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Abstract

Performance of compressively strained (CS) GaInAsP /InP quantum wIre

(QWire) electro absorption modulators (EAMs) is theoretically investigated.

The electric field dependance of the effectivebandgap of QWire EAMs (quau-

tum confined Stark effect) is studied using an 8 band k.p theory includiug

elastic strain relaxation effects. Elastic strain relaxation is calculatcd using

an analytical approach. An empirical relationship is proposed for the effective

bandgap for quick and accurate estimation of the Stark shift. The relation-

ship is verified through numerical simulations. Different quantities such as,

the absorption coefficient, the extinction ratio and the operating wavelength

are calculated as function of device parameters for performance analysis of

the QWire EAMs. Polari7,at.ioninsensitivity is not requiwrl to he a.chieved

in the EAMs and the EAMs are designed for absorption of transverse elcc-

tric (TE) radiation, which is the polarization of light output from QWire

lasers fabricated on the same substrate in a photonic int.egrat.ed circuit.. It.

is observed that. significant. increase in t.he ext.inction rat.io can be achieved

by adopting QWires in EAMs. In spit.e of higher absorpt.ion peaks, Il8.r;.ower

wires exhibit. lower ext.inction ratios due to the reduced value of t.he in-plane

occupat.ion fact.or. This sit.uat.ionmay be improved by increasing the pa.cking

densit.y of the QWires. Our result.s are useful for optimi7,ing device design

t.hrough proper choice of device parameters t.omeet a cert.a.inrequirement.
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Chapter 1

Introd uction

The requirements for optical communication systems are increasing at an ex-

traordinary rate due to continuously incre&'ling demand for long-haul trans-

mission and high bit rates. Since the optical fiber potential for multi terabit

communication was recognized in the 70s, much has been done to optimize

the different components involved in the optical communication systems in

order to reach the goal. One fundamental function to be performed bv the

optical system is the modulation of the light so that information is transmit-

ted. Electro absorption modulators (EAMs) have been shown to be useful

in fiber-optic link operation near either 1.3 lJ.mor 1.55 Jl.m for both analog

and digital signal transmission. They are small in size and can be integrated

with the laser diode, while being effective in changing the light intenoity ao

a function of applied electric field.

The phenomena of transferring energy of a photon to an electron, elevat-

ing it from some state in the valence band to some state in the conduction

band is known as stimulus absorption. [1]. Such stimulus absorption events

generate new carriers and are also. responsible for the disappem-ance of pho-
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tons, creating an upward transition of electron from the valence band to the

conduction band.

Franz-Keldysh effect (FKE) describes the electron-hole excitation with

below bandgap photons due to lateral tunnelling with an applied electric

field [1]. The extension of carrier wave function in the forbidden energy

gap in the presence of an applied field is realized by FKE. FKE describes

that applied electric field in bulk semiconductor brMdened the band edge

absorption. Thus the application of reverse bias field lowers the absorption

edge and reduces the emitting light. This change in the optical absorption

can be employed in optoelectronic modulators.

When semiconductors are fabricated in very thin layers (e.g., 100 A),

the optical absorption spectrum changes radically as a result of quantum

confinement of carriers in the resulting one-dimensional potential wells. In

such multi quantum wells (MQWs), the confinement changes the dcnsity of

st.atcs (DOS) from the smooth function of bulk material to a scries of st.eps.

Additionally, the confinement also increases the effective bandgap energy.

When electric field is applied perpendicularly to the layers of quantum wells

(QWell), it significantly changes effective bandgap energies between electrons

and holes confined in the well region. This effect is referrcd to 8S the quantum

confinement Stark effect (QCSE) [1]. Change in the effective bandgap also

changes the absorption spectrum. MQW EAMs are very attractive for appli-

cations requiring high-speed modulation of laser light.with high efficiency [2]

- [41. Improved performances such as low drive volt.age, high field sensit.ivit.y,

st.ronger absorption, high ext.inction ratio are achieved using MQW EAlVIs

[5].
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Recent progress in epitaxial growth and process techniques is making

it possible to realize quaternary quantum wire (QWire) structures where

carriers are confined two-dimensionally. Strain-compensated (SC) MQWire

lasers have successfully been realized practically with a fabrication method

which combines electron beam lithography (EBL), CH4/H2 reactive ion etch-

ing (RIE) and organometallic vapor-phase-epitaxial (OMVPE) rcgrowth [6].

This method is very attractive for GaInAsP /InP based devices consisting of

low dimensional active regions.

QWire structures attract much interest due to their novel physical prop-

erties and consequent improvements of device performance. By using QWires

in semiconductor lasers, higher gain and lower threshold current is expected

[7]. Consideration of strain effects on band structures is important in these

kinds of structures when the wires are buried in larger band gap materials

with different lattice constants. These are referred to aB strained wires. In

strained wires, strain can also exist in the surrounding matrices as well as

in the wires. Also improvements that can be achieved by adopting strained

QWells in lasers [8]- [9), may also be expected in strained QWires [10].

Accordingly, it is important to study the strain effect in QWires. Strain re-

laxation in EAM structures, whereby material reverts wholly or partially to

its preferred lattice spacing, may lead to modifications of the electronic band

structures.

As in QWire structures, the carriers are confined in two dimensions, the

Density of States (DOS) is modified and exhibits different charact.eristics

t.han the DOS in bulk or QWell st.ructures. It. is expected t.hat because of

the higher degree of confinement in QWires, QWire EAMs may also perform

3



better than QWell EAMs. While much attention has been paid to QWell

EAMs, comparatively less work has been done on QWire EAMs, perhaps

due to the difficulties in fabricating QWire EAMs. However, the fabricating

technology for strained QWire, as described in [6],is particularly suitable for

constructing photonic integrated circuits involving low dimensional active re-

gions [11, 12]. In such systems, the semiconductor laser, the high-reflectivity

Bragg reflector and QWire EAM may be monolithically integrated exploiting

the blue shift of the effective bandgap with reducing wire width.

1.1 Literature Review

Semiconductor EAMs are one of the most successful photonic devices ben-

efited by the quantum-size effect, since their operation characteristics have

been drastically improved by the introduction of QWell structures. Miller d

al. [2] presented the theory and extended experimental results for the large

shift of optical absorption in quantum well structures with electric field per-

pendicular to the active layers. They have shown the experimental results

of the shift of the absorption peaks for a field strength up to ~ 10 KV/ cm.

Comparing theory and experiment they found excellent agreement for the

shift of absorption spectrum with applied field in IvlQW.

Chiu et al. [5] proposed a travelling-wave electrode structure EAM to

achieve high bandwidth with lower drive voltages at 1.55 11m wavelength.

They fabricated an InGaAsP /InGaAsP MQW travelling-wave electro ab-

sorption modulator with a bandwidth above 20 GHz. Tlwy demonstrated a

drive voltage of 1.2 V for an extinction ratio of 20 dB.

Mendez et al. [13] performed the low temperature photoluminescence.

4

••

t



(PL) measurements in narrow GaAs-Gal_"AI"As QWells subjected to an

electric field perpendicular to thc well plane. They fouud that wit.h the

increasing electric field the PL int.ensit.ydecreases and becomes completely

quenched at. a field of few tens of KV / cm. They also performed variational

calculation in order to qualitatively explain the experiment.al observat.ions.

\'Viedenhaus et 0.1. [14] present.ed different.st.rategies for simulation of dec-

'tro absorption modulators, which allow an efficient and adequat.e analysis of

t.he most import.ant physical aspects of such devices. They demonstrated

that the direct solution of the density matrix, coupled to the semiconductor

equations, is suitable for investigating nonlinear effects. The time~dependel1t

problem is solved by implicit, rather t.han by explicit algorithms as t.he latter

demand very restrictive stabilit.y conditions.

Pappert et 0.1. [15] demonstrat.ed a ridge-waveguide hlo.5:,Gfl{l.47As/InP

MQW EAMs operat.ing at a wavelengt.h of 1.52 p,m, Previous experiment.al

works on 1.5 jJ.mMQW waveguide primarily examined t.he modulation pcr-

fOl'manceof TE polarized light while not. as much attention has been paid

to TM polarization. The polarization dependance of the electro absorption

for an InGaAs/InAIAs MQW waveguide modulat.or IlfL~been report.ed [16]

with similar modulation performance achieved for bot.h polarizat.ion. The.

EAM present.ed here exhibits 24,5 dB extinction ratio at 10 V bias volt.agen
for TM polarization which is 20 times that of TE mode at t.he same applied'

bias voltage.

Ido et ai, [17] demonstrat.ed the improved modulat.ion propelties of a new

st.rained InGaAs/InAIAs MQW EAMs. They proposed a novel approach

to lower the driving volt.age wit.h the introduction of tensile strain into t.he

5
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ternary InGaAs wells. They have shown that the bandgap wavelength shift

under applied voltage in the strained MQW modulator is much larger than

in the unstrained MQW modulator. This strain enabled them to achieve

polarization independent modulation.

Wakita et al. [18] has demonstrated the improved properties of strain-

compensated InGaAs-InAlAs MQW EAMs. MQW layers used here con:

sists of ten 12 nm thick undoped 0.5% tensile strained Ino5:jGaoA7Asand

eleven 5 nm thick 0.5% compressively strained Ino.GoAloAoAsbarriers. The

EAM presented here exhibits low polarization dependence with an extinc-

tion ratio difference between TE and TM polari7.ation of less than 1 dB and

the modnlator can operate at a large modulation frequency, greater than 20

GHz.

Ravikumar et a.l. [19] reported the field induced absorption coefficient

variation spectra in an unstrained, a 0.15%, a 0.30% a 0.45% tensile-strained

InGaAs/lnP throughout the spectral range near and away from the bandgap.

They found that the wavelength difference between the absorption coefficient

variation peak for the TE and TM mode varies linearly with the strain,

showing nearly zero value for 0.3% tensile strain. Thus they demonstrated

that the wavelength difference can be engineered by a proper choice of tensile

strain and it is possible to control the polarization characteristics of the field

induced absorption coefficient variation and hence the index variation in a

QWell structure.

Chang et al. [20] theoretically investigated the qnantum-confined Stark

effect in GaAs/ AlxGal_xAs quantum wires formed in V-grooved structures.

They applied a numerical method to calculate the exciton states of the V-

6 ;;. \
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shaped quantum wires within the effectivemass envelope function theory in

the presellce of electric field. They proposed two factors, the asymmetric

geometry of wire cross section and the electric field induced coulomb in-

teraction, for the possible mechanism of the shifts of PL peaks of the wire

modulator.

Weman et al. [21]studied the electric field effect in GaAs V-groove quan-

tum wires by PL and linearly polarized PLE. In PLE spectra they observed

a large redshift as well as field dependent polarization anisotropy. They used

a 2D quantum confined Stark effect model in order to explain the energy

shifts of the ground state as well as higher excited states.

Huang et al. [22]presented the simulation of InGaAs-InP quantum wire

Stark effect optical modulators showing a novel trend. They computed t.he

absorption coefficient and the change of t.herefract.iveindex in Ino.:l:jGAo.mAs-

InP quantum wires involving exciton transitions resulting in Stark effect.

electro-optic modulators. They have found that the exciton binding energy

and electric field induced refractive index change is significantly higher com-

pared to InGaAs based quantum well system.

Arakawa et al. [23] investigated the quant.um confined Stark e.ffee(,in

GaAs quant.um wires formed in a V-groove st.rncture, demonstrating ob-

servations of a blue shift of the photoluminescence peak with the increase

of electric fields at 50 K. This blue shift is attributed to the fact that the

change in enhanced binding energy of excit.ons due to the electric field is

larger than that in quantized energy levels of electrons and holes. They also

measured the time-resolved photoluminescence. They demonstrated that the

photoluminescence decay time is decreased in small quantum wires of 8 nm
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width with the increase of electric fields, while the decay time is increased

in the quantum wires with a size of 35 nm. These results indicate that the

escaping of carriers is more dominant in smaller structures than reduction of

the oscillator strength due to the electric fields.

Vazquez et al. [24]presented a theoretical calculation of the shift of en-

ergy levels of electrons in cylindrical quantum wires with an electric field

applied transversely to the axis of cylindrical symmetry. They performed a.

varia.tional calculation to obtain the shift in the ground-state energy of the

carriers due to the electric field using infinite confining potential. They found

a nonlinear shift of energy levels with the electric. field for low electric field,

while for strong field the Stark shift of the ground state energy increases

almost linearly with the electric field.

1.2 Objective of the Work

The objective of this work is to theoretically analyze the performance of

GaInAsP /InP compressively strained (eS) QWire EAMs. The study is mo-

tivated by the potential of incorporating these devices in photonic integrated

circuits containing QWire lasers [11]' [12]. In order to evaluate the per-

formance of the QWire EAMs, different parameters such as, absorption co-

efficient, extinction ratio, operating wavelength etc. are calculated using

an 8 band k.p theory. An empirica.l relationship is proposed to quickly es-

timate the field induced shift in the effective bandgap. The perfommncc

parameters of strained QWell EAMs are also calculated and compared to

those of QWire EAMs to identify the improvement caused by the additional

carrier-confinement in QWires. Effects of non-parabolicity clue to materia.!.

8



properties, quantum-confinement and elastic strain relaxation are incorpo-

rated in the calculation. Finally, we investigate the effects of variation of

device parameters, such as, QWire width, strain, multi-well stack, etc. on

the extinction ratio which allows optimizing device design.

1.3 Organization of the Thesis

This thesis consists of fivechapters. Chapter 1 gives an introduction followed

by literature review and the objective of the work. The bnsic theory behind

this work is discussed in Chapter 2. Theories to model the strained QWire

and QWell quaternary EAMs are presented in this chapter. Chapter 3 deals

with the device structure along with a detailed discussion on the procedures

followed to develop the proposed model and the cnlculation procedure of

the work. Results and discussion are presented in Chnpter 4. Conclusive

remarks aud discussions are presented in chapter 5. A recommendation for

future study is also suggested here.

9



Chapter 2

Theory

In this chapter the theory concerning theealculation of the optical gain and

absorption of QWell and QWire electro absorption Modulators (EAMs) is

describcd.

2.1 Schrodinger Equation and the Multiband

Hamiltonian

The electron wavefuntions in the conduction and valence bands are found in

principle by solving the Schrodinger equation:

Ho = [p2 + v(r)] w = Ew.
2m.o

(2.1)

where p is the momentum operator, r is the position vector, mo is the free

electron mass and, W is the wavefunction of the electron and V(r) is the

potential energy of the electron.

The electronic states and the energy levels of the QWcll, QWirc and QDot

semiconductor devices are explicitly found by solving the mnltihand effective

10



mass equation [25].

(2.2)
v'

where 1/ represents the band ind,)x and Hv,,(k) is defined as

(2.3)

P v" is known as the momentum matrix elements between bands {I and u and

is defined as

(2.4)

Where 'uv.o is known as the zone center Block function of the band u. the re-

lation between the actual wavefunction and the multi band envclope functions

follows readily from

(2.5)
v

Eq. (2.2) can be solved for the spatially uniform semiconductors, using a

variety of well known techniques [26]' but in a heterostructure, t.he cryst.al

composition and/or strain varies from region to region and approximations

are made in order to solve Eq. (2.2). Many such well known approximate

methods are described in [27].

In our work, we use an 8 band k.p method [28]. So the wavefunctior"

take the form of Eq. (2.5). The summation is restricted to Block waves

whose energies are close to the fundamental gap. Eight functions in the set.

are considered, namely the spin up and the spin down zone center Bloch

waves from the s-like conduction band minimulll, and spin up and spin down

functions from each of the three degenerat.e p-like states at the top of the

valence band. The Block waves are arranged in the following order: 15 T

), IX n, IY n, IZ 1), 151), IX 1), IY 1) and IZ 1).

11
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2.1.1 The Hamiltonian Matrix

The Hamiltonian matrix H takes the form [29].

(2.6)

Where G and r are both 4 x 4 matrix. Kane in [28]defined the matrix as

follows:

(2.7)

Where

E" iPk" iPk" iPkz

-iPk,,, Ev' 0 0
G1= (28)

-iPk" 0 Ev' 0

-iPkz 0 0 E1!,

A'k2 Bkykz Bk"kz Bk"k"

G2=
Bkykz L'k; +M(k; + k;) N'k"k" . N'k"kz

Bkxkz N'k"k" L'k2 +M(k2 + k2) N'k"kzy :1, z

Bk"k" N'k"kz N'k"kz L'k; +M(k; + k;)
(2.9)

and
0 0 0 0

t- O 0 i 0
G =-- (2.10)

flO - 3
0 -i 0 0

0 0 0 0

and the matrix r is

12
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0 0 0 0

6 0 0 0 -1
f= -- (2.11)- 3

0 0 0 1.

0 1 -t 0

2.1.2 The Hamiltonian Matrix Elements

All the parameters appearing in Eq. (2.8)- (2.11) are real. The value of theoe

parameters remain constant in each region. The parameters A', E, £', !Ii,

N' are defined by Kane [29] in terms of k.p theory. The Kane parameters

may be given in terms of the Luttinger parameters [30].

11,2 p2
£' = --(1 + ')'1 + 4')'2)+ --:;-

2mo Eg
11,2

M = --(1 + ')'1 - 2')'2).
2mo

311,2 p2
N' = --')'3 + -. (2.12)

mo Eg
Where Eg = Ec - E" is the band edge gap with E" = E,,' + 6/3. 6 io

the spin orbit splitting parameter. The parameter P known, as the optical

matrix element, is proportional to the momentum matrix element betwccn

the conduction band and the valence band.

11,
. P == -i-(sIPxlx).

mo
(2.13)

The Luttinger parameters are related to the effective masses in the following

manner

mo
m",,(100)

mo
mh,,(111)

= /'1 - 2/'3

13

rna--- = /'1 + 2/'2
rl1.",(100)

mo
m",(100) = /'1 + 2/':).



where m'hh(lh)(ijk) is the heavy (light) hole effective mass in the (i.ik) crys-

tallographic direction.

2.2 Strain Analysis

It was originally suggested by Yablonovitch and Kane [8]and independently

by Adams [9] that introduction of compressive strain into the crystal lat-

tice of a semiconductor could lead to enhanced performance ill semicondnctor

lasers. Strained layer buried heterostructure lasers are becoming increasingly

important for optoelectronic applications, for example, in optical communi-

cation systems. The combination of strain and quantum confinement in the

valence band can lead to substantially more favorable energy dispersion rela-

tionship than those that exist in the natural semiconductor crystal stl'llcture

[31].

In semiconductors there exists a serious asymmetry between the very

light conduction band and very heavy valence band effective mass. Ideally

these should be as light as possible. And the technology of band strnctnre

engineering, which incorporates super1attice, confinement and intentional in-

corporation of strain can be used to change the band structnre in an artificial

manner to suit our needs.

2.2.1 Strain Effect on Electronic States

The 8 x 8 Hamiltonian matrix described in Eq. (2.6) - (2.11) using the 8 banel

k.p model, acquires extra terms when the crystal is nnder strain. This strain

interaction couples only the parallel spin and hence this interaction adds an

14



additional term Gstrain to the Bamiltonian 1Il Eq. (2.6). The additional

rnatrix is

b'eyz- lexx + m(eyy ncxy nCZ:l;

'iP L,j e,jkj +eu)

Cst.rain =
b'en- nexy lCYll + m,( C:C:l; ncyz

iP L,j eyjkj +ezz)

+e'!J!I )

(214)

Where ei.j arc the strained tensor components. The constants I, m. and n arc

related to the material deformation potentials by:

1
a" = "3(1 + 2m),

1
b" = "3(1 - m) and

1
d" = y'3n. (215)

'Where ac is the conduction band hydrostatic deformation potential, 0." is the

valence band hydrostatic deformation potential, b" is the valence band shear

deformation potential associated with stain along (100) crystallographic di-

rection and dv is the valence band shear deformation potential for stain along

(111) crystallographic direction.

15



2.3 The Electron-Photon Interaction

In quantifying the gain or absorption, we need to know the number of tranHi-

tions that will occur per second in the crystal in response to a given photon

flux in a given optical mode. This is accomplished by studying the time evo-

lution of a given electron wavefunction \ji, initially in the conduction band

state, 1/;c, as it makes a transition to the valence band or vice versa. The

transition rate can be expressed using Fermi's Golden rule [32]

(2.16)

Here H~h is given by

(2.17)

Also it can be expressed as

(2.18)

Where Ao is the magnitude of vector potential and Nh is the transition ma-

trix element. Eq. (2.16) refers to only single transition pair over a continuum

states. The correct transition rate is the summation of all the transitiou over

all the continuum states.

2.4 The Gain/Absorption Spectrum

Eq. (2.16) allows us to determine the number of the downward transitions

per second per unit volume in response to a flux of incorning photons in a

given optical mode. Upward transitions or the absorption of the photons also

occur in response to the incoming photon flux. Each downward transition

16



generates a new photon and each upward transition absorbs one. If the

number of downwards transition per second exceeds the number of upward

transition per second, then a net generation of photon occnrs allClopticfd gain

can be achieved. If the opposite becomes true then the optical absorption

occur.

The material gain 9 as a function of photon energy may be expressed as

) 1 7re
2
Ii. 1 12 ( ')( )g(liw = (-Ii )--2 -IMT Pred Ee" - Ey Ie - f" .

,W £oono 11, .
(2.19)

Where Pred is the rednced density of states, feU,,) is the electron (hole)

occupation probability, and MT is the transition matrix element for interband

transitions.

The total gain for a particular photon energy in low-dimensional struc-

tures is found by summing over all subband transition pairs as:

(2.20)

(2.21)

n" n"

Where gsu,,(hw, ne, nv) is denoted as the subband transition pair and ncand

n" is the band index of the conduction and the valence band respectively. It

is convenient to calculate the modal gain, gmod in terms of g, the local gain

in the active layers. This is the gain that would occur in a uniform active

medium having the same optical properties. Vvecan relate 9 to g",od by

9mod = rad.
9

where fnet is known as the mode occupation factor of the active layers. For

a QWire structure, considering the fact that not all regions within the active

layer plane arc active, gmod and 9 are related by:

gmod _ r Ly
- ad'L .

9 p

17
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where Lp is the period of the QWire arrangement along the in-plane direction

and Ly is the width of the QWire along the in-plane direction. From Eq.

(2.16) we can see that when fetE,,) > fetE,,), then g(nw) is positive and an

incoming light wavewith photon energy ;1W will be amplified by the materia!.

Whereas If the electron carrier density is small, then Ie will be close to zero
and hence the gain will be negative. And at this condition the material is

highly absorbing for photon energies greater than the band gap.

18
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Chapter 3

Calculation Procedure

In this chapter the procedures ofour numeric calculations are described.

3.1 Material Properties of GalnAsP /InP Sys-

tems

Fig. 3.1 shows the schematic diagram of the device structure and Fig. 3.2

shows the cross-sectional diagram of the unit cell of the GaInAsP vertically

stacked multiple QWire EAM imder our consideration. The device structure

consists of quaternary GaxIn(l_x)AsyP(I-Y)grown on an (001) InP substrate.

The wire regions are compressively strained and the barriers are either lattice

matched (LM) to InP or are tensile strained (TS) ..

3.1.1 Interpolation of Material Constant

The material constants can be found by interpolating from the known con-

stants of alloys of given compositions. Material constants of the quaternar-

ies are in general functions of their composition x and 1/. All the material

constants for the quaternary are linearly interpolated between these of InP,

19
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"

EAM Section Laser Section DBR Section

Figure 3.1: Schematic structure of a QWire EAM integrated with QWire

laser and and Distributed Bragg Reflector sections.

G8As, InAs and the LM ternary G>l{).4GS1no.5:J2Asassuming Vegard's law [33].

AQ(x, y) = (1 - y)A1nP + yA" + y(AGaA, - AlnAs)(x - 0.468y). (3.1)

''\There A is one of the material constants, Q stands for the quaternary, T

for the lattice matched ternary. The material parameters of the binary and

ternary semiconductors are listed in Table. 3.1. For the quaternary band p;ap

we use parabolic interpolation, to account for the bowing of the bandgap up

to the second order [34].

Eg Q(x, y) = E/nP + 0.672x - 1.091y + 0.758x2 + 0.101y2 + O.l1hy

(32)

The following interpolation formula was used for the determination of lattice

constants:

aQ(x, y) = alnP + 0.189y - 0.418x + 0.013xy.

The lattice mismatch strain, EO and it is defined by:

to= ----
a.Q

20
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Barrier

"

-.~-------~Lp

Figure 3.2: Cro~s-sectional schematic diagram of a vertical st,aek of multiple

QWire struct.ures.

3.2 Analytical Expressions for Strain Distri-

bution

We follow an analytical method for calculating st.rain dist.ributions in struc-

tures cont,aining an arbitrary number and combination of st.rained layers of

finite widt.h buried in an infinit.e layer as described ill [35). The materials

are assumed to be continuous, linear and isot.ropic obeying Hooke's laws.

Fig. (3.3) represent.s a single st.rainedlayer of width Ly and t.hickness Lz

buried in an infinit.e medium. The misfit. st.rain is (0 within t.he QWire and

zero outside. The dimension of the structure in 1; direction is assumed t,o be

21



Table 3.1: Material Constant

Constants GaAs 1nAs 1nF 1nO.G:12Gil{'''GsAs

Eg(300K) eV 1.424 0.354 1.351 0.75

t:.neV 0.341 0.371 O.llD D.356

m*e/mO 0.0665 0.023 0.079 0.041

'Yl 6.790 19.67 4.95 11.01

'Y2 1.924 8.37 1.65 4.18

'Y3 2.782 9.29 2.35 4.84

ag (eV) -9.77 -6.0 -6.35 -7.76

ac (eV) -7.1 -5.4 -5.35 -6.2

bv (eV) -1.7 -1.8 -2.0 -1.75

dv (eV) -4.55 -3.6 -4.2 -4.04

El' (eV) 28.8 22.2 20.4 25.3

Cll (x 1011dyn/ cm2) 11.81 8.329 10.22 10.08

C12( x lOll dyn/cm2) 5.38 4.53 5.76 4.98

C14( x 1011dyn/cI112) 5.94 3.96 460 489

a (300K) A 5.6532 6.0583 5.8587 5.8687

very large (ideally infinite) compared to L" or Lz so that a two-dimensional

analysis with plane strain condition is appropriate. The analysis starts with

the solution of a cylindrical inclusion. The cylindrical inclusion of radius r

exerting a pressure S yields stress fields outside the cylinder which are easily

determined [35]. Dividing the stJ:csses by n:r2 give thc stress componcnts

per unit area of inclusion:

cyl
(JU?/

S y2 _ Z2

-; (y2 + z2)2'

S z2 _ y2
n: (y2 + Z2)2'

22
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Figure 3.3: Cross-sectional schematic diagram of a strained QWire structnre.

COIL _ 25 yz
uY' - ~ (y2 + z2)2

The stress fields for the nth strained layer illustrated in Fig. 3.2 are obtained

by integrating the stress field over a rectangle of width Ly and height Lz, thus

an(y, z) = r 1 a,yl(y - Yo, z - Zo) dzo dyo. (3.6)
ilL,,) (Lo)

Generating the results,

5 [ -1 (Iy - y) -1 (I" + y)- tan -- +tan --
7r . Iz - z I, - Z

-1 (111- Y) -I (111+ Y)]+ tan -I -- + tan -- ,
'z + z I, + z

5 [ -1 (I, - z) -1 (Iz + z)- tan -- +tan --
7r Iy-Y I,,-Y

-1 (Iz - z) -J (Iz + z)]+ tan -I -- + tan -I -- .,,+y ,,+y
(3.7)
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5[ 2 2 2 2
27f lnl(l,,+y) +(lz-Z) I+lnl(ly-Y) +(l,+Z) I
lnl(l" - Y? +(lz - z)21_ lnl(l" + Y? + (lz + z?l]

These are the stress fields associated with a single strained layer of dimension

Ly X Lz buried in an infinite medium where 21"=L,, and 21z=Lz• The principle

of superposition is used to calculate the stress field at a point due to many

strained layer. The stress field component given in Eq. (3.7) are used to

determine the strain components using Hooke's laws. Here, t"" is equal to

the misfit strain EO, within the strained layer, but t"" is equal to zero outside

this region. The Hooke's law relations for plane strain for the nth strained

layer, therefore, become [35]

(3.8)

n() 2(1+v) n
Eyz Y, z = E °yz

Where tOry, z) is the misfit of the material at position (y, z), E is the Young's

modulus and v is the Poisson's ratio. Equations (3.7) give the in-plane stress

at the center of a long thin layer (Ly/ Lz -+ 00) as 25. The Hooke's law

expression then yields

5 = EoE
2(1 - 1/)

24
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3.3 Electronic States of Semiconductor Hetero-

structures

The heterostructure is composed of several regions, each of a ddinite com-

position and/or uniform state of strain. In such a situation, the parameters

in the Hamiltonian matrix defined in Eq. (2.6) are constant in each region

but differ from region to region. The envelope functions of one region must

match those of the next region. A simple prescription for automatically in-

cluding the correct boundary conditions into the formulation of the problem

was studied in [36]. According that prescription, every term of Eq, (2.8)

and Eq. (2.9) in which both a material parameter and a derivative appear,

is replaced in the followingway.

Q~
ax"

ol[ a a ]
---> 2 Q(r) ax" + ax" Q(r) ,

(3.10)

where Q(r) is any real material parameter or strain tensor component. The

spatial dependence of the parameter Q(r) is expressed in terms of step fllnc-

tions at the interfaces i.e., for an interface:£ = :7;0, where material A is to the

left side of the interface and B is to the right side:

Where the step function 8 is defined as

o { 0,8(x - :1;0) =
1, 1; ~ xo

25
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(3.12)
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TIle derivative operator on the step function produces the delta function

which impose the correct slope discontinuity boundary condition on a solu-

tion which is treated as being continuous. The delta function is to be retained

in the elements of the Hamiltonian matrix. The 8 x 8 matrix obtained in

this way has elements Hnn,(r, \7) and eight coupled differential equations are:

8L: Hn",(r, \7)F~(r) = EF,,(r)
11.'=1

(3.13)

These equations can be solved by the eigenfunction expansion method [36].

In the case of QWire structures the envelope function F", for a particular

wavevector k" along the QWire axis is expressed in terms of a two dimensional

Fourier series as:

00

F,,(r) = L: F,,(k, , I, m)rPk,l", (J;Yz).
I",

Where the basis function r/Jis

(314)

(3.15)

In order to convert Eq. (3.13) into a set of algebraic equations, we inscrt

Eq. (3.14) into Eq. (3.13), multiply by r/Ji"'k,(:ryz) and integratc over the

region LyL,. The resultant matrix eigenvalue equation has the form:

L: H"",(l', "III.', I, m.)F",(l', m') = EF,,(l, m),
n'l/rn'

Where the matrix elements H",,' (I',m', I,m) are given by:

H"n' (I', m', I, m) = .I dydzr/J;'""(yz)H"", (r, \7)r/Jl",(YZ)

(316)

(3.17)

All the matrix elements can be evaluated analytically for each interface per-

pendicular to one or another co-ordinate axis. For the Q\Vire structure the
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m"trix clement in Eq. (3.17) is given by

Solution of Eq. (3.16) for given kx gives the eigenenergy E and the coefficients

of the envelope function F,,( I, m).

Vole solved the heterostructure problem by diagonalizing the large Hamil-

tonian matrix Hnn, (I',m', I,m) as given in Eq. (3.17) and Eq. (3.18). This

m"trix is complex and Hermitian. The matrix elements can be obtained by

solving the integral, extend over all sp"tial regions. For the QWire ease the

bulk contributions to the matrix clements contain integrals of the form:

(3.19)

where RL" ' RL~ are the left side edges of the zone R along y, z directions,

respectively and RR" RR~ are its right side edges along the same directions.

Analytical solutions for these integral for the QWire structure are,

Itl( 'I =.1n, ,rn [ L (H'11 .'-f'R)]1 ..:::JL 1-y;- RlJ 1-y;- Ly. +
iDyL", I-I' e 11 - e 11

;l=l',rn=rn'.

;loJI',1noJm'
(3.20)

After completing the construction of the matrix elements for QvVire, they

are diagonalized to get the eigencnergies E.
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3.4 Transition Matrix Elements

For evaluating the transition rate between the initial state 1Ji.;(r) and the final

state IJi f(r) of carriers, we calculated the term:

(3.21)

Where Mf.i is known as the optical matrix element and it is given by [291:

I( . Ii I 2Mf,i = 'l/!f(r)le.-,V' 'l/!i(r))I ., (3.22)

Where e is a unit vector in the direction of the electric field of the radia-
tion. States'i and f may both belong to the valence band or conc!uetion band
for either of the inter-band and intra-band transition. Now, substituting

8

'l/!i,j(r) = L F,~J(r)U,,(r)
11=1

8L L Fi.!(j, I, rn.)q,jlm(xyz)U,,(r).
n=l jim.

into Eq. (3.22)

8

Mf,i L L L F,;'(j,I,rn) F,>(j',I',rn')1
n,n'=l jim j'l'm/

(3.23)

(3.24)

Assuming the envelope functions vary relatively slow over regions the size of

a unit celL we can write the integral in the Eq. (3.24) as

28
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r U,:(r) e . \7 Un,(r) ,h ..1n('I:Y;;)

+ .I dJj'w(xyz)e.\7r/>J-"w'(xyz) ,11; dy dz

r U,:(r) Un,(r) dT.
.In("y,)

(3.25)

The first integral over rl(xyz) in Eq. (3.25) is actually a sum of three integrals,

each being multiplied by a component of e. Each of the three is proportional

to the optical matrix P or else vanishes unless 11., 11.' and the component of \7

are related in a way such that both 11. and 11.' must refcr to the same direction

of spin, 11. must be in the conduction band while 11.' must be in the valence

band or vice versa. The second integral over rl(xyz) is the overlap of two

Bloch waves. It vanishes unless 11, = n' .

3.5 The Gain/Absorption Spectra

In order to calculate the gain/absorption spectra we have to evaluate Eq.

(2.19). For that we first compute the band structure associated with the

QWire. For a given carrier density the quasi Fermi energies are calculated

according to [32]. The reduced density-of~states (RDOS) can also be deter-

mined from the bandstructure.

(3.26)RDOS = [d:',;~Jdkt,,=nw
'''Ihere Ee" == Eo - E" is the transition energy and p is the density of states.

Once these quantities are evaluated, the gain/absorption spectra can be eval-

uated in a straight forward way.

Interactions of electrons with phonons and other electrons time to time

scatter the electron into another conduction band state. Therefore, the life-

tilllC of a given state. is not infinite. It is presently believed that, on an
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average, approximately every 0.1 ps an electron (or hole) is bumped int.o a

new stat.e [37]. Hence the energy of each st.at.e (and each t.ransit.ion) is no

longer sharp but has an energy spread over a range of 6E "" 1i./O.1 ps "" 7

meV on each side of the expected energy of t.he st.ate (or tran:;ition).

To include the spectral broadening of each transit.ion, we convolve the

expression for mat.erial gain wit.h some spect.ral lineshape funct.ion over all

t.ransit.ionenergies Ee], t.oobt.ain [32]'

Where

G(1i.w) == J g(1i.w) L(Ec") dEe],' (3.27)

L(E ) = 1 n/Tin (3.28)
eh - 71' (Ee" -li.w)2 + (1i/T",)2

Where g(li.w) is taken directly from Eg. (2.19), L(Ee,,) IS a normalized

Lorent.zian lineshape function, and Tin is the intra-band relaxat.ion time or

simply t.he lifet.imeof each st.at.e,and it. is about. O.lps in bulk mat.erial [32].

3.6 Bandgap Reduction Due to Application

of Electric Field

In undoped materials the main phot.oluminescence (PL) properties has been

at.tributed to the transition between the ground levels of the conduction and

t.he valence band. Under t.he influence of applied electric field, applied per-

pendicularly, significant. effects on the carrier confinement. and energy st.at.es

of t.heQWire and QWell occur.

The Hamiltonian mat.rix element.s in Eg. (2.8) 111 the presence of an

electric field along the z direction becomes
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Ec + z[C, iPk" iPky iPkz

-iPk" E,,' + z[C, 0 0
G1= (3.29)

-iPk" 0 Ev' + zF'i 0

-iPkz 0 0 E1), + zF~

The extra term in the diagonal elements gives rise to additional terms in

the diagonal elements of Eq. (3.17). These terms may also be evaluated

analytically and the formulation of section 3.3 is allied with this modification.

Where F, is the applied electric field per unit length of the device.

3.7 Calculation of Extinction Ratio

Extinction ratio (ER), which express the efficiency of a modulator, can be

expressed as the ratio of two optical power levels (P,/P2), of a digital signal

generated by an optical source, i.e., a laser diode. Here P, is the output

optical power level when the modulator is on; and P2 is the power level when

the modnlator is off. Normally extinction ratio is expressed in dB. We have

used the relationship of extinction ratio followed in [38].

ER = 10 log P"",(V)
Po",(V = 0)

(~1.30)

In our calculation the voltage V is a typical applied electric field of 125

KVIcm. Also the normalized level of output power in Eq. (3.30) is expressed

as:

(3.31)

Where Po is the intensity of the light incident on the modulator. a"l,., is the

absorption coefficient, r is the optical confinement factor of the initial wafer,
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L is the total length of the device and D = Lyl Lp is the in-plane filling

factor.
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Chapter 4

Results and Discussion

In this chapter, the results of the numerical enkulntion of Q\Virc and QWell

devices arc presented. The device structure is shown in the Fig. (3.2).

The initial wafer consists of multiple layers of Ga,)nl_xAs"P1_y biaxially CS

quantum welllayers. Voleusc 1.07% compressive straiu as the misfit strain in

the Q'vVireactive region of oU!'calculation. Different types of barriers used are

LM and TS (0.15 %, 0.30 % and 0.60 %) grown on (001) InP suhstrate. In all

our analysis the thickness of the well £z=7 nm in the crystal growth direction

and the thickness of the barriers is 12 nm unless otherwise mentioned.

4.1 Electronic States of QWires EAMs

The dispersion relationships of the lowest two conduction a.ml the highest

three valence band energy levels in 20 nm and 30 nm wide QWires are pre-

sented in Fig. 4.1 (a-b) and (c-d) , respectively. The calculation procedures

for the dispersion relationships of the QWires are presented in Section 3.3.

LM and 0.15% TS barriers with single QWire stack (IS) structures are con-

sidered.
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Figure 4.1: Dispersion relationships for the lowest two conduction and highest

three valence band energy levels for 20 nm wide QWire EAMs (a)-(b) and

30 nm wide QWire (c)-(d) calculated for two different types of barriers.
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It is found that for LM barriers, the nonparabolicity of the highest hole

subband is strong near the zone centrc due to band mixing. We also note

that the band mixing in the excitcd hole sllbbands is stronger in the narrower

QWirc. Table 4.1 lists the values of the zone-centre effective mass of the

highest hole sub band m'hl, zone-centre separation between the highest two

hole subbands t.Eh12 , and the fundamental electron-hole transition energy

Eo for three QWires extracted from numerical data.

Table 4,1: Comparison of key dispersion relationship parameters for 10 11m,

20 nm, and 30 nm QWires

LM Barriers 0.15% 1'8 Barriers 0.6% 1'5 Barrier~

10 nlll 20 nll1 :Wnltl ]0 urn 20 11l1l :~Olllll 10 nm 20 IlIIl :10 lllll

1nhl/1no 0.2708 0.1854 0,1604 0.2060 O.1,s64 O.];-J!J2 0.1247 O.lO5:{ O.09R2

f:j,Eh12(mcV) 28.49 26.54 14.40 28.99 25.27 13.00 :m.n 21,97 12.41

Eo(meV) 8GFj,53 820.36 807,97 8G2.8~1 817.79 80.').39 Wi 1. 70 Bon,.')G 7n1,:34

4.2 Effect of Electric Field on Band Structure

of QWire EAMs

The dispersion relationships of the lowest conduction and the highest three

valence band energy levels in 20 nm and 30 nm wide QWiresfor both with

and without an applied electrie field are presented in Fig, 4,2 (a-b) and (e-d),

respeetively. LM and 0.15% T8 barriers with 18 struetures are eonsidered. A

typieal value of 125 KVIcm is used as the magnitude of the applied electrie

field, The eonduetion band levels are shifted downward and the valenee band
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levels are shifted upward in response to the field along the growth direction.

This shift causes a reduction of the effective bf1ndgf1p Eg. This bandgf1p

reduction continues with the increase of the electric field. Fig. 4.3 shows the

reduction of the bandgap with the electric field in 10 nm, 30 nm f1nd 50 nm

QWire EAMs. LM and 0.15% TS barriers with IS structures are considered.

From Fig. 4.3, it is observed that the effect of the electric field on the

effective bandgap Eg is parabolic. Therefore we propose a second order

empiricf11relationship to relate the two quantities.

Eg = a - bFJ (4.1)

where Fs represent the applied electric field. Coefficients a and h in Eq. (4.1)

are calculated from a fifth order polynomial function of the width Ly of the

QWires.

a = P5aL~ +P4aL~ +P:laL~+P2nL~ +PlaL" +Po".
b p5bL~ +P4bL~+p'jbL~ + P2bL~+ 1'1I,L"+ pOb. (4.2)

The values of the polynomial coefficients of Eq. (4.2) for CS QWires with

1.07% misfit strain are given in Table. 4.2. These are obtained by comparing

with numerical results calculated from 8 band k . p model. Fifth order poly-

nomial function is used in order to compromise between the amount of error

and complexity in finding coefficients. In this case the maximum amount. of

error is less than 2 meV.

Fig. 4.4 shows Eg versus Fs for a number of QWires using Eq. (4.1)

and Eq. (4.2) as well as numerical results. LM barriers are considered.

The proposed empirical relationship predicts the bandgap reduction with

the applied electric field accurately. Bandstructures of the devices under
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Figure 4.2: Dispersion relationships for the lowest conduction and the highest

three valence band energy levels for 20 nm wide QWire (a-b) and 30 nrn wide

QWire (c-d) calculated for both zero and 125 KVjcrn electric field. Two

different types of barriers are considered.
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Figure 4.3: Electric filed dependence of effective bandgap in 10 mn, 30 nm
and 50 nm wide QWire EAMs for LM (a-c) and 0.15% TS (d-f) barriers.

Single stack structures are considered.
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Table 4.2: Coefficients of the Eq. (4.2) for the variable a and b of Eq. (4.1)

our consideration depend in addition to the width of the QWires, on the

barrier strain compensation and on the height of the QWires. For accurately

predicting the bandgap reduction .with different amount of barrier strain

compensation and Q\;Yire height, we modify the zeroth order terms in Eq.

(4.2) in the following way.

POa --> POa - 0.015~ + 0.006(7 - Lz)

POb --> POb - 0.000025(7 - L,). (4.3)

where ~ is the percent amount of tensile strain in the barrier region and Lz is

the height of the QWires in nm. Eq. (4.3) incorporates the effect of barrier

strain compensation and the wire height in the prediction function.

Fig. 4.5 shows the comparison of Eqs. (4.2) and (4.3) with numerical

calculations for 10 nm, 30 nm and 50 nm QWire for 0.15% and 0.30% TS

strained barriers. Fig. 4.6 shows the comparison for 10 nm, 30 nm, 50

nm QWire EAMs for different values of Lz. LM and 0.15% TS barriers are

considered. It is evident from Figs. 4.4 - 4.6 that Eqs. (4.1)- (4.3) pre-

dicts the bandgap dependence of the QWires for different device conditions
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Figure 4.4: Electric field dependence of effective bandgap in 10 nm, 15 nm,

20 nm, 30 nm, 40 nm and 50 nm wide QWire EAMs for LM barrier calculated

using the numerical method and Eqs. (4.1)-(4.3).
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Figure 4,5: Electric filed dependence of the effective bandgap in 10 nm, 30

nm, 50 nm for 0.15% TS barrier (a)-(c) and for 0.30% TS barrier (d)-(f)

calculated using the numerical method and Eqs. (4.1)-(4.3).
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Figure 4.6: Electric field dependence of the effective bandgap in 10 nm. 30

nm, 50 nm for LM barrier with Lz=9 mn (a)-(c) and for 0.15% TS barrier

with Lz=8 nm (d)-(f) calculated using the numerical method and Eqs. (4.1)-

(4.3).
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accurately. Therefore it is expected that these equations will be useful m

designing QWire EAMs in a computationally efficient way.

4.3 Absorption Characteristics

Calculated transition matrix elements for the ground state transition !IIII1 for

transverse electric (TE) polarization with electric field along the wire axis

(TEll) in a 20 nm wide QWire for LM and two types of TS barricrs as well as

for different number of verticnlly stncked byers are presented in Fig. 4.7(n)

and (b), respectively. Results indicate that with an increase in the barrier

TS, transition strength is increased for the 1-1 transition. This is due to

the fact that TS barriers suppress elastic strain relaxation. It is seen in Fig.

4.7(b) that multiple layer QWires show less transition strength compared to

the single layer QWires due to more pronounced strain relaxation in Illultiple-

layer QWires.

Fig. 4.8 shows the absorption spectra as a function of photon wavelength

for 10 nm, 15 nm, 20 nm, 25 nm wide QWire EAMs considering 0.15% TS

barriers. Both zero field and a typical Fs = 125 KY/ cm are considered. With

applied elect.ric field, the absorption peaks move to longer wavelengt.hs. \'1it.h

increa..,ing electric field, as t.he overlap of electron and hole wavefunctions is

reduced, absorption strength is reduced. It is also observed that t.he peaks

of the absorption spectra are reduced with increasing wire widt.h. Also,

wider QWire EAMs show higher field sensitivity i.e., the amount of quant.um

confined Stark shift is higher in wider QWire EAMs than narrower QWire

EAMs.

Fig. 4.9 shows the absorption spectra as a function of photon wavelength
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Figure 4.7: Transition matrix elements Mn as functions of wave vector k

in a 20 nm wide QWire for three types of barriers (a) and for different
number of QWirelayers with 0.15% TS barriers (b). Only TEll polarization

is considered.

for 20 nm (a), (b) and 30 nm (c), (d) wide QWire EAMs for two different

types of barriers. LM and 0.15% TS barriers are considered. With the

application of strain compensation iri the barriers, the bandstructure shows

a red shift consequently moving the absorption spectra to higher wavelength.

The peak values of absorption increases with increasing strain compensation

by the barriers. These results can be explained in terms of the barrier strain

dependence of the transition matrix elements as presented in Fig. 4.7 (a).

Fig. 4.10 shows the absorption spectra per layer ru; a function of photon

wavelength for 20 nm wide (a)-(e) and 30 nm wide (d)-(f) QWire EAMs
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Figure 4.10: Absorption as a function of photon wavelength showing the

effects of applied electric field in 20 nm wide QWire EAMs (a)-(e) and 30

nm wide QWire EAMs (d)-(f) with 0_15%TS barrier for different number of

-layers in the active regions_
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Figure 4.11: Absorption per layer as a function of photon wavelength showing
the effects of applied electric field in a QWire EAMs with different wire height

with 0.15% TS Barrier.

for different numbers of vertically stacked QWire layers in the active region.

0.15% TS harrier is considered. It is evident that with the introduction of

multiple layers in the active region, ground state absorption per layer hecomes

weaker. This is due to the relatively weaker transition strengths of NIll in

multiple layer structures as described in Fig. 4.7 (h).

Fig. 4.11 shows the absorption spectra as a function of photon wavelength

for a 10 nm wide QWire EAM with different wire height. 0.15% TS harriers

are considered. With the change of the wire height, shift in the ahsorption
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Table 4.3: Extinction ratio of QWire and QWell EAMs with Lz=7nm for

Fs=125 KVIcm. Length of the EAM section is 500 1"m.

Barrier Device Ly Operating Extinction Ratio

Strain Structure (11m) Wavclcngtb('lm) Dp=l(JOnlIl Lp=2001l1ll

QWirc 10 1.455 HU) 9.4f)

QWirc 18 1.558 19.8 9.9

QWirc .10 1.594 21.4 10.7

LM QWire 40 1.00G 2:5.(1 1].r)

QWire 50 1.013 25.7 12.8

QWirc 60 LOn :m.;~ 15.1

QWire 80 1.022 26.0 l:~.O

QWell 1.633 16.5

QWirc 10 1.487 19.70 9.8

QWire 15 1.545 20.7 10.4

QWirc 30 1.599 22.7 11.:3 .

•• 0.15% TS QWirc 40 1.611 24.2 12.1
QWire 50 l.G}7 20.4 13.2

QWirc GO J.{i21 ;'IQ.G 1!'i.:~

QWire 80 l.G25 28.0 11\.0

QWc1i 1.640 17.75

peak energies occur and consequently the desired 1.55 /1.mwavelength may

be achieved. However by increasing the wire height, the absorpt.ion penk is

reduced. Through the proper choice of wire height, width, barrier strain com-

pensation and operating electric field, it is shown that any desired operating

wavelength around 1.55 J.1mcan be achieved.

Table. 4.3 presents the calculated extinction ratios for a number of QWire

EAMs and comparison is made with QWell EAMs with similar structures.

It is observed that significant increase in the extinction ratio can be achieved

by adopting QWires in EAMs. In spite of having higher absorption peaks,

narrower wires exhibit lower extinction ratios because of the reduced value of
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the in-plane occupation factor, Lyl Lp. Extinction ratios of narrower wires

can be increased by decreasing Lp. We also note that for Ly ~ 80 nlll.

extinction ratio has a decreasing trend with the increasing wire width.
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Chapter 5

Concl us ions

Performance of compressively strained (CS) GalnAsP flnP qnantum WIre

(QWire) electro absorption modulators (EAMs) is theoretically investigated.

A numerical method to analY7,ethe device design guideline has been studied.

An empirical relationship is proposed for the effective bandgap for quick and

accurate estimation of the Stark shift.

5.1 Summary

The device structure consists of quaternary Ga"ln(l_x)AsyP(l_y) grown on

an (001) InP substrate. All the calculations are done for TE polarization

of light which is dominant in CS structures. For QWires, the electric field

of the radiation is assumed to be along the wire axis and the laser cavity is

considered to be perpendicular to the wire axis.

In this work we have integrated the QWire EAMs with distributed feed.

back lasers integrated with distributed Bragg's reflectors on the same sub.

strate. Recently the experimental realization of the device structure has been

reported. A major advantage of this configuration is that due to the nature
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of the integration the EAM is not required to be polarization insensitive. On

the contrary, its polarization is naturally t.uned to t.hat of t.he QVv'ire laser

(TE in case of CS QWires). This leads to a considerable enlmncement. of t.he

extinction rat.io of the EAMs.

The electric field dependance of the effective bandgap of QWire EAMs

(quantum confined Stark effect) is studied using an S band k.p t.heory in-

cluding elast.ic strain relaxation effect.s. Elast.ic st.rain relaxat.ion is calculat.ed

using an analytical approach. It is observed that. the effect of t.he electric field

is parabolic and an empirical relationship is proposed t.o quick est.imation of

the field induced shift in the effective bandgap, which is verified t.hrough

numerical simulations. This relationship would be useful as a quick design

guide for QWire EAMs.

Different quantities such as, the absorpt.ion coefficient, the extinction ratio

and the operating wavelength are calculated as function of device parame-

ters for performance analysis of the QWire EAMs to ident.ify t.he improve-

ment caused by the additional carrier confinement. in QWires. It. is observed

that significant. increase in the extinction ratio can be achieved by adopting

QWires in EAMs. In spite of having higher absorpt.ion peaks, narrower wires

exhibit lower extinction ratios because of the reduced value of t.he in-plane

occupat.ion factor, WI Lp. This situation may be improved by increasing t.he

packing density of the QWires. We also note that for W ~ SOnm, extinction

ratio has a decreasing trend wit.h the increasing wire width.

Therefore, to optimize the device performance, it. is necessary t.o investi-

gat.e the device st.ruct.ures and also elastic st.rain relaxat.ion and ot.her impor-

t.ant. effect.s in detail.

52



5.2 Suggestions for Further Work

QWire structure in the active region of the EAMs have been investigated to

identify the improvement caused by the additional carrier confinement than

the QWell EAMs. Therefore, a future work can be done using QDot structure

in the active region for further improvement of the device performance. The

results of the empirical function are verified through numerical calculations.

So, future work is necessary on experimental verification of the accuracy

of the function in predicting the electric field dependence of the effective

bandgap. In this work the simulation is done only on EAM section of the

device assuming no propagation delay of the light output of the laser section

to the EAM and the frequency response of the high capacitive laser diode

has not been incorporated. Also the effects of DBR. section and laser section

on EAM operation have not been evaluated. Therefore, a future work can be

done on simulating the total device structure as a whole incorporating the

effects of laser section and DBR. section on the EAMs.
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