped optical field can be written as 

F,:::: = exp[(rg-a_ - jc5}az]F,;: + jKr- 6zR;:,. 1 + s 1," ~z 
_,. ,,, 

(3.27) 

where we denote the time step in superscript (nor n+l) and space step in subscript (m 

or m+ l ). In derivation of eqn. (3.27). we have used the relation 6z = vg 6t which is 

the upper limit of the convergence condition. Therefore. unlike the standing wave 

approach. the spatial and temporal discretization is related by the group velocity in the 
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traveling wave model. It is noted that our discretization for the traveling-wave 

equations is different from that given in [l] in the following sense: We use an 

exponential term to express the incremental change of the field amplitude due to 

amplification and phase shift. In the absence of gratings. it is readily shown that the 

formulation reduces to the exact solution for the FP lasers. As the discretization in [ l] 

corresponds to the first-order approximation of the exponential in eqn. (3.27). our 

formulation is expected to be more accurate. 

Transfer Matrix ~lethod (TMl\'l) 

In TMM approach. we assume that 

iJ F jµ F --= 
iJr 

d R jµ R --= a r 

(3.28) 

IL can be interpreted as frequency chirp and magnitude change of the local field. With 

this assumption. enveloped optical field equation can be solved analytically and 

expressed in the form a transfer matrix/ scattering matrix 

[ l "•I [ F,,,.1 = C y 
R,, - jk « si nh( yll.::) 

where 

- jk f sinh( 

y 
y.!l.::)][:"' ]" 

"' • l 

(3.29) 
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y = (g -a,+ j/,.l - j8)
2 + kFkR 

C = exp( jµl:!.:) 
[y cosh( yl:!.:) + (g - a,+ jµ - jc5)sinh( yl:!.:)) 

(3.30) 

In this approach. ~l is a local time dependent variable. \vhich should be updated m 

every time step. 

Both FDM and TMM approaches are described in Figure (3.1 ). The total laser cavity 

is discretized into M elements or cells with M+ l nodes. The optical field F in node 

m+l at time n+l will be determined by the field in node m and R in node m+l at time 

n. For optical field R. similar approach is applied as shown in Figure (3.1 ). During the 

simulation. all other physical variables in cqns (3.27) and (3.29) arc the values in cell 

m and should be updated in every time step. Therefore the photon density in cell m 

can be expressed as 

p = <I F,.,.J 1
2 + I R,,,.J 1

2
) +<IF,., i:: +IR,., 1

2
) 

m 2 ( 3 .3 l ) 

The coupling coefficients in eqn(3.27) and (3.29) arc related by k = k • for index 
F R 

couplin2 laser and k = -k • for the 2ain couplin2. 
- I R - ~ 

Finally. the output powers from both facets PL and PR arc in the form 

p L = Ii W pl \· <: A (l - I r L I 2 
) / r 

PR = Ii w P_,, , v <: A o - I ,.R I 2 
> 1 r 

(3.32) 

where A is the effective active region area of the facets. P1.:\t is the photon density in 

the first and the M-th cell respectively. 
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time (n) F ◄ 
R 

n+l node node 

> 
cell m 

n m m+l 

space(m) 

Figure 3. l Discretization scheme for the traveling wave model. 

The boundary condition is determined by 

F/1

•

1 = r1. R;'· 1 

R"· 1 = r F"· 1 
\f • I R .\f • I 

where rt_R is the field reflectivity at left and right facets respectively. 

Frequency Dependent Gain Profile 

72 

(3.33) 

As we show in the previous sections. the traveling wave model solves the optical field 

equation directly in time domain. Therefore. the frequency dependent gain profile can 

not be implemented so easily as in the standing wave approach. In this section. we 

introduce a simple time domain digital filter to simulate the parabolic shaped gain 
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profile. More advanced approach and detail theoretical explanation will be left to the 

next chapter. 

We introduce a linear recursive digital filter with two characteristic parameters a and 

o in every discretization cell. These two parameters are determined by the gain profile 

in frequency domain. If we denote the coarse field before passing the gain profile filter 

by X and Y for forward the reverse traveling wave respectively. then 

F"· 1 = (l-a)X"" 1 +aexp(1·0)F" ,,, ,,, . ,,, 

R:,1
,·

1 = (l - an-::,,- 1 + aexp(j¢, )R::, 
(3.3-t) 

This digital filter is corresponding to a frequency dependent gain profile with response 

function II(/) in the form [ 11] 

(3.35) 

\\ here ~t is the time step set for the simulation and D.f is frequency difference with 

respect to the reference frequency. Therefore. a and <!> in equation (3.35) could be 

obtained by fitting the response function to the gain profile. It should be noted that this 

simple approach is only valid for parabolic-shaped gain profile. :Vlore complicated 

response function will be introduced in the next section. 

Carrier Rate Equation 

The carrier equation (3.16) is discretized by the Euler method as 
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( 
/" N" l N"· 1 = N" + !:it -'-" - _,_,, - B( V" )" -C(N" )' - -, \I P" ,,, ,,, V J nr ,,, -C._£: .: ,,, 

e r 
(3.36) 

[n this implementation. we have assumed that the injected current is distributed 

uniformly. In fact. in reality we only know the voltage applied on the diode. Because 

of the longitudinal hole burning effect. the carrier distribution will result in non­

uniform current distribution. However. this effect is not obvious experimentally. \Ve 

will give a brief theoretical discussion on this issue at the end of this chapter. 

Thermal Effects 

Finally. the integrals in the calculation of the average temperature in the active region 

arc carried out numerically. 

For the transient-state simulation. we may solve the coupled equations (eqs. 3.27. 3.36 

and 3.22) for the optical. the carrier and the the,mal processes in a self-consistent 

manner by following the tlO\ll-chart depicted in Figure 3.2a. First. the initial state 

optical field. the carrier density. the temperature and other related parameters are set 

based on the static state simulation which will be discussed in details in the following: 

as time proceeds. the the optical field will propagate in the cavity as shown in eqn. 

( 3.27). the carrier density will change according to cqn. (3.36 ) and a new temperature 

can be calculated by integral equation 3.22. The other parameters will also be updated 

using cqns. (3.17-3.20).This process will continue until the preset time is reached. 

For the static-state simulation, however. the task appears to be more difficult due to 

the fact that the thermal process is much slower than the optical and the thermal ones. 

[f we follow the same procedure as in the transient-state simulation described above. 

we will have to solve all the coupled equations as time evolves until the thermal steady 

state is reached. Such a procedure is extremely time consuming and may even suffer 

from the accumulation of round-off errors. To overcome this difficulty, we developed 
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Transient state simulation 

initial parameters obtained 
from static state simulation 

updated parameters 
◄-------~--~------~ 

: optical equations -( carrier equation )------• thermal equation : 

r::: I I 
~-- - - - - - - - - - - - - - - - - - - - - r - - - - - - - - -7--- -----------' 

m
~ '{;! y 

;; I 
~,.,1 updated optical fields. carrier density and temperature 

1g ~ 
1-

1
:, :2 

,~,_g ~ 
YES 

STOP 

Static state simulation 

preset ten1pcrature 

I thennal paran1cters 
~ ,,e,v tc111pcraturc 

-----------~-~ -----------
: (ca1Ticr equation )---------(optical equation~; 

- - - - - - - - - - - -i- - - - - - - - - -
static slate 

I static thcnnal equation I 
i 

self-consistcnc 

YES NO 

STOP 

Figure 3. 2 Flow-charts for the static state and transient state simulation of the 
traveling wave model. 
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an iterative procedure as described in Figure 3.2b. Since the time constant of optical 

effect is very small compared with the thermal one. we can fix the active region 

temperature. for example, as the heat sink temperature first and then do the traveling 

wave simulation without considering the thermal process until the steady state is 

reached. The output power and injected current are subsequently substituted into the 

static thermal equation 

(3.37) 

so that the average temperature in the active region is modified using this calculated 

\·alue and other thermal related parameters are also reset accordingly. This procedure 

will repeat itself until the output power and the active region temperature 

com·erge.i.e .. eqn.(3.37) is satisfied automatically. 

Noise Term 

In this model. we assume that the forward emitted noise source is the same as the 

reverse one. i.e .. s,. = sR = s This noise source is simulated by a Gaussian distributed 

random number generator satisfying the correlation relation eqn(3. l 5). 

s is an random complex number expressed as 

s=x+jy (3.38) 

x and y are unrelated Gaussian distributed numbers with average equal to zero. From 

eqns. (3.15) and (3.38}, it can be derived that the standard derivation of x and y should 
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be .J {3KR,v I 2 , where R,,, = BN2/L. It should be noted that in the discretized form. 

there is a noise term in every cell at any specific time step. All these noise terms are 

unrelated both in space and time domains. 

Output Spectrum 

During the simulation. the output field from both facets is memorized as time 

proceeds \Ve can choose a typical part from these data from both facets denoted as 

F1.2. :-- and R1.2 .. :-,.; and perform the Fourier transform to obtain the output spectra. If 

we open a N sample points window at equal time interval ~t and use fast Fourier 

transform (FFf) to compute its discrete Fourier transform 

.\ -I 

F, = L F, w, exp(2,rj/k IN) 
l=O 

\"-I 

Rt = LR, u·1 exp(2;r_j/k IN) 
l=O 

then the power spectra at N+l frequency points arc 

PR ( f. ) = 1/ w I F, I: 
PL ( f. ) = l / W I R, I: 

where 

k = 0.±1.. ...... ±N I 2 

(3.39) 

(3.40) 

(3.41) 
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When we perform the FFr of the output field. we have used a typical segment of data. 

It means that we used N sample points to stand for infinite number of field points. It is 

equivalent to multiply a window function which equals to one at the time segment N~t 

and equal to zero at other time. This window function will introduce false information 

in frequency domain after the FFr transform. Therefore. Parzen window has been 

applied in the FFf. w1 in eqn. (3.39) and Win eqn.(3.40) contain all the information of 

Parzcn windO\v 

I - I/ 2(N -1) 
u·, = l - ------, 

l/2(N+l) 
(3.42) 

\° -I 

W = NI,11·/ 
i=O 

There is a commonly used spectrum calculation algorithm in standing wave model 

called the transfer matrix method or the Green function method [ 14 ). In that algorithm. 

when carrier and photon distribution within the cavity is obtained. by calculating the 

local reflectivity and trailsmission using the transfer matrix cascade and performing 

the integration. the output spectrum can be obtained analytically. In the traveling \\·a,·e 

model. this algorithm could be used naturally. as the carrier and the photon 

distributions have been calculated without solving the standing wave equation. We 

wi II show later that these two methods in fact produce the same results. Therefore. we 

will choose one of the methods or use both of them in the simulation depending on the 

problem to be solved. 

3.3.3 Series Ohmic Resistance Effects 
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In the previous sections. we assume that the injected current is a constant within one 

section. However. in reality we know instead the voltage applied to the diode. For this 

reason. we will modify the carrier rate equation (3.16) concerning the series resistance 

of the laser diode. We change eqn.(3.16) to the form [2. l] 

d () V(t)-VF(:.r) l () '() ;() () -N z.t = .-1 --N z.t -BN- z.t -CN z.t -2gv,P z.t (3.43) 
dt eVR T -

\\'here \l_.1 is the applied voltage on the diode. and Vis acti\'e region \'Olume. R is the 

bulk series resistance of the laser diode. V,. is the Fermi voltage. which will lead to the 

non-uniform injected current distribution. By definition. the Fermi voltage is equal to 

the semi-Fermi level difference between the electrons and the holes in the 

semiconductor. Therefore we have 

(3.➔➔) 

where. Eg is the band gap energy of the semiconductor material in the acti\'e region. k 

is the Boltzmann constant and Tis temperature. 11 and p arc electron and hole densities 

respectively. F'111 is the reverse Fermi function. which can pro\'ide the Fermi energy 

for a specific carrier density. This function is changed from material to material and 

can be found in the previous chapters. 

3.4 Comparisons and Applications 

In this section, we will first compare our simulation results with the well-known 

COST:240 group's calculations for the static state simulation and A. J. Lowery /J. E. 
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Carroll's calculations for the transient state simulation. Then a few simulation 

applications will be presented. which includes index and gain coupled DFB laser. 

iJ+ phase shift DFB laser and FP laser. The last application is a detail discussion on 

the thermal effects. 

3.4.1 Comparisons 

Static Stale Simulation 

COST240 was a project set up to compare the laser simulation results of twelve 

research groups in 199-L thereby often used as a benchmark for DFB laser models.[ 17] 

By our definition. all models in COST240 arc in the standing wave approach. 

Therefore. their results provide the most reliable static state calculation. As we 

discussed in the previous sections. traveling wave model is a large signal model. If 

si mutation ti me is long enough unti I the laser gets its static state. however. we can also 

use the model to perform static state simulation. In Figure 3.3. using the same 

simulation parameters. we show the L-I curve comparison of our traveling wave 

model with the COST240·s results. They arc in excellent agreement. 

In the traveling wave model. it is difficult to define the threshold value. In practice. we 

simply lower the injected current to locate the minimum current. which can still 

provide stable output power in the time domain. The threshold current obtained from 

this method is around 23-24 mA. which agrees with the COST240 result 23.75mA. 

The lasing frequency is l.6577µm. which also agrees with COST240·s l.6583µm. 
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Figure 3. 3 Comparison of the L-1 curve of a i./4 phase-shifted DFB laser between the 
traveling wave model and COST240. 

Transient State Simulation 

We will compare our transient state simulation with those calculated by A. J. Lowery 

and J.E. Carroll's [l8.l6J. A. J. Lowery"s model is called the transmission line model 

and J.E. Carroll"s model is called the po,ver matrix method. By our definition. the first 

one is a traveling wave approach. and the second one is a standing wave approach. 

Setting the same simulation parameters as [ 16. lSJ. we compare our transient state 

simulation results with those obtained by power matrix method in Figure (3.4) . 
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Our results are in very good agreement with power matrix approach for both gain­

saturation cases. As for the transmission line model. the results arc also in good 

agreement with our models. except their results show more noise driven fluctuation. 
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3.4.2 Fabry-Perot (FP) Laser 

For FP lasers. the frequency dependent gain profile is the only \vavelength-selecting 

mechanism: therefore this kind of lasers normally work in multi-mode operation. 

Using the parameters listed in Table 3. l. we simulate a FP laser with both facets 

cleaved. During the simulation. we use two different approaches. One is with a 

uniform gain profile with the active region band gap equal to 0.8 eV (emission 

wavelength around l .55~lm): the other is a parabolic gain profile with the gain peak at 

I .55~tm and full width to half maximum value (F\VHM) equal to 50nm. \Vith 50mA 

injected current. we show the output power and output spectra in Figure 3.5-3.7 

respectively. 
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Figure 3. 5 Output power of a FP laser with step injected current equal to 50 mA. 
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It is shown that in the uniform gam profile case. smce there is no mode-selection 

mechanism. all FP modes are excited around the reference wavelength. Because of 

multi-mode operation, there is a large energy fluctuation at the static state: in parabolic 

gain case. the mode near the gain peak is enhanced to be the lascring wavelength. and 

the other modes far from the gain peak are smeared. Although it still operates in multi­

mode operation. the mode suppression ratio (MSR) is quite large. 

Table 3. l . Laser parameters used for the simulation 

Parameters ,·alues 

Fai.:ct rdlci.:ti vics 0(DFBI 

( r1.R) dcavcd (FP) 

Grating pcriod (ns) ;\ 2..i..i.5 < DFB only l 

KL l.5 (DFB onlyl 

Strip width ( ~lm I w 1.5 

.-\i.:tive layer thii.:kncss (µml d 0.2 

Lascr lcngth (um) L 300 

Confincmcnt fai.:tor ( r) 0.3 

Effei.:tivc index ( n.11 ) 
~ .., 
~'·-

Group indcx < nf ) 3.6 

lntcrnal loss ti.:m·' I a, 50 

Differcntial gain ( 10·1, i.:m-) g
0 2.5 

Transparcnt i.:.1rricr density (cm··i N 0 101' 

Non-lincar gain saturation coefficient Ci.:m') E 6.0x!O-'' 

Line-width-enhancement factor ( am ) ..i 

Carrier life time (ns) r 10 

Bimolecular radiation coefficient ( 10· 1
" i.:m' s·1) B I 

.-\uger coefficient ( 10-~·• cm·" s·') C 7.5 

Spontaneous emission coefficient ( r3 ) 5x!O-' 

Pctcrmann factor ( K) I 

Gain coupling ration (for gain coupled laser only) lOf",f 
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3.4.3 Index and Gain Coupled DFB Lasers 

Bragg grating 1s a widely used technique applied in semiconductor lasers as the 

Iasering wavelength-selection component. However. pure index grating laser normally 

produces two degenerate lasering wavelengths at the edge of Bragg stop band. 

Usually. one of the modes will be dominant dependent on the random facet condition. 

But if an in-phase gain coupling. which means k=kR+jk1. is introduced. the longer 

\\a\'clength mode will be enhanced to produce a single mode laser. 

In this section. we will first simulate a pure index coupled DFB laser and the 

carrier/photon distributions at the static state are shown in Figure 3.8 and 3.9. 

respectively. The laser parameters used are listed in Table 3.1. To control the Iascring 

wa\'elength deterministically. a IOCJc gain coupling is introduced and the output 

spectra of the t\VO cases are compared in Figure 3. lO. 
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Figure 3. 8 Photon distribution at the static state for a index coupled DFB laser 
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Figure 3. 10 Spectral comparison of index coupled and 10% gain coupled DFB lasers. 
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3.4.4 Large Signal Modulation of Single Mode Laser 

There is another commonly used technique to obtain single mode operation of DFB 

laser. i.e .. a )J4 phase shift can be applied in the middle of the laser diode. Using the 

same parameters as in [ 17]. the static state output spectrum of this DFB laser at 50mA 

bias is shown in Figure 3.11. In the spectrum calculation. we have used both FIT 

method and the transfer matrix method (TMM). We can see that these two approaches 

provide similar results. In the FFf method. the reference v,:avclength in the simulation 

plays an important role. Therefore. we need multi-runs of the simulator to locate the 

co1Tcct lasc,;ng wavelength. From Figure 3.11. we can see that strong noise spectrum 

even make the stop band invisible. As such. we usually use the two methods in a 

corn bi native way. 
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Figure 3. 11 Static state spectrum comparison of a )J4 phase shifted DFB laser 
calculated by FFT and TMM methods 
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Figure 3. 12 Output power and wavelength chirp of a i./4 phase-shifted DFB laser 
during the large signal modulation. 
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The tr;.l\-cling wave model is large signal model: therefore it is \'Cry efficient in the 

simulation of large signal modulation of laser diodes. Using the iJ--1- phase-shifted laser 

,, hose parameters arc set as in [ 16). we first let the simulator run 5ns with 50 mA bias 

injected current to obtain the static state. Then a 500MHz square wave modulation is 

applied to the laser diode with the modulation magnitude equal to 20mA. Figure 3.12 

shows the output power and frequency chirp during the modulation. When the 

injection current rises. the output power will also increase. However, the wavelength 

will shift to blue direction due to the larger carrier injection. In the following section. 

we will also discuss the thermal effects on the wavelength chirp during the large signal 

modulation. 
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3.4.5 Thermal Effects of Laser Diode 

To demonstrate the traveling wave model with consideration for the thermal effects. 

we simulated a iJ4 phase-shifted laser. The parameters used in the simulation are 

listed in Table 3.2 

Table 3. 2 Parameters used for the thermal effect simulations 

Parameters 

t-.:L 
C1\·ity It!ngth L <µm) 
Grating Period A (~tm) 

:\i.:t1ve layer thid..ness d (µm) 
:\i.:tive laycr width w (µm) 
Carrier lift! time -r (ns) 
Bimolt!cular codlicient B ( 10·'° cm '/s) 
DitTt!rential gain g, ( 10·16 cm"') 
:\hsl>rption ;nd sc;nering loss a,(cm·'i 
Ef!t:ctive index n~nn 
Effecti\·c group index n,. 
Transpan.:';,t c.1rrier den;1ty NT( 10 is cm··, 
Linc-width c:nhancement factor am 
Cunfinc:ment factor r 
:--.:llnlinear g.1in coefficient f ( 10 •16 cm') 

Spontaneous coupling coefficient J3 
Petermann factnr K 
Refereni.:c temperature T, (Kl 
Series thermal resistance R,(Q) 

Rc:i..:iprocal of thermal capacity R, ( 10 ~ K/J) 
Thermal diffusion coefficient D ( 10-' m"'/s) 
Charai.:teristic temperatures T ~ T, ( K) 

Thermal constant for refractive index i.:hange 
a< lO ·'tK) 

Values 

2 
300 
0.2.W5 
0.2 
1.5 
10 

2.5 
50 
3.-4 
3.6 
I 
-U71 
0.3 
I 

300 
7 
3.87 
2 
70 
2.28 

Active region band gap energy E~ (eV) 0.8 

Distani.:e betwei::n active region and heat sink h (~tm) 3.5 

Static State Simulation 
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Firstly. we applied the iterative procedure described in Figure 3.2b to calculate the 

static characteristics of the laser diode under different heat sink temperatures. In 

Figure 3.13. temperature-dependent L-1 curves simulated by our model are compared 

with that neglecting the thermal effect. Due to the thermal effect. at high-injected 

current. the output power is saturated and presents a nonlinear relation with the 

injection current. Also. as the heat sink temperature rises. the threshold current 

increases. which is a phenomenon consistent \Vith the experimental observation [ 121. 
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Figure 3. 13 Output power as a function of bias current at different temperature for a 
DFB laser. 

Transient State Simulation 
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Secondly. we carried out transient simulation with consideration of thermal process. 

The transient state may be readily simulated by solving the governing equations for 

the traveling \vave optical field. the carrier density. and the temperature as described in 

Figure 3.2a. In Figure 3.14. \VC show the output power change vs. time. The initial 

state biased current is 25 mA. which is reached by the iteration approach discussed 

before. A bias current of 50 mA is switched on at t=O and kept on the laser diode for 

t>O. 

\Ve can see that. after about one nanosecond. the output power appears to reach a 

constant value. which is hO\vever not the static state value. Because the thcrrnal time 

constant is very large. after a few nanoseconds. although the output power change is 

almost invisible. the heat up process is still going on. The heat up process results in a 

\\'a\'elength chirp. \',.'hich is shown in Figure 3.15. It should be mentioned that in the 

traveling wave model spectrum calculation. FFT method is used as shown in [ 1.2). 

;-..;ormally it requires multi-runs of the simulator and during the calculation. a large 

memory is needed to store the output complex field at very small time step. which is 

determined by Nyquist theorem [ 11.10). In our simulation. we used the transfer matrix 

approach [13.14]. 

Time Constant under Direct Modulation 

Recently. a thermal time constant of the order of 20 ns is observed for a DFB laser 

under direct large signal modulation [9]. In this section. using the model we 

dc\·clopcd, a theoretical explanation is given to the phenomena by introducing a quasi­

static thermal state concept. As we know. the time constant of the optical process is 

much smaller than the thermal one. Therefore. after the static states at initial time and 

final time are obtained. The temperature change vs. time can be calculated 

approximately using the thermal equation (3.22). In Figure 3.16, we show the 

temperature 
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change at a step modulation. The modulation depth is 10 mA. We can see that time 

constant for the thermal effect is quite large. whose range is consistent with the 

commonly cited values L50 ns to several ms [3.5-8]. 
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Figure 3. 16 Temperature change as a function of time. The initial state is a thermal 
static state. Then injected current suddenly change to another value. 
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To show the output power change and wavelength chirp. we first set the initial state as 

the static state of injected current equal to 50 mA. then a 12.5 Mb/s square wave 

modulation is applied to the diode with modulation depth equal to IO mA. Figure 3.17 

sho\\'s the simulation results. 

In this simulation. we can not find the "balanced" frequency chirp observed in the 

experiment. instead. the up-going chirp time constant is much smaller than that of 

downward one. This phenomenon can be explained by a careful study of Figure 3.16. 

Since the initial state is set to 50 mA biased static state. as time goes on. the 

temperature change rate for heating up is much larger than that for cooling down. 

therefore the wavelength chirp shows an unbalanced shape. We also notice that at the 

curves inter-section region. Those two time constants mentioned before arc almost 

equal. This region is a quasi-static thermal state. When laser diode is heated up to this 

region. since the two time constants are almost equal. the temperature will be trapped 

around this quasi-static point and begin to oscillate according to the modulation. 

Therefore. a balanced frequency chirp should be observed. 

To verify our prediction. we set the initial state to the quasi-static state by resetting 

the initial condition of /~o and X,o. which is equal to the average of 50 mA and 60 mA 

static state values. i.e. the initial temperature ,s set equal to the quasi-static state 

temperature. The simulation results are shown tn Figure 3.18. which agree with the 

experimental observation [9.10]. 

It should be noticed that no effort has been made to fit the experiment data. In fact. 

this quasi-static thermal state also has no relation with laser model used. \Ve conclude 

that the short time constant observed comes from the temperature oscillation around 

the quasi-static state due to the periodic modulation. We also suggest that by a more 

precise experimental design. the unbalanced frequency chirp shown tn Figure 3.17. 

\vhich is an unstable state. should be observable. 
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3.4.6 Series Ohmic Resistance Effects 

In the previous applications. we have assumed that the injected current is distributed 

uniformly within the whole section. Using the theory presented in 3.3.3. we give a 

brief discussion on the series ohm resistance effects based on a )J4 phase-shifted laser. 

During the simulation. we assume the temperature equal to 300K. n=p=N. and inverse 

Fermi function takes the form 

... l - f .,, . l 
\\'here x=NIN,,_,,. and N,,=2.JxJO-· 111 •• N,,=1.3.rJO-· 111 •. 

14 

12 

10 

I 8 a; 
?;: 
C 
C. 

.g- 6 

0 
4 

2 

0 
0 02 04 

! 

I •1: 
' ; .. 

I; 
I." 

06 08 1 1 2 
t,me (ns) 

sma!I resistance -­
!age resistance • • • • • • -

1 4 1 6 1 8 

(3.-t5) 

2 

Figure 3. 19 Comparison of the transient state for different series Ohm resistance. 
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We will calculate the cases for large bulk resistance R=2Q. and small bulk resistance 

R=lQ respectively. ln Figure 3.19. we show the transient state reaction of the two 

cases. it can be seen that for small series resistance. the reaction of the laser will be 

faster. In Figure 3.20. the L-V curves of the two cases are compared. it is obvious that 

for the same applied voltage. the small series resistance laser will provide higher 

output power. 
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Figure 3. 20 Output power vs voltage applied for different series Ohm resistance. 
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Finally. we compare the carrier distribution and output spectrum between the two 

cases in Figure 3.21 and Figure 3.22. respectively. Because of the compensation of 

the current distribution. if the series resistance is small. the spatial hole burning effect 

will not be so obvious as the case of large series resistance: therefore the MSR is also 

better. Although, the series Ohm effect is not so obvious. it is suggest that it should be 

considered in the laser design. 

3.5 Summary 

In this chapter. we have presented a comprehensive traveling wave laser diode model. 

Especially. we have emphasized the difference between the traveling \\·ave model and 

the standing wave model and incorporated the thermal effect into the traveling wave 

approach for the first time. To show the versatility of the model. a few application 

examples are presented. In this chapter. for the first time. we gave a theoretical 

explanation on the various thermal time constants during the large signal modulation 

ohser\'ed experimentally. 

The traveling wave model is powerful in both static and dynamic simulations of the 

laser diodes. On the other hand. it is a challenging task to handle the problems such as 

complicated frequency dependent gain profile or extra long passive device cascaded 

with the active laser section. where the standing wave may be quite efficient. In the 

following chapter. we will introduce a split step approach to compromise the two 

models and improve the traveling wave approach. 



Chapter 4 

Split Step (Digital Signal Processing) 

Approach in the Traveling Wave 

Model for Laser Diodes 

4.1 Introduction 

As we mentioned in the previous chapters. the standing \\;ave model and the traveling 

\\ ave model arc both commonly used in the laser diode simulation and design. The 

standing wave model is very efficient in the simulation. especially for the static state 

cases. On the other hand. it also has inherent physical limitation due to the assumption 

of the instantaneous creation of standing wave modes in the laser cavity. Compared 

with the standing wave model. the traveling wave model implementation will trace the 

waveform both in space and time domains with the numerical convergence up-limit 

constrain 6.: = ,. ,61. Therefore it avoids searching the complex roots. which is 

corresponding to the longitudinal modes of the laser cavity. and hence is easy to be 

extended to the multi-section cases. However. traveling wave model also has some 
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shortcomings. which is related to tracing the waveform in both time and spatial 

domains with the signal transmission speed constrain Ll: = \' ~ ~r. 

One of the drawbacks for the traveling wave model is that it tends to be quite time­

consuming when the total optical length of the device becomes long. For instance. for 

a laser diode cascaded with a long DBR section (e.g., a fiber Bragg grating). it takes a 

long time for the traveling wave approach to trace the waveform all the \\.·ay along the 

entire passive section. Furthermore. under certain circumstances. the passive section 

may be characterized in terms of measured spectral responses and therefore difficult to 

be modeled in a self-consistent traveling wave form as for the laser diode. 

To overcome the above shortcomings of the full traveling wave model. we try to 

compromise the standing wave model and the traveling wave models based on the 

digital signal processing technique. In this chapter, we propose a digital filter or a split 

step approach in the traveling wave model. By modeling the passive sections along the 

optical path as digital filters. we can simulate the counter-propagating waves by a 

combination of the standard evolution scheme (as done in the full traveling wave 

model) and the convolution scheme commonly used in digital filters. It is 

demonstrated that the new method is much more efficient than the full traveling wa\·e 

model. In addition. we can readily incorporate the spectral properties of the passive 

sections. which can be obtained from measurements and/or other analytical and 

numerical models. 

In the following sections. we will first present a detail description of the theory on 

digital filter approach and its implementation in traveling wave model. Then this 

model is to be compared with the full traveling wave model and its validity is verified. 

Thirdly \Ve will apply this digital filter approach to the case of fiber grating stabilizer 

on laser diode. Finally we will give a brief summary. 
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4.2 Digital Filter Approach 

As we presented in the previous section. both traveling wave and standing wave 

approaches have their advantages and shortcomings. Therefore. a split step/digital 

filter method is proposed, which combines the two approaches into one general model. 

In this section. we will present a detail theoretical explanation on the digital filter or 

the split step approach and its numerical implementation in the traveling wave model 

for laser diode. 

4.2.1 Theory on Digital Filter 

Fourier Transform 

It is well known that a physical phenomenon can be described in both time domain 

and frequency domain. For example. the electric field of photons can be expressed 

either as F(r ).i.e .. a time sequence in time domain or as F(f). i.e .. a frequency 

dependent field profile in frequency domain. They are the two different 

representations of the same physical function. and these two representations arc 

transformable by the Fourier transform equations 

F(f) = f F(r) exp( j21rfr )cir 

F(l) = f F(f)exp( -j27rft)df 

(4.1) 

Convolution of two functions denoted by I,® f is an important operation. which is 

defined by 
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lz ® f (T) = f lz(r)f (r - r)dr (4.2) 

Although mathematically, /z ® f = f © lz. these two functions have different physical 

meanings.f is a signal stream. and /z is a response function acting on the signal. which 

usually is a peak function and falls to zero when time is far from the peak point. This 

interaction response has a simple representation in the frequency domain. i.e. 

lz®f =lz f (4.3) 

In reality. which representation should be chosen in the simulation is totally problem 

dependent. In the following section. we will make full use of the two different 

representations and the Fourier transformation technique. The split step/digital filter 

approach uses the time domain representation to describe the dynamics of the active 

sections of the laser diode. and uses the frequency domain representation to describe 

the long complex structure of the passive section. Finally a time domain digital filter. 

which is connecting these two representations into one picture. describes the.! 

interaction between these two sections. 

Sample Theorem 

During the simulation. the optical signal/field is in discrete form with the evenly time 

spaced interval 6t, so that the sampled field could be expressed as 

F" = F(n6t) (4.4) 
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There is a special frequency called Nyquist critical frequency associated with the time 

interval 6t. which is given by[3,4] 

l 
f. = 261 (4.5) 

N'yquist critical frequency is an important concept. Because the sampling theorem 

states that if a continuous time domain function F(r) is bandwidth limited by 2f.. 

i.e .. F(f) = 0. if I JI~ f,. then the function F(r) is completely determined by the 

sample function F" at time interval L11. It is proved that [3.4.61 

~ " sin(27~( (r - 1161) 
F(t)=6tL.JF ---'---

~ 1!(1 - 1161) 
(4.6) 

Sampling theorem tells us two important facts. which should be considered in the 

simulation. One is that if we know the band-width of the optical field in the frequency 

domain. the simulation time interval should be chosen to be smaller than l/2f.:. In fact. 

in a real simulation problem. the band-width is usually limited or approximately band­

width limited. For example. the laser active section gain profile has a finite band-width 

in frequency domain, and normally the wavelength-selection part (DFB or DBR 

structure) also has a limited band-width. The other fact should be considered is that if 

the band width of signal is not less than the Nyquist critical frequency. the power 

spectral density outside the Nyquist region will be aliased falsely into the frequency 

domain within the range (-f,._f,.). This phenonmenon is called aliasing[3.4]. \Ve shO\v it 

schematically in Figure (4. l) To overcome the aliasing. after simulation. we should 

check the output spectrum to see whether the power spectral density outside the range 

( -J; J;J equal to zero or very small compared with the other region. If this condition is 
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not satisfied. aliasing may occur. We should rearrange the time interval of the 

simulation ~t until the condition is satisfied. 

spectrum 

false spectrum 

,i 
' - ... ... _ real spectrum 

aliasino 
~~ / 

-fc fc 

Figure-"· I Power spectrum aliasing due to Nyquist critical frequency range (-f,.fJ 
less than the signal band width. 

The discrete Fourier transform from cqn.(4.1) can be written as 

S-1 

F" = L F" exp(27rjkn IN) 

1 .\'-I ~ 
F" = -L, F" exp(-27rjkn/ N) 

N 4~0 

(4.7) 
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This discrete Fourier transform 1s implemented by the fast Fourier transform (FFT) 

technique. 

Digital Filter in Time Domain 

In previous sections, it is shown that complicated filter response function in time 

domain can be easily expressed in frequency domain. The filter solved purely in 

frequency domain is called the acausal type[ 4 ]. It requires a batch of signal data to 

perform the Fourier transform. therefore the response signal at a specific time depends 

not only on the signal stream before that time. but also on the signal stream after that 

time. However. in real time simulation. since we only have a continuous data stream 

before a specific time and we want to know the response signal at this time. Therefore 

it is impossible to solve the problem totally in frequency domain. Therefore a time 

domain digital filter is introduced. and it is also called causal or physically realizable 

type filter[3.4]. 

There arc two kinds of commonly used causal filter. They arc defined as[3.4] 

(4.8) 

where Xis the coarse signal and Fis the signal after filtering. D,.. and C arc the digital 

filter coefficients. If C; = 0. this filter is called non-recursive filter: otherwise. it is 

called recursive filter. It is shown that in the time domain digital filter approach. the 

response field at a specific time 11Ll1 is determined by the previous MLlt coarse signal 

information and previous NLlI filtered signal. The time domain digital filter 
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coefficients in eqn(4.8) are determined by the response function of the filter in 

frequency domain. 

\I 

Lo• exp[-1,rjk(JtJ.r)] 
H(f)=-{_=o_s _______ _ (4.9) 

1- re• exp[-2;gk(f!J.r)] 
4 =0 

We can derive cqn(4.9) easily from the Fourier transform of eqn.(4.8) 

:'\ow we have a reverse problem. Digital filter coefficients C and o" can be obtained 

hy fitting eqn.(4.9) to the response function of the filter in frequency domain. Then 

using eqn.(4.8). the signal can be processed digitally in time domain. It should be 

noted that the gain profile filter used in the last chapter is just a recursive digital filter 

with two coefficients. Therefore. the frequency response profile forms. which this gain 

filter can be described. arc limited. Theoretically speaking. we may use the theory 

presented in this chapter to simulated more complicated gain profile. 

4.2.2 Numerical Implementation of Digital Filter 

We assume that photon field/signal emitted from the active region will pass through 

and be reflected from the passive section. which \VC regard as a frequency filter. If this 

approach is implemented using the full traveling wave model. the waveform should be 

followed step by step in both time and space domain just as shown in the previous 

chapter. However. for a linear passive section. if its reflectivity and transmission arc 

known. In frequency domain. this process is merely a multiplication of response 

function R(f) and T(J). The response functions may be calculated analytically. 

simulated by other software or even measured from experiment. 
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For the passive sections in absence of nonlinearity. the governing equations for the 

cn\·elopcs F (z.t) and R(z.t) of the forward and backward traveling optical fields are 

(4.10) 

.-\s the governing equations are linear. we may perform a Fourier transform so that we 

ha\·c 

a F ( . -)-F . R-- = a-JO +Jl-..'.F az 
c)R ( ·-)R~ . ~F ---= a-JO +JKR az 

(4. l l) 

Eqn (-1-. l l) can be readily solved by using the transfer matrix method for arbitrary 

a.. 6. K and the characteristic matrix of the passive section can then be found by the 

multiplication of the transmission of the each subsection along the wave-guide axis[5]. 

\Ve may further convert the characteristic transfer matrix into the scattering matrix 

,,·ith the reflection coefficient and transmission coefficient from the passi\.·e section 

- -given by a complex function R(f).T(f) respectively. Of course. these response 

functions could also obtained from more accurate simulation results or even 

experimental measurement. 

In the digital filter implementation. the causal or physically realizable filter is used. 

which provides the output at a specific time based on the inputs at that specific time or 

earlier. As we introduced in the previous section. there are two commonly used linear 

filters in this category. One is recursive filter: the other is non-recursive one. It is 
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argued that for the same number of coefficients. the recursive filter is usually more 

accurate than the non-recursive one [4]. However. if coefficients are not chosen well. 

recursive approach may cause unstable solutions. Since in our applications. the 

number of coefficient is not of great concern. We adapt the non-recursive filter in the 

simulation. 

The output points F.:,•,, at a specific time can be expressed by the N input points in the 

laser active section end FI~ at this specific time and earlier as 

\ 

F" = ""'T' F"-• 
our £- .\I 

(-Ll2) 
l =O 

where subscribe M denotes the end node of optical field in the space discrelization. T' 
is the digital filter coefficients. which can be determined from response function. i.e .. 

the transmission coefficient from frequency domain 

.I/ 

T(f) = LT' exp(-1.mkfn.r) (-+.13) 
l =U 

Comparing eqn (-+.13) with eqn. (-+.I) or (-+.7). we find that digital filter coefficients 

T' could be obtained easily by a reverse FFf transformation of 1he transmission 

coefficient in frequency domain. and eqn (-t.12) is just a discrete expression of the 

convolution formula eqn. (4.2). 

Similarly. the reflected field from the passive section in the active section end R" at a .\/ 

specific time can also be expressed by the N input points F,.~ at this specific time and 

earlier as 



Cf/APTER 4. SPLIT STEP (DIGITAL SIGNAL PROCESSING) 111 

s 
R" = ~ R• F"-1. 

\( ~ .\f 
(4.14) 

I. =0 

\vhere Ft is the digital filter coefficients, which can be determined from response 

function .i.e .. the reflectivity coefficient from frequency domain 

.\/ 

R(f) = IR' exp(-2mkfur> (--kl5) 
'=0 

Therefore. if a laser diode is cascaded with a long passive section. we can first 

calculate or even use the measurement data to get the reflectivity and transmission 

spectrum in frequency domain. then use cqns.(4.13) and (4.15) to get the reflectivity 

and transmission filters' coefficient. Instead of tracing the wave along the passive 

section. these two effective digital filters will be mounted at the end of the laser diode 

to simulate the whole passive section. The algorithm is shown schematically in Figure 

(-+.2) 

It should be noted that (i). during the simulation. at should be small enough to make 

the Nyquist critical frequency range (-J..J:) cover the passive section filter band 

width: (ii). the digital filter coefficient number N should be chosen such that N~t is 

comparable with the time delay. otherwise, the time delay in the passive \vave-guide 

should be considered. 
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Laser Diode 
Long passive DBR section .___ ____________ _ 

1----------------------'-

Frequency domain 
~-------------------., Reflectivity :)L..._ ___________________ Transmission 

JJ Filter l 
.., 
.) Time domain 

' Filter 2 
I 

Figure -1. 2 Schematic of the digital filter approach for the traveling wave model of 
laser diode. 

4.3 Comparison and Validation 

To show the validity of the method presented in previous section. we will do a series 

of test using both the full travelling wave and the digital filter approaches as shown in 

Figure (4.3). There is a 300 µm long FP laser diode, and at the right end. a DBR with 

KL= l. with Bragg wavelength at l .55µm and section length 300 µm. Between the 

laser diode and DBR. a uniform passive wave-guide without grating connects the two 

pieces together. 
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FP laser diode Waveguide DBR 

cleaved I ~ AR 

Ll=300 um Lo 
b L2=300 um 

Figure -1. 3 The device used to do the comparison between the digital filter and full 
traveling wave approaches. Lg is changed from 0-lO00~lm. 

We vary the length of wave-guide from zero to l000µm. and compare the transient 

state. output power. carrier/photon distribution within the laser cavity and output 

spectrum obtained by the two methods. Figures (4.4-7) show the typical results. We 

can sec that digital filter approach is in excellent agreement with the full traveling 

wave model. 

Howe\·er. while considering the simulation time between the two methods. the digital 

filter approach will show great advantage over the full traveling wave model. which 

has to tracing the wave-form all the way along the entire passive section. Figure (4.8) 

shows the comparison of the simulation time between the two approaches. To 

emphasize the generality. an arbitrary unit is used. Therefore. it is concluded that the 

digital filter approach provides an accurate yet efficient alternative method in the 

passive section simulation for the traveling wave model of laser diode. 



Cf/APTER 4. SPLIT STEP ( DIGITAL SIGNAL PROCESSING) 

80 

70 

I 
60 

;;; so 
~ 
0 
0. 

% 
40 ,... 

c 
v 30 ,... 
u 
~ 

~ 20 

10 

0 
0 

-15 

.:o 

35 ,... 
~ 
s 
a; 30 ,... 

~ 
0 

25 0. ,... 

~ 
20 c ,... 

oj 
u 
~ 15 

g 
10 

5 

0 
0 

It . . 
t 
I~ ia 
• il'l --:: ,~ 

,. 
!: 

05 

:~. 
II 

1 5 
time(ns) 

with digital filter --
full travelling wave -------

2 25 

w1lh d1g1tal hlter -­
full travelling wave - - - - - - -

3 

'),, ___ _,,,_=--=--=---~--=--~---~-~--------! 

05 1 5 
time(ns) 

2 25 3 
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Figure-'· 8 Comparison of the CPU time used between the two methods 

4.4 Fiber grating stabilizer laser diodes 

In the WDM communication system. the wavelength spacing 1s down to 0.8nm 

(100Ghz)[ l.2.6]. Therefore wavelength control is a critical issue. Fiber grating stabilizer 

cascaded with FP laser provides the required accurnte wavelength in WDM system. [n this 

section. to show the power of the split step/digital filter approach. by way of the model 

developed in previous section. we present some simulation results on this kind of laser 

diodes. The laser diode to be simulated is shown schematically in Figure (4.9). 
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HR AR Fiber grating 

FP laser 

Figure -t 9 Fiber grating stabilized laser diode. 

The FP laser is HR coated in one facet. the other facet is AR coated and cascaded with a 

grating fiber. which is 5mm long with Bmgg wavelength at l .55µm and stop-band width 

around 0.3 nm. The air gap between the laser diode and fiber arc simulated by an extr.1 

phase shift in the reflectivity and transmission spectrum of the grating fiber. We find that 

the output spectrum \viii be very sensitive to this phase. i.e .. the air gap between the laser 

diode and fiber must be carefully adjusted to give the good single mode operation. Figures 

(➔ .10) and (4.11) show the L-1 curve and the typical output spectrum of the laser diode. 
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Figure 4. 10 L-1 curve of the fiber grating stabilized laser diode. 
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Figure•'- 11 Typical output spectrum of the fiber grating stabilized laser diode. 
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4.5. Summary 

In this chapter. for the first time. we propose a split step/digital filter approach to the 

traveling wave model of laser diode. In the active region. the time domain tr.iveling wave 

model is used. and in the passive section. the reflectivity and transmission are calculated by 

analytical method or measured from experiment in the frequency domain. Finally the 

response functions R(f) and f ( f) are implemented as linear digital filters in the time 

domain to form a complete model with the active section traveling wave approach. It is 

pro\·cd that this new method is accurate and very efficient in the simulation of the complex 

passi vc section of the laser diode. 



Chapter 5 

Wavelength Tunable Laser Diode 

with Sampled Grating Structure 

5.1 Introduction 

Broadly wavelength tunable laser diodes arc among the key components in 

\\'avclcngth division multiplexing (WDM) communication system [ 1.2]. The 

information capacity transmitted by a system increases linearly with the accessible 

number of wavelength channel. which the tunable laser diode can pro\·idc. Therefore. 

great efforts have been made to extend the tuning range of the semiconductor laser 

diodes. However. as we introduced in the previous chapters, stable single mode laser 

diode with large SMSR is of great importance in the long haul communication system. 

To realize the single mode performance. grating structures such as DFB or DBR arc 

usually applied as wavelength seicction elements. It seems that the tunable laser 

121 
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concept 1s somewhat controversial to this requirement. In fact. for a tunable laser 

diode design. on one hand. it is required that the lasing wavelength should be tunable 

in a wide wavelength range. On the other hand. it is also required that the laser diode 

should operate with single mode and large SMSR at any wavelength. which it can 

access. That means. we should combine the wavelength selection element and tunable 

mechanism effectively to meet both requirements in a single device. Actually. in the 

following sections. we will demonstrate that these two requirements usually have to be 

compromised for a satisfactory laser diode performance. 

Naturally. we begin to introduce the wavelength tunable laser with traditional multi­

section DBR type laser to show the tuning mechanism and its limitation. The laser 

structure to be discussed is shown schematically in Figure (5. l ). There arc three 

sections in this tunable laser. one is an active FP laser cavity. one is the phase control 

section and the last one is a DBR reflector. 

active 
region 

l 
I a 

phase 
control 

region 

l 
IP 

l 
I D 

p 
-c:::----

DBR 

Figure 5. l Traditional multi-section DBR wavelength tunable laser. 

.. 
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Since the gain section and wavelength selective section in a DBR laser are spatially 

separated. we may discuss the two parts individually. To give more insight to the laser 

operation and tuning mechanism. in this introduction. unlike the previous two 

chapters, we will discuss the problems only in a phenomenological or analytical way. 

Firstly. let us focus on the DBR reflector with the structure as shown in Figure (5.2). 

Using the coupled mode theory. we can obtain the reflectivity spectrum of the DBR 

DBR part 

r n2 

n3 

L -
Z=L 

Figure 5. 2 DBR part of wavelength tunable laser. 

From Maxwell equation. we derive 

~E=E2-El 

(5.1) 

where !J.E is a perturbation provided by the grating shown in Figure (5.2). If the 

electric field is ex.pressed as 

E = <1>(x. ,·)[F(:)ex.p(- j !!_ :) + R( :)exp(j !!_ :) (5.2) 
• /\ /\ 
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where A is the period of grating. and <I> (x.y) is the transverse field profile for a mode 

of propagation constant /3 = (27r I }.)n<rt , which is obtained by solving equation 

(5.3) 

Substituting eqns(5.2) and (5.3) into eqn.(5.1 ). we obtain the coupled mode equation 

d [F(:)] -[~/3 - =1 
d: R(:} kb" 

where ti/3 = /3 - ";: . and coupling coefficients knb and k1>n arc defined as 

k~ f I ,, k = - d (x. v) <l>(x. v) - dxd\" nb 2 /3 ,,, . . . 

kl~ f ,, k = -- d (x, \") I <l>(x. \") - dx<fr 
ba l/3 -m • • • 

(5.5) 

where d ~ .. , is the Fourier series expansion coefficient of ~E 

(5.6) 

For the first order grating case, after solving the coupled mode equations, if set 

R(L)=O. we can obtain the reflectivity of DBR at z=O 

- k • tanh(sl) r = nb 

js + ~/3 tanh(sl) 
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where s is the eigenvalue of the coupled mode equation defined by 

(5.7) 

In Figure (5.3). ,ve show the reflectivity vs the detuning factor for different coupling 

coefficients. 

It is readily proved that the maximum reflectivity is at the point ~{J = 0. i.e .. at the 

wavelength 

' - ,, \ A - -ll,.11 I (5.8) 

This maximum reflectivity is corresponding to the minimum mirror loss of the laser 

ca\·ity. To obtain a large SMSR. a narrow bandwidth of reflectivity spectrum is 

required. We can optimize the profile of the reflectivity by changing the coupling 

coefficient and the length of DBR section as shown in Figure (5.3). 

Secondly. ,ve will discuss the turning mechanism of the laser diode. To make the 

lascring wavelength tunable, we need to tune the reflectivity peak of DBR reflector. In 

previous chapter. we have shown that the refractive index of the semiconductor 

material can be changed by carrier injection. temperature variation. and applied 

electric field. The refractive index change will affect the mode effective refractive 

index and hence the reflectivity profile. Using perturbation theory. the effective 

refractive index change is expressed as 

_ f 11,,~11 I <t>(x. y) I~ dxdy 

- n.-n f I <t>(x, y) I~ dwly 
(5.9) 
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where nb is the background refractive index. and 6.11 is the refractive index change 

associated with carrier injection. temperature variation and applied electric field in 

DBR region. which could be calculated by the material simulator developed in the 

previous chapters or by experimentai measurements. The integral is over the region 

where the refractive index is changed. If the effective refractive index is changed to 

11~,1 • the maximum reflectivity point will change to the wavelength }. as shown in 

Figure (5.4 ). 
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Figure 5. 3 Reflectivity vs detuning factor of a uniform DBR reflector. 
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Figure 5. 5 Tuning mechanism of traditional DBR tunable laser diode. 
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For a multi-section DBR tunable laser, there is an additional phase control region 

between the active and the DBR sections as shown in Figure (5.1 ). By changing the 

current in the DBR section, the reflectivity profile and the mirror loss are shifted as 

shown in Figure (5.5). To obtain the maximum SMSR. we can adjust the current in the 

phase control region, and tune the wavelength of the FP laser mode to the same 

wavelength as the maximum of the DBR reflectivity or the minimum of the mirror 

loss. This situation is illustrated by Figure (5.5). The phase control region calibrates 

the laser mode wavelength to the mirror loss minimum wavelength. As the optical 

gain reaches its threshold value. the carrier density will clamp at its threshold level. 

Therefore. only one mode is excited. and a continuous single-mode DBR wavelength 

tunable laser is obtained. The tuning range is determined by the range of effective 

index change. From eqn (5.8). we have 

-=-- (5.10) 

For this simple DBR type tunable laser, the wavelength tuning range is primarily 

dependent on the material refractive index change. As we presented in the previous 

chapters. the maximum effective refractive index change achievable is around 0.79c by 

electronic means. Therefore. from eqn (5.10) these structures only have about 10 nm 

tuning range around the wavelength l .55~lm. This wavelength tuning range is much 

less than the gain profile bandwidth. For example. the gain bandwidth of quantum well 

material can be as large as 200nm. This bandwidth difference leaves great margin for - - -
increasing the tuning range of the laser diodes. 

To fill this margin. nev,' laser structures have been proposed. In this chapter, we will 

show one of such tunable lasers based on sampled grating structure. 
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In the following, we will first present a detail investigation on the physical properties 

of the sampled grating structure. Secondly. using the laser model developed in the 

previous chapters. we will present some simulation results on the DBR/vemier ruler 

type tunable lasers. With a co-directional filter as the wavelength-tuning/selection 

clement. a DFB type sampled grating tunable laser is proposed and its operations are 

simulated. 

C\C\C\ C\/\/\C\C\C\C\C\ Fr 
transform 

► I I I I I 

.----------------.------------··-··-·-·•--·-·.-----+-------1----~ 

K.A1 

L 

Figure 5. 6 Sampled grating structure 
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5.2 Sampled Grating Structure 

The sampied grating structure is shown schematically in Figure (5.6). This structure 

can be regarded as a uniform Bragg grating with grating period equal to 1\ and 

coupling coefficient equal to ,c multiplied by a sampling square function with period 

equal to A. and duty cycle equal to x = L1 I A [3]. The Fourier transform of this 

structure will give a comb like spectrum as shown in Figure (5.6) with the center at 

Bragg wave number. and higher order peaks distributed uniformly on the two sides. 

To analyze this structure by using the coupled mode theory. we have the transfer 

matrix for each section 

...., = T(ml - = II 

[
F(-"'-

1 
)] [F(-"' )] [T:"'' 

R(::"'- 1
) R(::"') T;;"' 

(5.11) 

where 

T.'"'' = [cosh(s /"') + (g.,, - ji5,,,) sinh(s /"' )]cxp(-1"/J /"') 
II "' m m 

s 
"' 

·1,: 
T. '"'' - - J "' • h( • /"') ( ./3 /"') 1~ - sin s,,, exp - J ,,, 

s,,, 

"k" 
T:"'' = 1 ·,., sinh(s /"' )exp( ·/3 /"') 

_J "' J "' 

(5.12) 

s 
"' 

T'"'' =[cosh(· /'")_(g,,,-jS,,,) • h(· /"')] p( ·/3 /"') ~~ s,,, sin .\11 ex J ,,, 
s 

"' 

In this equation, /"' = ::"' - ::"'-1 is the section length. gm is the net gain or loss in 

section m, which is a constant for the passive device. 8 = 1m1 ,, I A - 1C I J\ is the 
"' <' m 
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detuning factor for section m with Bragg grating period equal to /\ ,., . 

s = J< 0 - 1·8 ) 2 + k 2 is the eigenvalue of the S)'Stem. and /3 ,, = ,r I/\ is the 
nr •""' "' Ill 111 - , "' 

Bragg wave vector of section m. It is noted that the coupling coefficient m the 

equation could be a complex number. which can be defined as 

k,,, = k0 exp(j0"') 

0,,, = 0,,,_, + 2/3,.,_,l,,,_, 

Cascading the transfer matrix section by section. we finally obtain 

:?:" 
-~ 

ti 
E 
~ 
-0 

~ 
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0.3 

0.2 

0.1 

0 

[
F(O)] '"''[F(L)] [F(L)l 
R(O) = TT T R( L) = T,,,,,,, R( L) _J 

(5.13) 

(5.1-l) 
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Figure 5. 7 Reflectivity profile of a sampled grating DBR reflector 
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Therefore. we can investigate the properties of sampled grating structure analytically 

according to eqn (5.14). A typical reflectivity profile of a sampled grating structure is 

shown in Figure (5.7). 

ll is easy to show that (i) the main peak is localed al the grating Bragg wavelength 

}.0 = 211,.,, /\ 1 : (ii). the peak·s interval is approximately equal to ~). = ;_: 1(211,,, A): (iii) 

if the duty cycle x = L, I A is decreased. there woultl be more peaks in the reflectivity 

profile: (iv).since the coupling coefficient is limited. to maintain the reflectivity peak 

amplitude. the duty cycle should be large enough. 

With the comb-like reflectivity of sampled grating structure. in the following sections. 

we will discuss its application in the content of tunable laser diodes. 

5.3 DBR Type (Vernier Ruler) Tunable Laser 

As we demonstrated in the introduction. the uniform grating DBR reflector provides a 

maximum reflectivity peak profile. which also corresponds to the minimum loss of the 

laser cavity al a certain wavelength. This wavelength will be the lasing mode as the 

optical gain reaches ils threshold value and be clamped. However. it was also pointed 

out that. for the traditional uniform grating DBR type tunable lasers. the wavelength 

tuning range is limited to around 10nm. \Vith the multi-peak comb-like reflectivity 

profile of the sampled grating structure. based on the idea of vernier ruler. we could 

extend the tuning range of a DBR type laser dramatically. 

The laser structure is shown schematically in Figure (5.8). There is a sampled grating 

structure at each side of the active section. The two structures have different sampled 

grating periods. and hence the peak interval is different for the two sampled grating·s 

reflectivity profiles. The total reflectivity maximum or the total minimum 
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Figure 5. 8 Tunable laser structure with sampled grating DBR reflector. 

mirror loss of the cavity is located at the wavelength where the two peaks of 

reflectivity profiles lining up as shown in Figure (5.9). This wavelength will be the 

lasing wavelength. As \ve know. a vernier ruler can be used to measure very small 

distance with two-mismatched ruler structures. The sampled grating structure DBR 

laser borrows this idea to extend the wavelength tuning range. As shown in Figure 

(5.9). we may fix one of the reflectivity profiles. for example. left side DBR. then 

change the refractive index of the other side by canier injection or applied electric 

field. The tiny change of refractive index and hence the central wavelength of right 

side reflectivity profile will lead to the adjacent peaks lining up. Therefore a discrete 

wavelength tunable laser with large tuning range is obtained. As shown in Figure 

(5.9). we can also tune the wavelength continuously by moving the reflectivity profiles 

of both DBRs in the same direction equally after the wavelength of one channel is 

located. 



CHAPTER 5. WAVELENGH TUNABLE LASER DIODE 

lasering mode 

I 
( I\ continuou 

left ==-
tuning 

s 

I 
red tuning blue tuning 

\ ) I 
right ! I 

! 

0 + 

\.vavelength 

Figure 5. 9 Tuning mechanism of sampled grating DBR type (vernier ruler) 
wavelength tunable laser 

08 

i!:- 06 
~ u 

.Si 
2 
i::, 

~ 04 

02 

index difference 1s zero 

left sample OBA 
nght sample OBA 

1 53 1.54 1 55 1 56 1 57 
wavelength (um) 
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With the design scheme discussed above. we will present some detail numerical 

simulation results on this kind of DBR sampled grating laser diodes using the model 

developed in the previous chapters. In the simulation. the complicated passive sections 

arc simulated by digital filters based on the reflectivity profiles. which are calculated 

analytically by eqn (5.14). Then with the split step approach. the performance of this 

kind laser diode can be simulated efficiently. The laser structure to be discussed is 

shown in Figure (5.8). For the left side sampled grating structure. we choose 

t\ = 3211111 with L1 = 3.6um. kl.. = 0.075. and there are IO sampled grating in this 

section. For the right side sampled grating structure. we use the same parameters as 

the left side except A = 3011111. Bragg wavelength of both sides is set equal to l .55~Lm 

while no carrier injection or electric field is applied with 11,.110 = 3.2. 

16 
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Figure 5. 11 The transient state of sampled grating DBR laser 
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The retlectivity profiles in this case are shown in Figure (5.10). The lining up 

wavelength is located at l.55µm for the two sampled grating structure. and hence the 

mode near this wavelength will be lasing. Figure (5.11) shows the transient state at 

this \vavelength with the active section biased at 50mA. If we fixed the left-hand side 

retlectivity profile. then change the refractive index. of the right hand side by carrier 

injection or applied electric field. The lasing modes will be tuned discretely in several 

wavelengths. Figure (5.12) demonstrates the output spectra of the seven discrete 

wavelength channels in the same graph. 
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Figure 5. 12 Output spectra of the seven wavelength channels. The total tuning range 
is around 72nm. 
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As shown in Figures (5.12) and (5.13 ). if the effective refractive index changes from -

0.004 to +0.004. i.e .. a relative change of 0.2%. it will lead to a \vavelcngth change 

range from 1515.6nm to 1585.3nm. i.e., a 70nm wavelength spanning with almost 

equal spacing channels at the interval of 10nm. This is a great improvement on the 

tuning range compared with the traditional DBR type laser. It should be noted that our 

simulation results are qualitatively comparable with the experimental measurements 

and analytical prediction.[6. 3. 10]. 
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5.4 DFB Type Tunable Laser 

As we show in the previous section. the sampled grating can provide a multi-peak 

comb like retlectivity profile. Therefore if the structure is applied in the acti\C section 

as a sampled grating DFB laser. natural! y we should expect a multi-modes laser diode. 

We have demonstrated that a uniform grating DFB laser will present two degenerated 

modes at the edge of the stop band. Therefore. for a sampled grating DFB structure. 

we should have a multi-peak output spectrum. and each peak should consist of two 

degenerated modes. To make one peak corresponding to only one mode. we suggest 

that a gain coupling should be introduced. To show the above argument clearly. in 

Figure (5.14 ). we show a typical below threshold spectrum for a sampled grating DFB 

laser diode with 10% gain coupling, which is calculated by the transfer matrix method 

[9]. We can see that it is a potentially multi-mode laser diode with equal wavelength 
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sp:.1cing nA = ;_: /(2nctt A). Therefore if we can find a filter mirror. \vhose pass-band is 

less than the mode interval and also is tunable in a wide wavelength range. a 

wa\·elength tunable laser with large SMSR will be obtained. Co-directional filter is a 

good choice to meet this large tuning range requirement [5.8]. In the following 

section. we will present a brief discussion on the co-directional filter first. Then some 

numerical simulation results on this sampled grating DFB laser cascaded with a co­

directional filter will be presented. To our best knowledge. it is the first ngorous 

numerical simulation on this type of laser diodes [ 10]. 
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Figure 5. 15 Grating assisted Co-directional coupler filter 
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5.4.1 Co-directional Filter 

The co-directional filter to be discussed is shown schematically in Figure (5.15). If 

electric field in eqn.(5.1) is expressed as 

(5.15) 

and we also assume 

(5.16) 

Substituting eqns.(5.15) and (5.16) into eqns (5.1 ). we have 

(5.17) 

where ci/3 is detuning factor and k is the coupling coefficient defined by 

(5.18) 

here \\'C only consider the first order effects. and the definition of d 1 is shown in eqn. 

(5.6). Solving the coupled mode equation (5.17). finally we obtain 
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where 

Ti 1 = [ cos(sL) - j (6.~_
12

) sin(sL) ]ex.p(jti{3L! 2) 

Ti:: = - j k sin(sL) exp(- jil/3LI 2) 
s 

T:: 1 = - j ~sin(sL)exp(jti/3LI 2) 
s 

T:: 1 = [ cos(sL) + j (6.~_
12

) sin(sL) ]exp(- jti/3L 12) 

ands in eqn(5.20) is the eigenvalue equal to s = .J(ti/3 I 2):: + k:: . 

1-t I 

(5.19) 

(5.20) 

We define a parameter called power exchange coefficient [4]. which is equal to the 

ratio of transmission power of path 2 at z=L to that of path l at z=O. From eqn. (5.19). 

it is easy to show that the power exchange coefficient can be expressed as 

( 5 .21) 

From eqn. (5.21). we find that if L =Trl(2k). i.e .. one coupler length. at the filter 

central wavelength A0 = J\(nrtJ 1 - nr
11

::). a complete power exchange may occur. \Ve 

can also demonstrate that the band-width of filter satisfies the relation [4] 
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and the tuning wavelength range satisfies the relation [ 4] 
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Figure 5. 16 Reflectivity and transmission of the co-directional filter. Refractive index 
dispersion plays an important role in the bandwidth. 
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Eqns (5.22) and (5.23) show that tuning range and filter band width both arc 

proportional to the reverse of "ei -11.,~. which is the group index difference coming 

from the material dispersion. Normally. it can be 2-3 times larger than the effective 

index difference [4.8]. From eqns (5.22) and (5.23). it is argued that in order to extend 

the tuning range of the filter. small refractive index difference between the two wave­

guides is required. On the other hand. to maintain small band-width of the ft lter. the 

refractive index difference should be large enough. Therefore these two requirements 

must be compromised in the filter design. Finally. to make the filter central 

wavelength locate at the desired wavelength. an appropriate grating period has to be 

applied. Figure (5.16) shows the typical reflectivity and transmission of a co­

directional filter while the length L equal to one filter length. where cleaved facet 

condition is used at the end z=L. \Ve can see that material dispersion leads to great 

shrinkage of filter band-width. 

5.4.2 Simulation Results 

With the sampled grating DFB in the active section. which provides multi-mode 

operation. we cascade a co-directional filter with cleaved facet at one end of the laser 

diode as a wavelength selection and tuning element. The tunable laser structure to he 

simulated is shown schematically in Figure (5.17). For the active section. we choose 

A= 50u111. with kl, = 0. 15. 10% gain coupling and duty cycle x = L, I A. The total 

cavity length is equal to 500µm. The Bragg wavelength is l.55~lm while there is no 

current injection. For the co-directional filter. grating period A= l2um. the central 

wavelength of the filter also equal to l.55µm while there is no tuning current or 

electric field. The total length of the filter is equal to l000µm. which is one coupling 

length. [n this structure, the adjacent mode spacing of the active sampled grating DFB 
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is around 7.4nm. while the FWHM of the co-directional filter is less than the half the 

mode spacing. Therefore. by tuning the refractive index in wave-guide I of the co­

directional filter, we can obtain a discrete tunable laser diode. 

Using the split step approach introduced in the previous chapters. we have simulated 

the lllnable laser diode based on a combination of the sampled grating DFB and a co­

directional coupled filter. In the simulation of a co-directional filter. the material 

dispersion and different group velocity between the two wave-guides present great 

challenge to the full traveling wave approach [7]. However. in our split step approach. 

this simulation difficulty can be avoided easily. 

IIR Ai=0.242 um 

IO X 

~ 50 um ➔ 

~ ➔ 

5um 

A= 12 µm 

Imm 

Figure 5. 17 Sampled grating DFB laser cascaded with a co-directional filter. 

Figure (5. I 8) shows the transient stale while tuning current equal lo zero. While we 

change the refractive index in wave-guide I of the co-directional filter. the lasering 

wavelength \viii be tuned discretely to display several channels. In Figure (5. I 9) .. we 

show the output spectra of these lasering channels in the same graph. As shown in 
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Figures (5.19) and (5.20). this sampled grating DFB wavelength tunable laser can 

provide more than 70 nm tuning range with IO discrete lasering channel by a 

refractive index change in the range less than 0.2q,_ Unfortunately. there are no 

experimental results for this kind of device up to now. But to our best knowledge. this 

simulation is the first numerical calculation results based on a theoretical laser model. 
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Figure 5. 18 Transient state when the injected current of active section equal to 
IOOmA while the tuning current of co-directional filter is zero. 
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5.5 Summary 

In this chapter. usmg the split step/digital filter approach. we present a detail 

investigation on broadly wavelength tunable laser diode with the sampled grating 

structure. Following the design procedure suggested in [3]. firstly. we show the 

numerical simulation results on the DBR type/vernier ruler tunable laser. Our 

simulation results qualitatively agree well with the experimental measurement. 

Secondly. using the guideline. which is proposed for the wavelength tunable laser 

cascaded with co-directional filter [4]. we investigated a combined structure consisted 

of sampled grating DFB and co-directional filter. Although. there arc some analytical 

analyses on this type device [4]. we present the first comprehensive simulation based 

on a rigorous numerical model. It is concluded that the sampled-grating structure can 

be applied not only as a DBR reflector but also as a DFB component to extend the 

wavelength tuning range dramatically. The laser model. which we proposed. again is 

very successful in simulating these kinds of complicated devices. 



Chapter 6 

Multi-Wavelength Gain-Coupled 

D FB Laser Cascade 

6.1 Introduction 

As we discussed in the previous chapter. recent phenomenal progress in development 

and deployment of WDM technologies for broadband communication systems has 

called for need of multiple wavelength light sources. \Vavelcngth-tunablc laser diodes 

can offer new system functions such as switching. routing and service segmentation. 

in addition to the capacity upgrades [ l ]. Multi-wavelength gain coupled DFB cascade 

is the most recent design scheme to meet this challenge. which origins naturally from 

laser array. 

Aside from the discrete laser diodes with pre-set wavelengths. an array of laser diodes 

with different wavelengths placed in parallel appears to be a more compact and 

148 
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perhaps economical solution. Recently. a new scheme was proposed by Hong and co­

workers in which a multi-wavelength laser is realized by placing a number of DFB 

laser diodes with different wavelengths in series (referred to as laser cascade) [2]. By 

combination of the multi-wavelength laser array and cascade. a laser matrix has been 

demonstrated with expanded range of accessible wavelength and similar performance 

specifications to a typical DFB laser diode. 

Different from the laser array in which the different DFB laser diodes are operated 

independently. stronger interaction among the different laser sections in cascade is 

expected in the new multi-wavelength lasers. For instance. the lasing optical fields 

share the same optical cavity. Even when only one of the sections is operated above 

threshold, the lasing light will still pass through the other sections. which may also 

ha\'c effects on the overall lasing characteristics. To ensure stable operation of the 

laser in the entire accessible wavelength range. we need to develop proper design 

guidelines for the grating structure of each section to minimize the interaction. 

Further. it is important to understand the static and dynamic characteristics of such 

laser in a wide range of operation conditions in order to identify the regime for stable 

operation and perhaps to explore new applications. 

As shown in chapters 4 and 5. we have developed and demonstrated a comprehensive 

design model for the DFB laser. Since the traveling-wave model solves the time­

dependent coupled-wave equations for the forward the backward tra\'cling waves 

directly in time domain. it can be readily applied to laser diodes with complex 

longitudinal structures and/or operated with strong interaction between different sub­

cavities. Therefore. it is an ideal simulation tool for the multi-wavelength gain-coupled 

DFB cascade. 

We write this chapter with the following objectives: firstly. based on this 

comprehensive model, we carried out a systematic simulation for the static and 

dynamic characteristics of the multi-wavelength DFB laser cascade. In particular. we 

investigated the design guideline and criteria for the stable CW operation of the laser. 
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Figure 6. l Longitudinal structure of the two-section cascaded DFB laser. 

Also. we have revealed and studied possibility for short pulse generation from this 

laser. primarily due to mode beating of two or more lasing sections. To focus on the 

interaction between the DFB section. this design guideline is based on a relatively 

simple two-section structure. Secondly. as a natural extension. we will investigate the 

case of three-section DFB cascade. which is the structure suggested by Hong and co­

workers. Finally. a brief summary \viii be given. 

6.2 Design for the DFB Laser Cascade 

The design model used for the multi-wavelength DFB laser cascade is shown 

schematically in Figure (6.1 ). For the sake of simplicity. we consider only a structure 

with two active grating sections placed in series along the laser cavity. The analysis 

may be readily extended to multi-section structures and the underlying physics and the 

characteristics of the devices are expected to be the same as the two-section structure. 
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For each of the active grating sections. distinct Bragg wavelengths are designed and 

fixed in fabrication by setting different grating period. Other design parameters for the 

different longitudinal sections are the complex coupling coefficients and the cavity 

lengths. which are critical for the operation of the device. Finally. the facet 

renectivitics can be controlled by appropriate coating technology. if necessary. 

6.2.1 Key Parameters for Design Consideration 

Bragg \\'avelength: 

The first design consideration is the proper choice of the grating period for each of the 

lasing section. The Bragg wavelength "-u is related to the grating period A by [5] 

(6.1) 

The separation between the Bragg wavelengths of different lasing sections should be 

determined by the maximum tuning range achievable by means of temperature change 

(i.e .. the change of temperature of the heat sink and/or that of the active region due to 

current injection). In our design model. we assume that ~ }. 11 = 6 nm and choose that 

grating period such that the Bragg wavelengths for the two sections are 

t- 111 = 1550nm and '-u~ = 1556nm. respectively. 
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Complex Coupling Coefficient 

The second design parameter is the complex coupling coefficient. First of all. we need 

to choose a proper value for the product of the magnitude of the coupling coefficient 

and the length of the active grating region. i.e.. IKI L for each section. \Vhen 

sufficiently large. ji-;:j L is approximately proportional to the \'-'idth of the stop-band by 

the following approximate formula:[6] 

(6.2) 

.To minimize the optical interaction among the different lasing sections. we should 

design IKI L so that there will be no substantial overlap between the stop-bands of the 

different sections. Figures (6.2a) and (6.2b) show the stop-bands of the two sections 

with different iKI L=3 and ~I L=5. respectively. It appears that. for the choice of the 

separation of the Bragg wavelengths as proposed above. the optimal ji-;:j L should be 

around 3 ~ 4 to avoid overlap between the stop-bands between the two sections. 
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Another important issue for the stable multi-wavelength operation is the mode stability. For 

conventional index-coupled DFB lasers. the lasing action may occur on either left or right 

side of the Bragg wavelength, affected significantly by the phase of the light coming back 

into the lasing section. To overcome this problem, as we show in the previous chapters. 

strong gain coupling is introduced to ensure that the lasing will occur on the right side of 

the Br.igg wavelength. In our design model, we assume that the gain coupling is about 

lOllc. 

Facet Reflectivities: 

Lastly. we need to consider the reflectivities at the two facets of the multi-wavelength 

laser. For the sake of simplicity. we assume that both facets are anti-reflection coated 

with zero reflectivities. Therefore. there is no FP mode disturbance. 

6.2.2 Conditions for Stable CW Operation 

One of the central concerns for the operation of the multi-section DFB laser diode is 

the condition for stable single-mode CW operation. In practice. we normally bias one 

of the t\VO sections above threshold. while keep the other section below threshold. 

Figure 3 shows the output power from the left-facet of the laser diode as a function of 

the bias current in the left section. The non-lasing right section is assumed to be 

lossless for the sake of simplicity. Both cases for ~I L=3 and ~I L=5 are simulated. It is 

interesting to note that the output power and the slope efficiency from the left facet are 

higher for the case of (Kl L=5 than those for ~I L=3. In the laser cascade we have 

examined. there are in fact two optical feedback mechanisms. namely, the distributed­

feedback (DFB) effect in the lasing section and the distributed Bragg reflection (DBR) 

effect in the non-lasing section. As Itel L increases. the output power and the slope 
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efficiencv from the left facet will be reduced bv the DFB effect in the lasim! section 
J , -

and enhanced by the DBR effect in the non-lasing section. In our current design when 

~j L=5 . there appears to be substantial feedback from the nonlasing DBR section and 

hence lead to a net increase in the output power and the slope efficiency from the left 

facet. On the other hand. the side mode suppression ratio in the case of larger !Kl L is 

smaller due to the inferior mode selectivity of the DFR section. as evident from Figure 

6.4. 
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A major assumption m the above design model is that the wavelength shift due to 

thermal effect in the lasing section is negligible. In practice. however. this is not the 

case. As the injection current increases. the temperature in the active region of the 

lasing section rises and causes a wavelength shift towards longer wavelength. 

Consequently. the stop-band of the lasing section will shift towards the stop-band of 

the nonlasing section and result in more overlap between the two stop bands. By 

taking into the thermal wavelength chirp into consideration by simply introducing a 

temperature (or current)-dependent effective index 

(6.3) 
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where the coefficient a is chosen to be 2.679x 10-5 /mA. Figures (6.5a) and (6.5b) 

show the output powers from the left and the right facets of the laser cascade for the 

case of !Kj L=3. To minimize the non-lasing section feedback. we have assumed a 
I ~ 

large optical loss in the passive section. It is still observed that due to the enhancement 

of the DBR section as the injection current increases the slope efficiency of the left 

power increases. whereas that of the right power drops. The impact of the interaction 

between the t\VO sections due to the thermal wavelength shift is also illustrated in 

Figure 6 in which the spectra of the output light from the left facet at different bias 

currents. For the sake of comparison. the stop band of the nonlasing right section is 

also shown in the same figure. It is noted that when the lasing wavelength comes to 

overlap with the stop band of the nonlasing section. kinks in the output powers occur 

as evident from Figures (6.5a) and (6.Sb ). 
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Fig.5. 
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6.2.3. Mode Beating and Pulse Generation 

In the previous section. we have shown that each section of multi-section DFB laser 

can be working independently as an individual DFB laser in combination with a 

passive DBR section. Stable CW operation at distinct wavelength can be achieved by 

biasing one of the sections while keeping the other section(s) below threshold \Vith 

proper design of the Bragg wavelengths and the ~IL s. On the other hand. \vhen both 

sections arc biased above threshold. the laser may work in a different regime in which 

short pulse can be generated due to the beating of the two lasing modes. To sec this. 

we fixed the bias of the left section at 11=100mA and increase the bias on the right 

section from 12= 0 to lO0mA. [Figure (6.7) and (6.8)]. \Ve also noticed that if the bias 

current were too high in non-working section. the output power would show great 

lluctuation in the time domain. Since the Bragg wavelength interval between two 

adjacent sections is only 6 nm. to catch the mode beating. a fine time scale must be 

used. In the previous simulation. the time interval between two adjacent points is 

around 0.012 ns. This large time scale will smear the beating pattern. Therefore in the 

following simulation. we adjust the time scale to approximately 0.062ps. If the first 

two sections arc both biased at 100 mA . after Sns. we use the fine time scale to record 

the output power vs time. Figures 6.8 and 6.9 show the output power and spectrum 

respectively. It can be seen clearly that there is a beating period around 0.0015 ns. 

From the spectrum. we can see that two DFB modes are both excited with the mode 

spacing around 6 nm. It should be noted that the beating period. which is equal to 

0.0015ns. is in good agreement with the mode interval 6nm around wavclcm?.th at - - -
1550 nm [3.4]. 
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6.3 Three-section DFB Cascade 

The three-section gain coupled DFB cascade as suggested by Hong and coworkers is 

shown schematically in Figure (6.10). The output light is coming out of the laser 

cavity from left facet. To make the laser diode operate symmetrically for each section. 

a forth absorption section is added at the right end of the cavity. It is a uniform \Vave­

guidc with a large optical loss controlled by the injected current. Using the optimal 

design parameters suggested in the previous part. we choose KL=3 with 10% gain 

coupling. The Bragg wavelength interval is 6nm between the adjacent sections. While 

one section is working, its left section or sections will be biased at the threshold or 

with a little optical loss, but its right section or sections will be biased far below the 
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threshold with large optical loss. Therefore. the interaction between the adjacent 

sections is minimized. 

)~=l.55i-an A=l.556,_.n A=l .562i-a11 

L=250 X-+ LIITI 

Figure 6. 10 Longitudinal structure of three-section gain-coupled DFB laser cascade. 

The CW working condition is exactly as shown in the previous part analysis. \Ve show 

the output spectra of the three sections in the same graph in Figure (6.11) with the 

fixed temperature. It can be seen clearly there arc three lasing channels with the 

interval around 6nm. As presented in the previous part. each channel could be tuned 

by thermal effect individually. [t is suggested that to avoid the kink of L-1 curve. 

tuning current should be within certain range. Otherwise. we may change the sink 

temperature directly to tune the lasing wavelength. 

As we show in the design part. this three-section DFB cascade can also generate short 

light pulse due to the mode beating and competition. Figure (6.12) show the pulse 

generated by biasing the first two sections deeply while keep the other section with 

large loss [3.4]. 
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Figure 6. 11 The lasing channels of three-section gain-coupled DFB cascade at a fixed 
temperature. 
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6.4 Summary 

In conclusion. we have demonstrated a multi-section gain-coupled DFB laser cascade. 

Which provides a wide tuning range with programmable tuning mechanism. \\'ith the 

cooperation with Nortel researchers. our theoretical modeling and simulation for the 

first time is applied directly as a design and optimization tool in the industry and have 

received very good feedback [3.4). It is shown that multi-section gain-coupled DFB 

laser cascade can be used not only as a C\V wavelength tunable laser. but also as a 

short pulse generator. 



Chapter 7 

Conclusions and Future Research 

7.1 Summary of the Achievements 

The contributions of our research consist of two parts. The first part is on the 

de\·elopment of physical models and simulation techniques. In this part. there are two 

hierarchical levels of models. The first level is about the material characteristic 

simulation. which is the basis of the second level models and is also an independent 

module itself: the second level is the device modeling. or traveling wave model for 

complex integrated laser diode. \Vith the simulation tools developed. the second part is 

on the original applications to wavelength tunable lasers. which include sampled 

grating lasers and multi-section DFB gain coupled cascades. 

7.1.1 Simulation Tool Developments 

Semiconductor Material l\1odels 

165 
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Firstly. we have presented an inter-band transition model to simulation the intrinsic 

refractive index of semiconductor material for lnP based material series. which are 

commonly used in laser diode fabrication for optical communication system. The 

models may also be extended to the other material systems by minor modifications. 

Secondly. we generalize the existing models to simulate the refractive index change 

caused by carrier injection, applied electric field and thermal effects. Inter-band 

transition model is still the core part in this simulation. For non-radiative process. the 

index change is mainly due to band filling. band gap shrinkage. plasma effect and 

band tilting. The physical mechanisms of these effects are explained. Every effect is 

simulated by a pr~totypc function with some fitting parameters. Finally. \Ve developed 

a quantum well gain and its refractive index change model based on the Q\V band 

structures calculated by k-p theory. The strain effect caused by mismatch of lattice 

constants between the well and barrier regions is considered naturally in the 

Hamiltonian. Some key features unique to QW materials. such as negative effective 

mass of valence bands. band profile shift due to compressive or tensile strain. are 

demonstrated. This model has been used in NORTEL as QW fabrication design and 

simulation tool and received good feedback. 

In the material modeling and simulations. we have tried to develop models by the 

following idea. (i). The models are completed to include all known physical 

observable phenomena. Therefore, using the theoretical models. if we changed some 

physical inputs. such as quantum well width. carrier injection density. we could 

predict optical properties changing trend. i.e .. an engineer could use the models 

qualitatively to design a fabrication process for the required optical properties. (ii) The 

models leave some fitting parameters to calibrate the simulation results with 

experimental measurements. This approach follows the philosophy. which we 

presented in the previous chapters, i.e., we do not believe that there is a general 

physics based model. which can predict such accurate material simulation results as 
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required at any operating condition. The first part has already accomplished in our 

thesis. however the second part still needs some works in co-operation with the 

industry. which will be discussed in the follo"ving section. 

Laser Diode Models 

\Ve have derived the governing optic field equations for the traveling wave model and 

the standing wave model from the same l D effective equation. The difference and 

application limitation of the two approaches arc identified. We also incorporate the 

thermal effects into traveling wave model for the first time. Since the time constant of 

the thermal effect is much longer than that of the optical effects. we introduce an 

iteration method to overcome this simulation difficulty. As an original applic:.ition of 

our models. we present a theoretical explanation on the various thermal time constants 

during the large signal modulation of a DFB laser diode. which is observed 

experimentally. In the explanation. a thermally quasi-static state concept is introduced. 

Therefore the various time constants could be simulated and explained by a general 

physics model. instead by fitting a series of parameters to the experimental 

measurements. 

Another imponant and original achievement is that. we combine the traveling wave 

model with the standing \vave model by introducing a time domain digital filter into 

laser diode modeling. As we presented in Chapter 4, since traveling wave model has to 

trace the \vavcform both in time and space domain by the numerical convergence up­

limit ~:: = ,·,6t. it would be quite time consuming to simulate the laser performance 

when passive section is extremely long. Standing wave might also have great 

numerical difficulty in searching the complex roots corresponding to the laser modes 

for such a complicated structure. Therefore. on one hand. we keep the traveling wave 
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concepts in the active section modeling: on the other hand. \Ve introduce a digital filter 

to simulate the long complex passive section. whose response function in frequency 

domain is obtained from the reflectivity and transmission spectra of the passive 

section. This transformation between the frequency domain and time domain made the 

model versatile in various laser diode simulations. Up to our best knowledge. it is the 

most advanced approach in the traveling wave model for laser diode simulation. 

In summary. we have completed a general traveling wave model. which take into 

account of the spatial hole burning. spontaneous random noise. material effect. 

thermal effects. and electric effects. The models can be used to simulate various laser 

structures, such as FP laser. DFB/(gain coupled. phase shifted) laser. DBR laser and 

other complex multi-section lasers. 

7.1.2 Application on Wavelength Tunable Laser 

Sample Grating Assisted Tunable Laser Diode 

\Ve have investigated two kinds of laser diodes in this category. One is DBR type 

Venier ruler like structure. The other is DFB multi-mode laser cascaded with a co­

directional filter. These lasers have been discussed qualitatively in the literatures. Our 

digital filter approach shows great advantage in this kind of complex laser structure 

simulation/design and hence to our best knowledge. is the first attempt to simulate this 

kind of lasers based on a rigorous physics model. 

Multi-section Gain Coupled DFB Cascade 

This complex structure is the most recent design on wide range wavelength tunable 

laser diode for optical communication system. We have investigated the interaction 
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between the adjacent sections. optimized the key design parameters for satisfactory 

laser performance. Especially. the L-l curve kink observed experimentally is explained 

based on the simulation results. We also point out that there exists a short pulse 

generation working condition due to multi-mode nature of this DFB cascade. Because 

of complex multi-section structure and multi-mode nature of this laser diode. our 

model shows great advantage over other models. This co-operation \Vith NORTEL has 

presented fruitful results. 

7.1 Future Research 

Based on the achievements presented in the previous section. we need to complete or 

improve some tool modules for future applications and to continue our research 

project or extend our research range. 

In the material tool module. as we have shown in previous section. the models arc 

quite good in the sense of physical concept explanation and qualitative trend 

prediction. however they still could not be used auro111arica/ly as a quantitative 

simulation tool and be applied in various material simulations. To fill this gap. on one 

hand. we should have a systematic experimental measured data on the desired optical 

properties. On the other hand. we need an auro111aric and smarr data processing 

procedure. which can fit our theoretical models to the measured data and also predict 

the optical properties in speci fie operating conditions. In the future research. we wi II 

continue to co-operate with industry. for example. NORTEL to collect the desired 

experimental data. At the same time. we will adapt neural network method as the data 

processing procedure. In this method. several levels of neural cells. which consist of 

various prototype functions with fitting parameters. are applied. Firstly the neural 

network will spend a long time to .. learn .. the measured data. Mathematically. this 
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.. learning .. procedure is just to obtain various fitting parameters in the prototype 

functions. We also can choose a lot of fitting/optimization methods in this procedure. 

such as least square. genetic algorithm. After ··1eaming ... the neural network will 

validate the results. i.e .. compare the results calculated by prototype functions \Vith the 

experimental data. lf it passed the validation test. the neural network will be ready in 

the applications: otherwise the learning procedure will be repeated. We can see that 

neural network method is almost ideal for the material modeling with the prototype 

functions already derived. 

Generally speaking. \Ve try to develop a general neural network algorithm. It will not 

only benefit material modeling. but also the other simulation and modeling. which can 

afford long .. learning .. time and require efficient and accurate simulation results during 

the real application. 

In the laser diode models. transformation between the time domain and frequency 

domain is the main feature of this thesis. However. some improvements are still to be 

made. Firstly. we observed that optical spectrum obtained from FFr method was not 

so dear to show side peak/valley details. Secondly. in digital filter approach. we did 

not explore all methods except non-recursive approach. In the future research. we may 

borrow as many mature ideas as we can from digital signal processing area. where the 

subject has been investigated for a long time. Hopefully. we can solve the problem 

more nexibly between frequency and time domain and extend the idea to more 

complicated photonic circuit simulation and design. 

Finally. to extend the tuning range of wavelength tunable laser. research engineers 

have designed various complex laser-structure in recent years. We suggest that the 

problem might be viewed from another angle. One is to make use of other material 

properties. such as magnetic effects or other material system in the laser fabrication. 
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The other is to leave the semiconductor material laser and find the possible wide 

wavelength tuning range in fiber laser. 

In summary, we hope that with the achievement we accomplished and the continued 

research. our results will not only improve state-of-the art in modeling and simulation 

of optoelectronic devices and subsystem. but also make great impact on the research 

and development of optical devices in the industry. 



Appendix 

Derivation of 1D Effective Optical Equation 

In this appendix. we will derive an effective 1D enveloped optical field equation. As 

shown in the previous chapter, this equation is the governing equation for both 

traveling wave model and standing wave model. 

From Maxwell equations. we can easily derive electric field wave equation in the form 

(A. l) 

\\'here P1_ and Ps is the polarization related to lasing medium and spontaneous noise 

respectively. If lt:J is chosen as a reference frequency. we have 

E(r.r) = Rc[E(r,l}exp(jltJr)] 

D(r.1) = Re[D(r.r)exp(jwt)] 

PL (r.1) = Rc[PL (r,r)exp(jwt)] 

P5 (r.1) = Re[P5 (r.t)exp(jwt)] 

172 

(A.2) 
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where £. D, PL and P5 are the slowly varying enveloped functions. Substituting cqn 

(A.2) into eqn (A. l ). we obtain 

(A.3) 

If define Fourier transform 

F = ff: exp(jQr)dr (AA) 

and apply this transformation to eqn. (A.3). ,ve have 

(A.5) 

In Frequency domain. it is easily to show 

(A.6) 
~ ~ 
Pt_ = EoX1. (Q)E 

where 11 is refractive index. and XL is the susceptibility related to lasing medium. If 

only consider the zero order effect of XL in eqn (A.6). and perform the reverse Fourier 

transform of eqn (A.5). we obtain 

, A w:. , A • w at , A 

v-E+-(11-+z )E-"1-1111 -=-µ urP , 1. - , ~a o s c- c- r 
(A.7) 
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.1i. 011 . 
In deriving eqn (A.7). we have used the definition 11 = n(l - --) . and omllted the 

' ll c)}. 

higher order derivative of E respective tor. 

\Ve write the enveloped electric field in the form 

E(x. y. :.r) = <1>(x. y)4'( :.t) 

and assume that transverse field satisfies guided mode equation 

' 
• (I} - • ' 

v;:.<1>(x.y)+~(11- -11;,, )<1>(x.y) =0 
C 

f <1><1>. dxdy = I 

f <1><1>. dxd\' = r 
J • 

. ·HT 

(A.8) 

(A.9) 

where n.-,1 is the effective index_ the last integral is O\'cr the active region and r is 

optical confinement factor. Substituting cqns (A.S) and (A.9) into (A.7). finally we 

obtain an effective ID equation for the electric field en\'elop 

(A. 10) 

where 1111, = f m1,<1>(x. y)<1> • (x. y)cb.:dy. If we write the susceptibility in the form 
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II 
XL =k(j+a,.,)g 

0 

where k0 = cul c is the wave number at reference frequency and a,,, is line-width 

enhancement factor. Also considering the background loss aL. eqn (A.10) can be 

written as 
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